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ABSTRACT 

Global biodiversity in freshwater ecosystems is declining rapidly, with freshwa-

ter fish species facing extinction at concerning rates. Despite substantial invest-

ments in conservation efforts, these have largely not met their goals. A potential 

cause for this shortfall is the overemphasis on taxonomic changes in fish species, 

overlooking their evolutionary histories and ecological functions. This dissertation 

examines the spatial and temporal diversity patterns of  freshwater fish in Japan, 

using a multifaceted approach combining taxonomic, phylogenetic, and functional 

diversity metrics. Specifically, this study analyses native fish assemblages in 39 lakes 

across the Japanese archipelago and 28 oxbow lakes along the Ishikari River in 

Hokkaido. Additionally, this research proposes a computational framework for a 

cumulative diversity index that integrates multifaceted diversity measures into a 

concise metric. Temporal multifaceted diversity analysis indicates a nationwide 

continuation of  native fish species loss, especially among endemic species, leading 

to increased homogenization of  fish compositions. Such native loss and homoge-

nization in three facets, i.e., taxonomic, phylogenetic, and functional, are all ex-

pected to be continued in the future if  the endangered species remain at risk. Mean-

while, although the native fish in the Ishikari oxbow lakes have maintained their 

richness over the studied decade, this study revealed a significant loss of  native 

functions as well as the phylogenetic and functional redundancy. Moreover, na-

tional spatial multifaceted diversity analysis reveals a correlation between fish as-

semblage cumulative diversity and lake location, with the northernmost (Hokkaido) 

and southernmost (Kyushu) islands exhibiting low native fish richness but high 

uniqueness, marking them as high-priority conservation areas. Regionally, in the 

Ishikari River basin, the upper oxbow lakes host a greater richness and are exposed 

to lesser impact from non-native expansion, thereby have greater potential as native 

fish conservation areas. Additionally, this research shows that spatial patterns pri-

marily influenced by dispersal constraints are hard to shift along the time, while 

that spatial patterns mainly shaped by ecological competition are alterable. To sum-

marize, this dissertation deepened the understanding of  the structural dynamic pro-

cesses of  native fish communities inhabiting the lentic habitats in Japan from taxo-

nomic, phylogenetic and functional facets. Also, this dissertation validates the ap-

plicability of  the proposed cumulative diversity index and evaluation framework in 

pinpointing potential native fish conservation areas. 

Keywords: fish conservation, homogenization, invasion, phylogenetic and 

functional diversity  
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要旨 

世界の淡水生態系における生物多様性は急速に減少しており、淡水魚種は深

刻な速度で絶滅の危機に直面している。保全活動への多額の投資にもかかわら

ず、その目標は効率的に達成されていないと考えられる。この不足の潜在的な

原因は、魚類種の分類学的変化を過度に重視し、その進化史や生態学的機能を

見落としたことにあると見受けられる。本論文では、分類的、系統的、機能的

多様性指数を組み合わせた多面的アプローチを用いて、日本の淡水魚の空間的

と時間的多様性パターンの変化を検討する。具体的には、日本列島全域の 39

の湖沼と北海道の石狩川沿いの 28の河跡湖における在来魚類群集を分析する。

さらに、本研究では、多面的な多様性指数を簡潔な指数に統合する累積多様性

指数の計算フレームワークを提案する。時系列的な多面的多様性分析から、全

国的に在来魚種の減少が続いており、特に固有種の間で魚類組成の均質化が進

んでいることが示された。分類学的、系統学的、機能的という３つの観点から、

このような在来種の減少と均質化は、絶滅危惧種が効率的に保護されないまま

であれば、今後も続くと予想される。一方、石狩川沿いの河跡湖の在来魚は、

2000年代から 2010年代にかけて 10年間で種の豊かさを維持しているものの、

外来種と競争により、在来種の生態的機能が著しく失われ、系統的・機能的な

冗長性も失われていることが明らかになった。さらに、全国的な空間的多様性

分析により、魚類群集の累積多様性と湖沼の位置との相関関係が明らかになり、

最北端（北海道）と最南端（九州）の島嶼は在来魚の豊かさは低いが、独自性

は高く、優先度の高い保全地域であることが示された。石狩川流域では、上流

域の河跡湖の方が在来魚の多様性が豊富であり、外来魚の移入による影響も少

ないことから、魚類保全区としての可能性が高い。また、本研究は、主に分散

制約に影響される空間パターンは時間的に変化しにくいこと、一方、主に生態

学的競合によって形成される空間パターンは時間的に変化可能であることを

示した。以上のように、本論文は、日本の止水域に生息する在来魚類群集の構

造的動態プロセスについて、分類的、系統的、機能的観点から理解を深めた。

また、本論文により、提案した累積多様性指標と評価フレームワークの在来魚

保護潜在域の特定への適用性が検証された。 

キーワード：魚類保全、均質化、外来種移入、系統的・機能的多様性 
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Chapter 1 

General introduction 

1.1 Background 

Freshwater biodiversity facing threats 

Freshwater habitats cover less than 1% of Earth’s surface, yet they boast a re-

markable biodiversity (Balian et al., 2008; Gleick, 1996). These indispensable fresh-

water habitats are home to 18,675 freshwater fish species, constituting approxi-

mately 40% of global fish species (Allen & Pavelsky, 2018; Fricke et al., 2024). Ad-

ditionally, the fresh-water habitats support a diverse range of  species including am-

phibians like frogs and salamanders, aquatic reptiles such as turtles and crocodiles, 

mammals including porpoises, otters, and platypuses. Overall, as many as one-third 

of  all vertebrate species are confined to freshwater habitats (Dudgeon et al., 2006). 

Furthermore, a wide variety of  organisms including plankton, algae, aquatic plants, 

wetland plants, aquatic macroinvertebrates, waterfowls, and even bears, rhinos, and 

elephants rely on freshwater habitats for their survival and are integral components 

of  freshwater ecosystems (Smit & Ferreira, 2010; Ward et al., 2002). These diverse 

species contribute as a whole to the structure and stability of  freshwater ecosystems 

through complex networks established by inter- and intraspecific relationship and 

interactions between species and habitat environments, allowing the implementa-

tion of  material transfer, information exchange, and energy flow. Such dispropor-

tionate richness of  freshwater species compared to the confined availability of  

freshwater habitats makes the freshwater ecosystem, and the biodiversity it supports, 

highly vulnerable to environmental changes (Dudgeon et al., 2006). A recent global 

assessment revealed that since the 1970s, populations of  freshwater species have 

declined by over 80% on average, a rate far exceeding the declines seen in terrestrial 

and marine ecosystems (Grooten & Almond, 2018). 

Undeniably, human activities are the principal trigger behind the drastic loss of  

biodiversity in freshwater ecosystems. Freshwater is a vital and irreplaceable re-

source for human life. Over thousands of  years, human use of  natural freshwater 

sources has often altered the physical, chemical, and biological properties of  fresh-

water ecosystems (Carpenter et al., 2011). These changes have resulted in five pri-

mary threats to freshwater biodiversity: water pollution, flow modification, habitat 

destruction, overexploitation, and non-native invasion. These factors do not 
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operate independently; rather, they interact and collectively exacerbate damage to 

freshwater biodiversity. Additionally, broader global changes driven by human ac-

tivities, such as global warming, alterations in precipitation and evaporation pat-

terns, and increased nitrogen deposition, compound these five threats (Dudgeon et 

al., 2006; Fenoglio et al., 2010). Despite the increasing calls and public awareness 

for the protection of  freshwater ecosystems, the actions taken so far are still far from 

adequate (Sills et al., 2018). 

Freshwater fish: Crucial biota of  freshwater ecosystems 

Freshwater fish play a crucial role in maintaining the stability and functionality 

of  freshwater ecosystems by offering fundamental ecosystem services (Holmlund 

& Hammer, 1999; Villéger et al., 2017). Two types of  fundamental ecosystem ser-

vices were generated by fish populations: regulating services and linking services 

(Holmlund & Hammer, 1999). Regulating services involve the regulation of  trophic 

structures through organism consumptions by fish, thereby dynamically regulating 

the stability, resilience, and food webs of  freshwater ecosystems. Specifically, fish 

at higher trophic levels, including carnivorous and planktivorous species, signifi-

cantly influence the dynamics of  food webs and trophic balance by strong top-down 

controls (Carpenter et al., 1985). Additionally, the physical disturbance of  sedi-

ments by some fish during their feeding and spawning activities, such as digging 

holes, is also classified under regulating services (Montgomery et al., 1996). Lastly, 

the process of  influencing carbon-fixing capacity in the habitats and thus regulating 

carbon fluxes between the water and the atmosphere further exemplifies their reg-

ulating services (Schindler et al., 1997). Most linking services generated by fish are 

associated to their movement. Active links, such as the migration between foraging 

and resting areas or between fattening and spawning sites, are usually accompanied 

by material exchange (e.g., released carbon, nitrogen, phosphorus, and other or-

ganic matter by excreta, spermatophores, and dead individuals) across regions 

(Havn et al., 2017; Kashem et al., 2023). Correspondingly, passive links are estab-

lished when fish are consumed by predators from aquatic, aerial, and terrestrial 

ecosystems (Sparholt, 1994). 

Additionally, fish population are vital to human welfare, serving as ecological 

indicators, food sources and supporting recreational and cultural activities which 

are considered as the demand-derived ecosystem services (Holmlund & Hammer, 

1999). Specifically, due to their large size, rapid growth, and high position in the 

food chain, fish are particularly sensitive to anomalous physicochemical properties 

the freshwater habitats, making them effective early warning for ecosystem stability 
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and indicators of  ecosystem resistance and resilience (Schindler, 1990). Further-

more, fish populations preserve traces of  historic climate changes. Fish also gener-

ate optional values, act as a repository of  genetic resources for potential future ap-

plications in medicine and aquaculture, spark human fascination with nature, and 

offer aesthetic and recreational benefits (Arlinghaus et al., 2019; Dudgeon et al., 

2006). 

However, the diversity of  global freshwater fish is undergoing significant alter-

ations through the homogenization process, which is directly caused by the loss of  

native species and the introduction of  non-native species (Hoffmann, 1996; Su et 

al., 2021). Particularly, more than 25% of  freshwater fish species are now at risk of  

extinction, particularly acute for native and endemic fish species (IUCN, 2023; 

Tickner et al., 2020). 

Native fish assemblages needing conservation 

Native freshwater fishes are vulnerable in this context and are among the 

groups experiencing the most dramatic declines in diversity (Mandrak & Cudmore, 

2010; Williams et al., 2013). This vulnerability primarily stems from the extensive 

evolutionary adaptations of  native fish to specific ecological conditions. The lim-

ited geographic ranges and specialized survival strategies of  these native species 

have made it difficult for them to adapt to environmental changes, leading to their 

continued decline (Primack, 1995; Tabata et al., 2016). Such specializations render 

them susceptible when environmental factors like water quality, food resources, and 

predator presence undergo changes, as they struggle to adapt swiftly. Moreover, the 

introduced non-native fish often bring with them diseases and parasites lethal to 

native species and demonstrate superior resource competitiveness, intensifying sur-

vival challenges for native fish (Dominguez Almela et al., 2021; Kang et al., 2023). 

Genetic integrity is also at risk due to hybridization with non-native species, which 

can dilute the distinctive genetic traits and adaptive strengths of  native populations. 

Concurrently, other human actions such as overfishing, pollution, and habitat de-

struction continue to indirectly pose significant threats to these native species (Pe-

reira et al., 2010; Su et al., 2021). 

Efforts to reverse the decline of  native fish diversity have led to the planning 

and establishment of  fish conservation areas specifically for threatened and endan-

gered freshwater species (Kang et al., 2023). These conservation initiatives align 

with global conservation goals, such as the Kunming-Montreal Global Biodiversity 

Framework (UN Convention on Biological Diversity, 2022), national legislation 

such as the Steens Mountain Cooperative Management and Protection Act of  2000 
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that established the Donner und Blitzen Redband Trout Reserve in Oregon, US 

(Williams et al., 2011), and regional protection practice like the National Nature 

Reserve for Rare and Endemic Fishes in the Upper Yangtze River Basin in China 

(He et al., 2011). However, despite significant financial investments by agencies and 

conservation organizations, relatively few initiatives have been successfully realized 

(Williams et al., 2011). It has been reported that more than 40% of  attempts to 

reintroduce native fish to their habitats have failed (Cochran-Biederman et al., 

2015), and that most fish ex situ conservations are declared a failure an average of  

9.2 years after translocation, when it is evaluated that they could not conclude suc-

cessful reproductions or establishment of  long-term viable populations (Bubac et 

al., 2019). 

Neglected phylogenetic and functional evidence in native conservation 

The focus on preserving the taxonomic number of  fish species (Myers et al., 

2000), while neglecting their diverse evolutionary histories and ecological roles, is 

often cited as a key reason for the ineffectiveness of  traditional conservation efforts 

(Presley et al., 2018; Véron et al., 2019). Phylogenetic diversity sheds light on the 

evolutionary history of  community species and their genetic relationships, poten-

tially indicating the adaptive capacity of  fish assemblages to environmental changes 

(Webb et al., 2002). Functional diversity analyses traits linked to species’ roles in 

ecosystems, reflecting interactions among fish species and their utilization of  envi-

ronmental resources (Petchey et al., 2007; Violle et al., 2017). Recent research in-

creasingly supports the use of  these approaches from different perspectives to assess 

biodiversity expecting for effective conservation strategies (Jiang et al., 2020; Willig 

et al., 2023). 

The inherent association between phylogenetic and functional diversity metrics 

is currently a subject of  vigorous debate. Some research argues that phylogenetic 

diversity, which reflects a comprehensive representation of  species’ intrinsic and 

extrinsic characteristics, should be prioritized over functional diversity (Jiang et al., 

2019; Owen et al., 2019). Whilst others contend that maximizing phylogenetic di-

versity does not reliably reflect the ecosystem functions, and therefore, functional 

diversity should take precedence in conservation efforts (Mazel et al., 2018). This 

debate is detailed in the next chapter. It is important to note that increasing research 

confirms a strong positive correlation between phylogenetic and functional diver-

sity across biotas and different spatial scales. Besides, both types independently con-

vey exclusive biodiversity information (Jiang et al., 2020; Xu et al., 2022). Conse-

quently, more studies are moving away from advocating exclusively for one metric 
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over the other. Instead, they are calculating both phylogenetic and functional diver-

sity simultaneously, using them complementarily to guide conservation strategies 

(Li et al., 2021; Purschke et al., 2013; Swenson, 2011). 

Lentic habitats: An ideal conservation area candidate 

Establishment of  Native Fish Conservation Areas (NFCA) requires consider-

ation of  the characteristics of  different freshwater habitats, as well as understanding 

the ecological processes that could pose threats to biodiversity (Linke et al., 2012). 

The basic categories of  freshwater habitats are lentic, lotic, and wetlands (Vaccari 

et al., 2005). Lentic habitats are characterized by slow-moving water, commonly 

found in lakes, that accumulate significant amounts of  freshwater. Lotic habitats 

comprise speedily flowing waters, such as rivers and streams. Wetlands are areas 

where the soil is either permanently or intermittently saturated or inundated. These 

habitats are naturally interconnected through water flows, creating an extensive 

network that supports a diverse array of  life forms within the ecosystem (Bracken 

& Croke, 2007). Among these, lentic habitats (taking lakes as an example) offer 

more stable hydrological conditions and richer nutrients compared to lotic and wet-

land habitats, hence supporting a greater diversity of  fish species (Wang et al., 2019). 

Usually, lakes that are isolated or have limited connectivity within the same water-

shed often have distinct fish communities, much like aquatic islands (Rahel, 2007), 

each lake fostering unique freshwater fish community structures under varying en-

vironmental conditions (Amarasinghe & Welcomme, 2002; Ding et al., 2017). Be-

sides, the clear and stable boundaries of  lakes, along with their distinctive names, 

facilitate long-term research, the establishment of  protected areas, and public in-

volvement in conservation efforts (Jacobson et al., 2016). Therefore, analysing fish 

diversity patterns in lakes and establishing NFCAs centred on these lakes is a prev-

alent strategy for protecting native fish species. Such lake-based conservation efforts 

have been implemented in Minnesota, US (Minnesota Department of  Natural Re-

sources, 2013), as well as in the oxbow lakes of  the Amazon freshwater systems in 

Madre de Dios, Peru (Barocas et al., 2021). Similar initiatives have also been pro-

posed for lakes in the lower Yangtze River basin in China (Liu & Wang, 2010). 

Species assembly process: A hint to native fish conservation 

Studying how species form local communities is a core question in community 

ecology that could facilitate efforts in biodiversity conservation (Pettersen et al., 

2022). The reassembly of  ecological communities is primarily determined by two 

principal processes: stochastic processes and deterministic processes (Dai et al., 
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2024; Dini-Andreote et al., 2015). The neutral theory based on stochastic process 

assumes the community structures are primarily shaped by unpredictable events, 

such as dispersal limitation, drifts, or birth, death, colonization, speciation, and 

extinction (Chave, 2004; Deng et al., 2022; Ge et al., 2021). Meanwhile, another 

theory suggests that deterministic processes, such as environmental filtering and 

niche-related interspecific interactions, shape community structures (Chase & My-

ers, 2011; Yuan et al., 2019). In practical cases, by assessing the relative impacts of  

these two processes on the changes in native fish community structures, targeted 

conservation strategies for native fish can be developed (Ohira et al., 2015). Specif-

ically, for communities primarily affected by stochastic processes such as dispersal 

limitation, the locations where dispersal limitation occurs could be considered as 

the ecological boundaries of  potential conservation areas with appropriate spatial 

coverage, whereas for communities primarily affected by deterministic processes 

like niche competition, conservation usually involves measures such as the targeted 

provision of  habitat conditions required by species of  concern (Dai et al., 2024; 

Viana & Chase, 2019). 

Freshwater fishes, confined to freshwater habitats, are particularly susceptible 

to topographic barriers compared to terrestrial and aerial species (Kuiper et al., 

2023). It is widely acknowledged that watersheds act as natural boundaries; fish in 

lakes separated by different watersheds rarely intermingle, leading to the develop-

ment of  distinct community structures (Ding et al., 2017). Taking lakes on the Jap-

anese archipelago as an example, due to the presence of  the strait, it is nearly im-

possible for freshwater fish species inhabiting certain lakes to naturally expand their 

range to watersheds on other islands. In this context of  the stochastic process rep-

resented by dispersal limitation, species composition and spatial distribution pat-

terns of  freshwater fish in lakes across Japanese archipelago provide an opportunity 

to explore the relative uniqueness of  fish communities on the different islands sep-

arated by the strait, and thus implicitly the need for different conservation strategies 

on either side of  the strait. Compared to inter-island dispersal at the national scale 

in Japan, the structure and distribution of  fish communities within the same water-

shed face fewer dispersal constraints and are therefore primarily influenced by de-

terministic processes such as local environmental filtration and interspecific com-

petition with non-native species. The Ishikari River basin, the largest on Hokkaido 

Island, features abundant oxbow lakes along the river maintaining similar lateral 

connectivity with the Ishikari River main channel. It is worth noting that non-na-

tive fish species have been recorded in oxbow lakes of  the Ishikari River basin over 

the past century, predominantly originating from the southern islands of  Japan 

(Hayashida et al., 2010). The introduction of  these non-native fishes could 
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plausibly have changed the assemblage structure and spatial distribution of the na-

tive fish communities. Moreover, since the early 21st century, this area has not un-

dergone significant changes in land use, urban expansion, industrial pollution, or 

another extensive introduction wave of  non-native fish species. This stability offers 

a prime setting to investigate the fish community structure dynamics predominantly 

driven by deterministic processes specifically the interactions between native and 

non-native fish fauna. 

1.2 Study gap 

Despite a bulk of  studies on freshwater fish diversity across the Japanese archi-

pelago (Matsuzaki et al., 2013, 2016; Watanabe et al., 2017), there is a notable lack 

of  comprehensive research that simultaneously explores the diversity of  native 

freshwater fishes from the taxonomic, phylogenetic, and functional perspectives. 

This gap in knowledge, particularly in phylogenetic and functional data, could un-

dermine conservation efforts by missing critical aspects of  fish protection. Moreo-

ver, there are few reports on simulating and projecting future trends in the diversity 

and distribution of  fishes across Japan using a multifaceted approach to diversity. 

Undertaking such comprehensive studies could offer clear guidance for the conser-

vation of  Japanese native fishes and help make precise conservation strategies. 

Additionally, the oxbow lakes in the Ishikari River basin offers a valuable op-

portunity to explore changes in the diversity and distribution of  native fishes along 

a longitudinal river spatial gradient in a real-world setting. This area is predomi-

nantly influenced by the introduction of  non-native fishes since the 21st century. In 

contrast, most other studies on fish diversity in floodplain oxbow lakes lack ade-

quate samples to account for spatial longitudinal variations allied to river flow, or 

they cannot eliminate factors like the ongoing deterioration of  biotic and abiotic 

environmental conditions during the study period (Ding et al., 2017; Wan & Zhong, 

2014; Winemiller et al., 2000). Consequently, the research conducted in the Ishikari 

River basin can provide dependable insights into the diversity changes principally 

driven by interactions between native and non-native fishes. 

Finally, while an increasing number of  studies are now simultaneously employ-

ing taxonomic, phylogenetic, and functional diversity indices to analyse alpha, beta, 

gamma, and correlation indices of  communities, the complexity and profusion of  

these metrics can complicate the generation of comprehensive conclusions. Conse-

quently, there is a growing need for a new framework that consolidates these three 

perspectives to calculate diversity indices, which could enhance ecological research 

and bolster biodiversity conservation efforts. 
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1.3 Objective 

This dissertation examined the spatiotemporal changes in the taxonomic, phy-

logenetic, and functional diversity of  native freshwater fish assemblies in lakes 

across Japan over centuries (Chapters 3 and 6), and in oxbow lakes along the Ishi-

kari River over a decade (Chapters 4–6), respectively. Spanning national and re-

gional scales, and encompassing time frames from centuries to a decade, this study 

was conducted to address the study gaps mentioned above, with the specific objec-

tive outlined below. 

⚫ To analyse changes in the diversity of  native fishes in the lakes across the Jap-

anese archipelago from the historical to the present periods, using taxonomic, 

phylogenetic, and functional perspectives. Simulate the extinction scenarios of  

these fishes to predict future trends and identify key areas requiring urgent con-

servation efforts. 

⚫ To assess the impact of  non-native fish expansion on the community structure 

of  native fishes in the Ishikari River oxbow lakes from the 2000s to the 2010s, 

from taxonomic, phylogenetic, and functional perspectives. Identify potential 

refuges for native fishes that should be prioritized for conservation. 

⚫ To develop a new framework for calculating diversity indices that integrates 

taxonomic, phylogenetic, and functional diversities. This framework will be 

used to investigate and validate temporal changes in fish community structures 

at both national and regional cases. 

1.4 Structure of the dissertation 

Chapter 1: The current chapter. General introduction on background related 

to native freshwater fish diversity change and its conservation. 

Chapter 2: This chapter outlines the methodology employed in this dissertation 

to assess multidimensional biodiversity. It provides an overview of the definitions, 

calculation methods, and ecological significance of  taxonomic, phylogenetic, and 

functional biodiversity. The methods for calculating multidimensional alpha diver-

sity, beta diversity, and the LCBD index are also detailed. 

Chapter 3: This chapter quantifies changes in the taxonomic, phylogenetic, and 

functional alpha and beta diversity, as well as the LCBD of native fishes in 39 lakes 

across Japan from historical to current period. It also simulated future trends for 

native fishes in these lakes based on two scenarios. Additionally, lakes that require 

prioritized attention to prevent further loss of  native fish species are identified. 
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Chapter 4: This chapter examines the changes in taxonomic diversity of  native 

and non-native fishes in oxbow lakes along the Ishikari River from the 2000s to the 

2010s. It specifically investigates whether species composition changes align with 

the longitudinal gradient from upstream to downstream along the river. 

Chapter 5: This chapter builds on the findings of  Chapter 4, delving deeper 

into the shifts in phylogenetic and functional diversity in relation to the diversity 

and distribution changes of  native and non-native fishes in the oxbow lakes of  the 

Ishikari River basin. 

Chapter 6: This chapter proposes a new framework for calculating a cumulative 

diversity index that integrates taxonomic, phylogenetic, and functional diversity in-

formation. This index is applied to fish assemblages in lakes across Japan and in 

the Ishikari oxbow lakes. The analysis investigates whether the cumulative diversity 

index of  fish communities in each lake correlates with their geographical location, 

aiding in the identification of  priority areas for fish diversity conservation. 

Chapter 7: This concluding chapter amalgamates the main findings of  the dis-

sertation in relation to the research objectives. It explores the theoretical implica-

tions of  the discovered diversity patterns for the conservation of  native Japanese 

fish and evaluates the potential application of  the newly proposed cumulative di-

versity index to other biotas and regions. 
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Chapter 2 

Assessment Approaches for Multidimensional 

Freshwater Fish Diversity 

2.1 Taxonomic, phylogenetic, and functional diversity 

Taxonomic diversity 

Taxonomic diversity, which focuses on the count of  species and their spatial 

distribution, is a fundamental indicator for describing biodiversity (Magurran, 

1988). The taxonomic metrics offer a structured approach for evaluating the eco-

logical variety within specific habitats or across broader ecological zones, enabling 

a systematic understanding of  biological richness (He & Legendre, 2002; McGill, 

2011). Historically, this species-level taxonomic perspective has dominated both 

ecological research and efforts to conserve biodiversity (Cannon et al., 1998; Myers 

et al., 2000). Maximizing taxonomic diversity has emerged as the explicit or im-

plicit primary objective of  current conservation policies (May, 1988). To quantify 

taxonomic diversity, abundant diversity indices have been developed, and the cor-

relations among these indices continue to be explored (Chao & Chiu, 2016). Un-

doubtedly, these intuitive and accessible measurement methods have significantly 

advanced global biodiversity research, enhanced public awareness of  conservation 

issues, and facilitated the establishment of  conservation goals and actions (Leadley 

et al., 2022). 

However, increasing studies suggest that traditional taxonomic diversity assess-

ments might be overly simplistic, occasionally overlooking or misrepresenting crit-

ical ecological information (Biswas & Mallik, 2011; Dai et al., 2024; Jiang et al., 

2020; Su et al., 2021). When measuring traditional taxonomic diversity, it is typi-

cally assumed that all species within a community hold equal value, focusing pri-

marily on quantifying the dynamics of  species numbers while neglecting the evolu-

tionary history and survival strategies of  each species (Devictor et al., 2010). In 

reality, even if  two communities have the same taxonomic diversity, they might be 

composed of species with different phylogenetic backgrounds. Similarly, in regions 

where environmental filtering is strong, only species with certain functional traits 

may be able to get resources to survive, even though species richness may vary be-

tween different locations within the region. Therefore, in addition to traditional 
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taxonomic diversity, considering both the phylogenetic diversity and the functional 

diversity of  species is crucial for a deep understanding of  the composition, structure, 

and dynamics of  communities (Maherali & Klironomos, 2007; Xia et al., 2022). It 

is believed that such a comprehensive approach could be instrumental in guiding 

effective biodiversity conservation strategies. 

Phylogenetic diversity 

Phylogenetic diversity, reflecting the evolutionary history and complexity of  

species relationships within a community, is increasingly utilized in ecological stud-

ies (Owen et al., 2019; Srivastava et al., 2012). The phylogenetic structure of  com-

munities is often shaped over a long term by the environmental conditions of  their 

habitats. These conditions and available resources continue to shape the phyloge-

netic structure of  the communities, with this process being more pronounced in 

communities of  native species (Ackerly et al., 2006; Jiang et al., 2019). Additionally, 

the phylogenetic diversity of  a community could indicate its potential pre-adapta-

tion to future environmental changes (Qian & Sandel, 2022; Ricciardi & Mottiar, 

2006). Communities with high phylogenetic diversity may possess greater evolu-

tionary potential because they encompass a broader array of  genetic information. 

Furthermore, protecting phylogenetic diversity maintains the option value, such as 

the potential cure for future disease, preserving the potential for future ecological, 

medical, and technological benefits derived from the Earth’s evolutionary legacy 

(Faith, 2018; Tucker et al., 2019). 

Phylogenetic diversity calculations typically rely on phylogenetic trees, which 

represent the evolutionary relationships among species by measuring their relative 

distances and positions within a tree (Owen et al., 2019). Traditional methods in-

volve extracting and comparing genetic information from all target species samples 

to construct these trees, offering a detailed molecular-level view of species affinities 

(Hugenholtz & Pace, 1996; Luebert & Scherson, 2024; Xu et al., 2022). However, 

this approach is costly, labour-intensive, and less feasible for extinct or rare species 

with limited sample availability. Alternatively, some studies use global species phy-

logenetic trees, matching local species lists against a global database to extrapolate 

the necessary branches for their specific phylogenetic tree (Rabosky et al., 2018; 

Xia et al., 2023). This method’s effectiveness depends heavily on the database’s 

comprehensiveness and its update frequency, which can pose challenges for accu-

rately representing endemic species or those with recently changed scientific names. 

Consequently, many macroecological studies have shifted towards using Linnaean 

taxonomy classification as a proxy to circumvent the challenges of  gathering 
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genetic data and provide sufficiently reliable phylogenetic diversity insights (Cai et 

al., 2018; Heino & Tolonen, 2017; Jiang et al., 2020; Winter et al., 2013). Following 

this approach, in the present study, phylogenetic trees were constructed using the 

seven Linnaean taxonomic levels of  fish species (subclass, subphylum, superorder, 

order, family, genus and species). Then, the phylogenetic diversity of  the fish com-

munity was calculated based on such phylogenetic trees. 

Functional diversity 

The functional diversity assessment uses functional traits, defined as measura-

ble biological characteristics of  an individual that impact organism performance 

and fitness (Villéger et al., 2017; Violle et al., 2007). These traits are crucial for 

understanding how species respond to environmental changes and contribute to 

ecosystem functions. For instance, in fish communities, functional diversity is 

demonstrated through traits that influence ecosystem processes like food web dy-

namics, habitat modification, and nutrient cycling (Holmlund & Hammer, 1999). 

Additionally, functional traits help to distinguish species based on their functional 

redundancy or uniqueness, independent of  their phylogenetic affiliation (Mouillot 

et al., 2014). Theoretically, in a community where multiple species share similar 

functional traits—indicating high functional redundancy—there tends to be greater 

resistance to environmental changes (Pimiento et al., 2020). Meanwhile, the loss of  

species with unique functional traits may indicate severe environmental alterations 

and have more obvious consequences than the extinction of  species with redundant 

traits (Mouillot et al., 2013; Violle et al., 2017). Therefore, assessing functional di-

versity enables the generalization of  species’ functional contributions to ecosystems 

and allows considering the potential ecological impacts of  their introductions and 

extirpations (Jiang et al., 2015). 

The selection of  appropriate functional traits is a prerequisite for measuring 

functional diversity. For fish species, the traits selected in the present study fall into 

all five primary functional categories: food acquisition, mobility, nutrient strategy, 

reproduction ability, and predation resistance (Villéger et al., 2017). One method 

to measure the functional diversity of  a community involves establishing a multidi-

mensional space with functional traits serving as axes and then observing how spe-

cies are distributed within this space (Mammola et al., 2021). Two common tech-

niques are the convex hull-based binary hypervolume (Villéger et al., 2013) and the 

density-based probabilistic hypervolume (Mammola & Cardoso, 2020). Another 

widely used method involves creating a distance dendrogram that represents dis-

tances between species based on functional traits and quantifying these distances 
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on the functional distance dendrogram to gauge community functional diversity 

(Petchey & Gaston, 2002). This approach parallels the calculation of  phylogenetic 

diversity, using tree-based distance calculations that facilitate the comparison and 

analysis of  both phylogenetic and functional diversity. Hence, the present study uti-

lized functional dendrograms to assess the functional diversity. 

2.2 Alpha diversity 

Alpha diversity is a fundamental concept in ecology that quantifies the species 

variety within a specific local area or ecosystem, providing insights into its biolog-

ical complexity and ecological health (Whittaker, 1960). By measuring alpha diver-

sity, ecologists can evaluate the overall size of  the regional species pool and resili-

ence of  ecosystems to disturbances. This metric is essential for effective conserva-

tion planning, helping to highlight local hotspots and inform the placement of  pro-

tected areas (Gering et al., 2003). 

Taxonomic richness, a widely used alpha diversity index, plays a fundamental 

role in biodiversity conservation as it serves as a key indicator of  alpha diversity. 

This metric quantifies the total number of  different species within a specific area, 

aiding in the identification of  biodiversity hotspots (Reid, 1998). In this study, we 

have compiled a comprehensive list of  fish species. Each species’ scientific name 

was meticulously verified using the latest versions of  the online databases FishBase 

(Froese & Pauly, 2024) and Eschmeyer’s Catalog of  Fishes (Fricke et al., 2024). 

Additionally, we developed a binary fish incidence distribution matrix Y = [yij], 

which records the presence (1) or absence (0) of  p fish species (represented as col-

umn vectors y1, y2, ..., yp in Y) observed across n lakes (represented as row vectors 

x1, x2, ..., xn in Y); yij represents the fish species i in lake j. This binary incidence 

distribution matrix helps mitigate biases arising from varying sampling intensities 

and enables consistent comparison of  data collected by different teams and at dif-

ferent times. Accordingly, the sum of  species recorded in a certain lake j, row yj in 

Y, is the taxonomic richness of  that lake (Sj). 

Phylogenetic richness quantifies the diversity of  evolutionary lineages within a 

community, encapsulating the collective, unique evolutionary trajectories that have 

culminated in the current composition of  species (Graham & Fine, 2008; Webb et 

al., 2002). This measure is critical for elucidating the depth and breadth of  biodi-

versity, encompassing not merely the count of  species present but also the evolu-

tionary distances separating them (Jiang et al., 2019). In addition to phylogenetic 

richness, the concept of  phylogenetic evenness is employed to evaluate the distri-

bution of  evolutionary heritage among the species in a community. This metric 
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offers insights into the ecological equilibrium of  habitats, revealing whether the 

community’s structure is influenced by the predominance of  closely related species 

or a more balanced dispersion of  evolutionary lineages (Safi et al., 2011). In this 

research, we employed the Mean Phylogenetic Distance (MPD) and the Mean 

Nearest Phylogenetic Distance (MNPD) as the metrics for phylogenetic richness 

and evenness, respectively. Based on the generated phylogenetic dendrogram, the 

MPD metric calculates the mean phylogenetic distance between pairs of  species 

randomly selected from a given fish assemblage in lake. On the other hand, the 

MNPD metric performs a similar calculation, but the distance between species 

pairs is measured only to their closest non-conspecific relative (Pinto-Ledezma et 

al., 2020; Vamosi et al., 2009; Zu et al., 2019). 

Parallelly, functional richness and evenness can be assessed based on the func-

tional trait distance dendrogram (Swenson, 2014). Functional richness reflects the 

range of  ecological roles and traits present, indicating the breadth of  ecological 

strategies and adaptations in a community. Functional evenness, on the other hand, 

measures how uniformly these traits are distributed among species, which can in-

dicate the balance of  ecological functions and resource usage (Mammola et al., 

2021). To calculate functional diversity, we employed two indices—Mean Func-

tional Distance (MFD) and Mean Nearest Functional Distance (MNFD)—derived 

from methods from the aforementioned phylogenetic alpha diversity indices (Xu et 

al., 2022). This adaptation allows the indices to reflect the spread and clustering of  

functional traits within a community, thus providing a clear picture of  how traits 

influence ecological dynamics. 

2.3 Beta diversity 

Beta diversity is measured by calculating the relative composition dissimilarity 

between communities, which describes the heterogeneity of  community structure 

(Whittaker, 1960). This calculation reveals the assembling processes within a spe-

cific spatial range and reflects the fundamental principles that maintain the struc-

ture and diversity patterns of  the regional communities (Socolar et al., 2016). In-

creasingly, research across fields such as ecology, evolutionary biology, biogeogra-

phy, and conservation biology is exploring the importance of  community beta di-

versity. More and more researchers use beta diversity patterns to simulate the spa-

tial distribution of  communities, define biogeographic boundaries, and predict the 

evolutionary processes of  virous biotas (Dai et al., 2020; Ding et al., 2017; Graham 

et al., 2006; Moritz et al., 2001). In the field of  conservation biology, quantitative 

analysis of  community beta diversity helps in the selection of conservation areas, 
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planning of  spatial extents, and selection of  key species by providing theoretical 

support, as it can accurately reflect the differences in species composition between 

different areas and their patterns of  species exchange (Jiang et al., 2020; Su et al., 

2021). 

To further investigate the species/phylogeny/traits (for the sake of  simplicity, 

these will be referred to as species hereafter) dynamics that shape community beta 

diversity patterns, researchers have studied the patterns of  species differences 

among communities (Jiang et al., 2019; Jiang et al., 2020; Si et al., 2016). They 

propose that community beta diversity patterns are formed by two processes: mu-

tual replacement and unidirectional flow of  species between communities (Baselga, 

2007; Harrison et al., 1992). These processes are conceptualized as turnover and 

nestedness, two additive components for overall beta diversity, respectively (Baselga, 

2010). Turnover refers to the replacement of  some species by others from another 

community, usually resulting from environmental sorting or spatial and historical 

constraints (Qian et al., 2005). Nestedness indicates the continuous loss or gain of  

species in communities, leading communities to become subsets of  larger commu-

nities or amalgamations of  smaller ones, reflecting a non-random species removal 

process during community disassembly (Gaston & Blackburn, 2000). For example, 

in areas of  high beta diversity, high community beta diversity patterns can arise 

from the mutual replacement of  different species between communities (where 

turnover is the primary component); alternatively, they can emerge from significant 

differences in species richness between two communities, where one community 

encompasses the species of  smaller communities (where nestedness is the primary 

component). It is important to emphasize that while many matrix configurations 

are possible (Almeida-Neto et al., 2008), all scenarios where communities differ 

can be characterized by just two main patterns—turnover and nestedness—or their 

combinations (Baselga, 2010). These patterns suffice to account for all possible 

community configurations through the processes of  species replacement and spe-

cies loss or gain. It must be pointed out that the term species loss (or gain) is used 

here simply to denote the absence of  certain species from specific communities, 

irrespective of  the underlying reasons, such as extinction or differential dispersal 

capabilities. (Ulrich et al., 2009). To properly understand biodiversity patterns and 

their underlying causes—patterns that may indicate different processes—distin-

guishing between the two components is necessary (Williams et al., 1999). In this 

context, the two processes, turnover and nestedness, that form the basis of  beta 

diversity measurements are not just distinct; they are contradictory (Williams, 

1996). 
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To measure the taxonomic beta diversity between communities, the Sørensen 

dissimilarity index (tβsør) is frequently utilized (Si et al., 2017). Considering the ex-

tensive geographic range of  this study, which encompasses three major islands of  

Japan and the Ishikari River basin, respectively, and given that the fish data are 

incidence-based, the Sørensen index is deemed the most appropriate diversity index 

(Dai et al., 2020). The Sørensen index spans from 0 to 1, where a value of  0 signifies 

that the species composition of  the two communities is the same, and a value of  1 

indicates completely distinct community compositions. At this juncture, the Simp-

son dissimilarity index (tβsim) is used to further quantify the taxonomic turnover 

pattern between communities (Lennon et al., 2001). Based on the mathematical 

concept of  beta diversity partitioning, βsør ≡ βsim + βsne, the difference between the 

Sørensen and Simpson indices reflects the extent of  taxonomic nestedness (tβsne) 

between communities (Baselga, 2010). The indices tβsør, tβsim, and tβsne are formu-

lated as: 

tβsør =
𝑏 + 𝑐

2𝑎 + 𝑏 + 𝑐
2.3 

tβsim =
min(𝑏, 𝑐)

𝑎 + min(𝑏, 𝑐)
2.4 

tβsne =
max(𝑏, 𝑐) − min(𝑏, 𝑐)

2𝑎 + min(𝑏, 𝑐) + max(𝑏, 𝑐)
×

𝑎

𝑎 + min(𝑏, 𝑐)
2.5 

where a represents the number of  species shared by both sites, b is the number of  

species found only at the first site, and c is the number of  species present only at the 

second site. 

A phylogenetic tree that represents the evolutionary relationships of  all species 

in a region is fundamental for measuring regional phylogenetic beta diversity be-

tween communities. Typically, the phylogenetic tree of  a single community’s spe-

cies composition is a subset of  the regional phylogenetic tree. Quantifying phylo-

genetic beta diversity involves comparing the distribution of  species from different 

communities on the regional tree. This approach is analogous to taxonomic beta 

diversity, which examines the shared and distinct species between communities, but 

phylogenetic diversity calculations focus on the shared or distinct branches of  the 

phylogenetic trees among communities. Mathematically, replacing the variables 

that denote the number of  species, a, b, and c, in Equation 2.3 with variables that 

reflect the lengths of  the phylogenetic branches allows for similar computational 

methods to be used to measure phylogenetic beta diversity. Similarly, metrics for 

phylogenetic diversity turnover and nesting can be calculated using comparable 

methods. Specifically, consider a tree T composed of  all species within a region, 
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with each branch t having a branch length wt. The phylogenetic diversity of  the trees 

Tj and Tk, representing 

communities j and k respectively, can be denoted by 𝑃𝐷𝑗 = ∑ 𝑤𝑗𝑇𝑗
 and 𝑃𝐷𝑘 =

∑ 𝑤𝑘𝑇𝑘
. The branch length of  the phylogenetic tree constructed by the specie shared 

by both communities j and k (still a subset of  the regional tree) is represented as 

𝑃𝐷𝑇𝑜𝑙 = ∑ 𝑤𝑡𝑇𝑗∪𝑇𝑘
 (Leprieur et al., 2012). Henceforward, the phylogenetic beta 

diversity (pβsør), including its turnover (pβsim) and nestedness (pβsne) components, 

can be calculated using the following equations. 

pβsør =
𝑃𝐷𝑇𝑜𝑡 − 𝑃𝐷𝑗 + 𝑃𝐷𝑇𝑜𝑡 − 𝑃𝐷𝑘

2(𝑃𝐷𝑗 + 𝑃𝐷𝑘 − 𝑃𝐷𝑇𝑜𝑡) + 𝑃𝐷𝑇𝑜𝑡 − 𝑃𝐷𝑗 + 𝑃𝐷𝑇𝑜𝑡 − 𝑃𝐷𝑘

 

=
2𝑃𝐷𝑇𝑜𝑡 − 𝑃𝐷𝑘 − 𝑃𝐷𝑗

𝑃𝐷𝑘 + 𝑃𝐷𝑗
2.6 

pβsim =
min(𝑃𝐷𝑇𝑜𝑡 − 𝑃𝐷𝑗 , 𝑃𝐷𝑇𝑜𝑡 − 𝑃𝐷𝑘)

𝑃𝐷𝑗 + 𝑃𝐷𝑘 − 𝑃𝐷𝑇𝑜𝑡 + min(𝑃𝐷𝑇𝑜𝑡 − 𝑃𝐷𝑗 , 𝑃𝐷𝑇𝑜𝑡 − 𝑃𝐷𝑘)
2.7 

pβsne = pβsør − pβsim 2.8 

Likewise, functional beta diversity (fβsør), along with functional turnover (fβsim) 

and nestedness (fβsne), can be computed using the same method, but by substituting 

the phylogenetic tree with a dendrogram that represents distances based on func-

tional traits. 

Additionally, to determine whether turnover or nestedness predominantly in-

fluences the overall beta diversity pattern among communities, the pturn index is 

commonly evaluated (Jiang et al., 2020; Si et al., 2016). This index measures the 

contribution of  the turnover component to the overall beta diversity. A pturn index 

above 0.5 suggests that turnover is the primary driver of  community differences, 

whereas a value below 0.5 indicates that nestedness primarily dictates inter-com-

munity dependency. The pturn index is calculated from taxonomic (tpturn), phyloge-

netic (ppturn), and functional (fpturn) perspectives: 

t𝑝𝑡𝑢𝑟𝑛 =
tβsim

tβsør
2.9 

p𝑝𝑡𝑢𝑟𝑛 =
pβsim

pβsør
2.10 

f𝑝𝑡𝑢𝑟𝑛 =
fβsim

fβsør
2.11 
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2.4 Local Contribution to Beta Diversity 

The Local Contribution to Beta Diversity (LCBD) index has been introduced 

to quantitatively assess the relative importance of  fish communities within individ-

ual lakes in shaping regional fish beta diversity patterns (Legendre & De Cáceres, 

2013), which is becoming widely utilized in ecological studies (da Silva et al., 2018; 

Dai et al., 2020; De et al., 2023; Hill et al., 2021). In the context of  matrix Y, the 

LCBD values are assessed as the proportion of  the sum of  squares corresponding 

to the jth lake (SSj) in the total sum of squares of  matrix Y (SStotal). For lake j, the 

LCBDj could be calculated following the equation below (Legendre & De Cáceres, 

2013). The notations of  components in the following equation are consistent with 

what was introduced in Section 2.2 in the current chapter. 

𝑡𝐿𝐶𝐵𝐷𝑗 =
𝑆𝑆𝑗

𝑆𝑆𝑡𝑜𝑡𝑎𝑙
=

∑ (𝑦𝑖𝑗 − 𝑦̅𝑗)
2𝑛

𝑗=1

∑ ∑ (𝑦𝑖𝑗 − 𝑦̅𝑗)
2𝑛

𝑗=1
𝑝
𝑖=1

2.12 

It is worth noting that this calculation was designed for a taxonomic species 

matrix and does not take into account phylogenetic and functional information. 

Therefore, the prefix t- is used here to differentiate it from the phylogenetic (pLCBD) 

and functional (fLCBD) LCBD assessment discussed below. 

Shooner et al. (2018) proposed a method to calculate pLCBD using a matrix 

of  phylogenetic distance. Subsequently, Nakamura et al. (2020) refined the ap-

proach and extended it to the calculation of  fLCBD. Both pLCBD and fLCBD 

calculations are based on the fish incidence distribution matrix Y, but it must be 

redescribed to include information on the distribution of  clades and traits among 

communities. This step involves constructing resemblance matrices for phylogeny 

and functional traits, Sp and Sf, with each element comprising similarities between 

a species pair. The phylogenetic matrix Sp is obtained by calculating the total branch 

length connecting any two species nodes on the phylogenetic tree and then convert-

ing these distances into similarities. Analogously, the functional matrix Sf can be 

generated by calculating trait distances between species pairs and transforming 

them into similarities, as described above. These matrices, Sp and Sf, are then stand-

ardized by their respective column totals and multiplied by the transposition of  Y 

to produce new matrices P and F, representing the phylogenetic and functional 

compositions of  fish assemblages across lakes, respectively. In short, through the 

intermediation of  the phylogenetic and functional resemblance matrices Sp and Sf, 

the original taxonomic matrix Y is reweighted by phylogenetic and functional rela-

tionships, allowing the newly formed phylogenetic matrix P and functional matrix 

F to assess the contributions of  fish assemblages in specific lakes from phylogenetic 
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and functional perspectives by measuring the proportion that each lake accounts 

for of  the total variation presented in P and F, respectively. 

Overall, the LCBD index provides a straightforward method to evaluate the 

relative distinctiveness of  fish assemblages in particular lakes. The multidimen-

sional LCBD is particularly useful for conservation, as it helps identify sites that 

warrant special attention due to their unique species composition, evolutionary his-

tory, and functional traits (Nakamura et al., 2020). Generally, higher LCBD values 

indicate that a lake may have a unique combination of  species/phylogeny/traits, 

suggesting significant conservation value or urgent necessities for conservation ac-

tions (Legendre & De Cáceres, 2013). 

2.5 Gamma diversity 

Gamma diversity represents the total species diversity within a large geographic 

region or landscape, encompassing multiple ecosystems and habitats. It integrates 

both alpha and beta diversity, highlighting the complexity and richness of  biodiver-

sity at a broader scale (Crist et al., 2003). In this research, the focus is primarily on 

alpha and beta diversity to provide a detailed and nuanced understanding of biodi-

versity patterns within and between specific ecosystems. While gamma diversity 

offers valuable insights at a broader regional scale (Jost et al., 2010; Zhang et al., 

2014), the decision to concentrate on alpha and beta diversity allows for a more 

precise examination of  native fish richness and compositional changes at finer spa-

tial scales. This targeted approach ensures a thorough investigation of  biodiversity 

dynamics, which is critical for localized conservation strategies and ecological 

management practices. Future studies may build upon these findings by incorpo-

rating gamma diversity to extend the scope of biodiversity assessments to larger 

landscapes. 

2.6 Algorithmic resources utilized for diversity assessments 

The phylogenetic and functional dendrograms were generated in R (R Core 

Team, 2024) using a combination of  functions from various packages, including 

VEGAN (Oksanen et al., 2022) and APE (Paradis & Schliep, 2019). Taxonomic rich-

ness of  fish assemblages in each lake was obtained with the aid of  the software 

PRIMER (Clarke & Gorley, 2015). The calculations of  phylogenetic (MPD, MNPD) 

and functional (MFD, MNFD) alpha diversity were performed in R using the pack-

age PICANTE (Kembel et al., 2010). Taxonomic (tβsør), phylogenetic (pβsør), and 

functional (fβsør) beta diversities, as well as their respective turnover (tβsim, pβsim, fβsim) 

and nestedness (tβsne, pβsne, fβsne) components, of  fish assemblages were calculated 



Doctoral Dissertation 

 

20 

with the aiding of  the package BETAPART (Baselga et al., 2022) in R. Taxonomic 

LCBD (tLCBD) index was assessed by utilizing the R package ADESPATIAL (Dray 

et al., 2022), whilst the phylogenetic (pLCBD) and functional (fLCBD) ones were 

calculated with the help of  the R function Beta.div_adapt() developed by Naka-

mura et al. (2020). It should be noted that the calculation of all diversity indices 

throughout this study (Table 2.1) follows the methods and approaches outlined in 

this chapter, even though the fish incidence matrixes utilized in subsequent chapters 

vary. 

Table 2.1 Summary of  the primary diversity indices used in this study. 

 Taxonomic Phylogenetic Functional 

Alpha S: species richness 

MPD: mean phylogenetic 

distance between spe-

cies pairs 

MNPD: mean nearest 

phylogenetic distance 

between species pairs  

MFD: mean functional 

distance between spe-

cies pairs 

MNFD: mean nearest 

functional distance be-

tween species pairs 

Beta 

tβsør: overall species dis-

similarity 

tβsim: species turnover 

tβsne: species nestedness 

pβsør: overall phylogenetic 

dissimilarity 

pβsim: phylogenetic turno-

ver 

pβsne: phylogenetic nest-

edness 

fβsør: overall functional 

dissimilarity 

fβsim: functional turnover 

fβsne: functional nnested-

ness 

LCBD 

tLCBD: local contribu-

tion of  one lake to re-

gional taxonomic beta 

diversity 

pLCBD: local contribu-

tion of  one lake to re-

gional phylogenetic 

beta diversity 

fLCBD: local contribu-

tion of  one lake to re-

gional functional beta 

diversity 
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Chapter 3 

Native fish assemblages in natural lakes across 

Japan: Endemism deterioration lasting centuries 

3.1 Introduction 

The global biodiversity crisis, an alarming decline in the variety of  life on Earth, 

has put nearly one million species at risk of  extinction (Díaz et al., 2019; Sills et al., 

2018; Singh, 2002). With its roots in anthropogenic activities, the crisis has accel-

erated since the mid-20th century (Steffen et al., 2015), when pollution, habitat de-

struction and fragmentation, invasive species, overexploitation, and climate change 

became more pronounced (Dirzo et al., 2014; Foley et al., 2005; Haddad et al., 

2015; Noyes et al., 2009; Pecl et al., 2017). Freshwater ecosystems undergo a sig-

nificant rate of  biodiversity loss, nearly four times higher than that of  terrestrial 

ecosystems (Albert et al., 2021; Turak et al., 2017). Freshwater fishes rank as the 

second most endangered group of  vertebrates, surpassed only by amphibians in 

terms of  threat levels (Arthington et al., 2016; Darwall & Freyhof, 2015). The list 

of  extinct fish continues to grow with new extinction records worldwide (Reid et 

al., 2019). Nonetheless, this silent crisis, concealed below water, has not received 

adequate public, political, or scientific attention (Cooke et al., 2016). Hence, it is 

urgent to propose appropriate conservation strategies for freshwater fish assem-

blages towards the post-2020 goals and targets negotiated at the 15th meeting of  

the Conference of  the Parties to the United Nations Convention on Biological Di-

versity (COP15). 

Amidst the global biodiversity crisis, native fishes, especially those endemic to 

specific regions, are considered the most affected group within aquatic systems, ac-

counting for a significant proportion of  the overall loss of  freshwater species (Dudg-

eon et al., 2006). Endemic fish species developed morphological, physiological, re-

productive, feeding, and behavioural adaptations during long-term evolutionary 

processes, enabling them to thrive under specific ecological conditions of  their local 

habitat context (Braaten & Guy, 2002; Chapman et al., 2011; Schulte, 2001; Wain-

wright & Richard, 1995; Werner & Hall, 1988). In addition, some endemic fish 

species with narrow distributional ranges could be attributed to historical geo-

graphic events, such as tectonic movements and volcanic activity (Crandall et al., 

2010; Salzburger et al., 2014). However, disturbance or destruction to ecosystems 
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often poses a challenge for endemic species, making it difficult for them to adapt to 

the altered environment and leading to declines in their populations and, in some 

instances, extinction. The loss of  endemic fish species can disrupt local ecosystems, 

leading to nutrient cycling and food web imbalances while impacting local econo-

mies and cultural practices that depend on these species (Ding et al., 2023; Reis et 

al., 2015). Protecting endemic fish populations through diverse conservation 

measures has become one of  the utmost priorities at the present moment. 

Re-establishing essential ecological processes is a practical approach to fish 

conservation, necessitating an integrated and efficient framework for understand-

ing assembling processes of  fish assemblages (Jiang et al., 2020; Radinger et al., 

2023). A growing consensus among ecologists has come to acknowledge that, 

alongside traditional taxonomic diversity, phylogenetic relatedness and functional 

composition offer valuable insights into the community assembling mechanisms. 

Phylogenetic distances among species reflect their evolutionary histories and can 

reveal ecological differences (Webb et al., 2002). Native species extinctions are not 

random occurrences within hierarchical phylogenetic trees; instead, they expose 

the life history responses of  these species to environmental changes (Fréville et al., 

2007; Winter et al., 2009). Extinctions disproportionally impact native or endemic 

fish species, often originating from families with lower species richness and repre-

senting unique components of  their biotas (Gaston, 1998; Vamosi & Wilson, 2008). 

Functional diversity assessments consider the functional traits of  fish species, ena-

bling direct inferences about ecological responses to environmental alterations. For 

example, by examining morpho- anatomical traits related to food acquisition, re-

searchers can assess the effects of  fish on other aquatic organisms through trophic 

interactions (Villéger et al., 2017). Although the importance of  phylogenetic and 

functional diversity indicators for conservation is widely acknowledged, prioritiz-

ing one over the other remains a debated issue (Mazel et al., 2018; Owen et al., 

2019). Concurrently, numerous phylogenetic and functional diversity indices and 

computational approaches have emerged in the past decades, proposing various 

perspectives on ecosystem functions and services. However, these metrics’ intricacy 

presents challenges to researchers and policymakers involved in native fish conser-

vation (Tuomisto, 2010). Pursuing a concise and comprehensive index that inte-

grates taxonomic, phylogenetic, and functional information is thus a pressing con-

cern in practical conservation biology. 

Native conservation necessitates understanding biodiversity organization from 

local to regional spatial scales, thereby aiding conservation planning (Gardner et 

al., 2013; Socolar et al., 2016). Alpha and beta diversity of  community serve as vital 
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tools for analysing species assembling within local sites and among distinct loca-

tions, respectively (Veech et al., 2002). Measuring the multifaceted alpha diversity 

can identify local biodiversity hotspots and guide the establishment of  protected 

areas (Jiang et al., 2020). Meanwhile, assessing the multifaceted beta diversity, in-

cluding its turnover and nestedness components, can guide decisions on the num-

bers and locations of  conservation sites from a broader scale (Gering et al., 2003; 

Simberloff  & Abele, 1976). Spatial turnover quantifies the extent to which species 

are exchanged between communities, while nestedness reflects unidirectional con-

centration of  species among communities (Baselga, 2010). If  the turnover pattern 

is the primary driver of  beta diversity, conservation measures should prioritize pro-

tecting several locations with unique species; while if  the nestedness pattern is more 

important, the conservation approach targeting areas that exhibit high alpha diver-

sity would be adequate (Jiang et al., 2019; Tscharntke et al., 2002; Tuomisto et al., 

2003). Furthermore, the recently widely utilized LCBD index holds significant 

value in conservation studies (Legendre & De Cáceres, 2013). It measures the 

uniqueness of  a community at each study site within a larger region. High LCBD 

values, which represent unique species composition, help prioritize specific loca-

tions for conservation efforts and assess the effectiveness of  these strategies over 

time (Dai et al., 2023). Hence, by employing concurrent measurements of  alpha 

and beta diversity, as well as related metrics, conservation-related insights can be 

gained comprehensively, supporting efforts to prevent additional loss of  biodiver-

sity at both local and regional scales (Jiang et al., 2020; Montaño-Centellas et al., 

2020). 

The Japanese archipelago, stretching about 2,000 km in a northeast-southwest 

direction, is an ideal natural laboratory to study spatial patterns of  freshwater fishes. 

During the Plio-Pleistocene (about five million years ago), the archipelago was fre-

quently connected and disconnected from continental Asia, thereby leading to a 

unique freshwater fish fauna (Lindberg, 1972; Watanabe et al., 2017). Stemmed 

from continental Asia, freshwater fishes established themselves in the Japanese ar-

chipelago through two main pathways: the Siberian route and the Chinese route 

(Aoyagi, 1957). The Siberian route involved predominantly cold-water fishes 

spreading from the Heilongjiang River (aka the Amur River) to the waters in Hok-

kaido, the northernmost island of  present-day Japan (Kai, 2022). The Chinese 

route witnessed a fish fauna primarily composed of  temperate species originating 

from the ancient Yellow River basin, relocating to Kyushu, the southernmost main 

island of  Japan (Tabata, 2022). Subsequently, fishes from Hokkaido and Kyushu 

made their way to Honshu, Japan’s largest island in the middle (see Figure 1 for 

island locations), yielding a unique spatial pattern of  freshwater compositions 
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across the Japanese archipelago. According to previous research, native freshwater 

fishes in the Japanese archipelago experienced alterations due to escalating envi-

ronmental and artificial pressures, as evidenced by a decline in species richness and 

significant shifts in functional group composition from roughly two centuries ago 

(Matsuzaki et al., 2013, 2016). However, these studies did not consider phyloge-

netic information and regional beta diversity patterns of  native fishes across the 

nation. Phylogenetic information reflects the historical and ecological uniqueness 

of  fish species and suggests the foundation for adapting to environmental changes. 

Failure to measure phylogenetic diversity could result in gaps within comprehen-

sive fish conservation initiatives. Additionally, without depicting regional fish dis-

similarity patterns among the studied lakes using beta diversity they did not provide 

direct evidence for identifying specific areas for practical conservation measures. 

What’s more, previous studies have only examined alterations in fish diversity span-

ning from the historical to the current period, yet without conducting quantitative 

analyses to anticipate potential future trends. Considering that the fish species lost 

during this transition are primarily threatened species identified as at risk of  extinc-

tion by the Japanese Red List, simulating future native extinctions based on the fish 

species in the current period and their categories in the Red List is deemed a viable 

approach to address this gap. 

In this context, the chapter emphasizes regional fish beta diversity and spatial 

distribution patterns, supplemented with phylogenetic information of  native fresh-

water fishes in lakes across Japan. Specifically, this chapter analyses and compares 

the changes over time in the multifaceted alpha and beta diversity of  native fishes 

in Japanese lakes from the past to the present and anticipates future trends. In ad-

dition, by utilizing multidimensional LCBD framework, this chapter attempted to 

pinpoint the specific lakes that possess greater conservation priority. Ultimately, 

this chapter will provide direct theoretical support for restoring and conserving 

freshwater ecosystems in Japan amidst the ongoing biodiversity crisis.  
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3.2 Methods 

Data collection and collation 

This chapter utilized the native freshwater fish assemblage data in 39 Japanese 

lakes (Figure 3.1, Table 3.1) from the previous research (Matsuzaki et al., 2013; 

2016). These lakes, situated between 30° and 45° north latitude, broadly scatter 

across the majority of  eco-regions for freshwater fish fauna in Japan (Watanabe, 

2012), with areas ranging from less than 1 km2 to approximately 670 km2, and their 

average depths differ by over 51 m. Additionally, lakes with various trophic statuses 

are encompassed, including oligotrophic, mesotrophic, and eutrophic lakes. Cov-

ering such a wide range of  latitude, eco-region, area, depth and trophic status, the 

studied lakes are considered representative of  Japanese lakes in general. The native 

fish dataset was compiled by reviewing over 300 references and over 1 000 museum 

specimens, as described by Matsuzaki et al. (2016). To avoid redundancy, these 

sources are not reiterated here. This chapter, however, focuses on a different lake 

than the one examined by Matsuzaki et al. (2016) Specifically, high-altitude lakes 

around Mt. Fuji were excluded from this study due to their relative isolation and 

low native fish diversity. Moreover, the methodology and time periods used in this 

study, particularly the historical and current periods, closely adhere to the setup of  

Matsuzaki et al. (2016) to ensure consistent data comparability across different pe-

riods. Although the sampling methods of  fish collection in the referenced literature 

varied among lakes, fish records from all studied lakes were cross corroborated by 

at least three different sources to ensure the validity of  the fish species records in 

the lakes. In addition, only fish incidence (presence/absence) rather than abun-

dance data was used in this study, further excluding biased results that may have 

been caused by different sampling intensities (Dai et al., 2023). This chapter specif-

ically targeted strict freshwater fish species (i.e., fish that remain their entire life 

cycles in freshwaters) that inhabit lakes and those that migrate between lakes and 

surrounding drainage basins. As previously described by Matsuzaki et al. (2016), 

distributional records of  the strict freshwater fish in both “historical” and “current” 

periods were obtained. The historical period refers to the native fish fauna of  the 

past, specifically before massive anthropogenic extirpation, and roughly corre-

sponds to the pre-Meiji Era, a period characterized by rapid industrialization and 

modernization in Japan. Thus, the historical period fish dataset contains the great-

est number of  native freshwater fish species. The current dataset indicates that some 

species are becoming locally unrecorded, reflecting changes in the distribution pat-

terns of  native fish species since the 21st century. 
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Figure 3.1 Map showing the location of  39 studied lakes across the Japanese archipelago. 

Derived based on Takemura (2015). 

Considering that ninety percent of  the unrecorded fish species from past to 

present were designated as threatened, either critically endangered (CR), endan-

gered, (EN) or vulnerable (VU) (Table 3.2), according to the Japanese Red List 

(Ministry of  the Environment, 2020), this research emulated two extinction scenar-

ios based on the current-period fish datasets following Pimiento et al. (2020). The 

first scenario, dubbed “future I”, involved categorizing species as extinct or extant 

according to the associated extinction probability of  their respective red list cate-

gory. According to the results of  Davis et al. (2018), which estimated the probability 

of  extinction for species across different categories over a 100-year period under the 

current conservation status, fish species were excluded from the records of  all lakes 

based on respective probabilities for different categories. 
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Table 3.1 Location and basic information on the studied lakes. 

Lake 
Latitude 

(°N) 

Longitude 

(°E) 
Prefecture 

Area 

(km2) 

Max.depth 

(m) 

Volume 

(km3) 

Abashiri 43.967 144.167 Hokkaido 33.000 16.10 0.233 

Shirarutoro 43.433 144.141 Hokkaido 1.720 2.30 0.003 

Toro 43.179 144.502 Hokkaido 6.270 7.00 0.020 

Takkobu 43.105 144.484 Hokkaido 1.310 3.00 0.003 

Utonai 42.699 141.711 Hokkaido 2.100 1.50 0.002 

Ogawara 41.033 140.342 Aomori 61.980 25.00 0.714 

Jusan 40.783 141.333 Aomori 17.810 3.00 - 

Hachiro 39.917 140.017 Akita 27.750 12.00 - 

Izu 38.719 141.101 Miyagi 3.320 1.30 - 

Inawashiro 37.910 139.247 Fukushima 103.240 94.60 5.400 

Fukushima 37.817 138.875 Nigata 1.930 0.60 - 

Sagata 37.483 140.100 Nigata 0.436 - - 

Hinuma 36.825 138.222 Ibaraki 9.300 6.50 0.020 

Ushiku 36.649 136.675 Ibaraki 3.550 3.00 - 

Sugao 36.558 137.838 Ibaraki 2.300 1.20 - 

Kasumigaura 36.351 136.377 Ibaraki 220.000 7.10 0.850 

Tega 36.275 140.500 Chiba 4.020 3.80 0.006 

Inba 36.272 136.242 Chiba 9.430 2.50 0.003 

Kizaki 36.058 136.768 Nagano 1.690 29.50 0.025 

Suwa 36.049 138.085 Nagano 12.810 7.20 0.063 

Nojiri 36.035 140.391 Nagano 4.450 38.50 0.096 

Shibayama 36.029 139.914 Ishikawa 1.920 4.90 4.600 

Kahoku 35.946 140.130 Ishikawa 4.200 6.50 14.700 

Kitagata 35.857 140.032 Fukui 2.160 4.00 0.006 

Mikata 35.748 140.191 Fukui 3.580 5.80 0.005 

Nakaikemi 35.660 136.088 Fukui 0.250 - - 

Sanaru 35.566 135.884 Shizuoka 1.130 2.50 0.002 

Aburaga 35.535 134.238 Aichi 0.640 5.00 0.002 

Biwa 35.508 134.151 Shiga 669.260 103.58 27.500 

Midoroga 35.476 133.894 Kyoto 0.090 3.50 - 

Koyama 35.450 132.958 Tottori 6.990 7.50 0.020 

Togo 35.329 136.161 Tottori 4.050 3.60 0.006 

Tanega 35.327 132.682 Tottori 0.020 15.10 0.001 

Shinji 34.905 137.013 Tottori 79.250 6.40 0.340 

Jinzai 34.711 137.690 Tottori 1.140 10.00   

Ezu 32.774 130.742 Kumamoto 0.490 5.00 0.001 

Imuta 32.624 129.832 Kagoshima 0.630 2.70 0.001 

Ikeda 31.817 130.472 Kagoshima 10.910 233.00 1.380 

Kawahara 31.233 130.567 Nagasaki 0.120 9.00 - 
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Table 3.2 Table presenting a list of  freshwater fish species recorded in the Japanese archipelago, 

along with their respective extinction risk category (Cat.) evaluated by the Japanese Red List 

2020. CR: Critically endangered, EN: Endangered, VU: Vulnerable, NT: Near threatened, LP: 

Endangered local population, NE: Not evaluated. The presence or absence of  a species is de-

noted by “○” and “×” for the historical (H) and current (C) periods, indicating whether the 

species was recorded or not during those periods. For the future II (F) period, “○” represents 

the retention of  the species, while “×” indicates exclusion during the extinction simulation. 

(*For the native Cyprinus carpio population in Lake Biwa, which was assessed as LP, only the 

records in Lake Biwa were removed in the extinction simulation.) 

Species Cat. H C F Species Cat. H C F 

Cyprinus carpio LP ○ ○ ○* Pungtungia herzi NE ○ ○ ○ 

Carassius cuvieri EN ○ ○ × Gnathopogon elongatus EX ○ ○ × 

Carassius auratus NE ○ ○ ○ Gnathopogon caerulescens CR ○ ○ × 

Tanakia tanago CR ○ × × Biwia zezera VU ○ ○ × 

Tanakia lanceolata NT ○ ○ ○ Pseudogobio esocinus NE ○ ○ ○ 

Tanakia limbata NT ○ ○ ○ Hemibarbus longirostris NE ○ × × 

Acheilognathus melanogaster EN ○ ○ × Hemibarbus labeo NE ○ ○ ○ 

Acheilognathus tabira EN ○ ○ × Squalidus gracilis NE ○ ○ ○ 

Acheilognathus rhombeus NE ○ ○ ○ Squalidus japonicus VU ○ ○ × 

Acheilognathus cyanostigma CR ○ ○ × Squalidus chankaensis VU ○ ○ × 

Acheilognathus longipinnis CR ○ × × Parabotia curtus CR ○ × × 

Acheilognathus typus CR ○ × × Misgurnus anguillicaudatus NT ○ ○ ○ 

Rhodeus ocellatus CR ○ × × Cobitis biwae NE ○ ○ × 

Rhodeus atremius CR ○ ○ × Cobitis matsubarae VU ○ ○ × 

Ischikauia steenackeri CR ○ ○ × Cobitis striata VU ○ ○ × 

Hemigrammocypris neglectus EN ○ ○ × Barbatula barbatula NE ○ ○ ○ 

Opsariichthys uncirostris VU ○ ○ × Lefua nikkonis EN ○ ○ × 

Zacco platypus NE ○ ○ ○ Lefua echigonia EN ○ ○ × 

Nipponocypris temminckii NE ○ ○ ○ Tachysurus nudiceps NE ○ ○ ○ 

Nipponocypris sieboldii NE ○ ○ ○ Tachysurus tokiensis VU ○ ○ × 

Rhynchocypris sachalinensis NT ○ ○ ○ Tachysurus aurantiacus VU ○ × × 

Rhynchocypris lagowskii NE ○ ○ ○ Silurus lithophilus NT ○ ○ ○ 

Rhynchocypris oxycephalus NE ○ ○ ○ Silurus biwaensis NE ○ ○ ○ 

Pseudorasbora parva NE ○ ○ ○ Silurus asotus NE ○ ○ ○ 

Pseudorasbora pumila CR ○ × × Liobagrus reini VU ○ × × 

Pseudorasbora pugnax CR ○ × × Oryzias latipes VU ○ ○ × 

Sarcocheilichthys biwaensis CR ○ ○ × Odontobutis obscura NE ○ ○ ○ 

Sarcocheilichthys variegatus NT ○ ○ ○      
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However, it should be noted that Davis et al. (2018) simplifies changes in spe-

cies populations to an exponential model. These extinction probabilities are likely 

to be optimistically conservative, as the number of  species predicted to go extinct 

is typically smaller than the actual observed values. For instance, species catego-

rized as VU were assigned a minimum extinction probability of  0.1 over the next 

century (Kindvall & Gärdenfors, 2003; Mooers et al., 2008; Redding & Mooers, 

2006). Specifically, during one round of  simulation, this research simultaneously 

and randomly excluded 99.90%, 67.23%, and 10.00% of  fish species from each of 

the CR, EN, and VU categories, respectively. This process resulted in a new fish 

distribution table, which served as a subset of  the fish distribution dataset for the 

current period. Diversity indices based on the pruned fish distribution matrix were 

then calculated. After completing both the species removal and diversity calcula-

tions, we reintroduced the excluded species for a new round of  simulations and 

calculations. This entire sequence of  steps was repeated 1 000 times to ensure sta-

tistical robustness. The average of  the 1,000-time diversity index calculations was 

subsequently recorded as the measure of  diversity among native fishes in lakes 

across Japan for the “future I” period. The second scenario, termed “future II”, 

assumes the extinction of  all currently threatened fish species (Barnosky et al., 2011; 

Smiley et al., 2020). This scenario aimed to illustrate the potentially dire conse-

quences of  threatened native fish loss if  no conservation measures are implemented 

and emphasize the collective contribution of  these species to fish biodiversity as-

semblages (Toussaint et al., 2016). 

Phylogenetic and functional dendrogram construction 

The Linnaean classifications of  all recorded native fishes were arranged in a 

phylogenetic dendrogram across seven levels: subclass, subphylum, superorder, or-

der, family, genus, and species. The classification information was subjected to a 

double comparison between Fishes of  the World (Nelson et al., 2016) and 

Eschmeyer’s Catalog of  Fishes (Fricke et al., 2023). If  there were any conflicting 

classifications, the latest version was adopted. Following Matsuzaki et al. (2016), 

this chapter opted to employ 16 functional traits (maximum total body length, body 

shape, trophic guild, dietary components, diet breadth, foraging period, vertical po-

sition, temperature preference, flow preference, substrate preference, age at matu-

ration, parental protection, egg diameter, longevity, fecundity, and spawning sub-

strate) that reflecting these crucial ecological functions to construct a functional 

dendrogram (Table 3.3). Furthermore, a Mantel test was conducted, performed in 

r with the vegan package, to evaluate the correlation between the two dendrograms,  
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Table 3.3 Functional traits used for functional diversity measurements. Traits data were ob-

tained from Matsuzaki et al. (2016). 

Functional trait Type Unit/Category/Describe 

Maximum total body length Numeric cm 

Body shape Categorical Compressed, fusiform, cylindrical, 

dorso-ventrally flattened 

Trophic guild Categorical Omnivore, herbivore, detritivore, 

invertivore, piscivores 

Dietary components Categorical Plant/algae/detritus, 

zoobenthos, plankton, 

aquatic and terrestrial insect, 

fish/egg, amphibian/mammals/bird 

Diet breadth Integral Total number of  major diet items 

Foraging period Binary Diurnal, nocturnal 

Vertical position Categorical Demersal, benthopelagic, pelagic 

Temperature preference Binary Warm, cool 

Flow preference Categorical Fast, moderate, slow 

Substrate preference Categorical General, silt/mud, sand, rubble 

Age at maturation Numeric a 

Parental protection Binary Care, no care 

Egg diameter Categorical 0-1.5, 1.5-3.0, >3.0 mm 

Longevity Categorical ≦1, 2-4, 5-9, ≧10 a 

Fecundity Categorical 0-1000, 1000-100 000, 

>100 000 eggs 

Spawning substrate Categorical Vegetation, mussels, 

mineral, pelagic, various 

 

with the aim of  determining whether there were significant overlaps between the 

two trees (Figure 3.2). The Mantel test produced a relatively low coefficient value, 

suggesting that only a limited amount of  functional information was found to over-

lap with phylogenetic signals (Xu et al., 2022). Consequently, in the subsequent 

assessments of  native fish diversity, two dendrograms were separately evaluated. 

Multifaceted biodiversity assessment 

This chapter assesses the multifaceted native fish diversity of  39 Japanese lakes 

across different four periods using respective fish incidence distribution matrices: 

historical, current, and two simulated futures, Future I and Future II. Building on 

the methods introduced in Chapter 2, this analysis includes alpha diversity 

measures in taxonomic (S), phylogenetic (MPD, MNPD), and functional (MFD, 

MNFD) diversity. Additionally, this chapter examines beta diversity in these same 

categories (tβsør, pβsør, fβsør), along with the components of  turnover (tβsim, pβsim, 
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fβsim) and nestedness (tβsne, pβsne, fβsne), respectively. This chapter also quantifies the 

proportion of  turnover patterns within the total beta diversity framework. Lastly, 

this chapter evaluates the relative importance of  the native fish assemblages in each 

lake from taxonomic (tLCBD), phylogenetic (pLCBD), and functional (fLCBD) 

perspectives regarding their contribution to the national beta diversity patterns dur-

ing these four periods. 

Figure 3.2 Associations between the phylogenetic (left) and functional (right) dendrogram. The 

coefficient of  the correlations between two dendrograms are 0.412 (Mantel test, p < 0.001). 

The branch lengths in the figure are standardized to reflect their topological structures. The 

same species on two dendrograms are connected by grey lines. 

Statistical analysis 

First, a comparative analysis of  the discrepancies in the values of  each meas-

ured alpha and beta diversity index and related metrics across the four temporal 

periods was conducted to discern the temporal trends in the diversity of  native fish 

assemblages within the Japanese lakes. This was accomplished by utilizing the one-

way permutational multivariate analysis of  variance with 9,999 permutations to 
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assess the differences among four datasets, which comprised the diversity indices 

of  fish fauna in all studied lakes during the historical, current, future I, and future 

II periods, respectively. Then, a three-dimensional spatial coordinate system was 

constructed, utilizing the taxonomic, phylogenetic, and functional LCBD indices 

as the three respective axes. Lakes exhibiting relatively greater ecological unique-

ness were identified according to the positions within this three-dimensional space. 

In this context, lakes with greater relative importance (ecological uniqueness of 

species composition) refer to those with LCBD index values surpassing the mean 

values of  the corresponding indices (Duarte et al., 2022; Sor et al., 2018). 

3.3 Results 

Temporal changes in multidimensional alpha diversity 

In the studied lakes across Japan, an enumeration of  55 freshwater fish species, 

categorized into 29 genera and 13 families, was recorded in the historical period, 

Figure 3.3 Boxplots showing taxonomic alpha diversity (Richness, a), two phylogenetic alpha 

diversity: mean phylogenetic distance (MPD, b) and mean nearest phylogenetic distance 

(MNPD, c), and two functional alpha diversity: mean functional distance (MFD, d) and mean 

nearest functional distance (MNFD, e) for freshwater fish across historical (blue), current (yel-

low), future I (orange), and future II (red) periods. 
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of  which 30 species were designated as threatened, according to their present, not 

historical, conservation status. In the current period, after the 21st century, a total 

of  45 native freshwater fish species were recorded, of  which nine out of  the ten 

extirpated species were classified as threatened. In the two scenarios of  extinction 

simulations, 35 species were preserved for future I and 23 for future II period. The 

PERMANOVA results demonstrate that native fish richness is significantly de-

creased from the historical to current period (F = 5.252, p = 0.019). However, the 

phylogenetic and functional alpha diversity exhibited divergent trends. A substan-

tial decline in the MPD index from the historical period to future (F = 8.833, p < 

0.001) was observed, while simultaneously, the alterations in MNPD values re-

mained insignificant across all periods (p = 0.678). Contrarily, for functional diver-

sity indices, little changes were observed in MFD values throughout the time (p > 

0.407), but MNFD values consistently and significantly rose across four periods (F 

= 3.098, p = 0.027). 

Temporal changes in multidimensional beta diversity 

Unlike the monotonic alterations in alpha diversity across all periods, the 

changes in beta diversity over time exhibited significant hump-shaped trends (p < 

0.019, Figure 3.4; Table 3.5). During the historical periods, the average tβ, pβ, and  

 

Figure 3.4 Triangular plots depict the beta diversity of  freshwater fish populations during the 

historical (blue, a), current (yellow, b), future I (orange, c), and future II (red, d) periods. The 

three axes, ranging from zero to one, denote similarity and two aspects of  beta diversity (turn-

over and nestedness). Individual points on the plots represent beta diversity in a specific lake, 

each from a different measurement: taxonomic (square), phylogenetic (circle), and functional 

(triangle). Bar charts beneath each triangular plot, from top to bottom, illustrate the proportions 

of  taxonomic, phylogenetic, and functional turnover (coloured) and nestedness (white) to the 

overall beta diversity, respectively. Proportional values of  turnover metrics are accompanied by 

their mean values in parentheses. 



Doctoral Dissertation 

 

34 

fβ values were 0.059 ± 0.096, 0.398 ± 0.092, and 0.402 ± 0.087 (mean ± SD), re-

spectively. These beta diversity indices then experienced an increase till the current 

periods to 0.525 ± 0.081, 0.443 ± 0.065, and 0.430 ± 0.068. However, as for the 

simulated results, in the future I period, there was a decrease in these beta diversity 

values, which continued to fall in the future II period to 0.465 ± 0.086, 0.390 ± 

0.067, and 0.377 ± 0.069, respectively. Meanwhile, a steady decline was noted in 

the proportion of  turnover patterns. While taxonomic turnover was the primary 

factor influencing species beta diversity in the historical period (contributing to 57.8% 

of  overall dissimilarity, Figure 3.4a), its dominance began to equalize with the nest-

edness pattern during both the current and future I period (accounting for 50.5%, 

Figure 3b,c). This dominance eventually lessened in the future II period, with its 

proportion falling below 50% (Figure 3.4d). However, the influence of  phylogenetic 

and functional turnovers consistently remained lower than that of  nestedness and 

continued diminishing over time (Figure 3.4; Table S4). 

Lakes with unique fish assemblages 

By positioning the studied lakes in a three-dimensional coordinate space based 

on their tLCBD, pLCBD, and fLCBD values, the lakes whose indices exceeded the 

corresponding mean in all three dimensions were pinpointed, as labelled in Figure 

3.5. These particular lakes were indicated to possess the most unique native fish 

compositions. During the historical period, eight lakes were identified with the 

most unique species composition. These lakes displayed tLCBD, pLCBD, and 

fLCBD values exceeding their respective average values simultaneously. Notably, 

the lakes with the highest LCBD values were concentrated in the northernmost 

(Hokkaido) and southernmost (Kyushu) islands. However, in the simulated future 

I and II, the number of  unique lakes increased to six and seven, respectively, and 

the majority of  them were located in central and western Honshu rather than Hok-

kaido or Kyushu. 

 

Figure 3.5 The three-dimensional plots 

demonstrate LCBD values for studied 

lakes during the historical (a), current 

(b), future I (c), and future II (d) peri-

ods. Each axis represents a different as-

pect of  LCBD: tLCBD, pLCBD, and 

fLCBD. Lakes with all three LCBD val-

ues exceeding their respective means 

are labelled by their names. 
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Table 3.4 Statistic results of  one-way PERMANOVA (with 9,999 permutations) comparing 

significance of  differences across five alpha diversity indices over four time periods. Results 

include summary of  overall measures and detailed pairwise comparisons. P values below 0.05 

are highlighted in bold, while those between 0.05 and 0.1 are in italics. 

Metric Comparison F p 

Richness Summary  6.398 < 0.001 
 Pairwise Historical vs Current 5.252 0.019 
  Historical vs Future I 8.747 0.003 
  Historical vs Future II 17.990 < 0.001 
  Current vs Future I 0.243 0.638 
  Current vs Future II 2.707 0.107 
  Future I vs Future II 1.624 0.211 

MPD Summary  8.833 < 0.001 
 Pairwise Historical vs Current 7.571 0.008 
  Historical vs Future I 7.821 0.006 
  Historical vs Future II 27.370 < 0.001 
  Current vs Future I 0.002 0.971 
  Current vs Future II 5.555 0.023 
  Future I vs Future II 5.388 0.023 

MNPD Summary  0.507 0.678 
 Pairwise Historical vs Current 0.628 0.430 
  Historical vs Future I 1.094 0.300 
  Historical vs Future II 0.742 0.400 
  Current vs Future I 0.075 0.785 
  Current vs Future II 0.003 0.953 
  Future I vs Future II 0.053 0.824 

MFD Summary  0.981 0.407 
 Pairwise Historical vs Current 2.922 0.091 
  Historical vs Future I 2.261 0.138 
  Historical vs Future II 1.068 0.310 
  Current vs Future I 0.033 0.858 
  Current vs Future II 0.308 0.580 
  Future I vs Future II 0.143 0.713 

MNFD Summary  3.098 0.027 
 Pairwise Historical vs Current 3.070 0.085 
  Historical vs Future I 4.797 0.031 
  Historical vs Future II 9.424 0.003 
  Current vs Future I 0.119 0.733 
  Current vs Future II 1.337 0.252 
  Future I vs Future II 0.704 0.405 
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Table 3.5 Statistic results of  one-way PERMANOVA analysis (with 9,999 permutations) com-

paring significance of  differences across beta diversity indices over four time periods. Results 

include summary of  overall measures and detailed pairwise comparisons. P values below 0.05 

are highlighted in bold, while those between 0.05 and 0.1 are in italics. 

Comparison 
Taxonomic Phylogenetic Functional 

F p F p F p 

Dissimilarity        

Summary 
 

3.467 0.018 4.745 0.003 3.463 0.018 

Pairwise Historical vs Current 0.594 0.444 6.380 0.014 2.431 0.127 

 Historical vs Future I 0.008 0.935 3.274 0.070 0.244 0.620 

 Historical vs Future II 4.574 0.034 0.159 0.689 2.042 0.155 

 Current vs Future I 0.907 0.346 0.824 0.364 1.447 0.239 

 Current vs Future II 10.000 0.003 12.610 < 0.001 11.610 0.001 

 Future I vs Future II 5.122 0.028 7.264 0.010 4.741 0.030 

Turnover        

Summary 
 

2.804 0.040 1.036 0.378 1.349 0.253 

Pairwise Historical vs Current 1.650 0.209 0.226 0.637 0.097 0.761 

 Historical vs Future I 3.214 0.073 0.012 0.913 0.528 0.463 

 Historical vs Future II 9.414 0.003 1.700 0.193 4.251 0.041 

 Current vs Future I 0.141 0.713 0.118 0.740 0.122 0.715 

 Current vs Future II 2.244 0.138 2.448 0.116 2.237 0.139 

 Future I vs Future II 1.412 0.237 1.652 0.200 1.432 0.228 

Nestedness        

Summary 
 

1.911 0.131 1.808 0.141 1.267 0.284 

Pairwise Historical vs Current 4.628 0.033 4.002 0.043 2.747 0.097 

 Historical vs Future I 3.509 0.065 2.896 0.092 1.167 0.287 

 Historical vs Future II 1.221 0.282 0.552 0.454 0.060 0.802 

 Current vs Future I 0.146 0.708 0.133 0.717 0.410 0.533 

 Current vs Future II 1.381 0.246 1.941 0.175 2.170 0.146 

 Future I vs Future II 0.687 0.404 1.113 0.296 0.756 0.395 
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3.4 Discussion 

This chapter demonstrated the deterioration process of  native fishes across the 

Japanese lakes. As the decline of  native fish species continues, species that are func-

tionally close are particularly vulnerable to the threat of  local extinction. These 

species, often ranked as threatened in the Japanese Red List (Ministry of  the Envi-

ronment, 2020), are the first to vanish from the lakes, leading to a nationwide ho-

mogenous distributional pattern. Besides, this chapter pinpointed that the lakes sit-

uated in Hokkaido and Kyushu islands have pronouncedly lost their fish endemism. 

The findings of  this chapter suggested that the decline of  native fish species, along 

with the fish homogenization and endemism loss, is an ongoing process that will 

exacerbate without immediate, specific conservation actions, especially for threat-

ened fish species. Large-scale, ongoing processes such as climate change and ur-

banization, driven primarily by human activities, have been identified as key factors 

contributing to the decline in global freshwater fish diversity over the past few cen-

turies, significantly altering environmental conditions in freshwater ecosystems 

(Closs et al. 2016; Strayer & Dudgeon, 2010). For instance, rising temperatures and 

altered precipitation patterns disrupt aquatic ecosystems, affecting fish physiology 

and migration patterns. Extreme weather events, such as floods and droughts, fur-

ther degrade habitats. Urbanization exacerbates these effects by destroying natural 

habitats through construction, deforestation, and pollution. Runoff  from urban ar-

eas introduces harmful chemicals and waste into water bodies, while dams and wa-

ter diversions fragment habitats, impeding fish movement. 

The results of  the decline of  native fish alpha diversity revealed that the shrink-

ing of  phylogenetic and functional dendrograms was not synchronized. The incon-

gruent findings reported in this study are consistent with those of  previous research 

(Devictor et al., 2010; Jiang et al., 2020; Purschke et al., 2013; Xu et al., 2022), 

suggesting that examining changes in community diversities using either perspec-

tive alone might lead to biased conclusions. This chapter observed that the branches 

lost in the phylogenetic tree tended to be more distant and isolated, while species 

with closer phylogenetic associations were retained, resulting in decreasing MPD 

values while the MNPD values remained unchanged. In contrast, the degradation 

of  functional dendrograms showed a preferential loss of  species from groups with 

high functional similarity, while keeping the basic skeleton of  functional tree intact, 

leading to stable MFD values accompanied by increasing MNFD values. The con-

trasting degradation of  phylogenetic and functional alpha diversity can be ex-

plained by the complementary nature of  phylogenetic and functional information 

(Galland et al., 2019). Phylogenetic relations generally reflect internal pre-
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adaptation to novel environments, whereas functional similarity suggests pheno-

typic characteristics related to interspecific resource competitions (Xu et al., 2022). 

Phylogenetic diversity reveals species'’ abilities adapted to local environmental con-

ditions over long periods of  evolution, especially physiological traits such as heat 

tolerance and low oxygen tolerance (Collins et al., 2013; Comte & Olden, 2017; 

Karabanov et al., 2021). The result of  conserved phylogenetic shrinking lends sup-

port to the theory that disturbances tend to select assemblages of  phylogenetically 

close species, as these species are more likely to share similar resistance abilities 

(Helmus et al., 2010). Given that the majority of  the fish species that were the first 

to be lost in this research were predominantly endemic or rare fish with restricted 

habitats, their early disappearance indicates the limited inherent resilience and 

heightened susceptibility to environmental shifts of  endemic fishes. The vanishing 

of  these imperilled species correlates with a reduction in phylogenetic dendrogram 

branch (evidenced by decreased MPD values), underscoring the urgent need for 

heightened conservation efforts and closer scrutiny of  these unique and scarce spe-

cies. Meanwhile, the findings of  this study reveal a clear trend of  decreased func-

tional redundancy in native fish assemblages, indicating that species with similar 

traits have similar resource utilization patterns and, thus, high levels of  competition, 

ultimately leading to a greater risk of  local extinction. This finding also highlights 

the importance of  functional redundancy in ecosystem stability, which provides 

insurance against species loss (Chua et al., 2019; Oliver et al., 2015; Xu et al., 2022). 

Homogenization is a significant issue in global freshwater biodiversity (Su et 

al., 2021). This study also revealed a clear homogenization trend in the Japanese 

archipelago lakes. Beta diversity is crucial for biodiversity conservation since it re-

veals the variations in species composition and distribution across different habitats 

or regions, enabling targeted conservation strategies and the preservation of  diverse 

ecological communities (Socolar et al., 2016). The findings of  this chapter suggest 

that the loss of  native fish species in Japanese lakes was independent, resulting in 

an initial increase and a subsequent drastic decrease in fish composition dissimilar-

ity. Although high beta diversity can reflect high habitat heterogeneity and ecolog-

ical resistance in some cases with abundant and stable species pools, this study 

highlights the need for caution when interpreting beta diversity results, particularly 

in the context of  shrinking species pools. As an empirical demonstration of  the 

conceptual trajectory proposed by Socolar et al. (2016), illustrating the typical pat-

terns of  beta diversity change in response to anthropogenic disturbances, this study 

corroborates the transient increase in beta diversity at the early onset of  ongoing 

biodiversity degradation processes at a long temporal scale. Accordingly, a compre-

hensive assessment and detection of  species diversity patterns, in combination with 
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within-site richness and among-site dissimilarity, is a prerequisite for effective con-

servation efforts. Moreover, during the historical period, the high beta diversity pat-

tern of  native fishes throughout Japan was dominated by species turnover, indicat-

ing the presence of  unique endemic fishes in scattered lakes. However, with species 

loss, especially when species with high extinction risk were excluded, the dominant 

patterns of  overall beta diversity shifted to nestedness patterns. This means that, 

during fish homogenization, more fish assemblages become subsets of  certain spe-

cies-rich lakes, such as Lake Biwa. Moreover, the proportions of  turnover patterns 

in taxonomic, phylogenetic, and functional aspects are consistently decreasing over 

time, while there is a rising trend in nestedness across all three perspectives. It’s 

worth highlighting that, during the historical period, the percentage of  taxonomic 

turnover sites (tpturn) remained approximately 60%. This value consistently exceeded 

50% until Future II, where it declined to 49.4%. In contrast, the contributions of  

phylogenetic (ppturn) and functional (fpturn) turnover were consistently below 50%, 

demonstrating a steady decline alongside decreasing species richness. The persis-

tently higher taxonomic turnover compared to phylogenetic and functional turno-

ver proportions may be attributed to the heightened sensitivity of  phylogenetic and 

functional diversity indicators. 

The LCBD results pronouncedly highlight the endemism degeneration of  fish 

species in Hokkaido and Kyushu. Within the historical period, eight lakes were 

identified with high ecological uniqueness. These lakes encompassed 80% of  the 

investigated lakes on Hokkaido Island and half  on Kyushu Island. This observation 

posits that barring anthropogenic interference, lakes on the northernmost (Hok-

kaido) and southernmost (Kyushu) islands harbour exceedingly unique fish fauna. 

Moreover, most native fish species found on these two islands are not shared, un-

derlining the paramount role of  these distant lakes in fostering respective endemic 

species. This historical pattern of  distinctiveness resonates with the function of  

Hokkaido and Kyushu as the northern and southern gateways for the dispersion of 

freshwater fish from continental Asia to the Japanese archipelago (Aoyagi, 1957; 

Watanabe et al., 2017). However, the lakes making the most significant contribu-

tions to the national beta diversity patterns of  fish are shifting from those in Hok-

kaido and Kyushu to certain lakes on Honshu Island. These Honshu lakes typically 

exhibit higher levels of  species richness, phylogenetic diversity, and functional rich-

ness. As unique endemic fish species progressively vanish, especially from lakes in 

Hokkaido and Kyushu, the importance of  these species-rich lakes in Honshu be-

comes more pronounced. This trend is corroborated by an increasing presence of  

nestedness patterns in beta diversity partitioning. 
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By comparing fish records from historical and current periods, this study found 

that species of  the bitterling group (Family Acheilognathidae) accounted for about 

40 percent of  the species that have not been recorded in the current period. The 

number of  bitterling species native to Japan is relatively small, and their distribution 

range is narrow. Bitterling species has a short lifespan, specialized reproduction 

methods (highly relying on freshwater mussels), and a relatively small number of  

eggs laid in a single spawning event (Smith et al., 2004). Additionally, non-native 

Bitterling species introduced from China and the Korean Peninsula are encroach-

ing on the already narrow niche due to their high ornamental value (Iitsuka et al., 

2024). Together, these factors threaten the survival of  native bitterling species in 

Japan. Most of  the surviving bitterling species are evaluated as EN or even CR 

according to Japan Red List. 

The findings of  this chapter on the multifaceted diversity of  native fish species 

in lakes within the Japanese archipelago offer valuable insights for the native con-

servation management. Temporally, this chapter demonstrated a continuous de-

cline of  native fish, particularly those endemic species with unique evolutionary 

histories and ecological functions. This decline is accelerating the irreversible ho-

mogenization of  native fish fauna across Japan’s lakes. Regarding spatial consider-

ations, it is crucial to prioritize conservation efforts in the northernmost (Hokkaido) 

and the southernmost island (Kyushu), as their greater uniqueness. These areas 

require immediate attention to safeguard the remaining endemic fish species 

unique to each region. While conservation priorities on Honshu Island should fo-

cus on lakes with a higher number of  species, as they can serve as important dis-

persal centres for native species. Furthermore, the results of  this chapter empha-

sized that particular attention should be given to threatened species, especially en-

demic ones, as their unique status and restricted distribution make them particu-

larly vulnerable. Prioritizing actions such as re-establishing native habitats and min-

imizing both biotic and abiotic negative impacts is crucial for effective native con-

servation efforts. The former provides environments that closely resemble the pre-

ferred habitats of  the threatened species, thereby providing them with suitable con-

ditions for survival and reproduction, while the latter creates more favourable con-

ditions for the recovery and population growth of  the threatened species. 
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Chapter 4 

Native fish species confined to upstream oxbow 

lakes along the longitudinal gradient 

4.1 Introduction 

Native fishes are particularly vulnerable to non-native species invasions, which 

are among the most pervasive drivers of  biodiversity losses in most freshwater eco-

systems (Dudgeon et al., 2006; Leprieur et al., 2008). In recent decades, non-native 

fish species have been intentionally relocated across watersheds, countries, and con-

tinents for economic, biological control, recreational, and ornamental purposes 

(Gozlan et al., 2010; Xiong et al., 2015). Non-native fish introductions also occur 

due to unintentional actions like aquaculture escapes, canal or waterway connec-

tions, and ballast water discharges from vessels (Hulme et al., 2008; Musil et al., 

2010). The combination of  intentional and unintentional introductions of  non-na-

tive species has led to significant declines in local native fish species in various re-

gions around the world (Moi et al., 2021; Sleezer et al., 2021; Angulo-Valencia et 

al., 2022; Kang et al., 2022; Zhang et al., 2022). The need to mitigate diversity loss 

and enforce conservation intervention for native fish species has been widely 

acknowledged (Fensham et al., 2011; Xing et al., 2016). 

The concept of  native fish conservation areas (NFCAs) has been developed 

with the aim of  protecting endemism from non-native species invasion (Williams 

et al., 2011). One major challenge in demarcating NFCAs is the expansive spatial 

region encompassed by interconnecting drainage systems. Focusing only on partial 

areas within a drainage region without considering the integrity of  the drainage 

systems (Abell et al., 2007) can lead to inconsistent protection efforts within subre-

gions and can hinder the conservation of  the entire system (Williams et al., 1989). 

Furthermore, the spatiotemporally dynamic utilization of  heterogeneous aquatic 

habitats by aquatic organisms, particularly fish species that rely on movement 

across diverse habitats to complete their life cycles (Roni, 2019), necessitates the 

inclusion of essential habitats for native species to manifest all crucial life cycle 

stages, as well as critical areas for migration, spawning, and rearing within the basin 

(Olden et al., 2010; Williams et al., 2011). The protection of  native fish cannot be 

ensured through the sole consideration of limited, specific locations. Therefore, it 

is recommended that when selecting NFCAs, a comprehensive assessment of  all 
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accessible water bodies in the watershed be conducted, followed by the identifica-

tion of  waters with high conservation values. 

NFCAs are often established covering shallow lakes or floodplain oxbow lakes 

along the river mainstem because of  the stable hydrological environments, provid-

ing ideal habitat and sustenance, facilitate the interconnectivity of  fish species in-

teractions (Barocas et al., 2021; Dai et al., 2020). Abundant studies have ascer-

tained the nomination of  floodplain lakes as prospective candidates for NFCAs by 

assessing the lateral connectivity between lakes and the main channels, which 

might elevate groundwater levels, offering additional habitats (Miranda, 2005; Pan-

der et al., 2018; Wang et al., 2020). Nevertheless, in addition to lateral connectivity, 

the longitudinal gradient of  the physiochemical properties of  the aquatic habitats 

from upstream to downstream (Vannote et al., 1980; Doretto et al., 2020) prompts 

us to anticipate diverse roles and functions of  floodplain lakes along the longitudi-

nal river gradient, which are frequently overlooked. Hence, this chapter suggests 

that it is a valuable chance to explore fish metacommunity variations in the Ishikari 

floodplain lakes along longitudinal gradients to highlight the prioritization of  ox-

bow lakes for NFCAs in river-floodplains. 

Longitudinal upstream-downstream gradients in river-floodplain ecosystems 

are characterized by continuous environmental gradients in climate, hydrological 

regime, and sediments (Suvarnaraksha et al., 2012; Oberdorff  et al., 2019). How-

ever, river landscape gradients have been modified intensively in the Anthropocene, 

with pristine natural environments in the upper reaches and disturbed urbanized 

areas in the lower reaches (Wan & Zhong, 2014; Wang et al., 2017; Xiao et al., 

2021). Such longitudinal variations in hydrological features and landscapes have 

also been frequently observed in shallow lakes and oxbow lakes along the main 

river (Pongsivapai et al., 2021). The downstream urban area in floodplain systems 

usually provides habitats favoured by introduced non-native species and substitu-

tion for native fish niches (Olden et al., 2006; Pingram et al., 2021). Native species 

that are sensitive to environmental conditions may prefer lakes located in upstream 

areas with minor anthropogenic disturbance (Shochat et al., 2010; Goetz et al., 

2015; Ishiyama et al., 2020; Zhang et al., 2022). This study believes that such spatial 

longitudinal variations must also be considered when establishing oxbow lake-

based NFCAs for more efficient and targeted native conservation in these lakes. 

The Ishikari River basin (the second largest in Japan) is characterized by a sub-

stantial presence of  oxbow lakes, which exhibit a significant longitudinal distribu-

tion pattern along the river. The Ishikari basin underwent considerable urban trans-

formation throughout the last century, predominantly within its downstream 
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regions, which have now become subject to the highest population density in Hok-

kaido. Despite the intense anthropogenic activities have substantially decelerated 

in the 21st century, it is recognized that preceding alterations to the watershed en-

vironments, attributable to industrialization, contamination, and other factors, 

have already exerted deleterious impacts on the river-floodplain ecosystems. In the 

early 2000s, Hayashida et al. (2010) conducted research on the fish species commu-

nity composition in the oxbow lakes and evidenced the presence of  non-native fish 

invasion in the Ishikari River basin. A subsequent study by Fujii et al. (2019) about 

a decade later further reported fish species composition of  these oxbow lakes based 

on both traditional and molecular approaches. However, neither study considered 

the potential link between the fish community of  individual lakes and their longi-

tudinal spatial distribution along the river. This chapter, building upon the findings 

of  two prior research, seeks to analyse the taxonomic interactions between native 

and non-native fish assemblages in oxbow lakes during the period from 2003 to 

2016, a period with minimal external environmental changes. Additionally, the 

study aims to discern whether any observed changes in these interactions present a 

longitudinal pattern, shifting from upstream to downstream considering the spatial 

distribution of  these oxbow lakes along the Ishikari River. This analysis will further 

inform the identification of critical locations for NFCA. The hypotheses of  this 

chapter posit that (1) Temporally, native fish will be sporadically distributed in spe-

cific lakes and result in a decline in native richness but an increase in regional dis-

similarity. On the other hand, the introduction and expansion of  non-native fish 

will result in an increase in non-native richness and temporal similarity; (2) Spa-

tially, this study hypothesize that both native and non-native fish species will exhibit 

longitudinal patterns in metacommunity changes. This is because non-native spe-

cies, with their high environmental adaptability, are likely to be more prominent in 

downstream areas, while native fish prefer upstream lakes that offer diverse condi-

tions resembling their natural habitat. 

4.2 Methods 

Study areas and fish datasets 

The Ishikari River in Japan drains 14,330 km2, flowing from its source on Mt. 

Ishikari to the Sea of  Japan (Figure 4.1). Oxbow lakes formed in great numbers 

longitudinally along the middle-lower Ishikari River mainstem. This study selected 

a total of  28 oxbow lakes along the Ishikari River as sampling sites (Table 4.1). 

These lakes are situated 90 to 140 kilometres away from the river source. These 

lakes are currently being maintained with similarly low to moderate lateral 
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connectivity to the Ishikari mainstream because of  the presence of  flood dikes and 

sluice gates on outflow channels. Notably, during the studied period (2003–2016), 

negligible land use change occurred (Pongsivapai et al., 2021) and no extensive fish 

introductions were conducted in the Ishikari River basin. Based on sampling meth-

ods detailly described in Hayashida et al. (2010) and Fujii et al. (2019), fish collec-

tions were conducted once at each lake in each of  two periods: 2003/2004/2005 

(the 2000s for abbreviation) and 2016 (the 2010s), respectively. Although the per-

sonnels conducting fish collection in two periods were not identical the personnels 

and instruments conducting fish collection in two periods were not identical, the  

Figure 4.1 Location of  the studied oxbow lakes along the Ishikari River. 
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fish surveys were conducted during the summer months, and the common electro-

fishing method was used in both cases. To avoid biased results due to differences in 

sampling intensity and equipment, this study extracted the fish incidence rather 

than abundance for further statistical analysis. Despite the lack of  abundance in-

formation, the use of  incidence data ensured comparability of  fish diversity results 

between the two periods without generating contradictory outcomes when com-

pared to abundance-based results (Dai et al., 2020; Xia et al., 2022). Fish datasets 

are also partially extracted from Hayashida et al. (2010) and Fujii et al. (2019). This 

study then identified the native and non-native fish species, compiling the distribu-

tional matrix for native and non-native fish assemblages, respectively. 

Calculation of  diversity metrics 

In this chapter, the taxonomic diversity of  overall, native, and non-native fish 

assemblages in 28 oxbow lakes along the Ishikari River during the 2000s and 2010s 

was measured respectively. Aligning with the methodology outlined in Chapter 2, 

for each lake, the diversity assessments included species richness, dissimilarity of  

fish species composition (tβsør), and the dynamics of  species turnover (tβsim) and 

nestedness (tβsne) patterns. Additionally, the respective contribution of  fish compo-

sitions in individual lakes on the overall pattern of  regional beta diversity within 

the basin (tLCBD) for each period was calculated. It is important to note that this 

chapter also calculates pairwise species variability (tβsør), but with a different focus 

than the previous chapter. Instead of comparing fish species composition between 

different lakes in the same time period, this chapter compares changes in the species 

composition of  the same lake between the 2000s and 2010s. Consequently, the tβsør 

here, as well as tβsim and tβsim, reflects the extent of  species change within individual 

lakes over approximately a decade. 

Besides, this chapter assessed the multi-site community dissimilarity. Unlike 

the classical pairwise beta diversity measurement described in Chapter 2, the multi-

site community dissimilarity assessment implies regional species co-occurrence 

patterns among multiple lakes. Hence, it is usually considered superior to the tradi-

tional comparisons between independent community pairs (Baselga, 2013). Im-

portantly, this index facilitates the subsequent conduct of  a resampling beta diver-

sity measures. Consequently, we calculated multiple-site Sørensen dissimilarity in-

dices to evaluate regional dissimilarities (βSØR) of  fish assemblages among all 28 

oxbow lakes for each period (Baselga, 2013). Two independent species distribution 

patterns, turnover (βSIM) and nestedness (βNES), were further assessed. The multi-

site dissimilarity calculations follow the equations below. 
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βSØR =
[∑ min(𝑏𝑗𝑘, 𝑏𝑘𝑗)𝑗<𝑘 ] + [∑ max(𝑏𝑗𝑘 , 𝑏𝑘𝑗)𝑗<𝑘 ]

2[∑ 𝑆𝑗 − 𝑆T𝑗 ] + [∑ min(𝑏𝑗𝑘 , 𝑏𝑘𝑗)𝑗<𝑘 ] + [∑ max(𝑏𝑗𝑘, 𝑏𝑘𝑗)𝑗<𝑘 ]
4.1 

βSIM =
[∑ min(𝑏𝑗𝑘, 𝑏𝑘𝑗)𝑗<𝑘 ]

[∑ 𝑆𝑗 − 𝑆T𝑗 ] + [∑ min(𝑏𝑗𝑘, 𝑏𝑘𝑗)𝑗<𝑘 ]
4.2 

βNES =
[∑ max(𝑏𝑗𝑘 , 𝑏𝑘𝑗)𝑗<𝑘 ] − [∑ min(𝑏𝑗𝑘, 𝑏𝑘𝑗)𝑗<𝑘 ]

2[∑ 𝑆𝑗 − 𝑆T𝑗 ] + [∑ min(𝑏𝑗𝑘 , 𝑏𝑘𝑗)𝑗<𝑘 ] + [∑ max(𝑏𝑗𝑘, 𝑏𝑘𝑗)𝑗<𝑘 ]

×
∑ 𝑆𝑗 − 𝑆T𝑗

[∑ 𝑆𝑗 − 𝑆T𝑗 ] + [∑ min(𝑏𝑗𝑘, 𝑏𝑘𝑗)𝑗<𝑘 ]
4.3

 

where bjk and bkj are the fish species numbers exclusive to lake j and k, respectively, 

Sj is the richness of  fish species in lake j, ST is the regional fish richness including 

all studied lakes (Baselga, 2010). The multi-site dissimilarity metrics were obtained 

using the R package BETAPART. 

Statistical analysis 

First, the respective temporal changes in average overall, native, and non-native 

fish richness across 28 oxbow lakes during two time periods were assessed. Next, 

the multiple-site dissimilarity of  fish assemblages was measured, and then decou-

pled it into turnover and nestedness based on the observed data in two periods, 

respectively. Further, following the same equations, 100 simulated multiple-site dis-

similarity indices by randomly sampling seven sites from the observed fish matrixes 

were computed (Jiang et al., 2019). PERMANOVA tests with 9,999 permutations 

(Anderson, 2001) were then utilized to test the statistical significance of  the differ-

ences in the average values of  the 100 simulated indices between the two periods, 

acting as the proxy of  statistical significance of  observed temporal changes in multi-

site dissimilarity metrics. Subsequently, after estimating the degree of  temporal 

changes in the fish composition of  individual lakes over the decade (pairwise beta 

diversity), linear regressions between pairwise metrics of  each lake and their dis-

tance from the river source (DRS) were performed to explore whether temporal 

changes in fish composition were associated with the longitudinal river gradient. 

Afterwards, this study estimated the temporal change of local contributions to re-

gional dissimilarity (ΔLCBD = LCBD2010s – LCBD2000s). The oxbow lakes with sig-

nificantly changed contribution values could be identified. Linear regressions were 

again applied to test whether the ΔLCBD of  the oxbow lake also occurred in re-

sponse to the longitudinal river gradient. Calculations for multi-site or pairwise dis-

similarity indices, and LCBD values were concurrently computed for overall, native, 
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and non-native fish assemblages respectively in R; PERMANOVA tests and linear 

regression analyses were performed in software PAST (Hammer et al., 2001). 

4.3 Results 

Temporal change in fish richness 

A total of  27 fish species were documented, of  which 18 were classified as na-

tive and 9 as non-native (as presented in Table 4.1). There were 15 oxbow lakes 

with increased overall fish richness from the 2000s to the 2010s. Specifically for 

native and non-native fish assemblages, the proportion of  non-native fish increased 

in 19 lakes, while native fish increased in only 3 of  the 28 studied lakes. Regarding 

regional average, overall fish richness and non-native richness increased signifi-

cantly during the studied decade, with insignificant changes in native fish richness 

(Table 4.1). 

Temporal change in regional dissimilarity and local contributions 

While there was a minor increase in multi-site dissimilarity for the overall fish 

species, a significant decrease in species turnover and an increase in nestedness over 

ten-year periods was found. Nevertheless, inconsistent temporal trends were found 

when native and non-native fish species were examined separately. For the native 

fish species, dissimilarity and turnover increased significantly between the two pe-

riods. But for the non-native assemblages, both dissimilarity and turnover decreased, 

and only nestedness increased from the 2000s to the 2010s (Table 4.2, Figure 4.2). 

In terms of  the overall fish community, the contribution of  oxbow lakes to re-

gional dissimilarity was relatively homogeneous in the 2000s (Figure 4.3). However, 

the difference in local contribution to regional dissimilarity changed remarkably 

after a decade, with decreased contributions of  upstream lakes and increased down-

stream contribution. Specifically for native fish faunas, relatively unique fish assem-

blages were found in the upper lakes in the 2000s. In contrast, the uniqueness of  

native fishes inhabiting these lakes declined remarkably in the 2010s. In general, 

the distribution patterns of  LCBD for overall fish assemblages in the 2000s were 

similar to those of  native fish faunas at that time, suggesting that the distribution 

of  native fish dominated the community structure and spatial distribution of  overall 

fish assemblages. Nevertheless, this dominance was surpassed by non-native fish in 

the 2010s, reflecting a spatial pattern of  LCBD for overall fish assemblages that 

were similar to non-natives.  
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Table 4.1 Distances of  the 28 oxbow lakes studied from the Ishikari River Source (DRS.). The 

number of  native and non-native species, with their proportions indicated in parentheses are 

also enumerated. An increase in the fish richness in a particular lake from the 2000s to the 

2010s is marked with a superscript [+]. Statistically significant average increases in regional fish 

richness are highlighted in bold (p < 0.05, determined using PERMANOVA tests with 9,999 

permutations.) 

Oxbow lake DRS (km) 

2000s 2010s 

Over-

all 
Native 

Non-na-

tive 

Over-

all 
Native 

Non-na-

tive 

Tanba 92.56 9 8 (88.9) 1 (11.1) 11 [+] 7 (63.6) 4 (36.4) [+] 

Ikenomae 92.70 14 8 (57.1) 6 (42.9) 14 8 (57.1) 6 (42.9) 

Takonokubi 92.93 11 7 (63.6)  4 (36.4) 12 [+] 7 (58.3) 5 (41.7) [+] 

Shisun 94.82 11 4 (36.4) 7 (63.6) 14 [+] 7 (50.0) [+] 7 (50.0) 

Fukuroji 95.87 10 5 (50.0) 5 (50.0) 15 [+] 7 (46.7) 8 (53.3) [+] 

Shimotoppu 97.04 12 6 (50.0) 6 (50.0) 17 [+] 9 (52.9) [+] 8 (47.1) 

Mizuho 99.38 14 9 (64.3) 5 (35.7) 10 6 (60.0) 4 (40.0) [+] 

Pira 99.95 12 7 (58.3) 5 (41.7) 11 6 (54.5) 5 (45.5) [+] 

Toi 101.26 10 5 (50.0) 5 (50.0) 15 [+] 7 (46.7) 8 (53.3) [+] 

Urausu 102.82 8 5 (62.5) 3 (37.5) 13 [+] 6 (46.2) 7 (53.8) [+] 

Shin 104.91 15 9 (60.0) 6 (40.0) 18 [+] 10 (55.6) 8 (44.4) [+] 

Higashi 106.35 13 7 (53.8) 6 (46.2) 15 [+] 8 (53.3) 7 (46.7) [+] 

Sakura 106.71 7 6 (85.7) 1 (14.3) 11 [+] 6 (54.5) 5 (45.5) [+] 

Nishi 107.10 12 6 (50.0) 6 (50.0) 13 [+] 5 (38.5) 8 (61.5) [+] 

Hishi 107.51 8 4 (50.0) 4 (50.0) 13 [+] 6 (46.2) 7 (53.8) [+] 

Ito 108.61 10 5 (50.0) 5 (50.0) 13 [+] 6 (46.2) 7 (53.8) [+] 

Miyajima 114.22 12 6 (50.0) 6 (50.0) 8 4 (50.0) 4 (50.0) 

Sankaku 114.49 4 4 (100) 0 (0.0) 4 3 (75.5) 1 (25.0) [+] 

Omagari 115.66 12 5 (41.7) 7 (58.3) 12 6 (50.0) [+] 6 (50.0) 

Kagami 119.10 6 5 (83.3) 1 (16.7) 3 3 (100) 0 (0) 

Bibai 120.21 11 6 (54.5) 5 (45.5) 11 4 (36.4) 7 (63.6) [+] 

Tsukio 121.94 13 8 (61.5) 5 (38.5) 8 6 (75.5) 2 (25.5) 

Onuma 122.23 7 4 (57.1) 3 (42.9) 8 [+] 6 (75.0) 2 (25.0) 

Tsukiko 122.71 9 6 (66.7) 3 (33.3) 14 [+] 9 (64.3) 5 (35.7) [+] 

Tomoenojyo 127.77 10 5 (50.0) 5 (50.0) 10 4 (40.0) 6 (60.0) [+] 

Echigo 132.68 8 6 (75.0) 2 (25.0) 8 6 (75.0) 2 (25.0) 

Shinotsu-

gawa 
136.70 9 5 (55.6) 4 (44.4) 9 3 (33.3) 6 (66.7) [+] 

Kyutoyohira 138.06 10 4 (40.0) 6 (60.0) 7 2 (28.6) 5 (71.4) [+] 

Average  10.3 5.9 (59.5) 4.4 (40.5) 11.3[+] 6.0 (54.7) 5.4 (45.3) [+] 
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Table 4.2 Regional multi-site dissimilarities of  overall, native, and non-native fish faunas in the 

2000s and 2010s, respectively. Multi-site turnover and nestedness patterns were assessed either. 

Based on dissimilarity metrics generated by multiple-site resampling simulations (n = 7, N = 

100), statistical significance of  differences in all dissimilarity metrics between two periods were 

tested by PERMANOVA (based on Euclidean distance index with 9,999 permutations). Dif-

ferences that were statistically significant (p < 0.05) were marked as bold p values. 

Metric 
Overall Native Non-native 

2000s 2010s p 2000s 2010s p 2000s 2010s p 

βSØR 0.842 0.846 0.693 0.844 0.867 0.001 0.841 0.814 0.001 

βSIM 0.763 0.741 0.002 0.766 0.791 0.027 0.636 0.487 0.001 

βSNE 0.079 0.105 0.001 0.078 0.076 0.215 0.205 0.327 0.003 

 

Figure 4.2 Distribution of  simulated multiple-site dissimilarity metric values for overall, native, 

and non-native fish assemblages in the 2000s (solid lines) and the 2010s (dash lines). Overall 

dissimilarities (grey), as well as turnover (blue) and nestedness (green) components, were 

demonstrated in different colours. Frequency distributions were estimated by bootstrapping 

procedure (N = 100, with replacement) of  seven sites per permutation to calculate multiple-site 

dissimilarities. Denotes: ***: p < 0.001; **: 0.001 ⩽ p < 0.01; *: 0.01 ⩽ p < 0.05; n.s. = no 

significance: p ⩾ 0.05, based on PERMANOVA tests with 9,999 permutations.  

Figure 4.3 Local contributions to regional dissimilarity (LCBD) of  overall (blue), native (green), 

and non-native (light green) fish faunas inhabiting each lake in the periods of  the 2000s and 

2010s, respectively. The dots represent the 28 oxbow lakes along the Ishikari River, and the dot 

size is proportional to the LCBD values of  each lake. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7

0

2

4

6

8

10

12

14

16

 

 

D
e
n
s
it
y

 Nestedness (2000s)

 Nestedness (2010s)

 Turnover (2000s)

 Turnover (2010s)

 Dissimilarity (2000s)

 Dissimilarity (2010s)

Overall

***** n.s.

0.0 0.2 0.4 0.6 0.8

0

2

4

6

8

10

12

14

 

 

Native

*

n.s. ***

0.0 0.2 0.4 0.6 0.8

0

1

2

3

4

5

6

7

 

 

Nonnative

***** ***

141.6 141.8

43.2

43.4

43.6

141.6 141.8 141.6 141.8 141.6 141.8 141.6 141.8 141.6 141.8

la
ti
tu

d
e
(°

N
)

longitude(°E)

Overall

2000s

Overall

2010s

Native

2000s

Native

2010s

Nonnative

2000s

Nonnative

2010s

river flow



Doctoral Dissertation 

 

50 

Regional patterns corresponding to dissimilarity changes 

Significant positive correlations were discovered between the lake location and 

the temporal changes in species dissimilarity and turnover for both overall and na-

tive fish assemblages in each lake (Figure 4.4). The findings indicate that oxbow 

lakes in the downstream region have undergone more significant temporal shifts in 

species composition, particularly in native species turnover. However, the dissimi-

larity changes of  non-native species did not show a significant correlation. 

Figure 4.4 Linear regression relationships between temporal change in beta diversity (dissimi-

larity in grey, turnover in blue, and nestedness in green, y-axis) of  overall, native, and non-

native fish assemblages in each oxbow lake and their location, i.e., distances from the river 

sources (DRS, x-axis). The p value for each correlation pair is given. Only correlations with 

statistical significance (p < 0.05) are presented in solid line. 

Significant correlations between the temporal change in LCBD values of  ox-

bow lakes and their locations were found (Figure 4.5). While the LCBD values for 

overall and non-native fish assemblages were positively correlated with increasing 

distance of  the lakes from the source of  Ishikari River, the association was negative 

for native fish populations. Interestingly, regression analysis revealed that the loca-

tion with the least LCBD value change is 110 km afar from the river source. 

Figure 4.5 Linear regressions between the distance from the river source (DRS) and temporal 

change in LCBD values (ΔLCBD) of  the 28 oxbow lakes for overall (blue), native (green), and 

non-native (light green) fish assemblages. The intersection of  the fitted line with the horizontal 

dashed line indicates the theoretical location of  the oxbow lake where there is no temporal 

change in the LCBD values (ΔLCBD = 0.) 
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4.4 Discussion 

Anthropogenic activities, including non-native fish introductions, have made 

the freshwater fish homogenization an intractable issue around the world (Villéger 

et al., 2011; Su et al., 2021). This homogenization results in a reduction of  the 

global species pool, a loss of  phylogenetic diversity, and ultimately threatens eco-

system services and stability. Like many well-known hotspots for freshwater ecol-

ogy research, such as the Great Lakes region in North America (Campbell & Man-

drak, 2019), the Yangtze River basin in Asia (Kang et al., 2018), and the Amazon 

region in South America (Arantes et al., 2018), etc., the far east high-latitude island 

represented by this study, is no exception to this trend. We found that introducing 

non-native fishes enriched the overall fish richness in oxbow lakes along the Ishikari 

River but altered the regional dissimilarity patterns significantly: reduced turnover 

accompanied by higher nestedness. Such homogenization patterns were dominated 

by non-native species diversity patterns, demonstrating the most significant reduc-

tion in species turnover. The aggressive invasion of  non-native species likely inten-

sified interspecific competition and niche shifts in fish assemblages (Lauzeral et al., 

2011; Ishiyama et al., 2020; Liu et al., 2020). As a result, native fish species were 

forced to occur in specific habitable oxbow lakes, leading to an increase in regional 

species turnover. The observed increase in native turnover reinforces the theory 

proposed by Socolar et al. (2016), which suggests that high community dissimilarity 

can serve as evidence of  ongoing biodiversity degradation processes. In this sce-

nario, a brief  increase in community dissimilarity is then followed by a dramatic 

decrease, culminating in a homogenous species composition in the region. Hence, 

it is essential to interpret the community dissimilarity results with caution. 

This chapter found that the daunting change in fish composition of  Ishikari 

River basin is tacit but rapid. Although the Ishikari River watershed is subject to a 

high population density and intense urbanization in Hokkaido, there were no ap-

parent new major anthropogenic drivers or landscape alterations in the Ishikari ba-

sins during the study periods (from 2003 to 2016). The differences in environmental 

conditions and land use between the upper and lower reaches were already in place 

before this study began (mainly formed in the last century). The relatively stagnant 

urbanization and land development during the study periods do not suggest that 

the non-native expansion was accelerated as the increased intensity of  anthropo-

genic activities like other studies reported (Anas & Mandrak, 2021; Głowacki et al., 

2021). In this context of  little external environmental alteration, non-native fishes 

were still tacitly remodifying the fish community structures in the basin, suggesting 

the strong competitiveness of  these non-native fish during inter-specific 
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competitions with natives (Alves et al., 2017; Zhang et al., 2022). In addition, a 

recent study by Haubrock et al. (2021) reported shifts in fish communities over the 

last two centuries in the Arno River, Italy. Their results indicated an increase in 

non-native fish richness, with six new established non-native species reported dur-

ing the 1950s-2000s, a period marked by intensive industrial development. After-

wards, a decrease of  two non-native species was observed by 2015 (Haubrock et al., 

2021), concurrent with a deceleration in anthropogenic modifications to the envi-

ronment. When compared to the long-term time frame (decades even hundreds of  

years) of  the case study in Italy, the results from the present study in Ishikari water-

sheds in Japan demonstrate an expeditious expansion of  non-native fishes over 

about only one decade, despite relatively little-changed environmental conditions 

during the study periods. While intermittent initiatives like fish stocking, fish ladder 

construction, and habitat restoration were in place in certain areas of  the Ishikari 

watershed, this study advocates for the exploration of  more comprehensive conser-

vation strategies. The intent is to modify the status quo of native fish assemblages 

aiming towards the enhancement of  their population size. 

Identification of  spatial distribution patterns of  native fish is the cornerstone 

for establishing NFCAs to preserve endemism from invasions (Dauwalter et al., 

2011; Williams et al., 2011). For many years, the within-site (alpha) diversity has 

been a cornerstone in the development of  conservation strategies and policies. For 

instance, regions with high alpha diversity are often accorded elevated conservation 

priority due to their likelihood of  hosting a wide array of  species, including endan-

gered and endemic ones, thereby assuring enhanced levels of  ecosystem services. 

However, recent studies have begun to highlight the importance of  incorporating 

the between-site (beta) diversity into management decisions. Beta diversity, which 

takes into account not only the species richness, but also the dissimilarities between 

different communities, provides a more comprehensive understanding of  diversity 

loss processes (Baselga, 2010). This information generated by dissimilarity analysis 

is crucial for accurately defining protected areas and ensuring their effectiveness in 

conserving biodiversity (Socolar et al., 2016; Dai et al., 2020; Jiang et al., 2020). In 

the present study, the temporal variation in fish assemblage dissimilarities along a 

longitudinal river gradient was analysed, revealing significant longitudinal differ-

ences. Specifically, greater changes in fish species composition were observed in the 

downstream lakes, while upstream changes were relatively lower. These habitat oc-

cupancy patterns were reflected in the temporal variation of  LCBD across the lon-

gitudinal lakes. A stark contrast was observed in the changes of  native and non-

native fish species, with the upstream lakes becoming increasingly important for 

native fish fauna, and the downstream lakes for non-native fish assemblages. 
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Remarkably, a point of  equal change was identified at 110 km from the river source, 

where the upstream lakes still maintained a higher degree of  uniqueness for native 

species, but non-native species dominated the downstream lakes. These results sug-

gest that the displacement of  native fish by non-native species progresses from 

downstream to upstream, with the dominance of  non-native species extending up 

to 110 km from the river source after a decade. Based on these findings, it can be 

concluded that the conservation of  native fish should be given priority in upstream 

lakes located less than 110 km from the source of  the Ishikari River when establish-

ing NFCAs (Walls, 2018). It is important to note, however, that pressures such as 

anthropogenic activities on the Ishikari River in this study show a unidirectional 

longitudinal gradient in line with the river flow, which does not always occur in 

other river basins. In many cases, especially in large river basins, factors like popu-

lation density, dam construction, flow regulation, and pollutant discharges tend to 

occur without a clear longitudinal gradient of  change (Walling, 2006; Maavara et 

al., 2020). This implies that observing changes in fish diversity in more complex 

river systems is essential to fully understand the intensity and spatial distribution of  

local environmental pressures and to analyse the response of  the spatial distribution 

pattern of  fish to different environmental pressures throughout the river basin. 

The variations in the external environmental conditions that these oxbow lakes, 

situated from up- to downstream watersheds, encounter offer a viewpoint to under-

stand the fish community remodifications along the longitudinal gradient of  the 

Ishikari River. The downstream oxbow lakes lie in Hokkaido’s most extensive ur-

ban area (Duan et al., 2015). The impact of  human activities, such as landscape 

alterations, hydrological and industrial facilities, agriculture activities, etc., could 

be considered triggers for the loss of  native presences (Zhang et al., 2019; Boys et 

al., 2021; Pingram et al., 2021; Su et al., 2021). In the present context, it is note-

worthy that certain non-native fish species, exemplified by the topmouth gudgeon 

(Pseudorasbora parva), exhibit robust adaptability and possess aggressive traits. Par-

ticularly, the topmouth gudgeon has displayed a remarkable capacity to tolerate and 

adapt to varying levels of  COD in water, which serves as a widely accepted indica-

tor of  organic pollution resulting from domestic and industrial waste (Zhang et al., 

2022). The high adaptability has facilitated their successful colonization, especially 

in lakes characterized by eutrophic conditions. Consequently, these non-native fish 

species have been able to complement and, in some cases, even outcompete native 

species within their ecological niches (Yamamoto et al., 2001; Zhang et al., 2022). 

Correspondingly, receiving minor disturbances from anthropogenic activities, the 

upper oxbow lakes provided heterogeneous shelters for fish assemblages, e.g., suf-

ficient littoral shades and for sheltering, root mats and submerged woods for 
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habitability, and less contaminated water quality for surviving, etc. (Lucas & Baras, 

2008; Garrett-Walker et al., 2020; Ishiyama et al., 2020; Pingram et al., 2021), thus 

maintaining relatively stable fish community compositions. Simultaneously, the re-

sults also demonstrated that the upstream lakes offered refuge for some non-native 

species that are less competitive in interspecific interactions. Nevertheless, it is im-

perative to remain vigilant to the potential that these non-native fish species, seek-

ing refuge in the upstream oxbow lakes, may perpetuate the reduction of  the eco-

logical niche occupied by native fish species, presenting a continued danger to their 

survival. 

The findings of  this study confirm that there was a significant longitudinal gra-

dient in the species composition alteration of  native and non-native fish communi-

ties. On this basis, we propose utilizing the temporal change in the contribution of  

lakes to the regional dissimilarity (LCBD) as an indicator of  potential protected 

areas for fish assemblages, which would reflect the competition between native and 

non-native fish species along the longitudinal river gradient. Despite the heteroge-

neous and fragmented administrative divisions within the basin typically making it 

challenging to the development of  comprehensive conservation strategies that en-

compass the entire watersheds (Abell et al., 2007; Olden et al., 2010), this study 

provides a framework for determining the spatial range of  these areas, which is the 

frontier point of  the contest between importance of  native and non-native fishes. 

The proposed framework involves identifying waters that have increased in relative 

importance for native fish species as potential protected areas, and then measuring 

along the longitudinal river gradient until waters that have not changed in im-

portance are found. The position of  these unchanged waters would then delimit 

the potential boundary of  the protected region. Regular recalculation of  the im-

portance change can be used to monitor whether the position with no importance 

change has moved upstream or downstream. An upstream shift would suggest that 

the expansion of non-native fish species is ongoing, while a downstream shift 

would indicate the effectiveness of  conservation and environmental efforts for na-

tive fish species. While we acknowledge the limitations of  this framework in its 

simplicity and crudeness, we anticipate that through further validation and appli-

cation in additional river basins, it has the potential to assist in the identification of  

priority areas for the conservation of  native fish species within the basin. 

However, it must be acknowledged that this research lacks quantitative data on 

the water environmental variables or the intensity of  human activities during the 

fish sampling periods in the 2000s and 2010s. This limitation hinders the ability to 

statistically quantify and verify the relationship between the observed spatial 
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differences in fish community structure and human activities. In this thesis, expla-

nations for this phenomenon rely on indirect references to relevant literature. For 

example, it is noted that the nutrient levels in the oxbow lakes downstream in the 

Ishikari River basin are higher than those in the upstream lakes (Pongsivapai et al., 

2021). Considering that there were no large-scale urban development or industrial 

pollution events in the Ishikari River basin during the study period (2000s to 2010s), 

it is assumed that the spatial differences in eutrophication levels between upper and 

lower lakes remained constant throughout the study period. Thus, this consistency 

is used to explain the spatial differences in the diversity changes of  native and non-

native fish species observed in this study. 

This chapter investigated the changes in the fish assemblage structures in 28 

oxbow lakes in the Ishikari watershed in Japan spanning a decade. Results revealed 

a trend towards regional homogenization of  fish assemblages, primarily driven by 

the rapid spread of  non-native fish species, which resulted in an increase in nested-

ness patterns. Meanwhile, the sporadic occurrence of  native fish species in specific 

lakes led to increased turnover patterns. Additionally, the changes in fish composi-

tion showed a significant association with longitudinal river gradients. The most 

significant changes were observed in downstream lakes close to urban areas, 

whereas the alterations in fish species in upstream lakes were relatively modest. The 

LCBD index assessments revealed that downstream lakes were more susceptible to 

non-native invasions, leading to a homogeneous fish composition dominated by 

non-native species. This dominance was observed to be expanding upstream along 

the longitudinal river gradient, extending up to a point 110 km from the river source. 

In contrast, upstream lakes were found to be more natural and provided favourable 

habitats for native fish species. This chapter therefore suggests that the NFCAs in 

the Ishikari River basin should be established in the oxbow lakes within the upper 

reaches range 110 km from the river source as a priority. The findings provide an 

example of  using alterations of  species and location contribution to regional met-

acommunity dissimilarities to guide the delineation of  conservation areas and can 

be applied in other riverine basins with significant longitudinal river gradients.
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Chapter 5 

Longitudinal disparities in native fish responses to 

homogenized non-native invasions: Contrasting 

phylogenetic and functional spatial patterns 

5.1 Introduction  

Large rivers and their flow directions play a central role in freshwater ecosys-

tems (Döll & Zhang, 2010; Thorp et al., 2006). On the one hand, large rivers and 

neighbouring water bodies (e.g., oxbow lakes, ponds, streams, etc.) are intertwined 

to form a water network that provides diverse habitats, breeding sites, and food 

sources for freshwater fishes (Woolnough et al., 2009). On the other hand, the river 

continuum concept sheds light on the ecological transitions and productivity vari-

ations from the headwaters to the mouths of  the river systems, revealing that down-

stream areas tend to exhibit higher productivity than their upstream counterparts 

(Bayley, 1991; Oberdorff  et al., 2019; Suvarnaraksha et al., 2012). This variance in 

productivity is not merely a manifestation of  natural ecological dynamics; it also 

mirrors the extensive history of  interaction between human societies and freshwa-

ter systems. The fertile soils and copious water supplies of  river lower reaches have 

historically attracted agricultural development and dense human settlements (Dai 

et al., 2023; Wan & Zhong, 2014; Xiao et al., 2021). Yet, such intensive human 

footprint has exerted significant pressures and challenges on the freshwater ecosys-

tems downstream and their adjacent waters (Jiang et al., 2020; Venter et al., 2016). 

Alterations in the rivers’ natural flows due to extensive hydraulic constructions, 

coupled with severe pollution from nutrients and contaminants such as heavy met-

als and persistent organic pollutants stemming from agriculture and industry, have 

wreaked havoc on aquatic habitats in the lower reaches (Tockner et al., 2008). 

These disturbances have jeopardized the well-being of  fish and cast a long shadow 

over the biodiversity and functional integrity of  the ecosystems (Su et al., 2021). 

Biogeographical realms across the world have observed the introduction and 

establishment of  non-native fish species, leading to irreversible alterations in local 

fish diversity patterns and emerging as a critical concern in global biodiversity con-

servation efforts (Bernery et al., 2022; Gozlan, 2008; Leprieur et al., 2008). The 

presence of  non-native fishes frequently escalates niche competition with native 
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species, vying for essential resources such as food and habitat (Crooks, 2002; 

Dominguez Almela et al., 2021). This competition can lead to a redistribution of  

resources, impacting the survival and reproductive success of  fish species and thus 

altering community structures. The potential for interbreeding between non-native 

and native fish species further risks genetic assimilation, diluting the genetic integ-

rity and adaptability of  native populations (Jiang et al., 2019). Fish species that are 

broadly introduced and established in new habitats often possess a competitive edge 

over native fishes due to their broad diets, robust reproductive strategies, and toler-

ance to adverse environmental conditions, hastening the decline of  native species, 

particularly those that are endemic (Bernery et al., 2024). Such interplay between 

native and non-native fish species not only foster the alteration of  taxonomic, phy-

logenetic, and functional structures of  fish faunas globally but also diminish the 

complexity and stability of  freshwater ecosystems, thereby constituting a grave 

threat to biodiversity. The comprehensive assessments could deepen the under-

standing of  the composition and assembly rules of  local communities, offering crit-

ical insights for the conservation of  biodiversity, particularly for the protection of 

native species. 

As introduced in Chapter 4, the Ishikari River basin serves as an ideal study 

area for examining changes in fish community structure across space and time 

within its oxbow lake groups (Fujii et al., 2019; Hayashida et al., 2010). The last 

chapter has shown that, from the 2000s to the 2010s, there were significant shifts in 

fish distribution patterns across the basin. These changes were driven by the expan-

sion of non-native species, leading to noticeable species turnover in downstream 

areas and an enrichment of  species upstream. Chapter 4 also identified a critical 

spatial threshold, located approximately 110 km from the river source. Oxbow lakes 

upstream of  this point harbour a greater uniqueness of  native fish assemblages, 

whereas downstream of this site, non-native fish assemblages show greater domi-

nance in the fish communities. Despite these insights, the last chapter have only 

focused on taxonomic richness, without considering the phylogenetic and ecologi-

cal traits of  the fish species. Building on these findings of  Chapter 4, the current 

research delineates the basin into upper and lower zones, demarcated by the 110 

km marker from the river source. By incorporating data on phylogenetic relation-

ships and functional traits, this chapter delve into the impacts of  non-native species 

expansions on the spatiotemporal patterns of  fish assemblages’ phylogenetic and 

functional diversity in the oxbow lakes of  the Ishikari River basin from the 2000s 

to the 2010s. This investigation aims to unravel the underlying mechanisms driving 

these species changes from a phylogenetic and functional standpoint, thereby en-

hancing conservation strategies for fish diversity. 



Doctoral Dissertation 

 

58 

5.2 Methods  

Data arrangement and dendrogram generation 

Fish datasets used in this chapter were collected from 16 upper and 12 lower 

oxbow lakes along the Ishikari River during the 2000s and 2010s (Fujii et al., 2019; 

Hayashida et al., 2010). Following the data collation methods described in detail in 

the last chapter, this study examines temporal and spatial variations in the phylo-

genetic and functional diversity of  both native and non-native fish while ensuring 

the consistency and comparability of  the datasets. As outlined in Chapter 2, phy-

logenetic and functional diversities were assessed by measuring species distances 

on phylogenetic trees and functional trait dendrograms (Xu et al., 2022). The func-

tional trait dendrograms considered nine functional traits of  the species (age at sex-

ual maturity, body length at sexual maturity, body shape, diet patterns, expected 

longevity, growth rate, habitat preference, maximum body length, and trophic level) 

in this chapter. 

Phylogenetic and functional diversity measurement 

Phylogenetic and functional alpha diversity for native and non-native fish as-

semblages during the two periods were calculated using the indices MPD, MNPD, 

MFD, and MNFD, as outlined in Chapter 2. Phylogenetic (pβsør) and functional 

(fβsør) beta diversity for each lake were determined by comparing its species distri-

bution on the dendrograms with those of  other lakes and averaging these compar-

isons. Additionally, the respective turnover (pβsim, fβsim) and nestedness (pβsne, fβsne) 

components, along with turnover proportions (ppturn, fpturn), were calculated follow-

ing the protocols from Chapter 2. This chapter also evaluates the phylogenetic 

(pLCBD) and functional (fLCBD) local contribution to beta diversity of  native and 

non-native fish assemblages in each lake across the two periods. 

Statistical analysis 

The two-way PERMANOVA to evaluate differences in alpha and beta diversity 

indices for phylogenetic and functional structures among native and non-native fish 

assemblages across periods (2000s versus 2010s) and locations (upper versus lower) 

were performed. Furthermore, the temporal changes (Δ) in beta diversity indices 

for native and non-native fish assemblages in upstream and downstream lakes were 

measured. This chapter explored whether temporal changes in the phylogenetic 

structures of  fish assemblages corresponded with changes in functional patterns—

either in parallel or opposite directions—by performing linear regressions on the 
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differences (Δ values) in phylogenetic and functional diversity, using Pearson’s in-

dex to assess correlation. The two-way PERMANOVA tests and linear regressions 

were performed in R (R Core Team, 2024). Additionally, this chapter assessed the 

changes in pLCBD and fLCBD from 2000s to 2010s (ΔpLCBD and ΔfLCBD) of 

native and non-native fish assemblages in upper and lower lakes, respectively 

5.3 Results 

Alpha diversity variations 

For native fish assemblages, the two-way PERMANOVA test revealed that the 

phylogenetic alpha diversity indices, including MPD and MNPD, remained stable 

over periods and locations. The functional alpha diversity index, however, reflects 

a slight downward trend from the 2000s to the 2010s. This was demonstrated by 

significantly decreased MFD and MNFD indices in the 2010s compared to the 

2000s, with a particularly significant reduction in functional richness observed in 

lower lakes over the decade. In contrast, non-native fish species exhibited no sub-

stantial spatiotemporal changes in either phylogenetic or functional alpha diversity 

indices, with the sole exception being a slight spatial difference in MPD indices 

(Figure 5.1). 

Beta diversity changes 

Contrasting trends in beta diversity over time between native and non-native 

fish assemblages were found (Figure 5.2). From the 2000s to the 2010s, native fishes 

experienced a significant increase in phylogenetic and functional differentiation (in-

creased bet diversity) across different lakes. In contrast, non-native fish species pre-

sented a significant trend towards phylogenetic and functional homogenization (de-

creased beta diversity) during the same timeframe. These findings emphasize a no-

table temporal increase in beta diversity among native fish assemblages in lower 

lakes over the past decade. This rise was accompanied by an upsurge in the turnover 

pattern’s magnitude and proportion, establishing it as the predominant component 

(Table 5.1). On the other hand, the beta diversity of  non-native fish species showed 

significant spatial differences between upper and lower lakes during the 2010s. Dur-

ing this period, this study also witnessed a significant increase in the value and ratio 

of  the nestedness pattern, making it the critical contributor to the overall beta di-

versity (Table 5.1), contrasting to the 2000s when such spatial distinctions were 

absent. 
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Figure 5.1 Phylogenetic, MPD (a) and MNPD (b), and functional, MFD (c) and MNFD (d), 

alpha diversity of  native (green) and non-native (blue) fish assemblages in upper (regular trian-

gles) and lower (inverted triangles) lakes. Two periods, the 2000s and 2010s, are shown in dark 

and light colours, respectively. Triangles represent studied lakes. Horizontal lines among trian-

gles indicate average values, and curves adjacent to the triangles show the data’s normal distri-

bution. The results are based on two-way PERMANOVA tests, focusing on the main factors of  

periods (2000s vs. 2010s) and location (upper vs. lower lakes). When significant interactions 

between periods and location were detected, multiple comparisons were conducted, and the 

results are indicated by asterisks (***: p< 0.001, **: 0.001 ⩽ p < 0.01, *: 0.01 ⩽ p < 0.05.) 

Table 5.1 The proportion of  phylogenetic and functional turnover components to their respec-

tive overall dissimilarities (pturn) for native and non-native fish assemblages in upper and lower 

lakes in two periods. 

  
Upper lakes Lower lakes 

2000s 2010s 2000s 2010s 

Native ppturn 0.644 ± 0.029 0.667 ± 0.045 0.505 ± 0.040 0.549 ± 0.047 

 fpturn 0.677 ± 0.021 0.712 ± 0.038 0.622 ± 0.051 0.690 ± 0.039 

Non-native ppturn 0.375 ± 0.039 0.346 ± 0.049 0.321 ± 0.041 0.161 ± 0.020 

 fpturn 0.381 ± 0.040 0.324 ± 0.046 0.388 ± 0.044 0.152 ± 0.018 

Table 5.2 Changes in phylogenetic and functional LCBD values of  native and non-native fish 

assemblages in upper and lower lakes. The statistically significant changes (one-way PER-

MANOVA test, α = 0.05) are denoted by asterisks (***: p< 0.001, **: 0.001 ⩽ p < 0.01, *: 0.01 

⩽ p < 0.05). 

  Upper lakes Lower lakes  

Native pLCBD -0.018 ± 0.022 0.024 ± 0.012  

 fLCBD -0.016 ± 0.005 0.021 ± 0.010 ** 

Non-native pLCBD -0.007 ± 0.006 0.010 ± 0.024  

 fLCBD -0.011 ± 0.009 0.015 ± 0.017  
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Figure 5.2 Phylogenetic beta diversity (pβsør, a), phylogenetic turnover (pβsim, b), and phyloge-

netic nestedness (pβsne, c), as well as the functional counterparts—fβsør (d), fβsim (e), and fβsne 

(f)—of  native (green) and non-native (blue) fish assemblages in upper (regular triangles) and 

lower (inverted triangles) lakes. Two periods, 2000s and 2010s, are differentiated in dark and 

light colours, respectively. Each triangle represents a studied lake. Horizonal short lines among 

triangles indicate the average values, while curves adjacent to the triangles depict the normal 

distribution of  the data. The results are based on two-way PERMANOVA tests, focusing on 

the main factors of  periods (2000s vs. 2010s) and location (upper vs. lower lakes). When sig-

nificant interactions between periods and location were detected, multiple comparisons were 

conducted, and the results are indicated by asterisks (***: p< 0.001, **: 0.001 ⩽ p < 0.01, *: 

0.01 ⩽ p < 0.05). 

Relationships between changes in phylogenetic and functional beta diversity 

Linear regression analyses demonstrated significant positive correlations be-

tween the changes in phylogenetic and functional beta diversity indices for both 

native and non-native fish communities (Figure 5.3). However, the correlation was 

significantly weaker for native fish communities (p = 0.003) compared to non-native 

species. Further examination of  the results, particularly the distribution of  data 

points across the quadrants of  Figure 5.3, indicated that native fish in upper lakes 

trended towards greater phylogenetic and functional homogenization over the dec-

ade. Conversely, native fish in lower lakes demonstrated a pronounced shift towards 

increased heterogeneity. Meanwhile, non-native fish assemblages, maintained a 

consistent trend of phylogenetical and functional homogeneity across all lakes of  

the watershed. 
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Figure 5.3 Linear regression between change in phylogenetic beta diversity metrics and 

changes in their functional counterparts: Δβsør (a, d, g, j), Δβsim (b, e, h, k), and Δβsne (c, f, i, l). 

Each regular triangle represents a studied upper lake, while inverted ones are the lower lakes. 

Green and blue triangles indicate native and non-native fish assemblages, respectively. The 

Pearson correlation (r) and significance (p values) are denoted. The coloured quadrants indicate 

where the majority (more than half) of  lakes are concentrated. PH = phylogenetic homogeni-

zation, PD = phylogenetic differentiation, FH = functional homogenization, FD = functional 

differentiation. 
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Changes in phylogenetic and functional LCBD 

Temporal changes in lake LCBD values revealed notable spatial distinctions 

between upper and lower lakes, despite observing similar trends in phylogenetic 

and functional LCBD alterations (Table 5.2). The relative uniqueness of  fish as-

semblages in upper lakes continued to reduce over the studied periods (indicated 

by negative ΔLCBD values), whereas uniqueness in lower lakes escalated (indicated 

by positive ΔLCBD values). Notably, this spatial contrast was more accentuated in 

terms of  functional compositions of  native fish assemblages. 

5.4 Discussion 

The previous chapter has demonstrated an increase in taxonomic richness of  

non-native fishes in the oxbow lakes of  the Ishikari River basin over the span of a 

decade, from the 2000s to the 2010s. However, the present study reveals that this 

rise in species richness did not lead to a significant increase in phylogenetic or func-

tional diversity; instead, a relatively stable level was maintained across periods and 

locations. These findings suggest intense fish competition in the region, with suc-

cessful introduction and establishment of  non-native species possessing specific 

phylogenetic associations or ecological functions (Jiang et al., 2019), alongside per-

sistent invasive pressure throughout the study period from non-native on native fish 

species in terms of  phylogenetic information and ecological functions. However, 

this persistent invasion pressure varied among lakes. High heterogeneity in the phy-

logenetic structure and ecological function of non-native fishes across lakes in the 

2000s significantly decreased by the 2010s, accompanied by significant reductions 

in the turnover patterns. Nonetheless, the results of  this chapter indicate that re-

gardless of  the period and location, the nestedness pattern consistently dominated 

dissimilarity among lakes, contributing 62.5–83.9% and 61.2–84.8% to the phylo-

genetic and the functional dissimilarity, respectively. Altogether, the dominance of  

nestedness patterns and the reduction of  turnover patterns signify a significant loss 

of  phylogenetic information and ecological function in certain scattered lakes, fa-

vouring a broadly distributed pattern of  characteristically monopolized phyloge-

netic and ecological functional structures. For instance, the representative species 

of  non-native fishes, the topmouth gudgeon, belonging to Cypriniformes, expanded 

into all studied lakes within a decade (Dai et al., 2023). Its establishment and ex-

pansion in non-native habitats were facilitated by its wide-ranging diet and high 

environmental tolerance (Bernery et al., 2024; Zhang et al., 2022). In general, the 

reduced dissimilarity in non-native fish species across the basin, determined by 

nestedness patterns, suggests a clear trend towards homogenization. Fish species 



Doctoral Dissertation 

 

64 

with specific phylogenetic relativeness and functional traits have expanded their 

presence across more lakes, thereby dominating the structures of  non-native fish 

assemblages. 

The dynamic interplay of  non-native invasive species has profoundly altered 

the phylogenetic and functional structures of  native fish communities in the oxbow 

lakes. This chapter underscores a notable shrink in the functional diversity of  native 

fish from the 2000s to the 2010s. This decline correlates with the disappearance of  

species situating at the distant and isolated branches of  the functional dendrogram. 

It implies a non-random process of  native loss (Jiang et al., 2020; Si et al., 2016), 

where those possessing unique and isolated functional traits face heightened vul-

nerability under invasive pressures, while functions shared by multiple species en-

dure temporarily. Supporting this, the beta diversity results reveal a significant in-

crease in dissimilarity in both phylogenetic and functional structure from the 2000s 

to the 2010s. This coincides with a growing dominance of  turnover patterns in phy-

logenetic and functional structure, indicating a shift towards less shared species 

among lakes over time. Initially, diverse phylogenetic backgrounds and ecological 

functions characterized the native fish communities in the 2000s. However, pro-

longed competition with non-native species has progressively restricted certain na-

tive fishes with unique functions, reducing the probability of  observing similar func-

tions across lakes (Cilleros et al., 2016) and, then further, exacerbating the turnover 

patterns. While some studies suggest that heightened turnover signifies greater hab-

itat diversity and less shared function (Carvalho et al., 2021; Myers et al., 2021), 

the findings of  this chapter paint a different picture. Elevated turnover patterns may 

serve as an early alarm of  significant species loss rather than a positive sign of  en-

riched biodiversity. Hence, this chapter believes that analysing turnover pattern 

changes requires careful consideration of various factors, including non-native in-

vasions, over extended time frames. Moreover, this study aligns with the conceptual 

model of  community homogenization proposed by Socolar et al. (2016), wherein 

beta diversity initially rises before sharply declining. 

Spatially, such selective loss of  native fish assemblages in oxbow lakes within 

the lower Ishikari basin is of  particular concern. This is evident from the significant 

decrease in MFD values and the increase in other metrics such as pβsør, pβsim, pβsne, 

fβsør, and fβsim for native fish assemblages inhabiting these lower lakes from the 

2000s to the 2010s. Despite no significant deterioration in external environmental 

conditions, like land use changes or massive sewage discharge, occurring in the 

lower Ishikari basin during the study period, this area stands out as the most densely 

populated and industrialized region within the watershed and even across 
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Hokkaido Island. Oxbow lakes here face considerable disturbance from human ac-

tivities, including frequent river diversions, water withdrawals for domestic and ag-

ricultural purposes, and worsening water quality due to eutrophication. These fac-

tors have likely facilitated the introduction and establishment of  non-native fish 

species with strong adaptive capacities in these lakes. Additionally, these factors 

have exacerbated the nestedness pattern of  phylogenetic and functional structures 

among non-native fish species as they spread across multiple lakes, leading to a 

trend of  spatial homogenization dominated by a few robust phylogenies and func-

tional traits in lower lakes. Meanwhile, native fish assemblages, under pressure 

from both external environmental limitations and non-native invasions, have en-

dured relatively independently in different lakes, resulting in a process of  spatial 

heterogenization in both phylogenetic and functional structures. Furthermore, the 

relative importance of  both native and non-native fish species in terms of  phyloge-

netic and functional structures within lower lakes has increased from the 2000s to 

the 2010s, reflecting significant changes in fish community patterns as species dis-

tributions have intensively shifted. Notably, native fish species have exhibited a dou-

bling in both phylogenetic and functional uniqueness relative to non-native species. 

This highlights their diminished competitive standing against non-native fish and 

the amplified rise in relative uniqueness due to their forced sporadic distribution. 

In contrast to the highly competitive lower oxbow lakes, the oxbow lakes situ-

ated in the upper reach of  the Ishikari River basin serve as shelters for native fish 

assemblages. Over the span of  the 2000s to the 2010s, both native and non-native 

fish assemblages in the upper lakes experienced a decrease in their relative unique-

ness, indicating a trend toward greater similarity in terms of both evolutionary his-

tory and ecological functions. However, in comparison to lower lakes, the native 

fish assemblages in the upper lakes exhibited a more heterogeneous evolutionary 

lineage (higher turnover and lower nestedness), although their functional roles 

showed less dissimilarity. This suggests that upper lakes still collectively shelter the 

functional diversity of  native fishes, despite distant distribution of  native species on 

the phylogenetic tree. This chapter found less dissimilarity in phylogenetic and 

functional structures of  non-native fishes successfully established in upper lakes 

than in downstream lakes, suggesting that non-native fishes that spread upstream 

were more homogenous in their evolutionary history and ecological function 

(showing a significant nestedness pattern). However, as the invasion of  non-native 

species persisted, the influence of  this nestedness pattern on the overall diversity of  

fish species in the upper lakes diminished, reflecting the continued introduction of  

non-native species with a wider range of  evolutionary history and ecological func-

tions. This ongoing invasion is mirrored by an increase in the turnover proportions 
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of  native fish in the upper lakes. This spatial disparity between upstream and down-

stream lakes can potentially be attributed to the lower levels of  human influence 

experienced by upper lakes along the Ishikari River, which have maintained more 

favourable environmental conditions, thus providing a conducive environment for 

both native and non-native fish populations to thrive.  

Like previous research focusing on the diversity of  fish faunas in terms of  their 

phylogenetic and functional aspects, this study also found that changes over time 

in the phylogenetic dissimilarity of  fish assemblages were closely correlated to 

changes in their functional dissimilarity. When focusing on changes in phylogenetic 

and functional nestedness, both native and non-native fish showed significant spa-

tial differences between upper and lower lakes. More phylogenetically and func-

tionally nestedness patterns appeared in the lower lakes, implying that fish with 

relatively distinctive phylogenetic and functional traits were lost in the Ishikari 

downstream area. Consequently, phylogenetic structures and functional traits 

tended to become more similar between lower lakes, demonstrating a typical pat-

tern of  homogenization (Jiang et al., 2019). This indicates that both the phyloge-

netic and functional compositions of  fish assemblages respond to interactions be-

tween native and non-native species. Although this positive coupling between 

changes in evolutionary history and functional traits was observed in both native 

and non-native fish, this study noticed some subtle differences in the strength of  

this relationship. Non-native fish assemblages exhibited a particularly strong corre-

lation between changes in their evolutionary history and functional traits, suggest-

ing that as the ecological functions of  non-native fish became more similar, their 

evolutionary diversity also simultaneously became more homogeneous. Such vari-

ations in consistency also reflect the weaker phylogenetic affinities and relatively 

independent ecological functions among non-native fishes, hinting at the random-

ness and variety of  their origins. However, while the phylogenetic structure of  na-

tive fish assemblages changed over time, the corresponding changes in their func-

tional traits were relatively modest. This suggests that certain native species, despite 

having different evolutionary histories, fulfil similar ecological functions. This cur-

rent chapter propose that this functional redundancy among native fish serves as a 

proactive resistance against environmental variations and ecological invasions. De-

spite the direct influence of  competition for ecological niches and interactions 

among species based on functional traits on community composition, the presence 

of  functional redundancy among native fish enables the maintenance of  functional 

diversity even in the absence of  certain species. Moreover, it preserves the potential 

for restoring the ecological functional structure of  the community by drawing from 

a wider range of  phylogenetic sources. 
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In conclusion, this chapter investigates the changes in phylogenetic and func-

tional structure of  native fish assemblages under invasive pressure over about ten-

year period and the spatial upstream and downstream differences in this process, 

using fish data from the oxbow lakes along the Ishikari River. The findings of  this 

chapter reveal a persistent influence of  non-native species on both the evolutionary 

and functional aspects of  the native fish communities, with a prevailing trend to-

wards homogenization primarily driven by nestedness structures. As non-native 

species continued to infiltrate, certain native fish phylogenies and functions became 

confined to sporadic lakes, leading to heightened turnover patterns. Despite observ-

ing functional redundancy among native fish in response to environmental shifts 

and competition for resources, this redundancy appeared less effective in mitigating 

pressures in the lower lakes, where environmental conditions and invasive species 

impacts were more pronounced. Consequently, a significant loss of  native evolu-

tionary diversity and functional traits was foreseen in these regions. In contrast, the 

upper lakes emerged as potential sanctuaries for native fish, capable of  accommo-

dating species with diverse evolutionary backgrounds and ecological traits not 

found in the lower lakes. Thus, this chapter underscore the importance of  prioritiz-

ing conservation efforts in the upstream oxbow lakes of  the Ishikari River. Despite 

the presence of  non-native species in upper regions, they still retain a higher degree 

of  native fish diversity, preserving unique evolutionary information and ecological 

functions compared to their downstream counterparts. 
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Chapter 6 

Spatial patterns of fish cumulative diversity driven 

by stochastic and deterministic processes 

6.1 Introduction  

Exploring how species assemble into local communities is a fundamental ques-

tion in community ecology which could pave the way for aiding biodiversity con-

servation (Clements, 1916; Gleason, 1927; Pettersen et al., 2022). Community as-

sembly, defined as the dynamics of  local communities linked by the dispersal of 

potentially interacting species (Leibold et al., 2004), has been extensively studied to 

generate a widely accepted framework in depicting ecological process (Alberti & 

Wang, 2022; Iwamoto et al., 2022). In terms of  community, theoretical and empir-

ical ecologists have identified four assembly paradigms, i.e., patch-dynamic, spe-

cies-sorting, mass-effect, and neutral models. The patch-dynamic model focuses on 

spatial heterogeneity and the role of  habitat patches in species colonization and 

persistence; the species-sorting model emphasizes environmental heterogeneity 

and niche differentiation, where local conditions determine species presence; the 

mass-effect model highlights the importance of  connectivity and dispersal, with 

species persisting in less suitable habitats due to immigration from other areas; and 

the neutral model posits that species are ecologically equivalent, with community 

composition driven by random processes rather than niche differentiation (Leibold 

et al., 2004). Given the non-mutual independence and the ease of  measurement of  

these paradigms (Brown et al., 2018), recent ecologists suggest examining the sto-

chastic and deterministic processes in metacommunity assembling (Chase & Myers, 

2011; Ning et al., 2019). The neutral theory based stochastic process posits that 

communities were randomly assembled by unpredictable events (e.g., passive dis-

persal, unpredictable disturbances, random extinction). In contrast, deterministic 

process assume that niche-related interspecies interactions and environmental fil-

tering can result in selected communities (Chase & Myers, 2011; Stegen et al., 2012). 

Benefitting from resolving the metacommunity assembly process, tailored and tar-

geted biodiversity conservation strategies could be implemented (Ohira et al., 2015), 

with conservation efforts prioritizing increasing ecosystem resilience to damage 

from random events and sustaining desired habitat properties in deterministic pro-

cess. In consequence, it is of  great importance to distinguish the ecological process 
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underpinning meta-community assembly (Viana & Chase, 2019). 

While an increasing number of  studies are examining the relative influence of  

stochastic and deterministic processes on community structure, most research still 

predominantly focuses on changes in species composition at the taxonomic level 

(Dai et al., 2024; Stegen et al., 2012). Typically, these studies use simulations to 

compare theoretical species compositions against actual observed data, by simulat-

ing stochastic and deterministic processes separately as a prerequisite qualification, 

such as the recently proposed dispersal-niche continuum index (Vilmi et al., 2021) 

and the traditional elements of  metacommunity structure framework (Presley et al., 

2010). This approach presents two significant issues: first, it often overlooks the 

crucial phylogeny background and ecological functions that underpin different spe-

cies assemblies; second, it overly relies on virtual simulations, which can obscure 

the individual impact of  either process on community formation in practical cases. 

This chapter aims to offer new perspectives and methodologies to address these 

challenges, enhancing the understanding of  community dynamics beyond the tra-

ditional scope. 

The objective of  simplifying complex ecological changes into concise metrics 

has been a longstanding aim in quantitative ecological research and is crucial for 

biodiversity conservation practices. As discussed in Chapter 2, the methods for de-

scribing biodiversity are diverse, and the wide array of  available diversity indices 

can be bewildering for practitioners in diversity conservation who lack specific 

training (Lyashevska & Farnsworth, 2012). These indices include taxonomic diver-

sity indices, which primarily count species and their variance; phylogenetic diver-

sity indices, which consider the genetic relationships and lineage proximity among 

species; and functional diversity indices, which assess species abilities to adapt to 

their environment and utilize resources (Fusco et al., 2021; Su et al., 2021; Xu et 

al., 2024). While each index captures a unique aspect of  species diversity within a 

community, they only represent a fragment of  the full spectrum of  biodiversity 

(Castro et al., 2020), reminiscent of  the parable of  the blind men and the elephant. 

In this context, this chapter explores the possibility of  mathematically synthesizing 

these multidimensional diversity indices into a single, more comprehensive, and 

informative metric. Although there have been efforts to integrate these indices 

(Chao et al., 2021; Jiang et al., 2015), a unified and scalable computational frame-

work applicable across different taxa and spatial scales is still missing. To address 

this gap, this chapter introduces a novel computational concept and develops a 

framework to amalgamate biodiversity information from multiple dimensions, de-

tailed in the following Methods section, termed the cumulative diversity index. This 
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index aims to encompass a broader range of  diversity aspects while maintaining 

simplicity in its application and interpretation. 

The Japanese archipelago is composed of numerous islands aligned from 

northeast to southwest, with the largest islands being Hokkaido, Honshu, Shikoku, 

and Kyushu, arranged in a north-to-south sequence. These islands are divided by 

significant natural barriers, including the Tsugaru Strait, the Kanmon Straits, and 

the Seto Inland Sea, which severely limit the natural dispersal of  many species 

(Watanabe et al., 2017). This geographic isolation is particularly impactful for 

freshwater fish, which are restricted to rivers and lakes and thus find cross-island 

movement almost impossible (Ponce de León et al., 2014; Šlechtová et al., 2004). 

Thus, on a national scale, this dispersal limitation is believed the primary factor 

influencing the spatial distribution of  fish diversity across Japanese archipelago. 

The configuration of  the Japanese islands provides a unique environment to discuss 

the location where dispersal limitation occurs, i.e., the straits in this case, could 

indicate potential boundaries of  NFCAs. 

Although industrialization and urbanization in the Ishikari basin concluded in 

the last century, the area has been relatively free from significant anthropogenic 

disturbances like water pollution, dam construction, and the massive introduction 

of  invasive species since the beginning of  this century (Fukushima et al., 2007). 

Nevertheless, it is important to recognize that some non-native species have estab-

lished since the last century and now compete with native fish populations, impact-

ing their survival and distribution (Hayashida et al., 2010). Given these conditions, 

this chapter posits that the fish communities in oxbow lakes along the Ishikari River 

are primarily shaped by deterministic processes, especially through interactions be-

tween native and invasive species, rather the dispersal limitation comparing to the 

lakes across the Japanese archipelago by straits. Thus, these oxbow lakes in Ishikari 

River basin serves as an exemplary case study for examining how deterministic 

processes influence the spatial distribution of  fish community. 

Using a framework developed for calculating the cumulative diversity index 

and utilizing fish data from previous chapters, this chapter differentiates between 

fish community structures mainly shaped by the stochastic and the deterministic 

processes, respectively. Given the constant presence of  straits, the spatial diversity 

pattern, such as the national case, principally shaped by stochastic processes gener-

ally remains. In contrast, interspecies competition, which is highly sensitive to tem-

poral changes, means that diversity patterns influenced by deterministic processes 

can shift over relatively short periods of  time, such as the Ishikari case. The hypoth-

eses tested are twofold: First, it is proposed that the cumulative diversity of  native 
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fish assemblages in lakes across the Japanese archipelago exhibits a distinct and 

stable spatial pattern over time, with each island displaying a unique diversity pro-

file. Second, the fish in the oxbow lakes of  the Ishikari River basin show varied 

patterns of  cumulative diversity between upstream and downstream area. 

6.2 Methods  

Proposed assessment framework for cumulative diversity 

The previous chapter examines various diversity indices from multiple perspec-

tives (taxonomic, phylogenetic, and functional) at different levels (alpha, beta, 

LCBD), which are collectively encapsulate various facets of  a fish community di-

versity. Building on this, the chapter introduces a computational framework de-

signed to integrate these diversity indices from multiple perspectives into a unified 

measure, which is termed the cumulative diversity index. The cumulative diversity 

index is calculated by taking the arithmetic mean of  logarithmically transformed 

values of  the taxonomic, phylogenetic and functional indices of  the same type. The 

equation for cumulative diversity calculation of  assemblage j can be expressed suc-

cinctly as: 

 [∑ log10(DI𝑗𝑑 + 1)
𝑥

𝑑=1
] 𝑥⁄ 6.1 

where x is the number of  diversity indices integrated into the assessment, and DIjd 

represents the value of  diversity index d of  the assemblage j (Figure 6.1). For in-

stance, in this chapter, when employing the equation to compute the cumulative 

LCBD (cLCBD) values, d denotes an element of  the set encompassing all the 

LCBD indices ascertained in previous steps, i.e., d ∈ {tLCBD, pLCBD, fLCBD}, 

subsequently assigning a value of  three to x. Similarly, the cumulative alpha (cAl-

pha) and beta (cBeta) diversity were computed for each studied native fish assem-

blage, respectively. 

Statistical Analysis 

To evaluate the practicality of  the computational framework for the newly pro-

posed cumulative diversity index, this chapter utilizes two fish community datasets 

from lakes at distinct spatial scales: nationally across Japan (discussed in Chapter 

3) and within the Ishikari River basin (covered in Chapters 4 and 5). This chapter 

employs the same testing settings as those in Chapter 3, which examined all four  
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time periods for native fishes across Japan, and Chapter 4, which studied both na-

tive and non-native fishes in oxbow lakes along the Ishikari River during the 2000s 

and 2010s, respectively. First, regression analyses were conducted to determine if  a 

correlation exists between the fish diversity, as indicated by traditional diversity in-

dices at each lake, and their spatial locations. This chapter then assessed whether 

the cumulative diversity indices could accurately mirror the spatial patterns ob-

served with traditional indices at both spatial scales. The findings of  Chapter 3 sug-

gested that lakes in the northernmost (highest latitude) and the southernmost (low-

est latitude) islands of  Japan exhibit unique fish compositions, leading to the hy-

pothesis of  a quadratic polynomial relationship between diversity indices of  each 

lake and its latitude in the nationwide analysis. Whereas the results of  Chapter 4 

illustrated that changes in fish species in the oxbow lake along the Ishikari River 

showed up- to downstream spatial differences in linear changes, this chapter con-

tinues to focus on the spatial pattern of  fish diversity in the Ishikari oxbow lakes 

based on linear regression models. Furthermore, it is worthy to recognize the geo-

graphical orientation of  the Ishikari River, which predominantly flows from north 

to south, particularly in regions where oxbow lakes are concentrated. Consequently, 

the distance from the river source (DRS, discussed in Chapter 4) of  these oxbow 

lakes showed a significant negative correlation with latitude (Person’s r = -0.96, p < 

0.001), that is to say lakes at higher latitudes are nearer to the river source. For 

consistency, in this chapter, latitude was employed as the variable representing spa-

tial positioning of  lakes at both national and watershed spatial scales. 

Figure 6.1 Schematic representation of  the cumulative diversity calculation framework. The 

meaning of  the variables in the cumulative diversity calculation equation in the figure, as well 

as the abbreviations for diversity indices, is consistent with the narrative in the text. 



Hokkaido University 

 

73 

To further discuss the robustness of  the cumulative diversity results and their 

correlation with individual components, this section additionally calculated the 

two-dimensional cumulative diversity index (2D-cDI) using pairs of  diversity per-

spectives (i.e., any two of  taxonomic (TD), phylogenetic (PD), and functional (FD) 

diversity indices). These 2D-cDI values were then correlated with the cumulative 

diversity calculated in the previous section (3D-cDI). For national lakes, the 2D- 

and 3D-cDI of  native fishes was quantified for each of  four time periods. For ox-

bow lakes along the Ishikari River, the correlation between the 2D- and 3D-cDI of  

native and non-native fishes was calculated for the 2000s and 2010s, respectively. 

6.3 Results  

Spatial patterns of  fish diversity driven by stochastic processes 

The spatial pattern of  fish diversity in national lakes based on traditional diver-

sity indices was significant. At the alpha diversity level, apart from the MPD index 

for the Future II period, all other indices demonstrated significant quadratic diver-

sity relationships with lake latitude across all periods (p < 0.044; Table 6.1). Specif-

ically, species richness and MFD exhibited negative correlations with latitude dur-

ing all four periods, whereas MFND consistently showed a positive correlation. At 

the beta diversity level, all indices revealed strong positive correlations with lake 

latitude (p < 0.001; Table 6.2), indicating a consistent pattern across all periods. 

Similarly, strong positive correlations were observed with both taxonomic and func-

tional LCBD indices in relation to lake locations (p < 0.001; Table 6.3). However, 

a few phylogenetic diversity indices did not show significant correlations with lake 

latitude during certain periods. 

The proposed cumulative diversity allows to visualize changes in the diversity 

and distribution patterns of  native fish assemblages in Japanese lakes (Figure 6.2). 

The cumulative alpha diversity (cAlpha), revealing hump-shaped associations with 

the latitude (p < 0.001; Figure 6.2b), suggested that the richness of  native fishes was 

comparatively low on Hokkaido (the northernmost) and Kyushu (the southern-

most). Instead, lakes in the Honshu demonstrated high levels of  species richness. 

This spatial distribution pattern of  cAlpha was consistently observed across all tem-

poral periods, despite a continuous decline in the average index values (F = 6.521, 

p = 0.001, Figure 6.2a). Conversely, this research observed higher cumulative beta 

diversity (cBeta) values in the lakes of  Hokkaido and Kyushu, resulting in a U- 

shaped curve along the latitudinal gradient (p < 0.001, Figure 6.2d). These spatial 

patterns were similarly observed across all three temporal periods, but with an inc- 
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Figure 6.2 Points on the map of  Japan denote each lake’s cumulative diversity, with point size 

reflecting the diversity index value. Squares symbolize cumulative alpha diversity (cAlpha, a), 

diamonds represent cumulative beta diversity (cBeta, c), and circles indicate each lake’s cumu-

lative location contribution to beta diversity (cLCBD, e). Average values with a standard devi-

ation of  cumulative diversity are presented in the corresponding panels. On the right side, three 

scatter plots display the spatial correlation between each lake's cAlpha (b), cBeta (d), cLCBD 

(f) and its latitude, respectively. Colour codes distinguish between the four periods: blue for the 

historical period, yellow for the current period, and orange and red for the future I and II peri-

ods, respectively. 

rease in cBeta values from 0.156 in the historical period to 0.165 in the current 

period, followed by a decrease to 0.149 in the simulative future II period (F = 3.879, 

p = 0.012, Figure 6.2c). Finally, a significant spatiotemporal pattern shift in cumu-

lative LCBD values was identified throughout the Japan archipelago. During the 

historical period, the lakes located in the northernmost and southernmost islands 

exhibited the most out-standing contribution to nationwide fish beta diversity 

(highest cLCBD values), resulting in significant U-shaped curves along the latitude 

(R2 = 0.647, p < 0.001). However, in the following periods, this curve was flattened, 

indicating the homogeneous relative contribution of individual lakes (Figure 6.2f).  
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Table 6.1 Results of  quadratic polynomial regression (equation: y=B1x+B2x2+Intercept) between the alpha diversity indexes of  native fishes in lakes across 

Japan and the latitude at which the lakes are located. P values less than 0.05 are bolded. 

Metric Period B1 S.E. B2 S.E. Intercept S.E. r2 F p 

S Historical 16.149 5.612 -0.224 0.073 -277.141 106.593 0.327 10.225 < 0.001 

 Current 10.215 5.733 -0.142 0.075 -173.368 108.900 0.151 4.369 0.020 

 Future I 9.518 4.489 -0.133 0.059 -161.888 85.265 0.208 5.979 0.006 

 Future II 6.194 3.338 -0.088 0.044 -101.778 63.395 0.227 6.571 0.004 

MPD Historical -2.611 5.760 0.019 0.075 139.384 109.411 0.262 7.729 0.002 

 Current 16.270 5.817 -0.219 0.076 -234.341 110.497 0.185 5.325 0.009 

 Future I 14.938 5.853 -0.202 0.077 -208.617 111.178 0.167 4.817 0.014 

 Future II 2.442 5.514 -0.038 0.072 24.777 104.739 0.033 1.643 0.208 

MNPD Historical -24.344 8.225 0.328 0.108 500.014 156.231 0.211 6.091 0.005 

 Current -7.838 6.550 0.113 0.086 188.302 124.417 0.113 3.412 0.044 

 Future I -9.356 5.903 0.132 0.077 218.004 112.132 0.150 4.345 0.020 

 Future II -12.953 5.749 0.178 0.075 286.701 109.193 0.189 5.423 0.009 

MFD Historical 11.885 3.311 -0.162 0.043 -160.857 62.886 0.336 10.618 < 0.001 

 Current 9.424 5.187 -0.131 0.068 -113.883 98.527 0.147 4.287 0.021 

 Future I 9.883 5.111 -0.138 0.067 -121.789 97.083 0.170 4.892 0.013 

 Future II 11.438 5.226 -0.159 0.068 -149.886 99.266 0.201 5.772 0.007 

MNFD Historical -8.138 3.855 0.120 0.050 174.722 73.232 0.462 17.290 < 0.001 

 Current -12.594 5.617 0.170 0.074 272.763 106.682 0.125 3.711 0.034 

 Future I -12.724 5.161 0.172 0.068 275.977 98.037 0.150 4.345 0.020 

 Future II -8.150 5.283 0.113 0.069 189.181 100.343 0.087 2.811 0.073 
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Table 6.2 Results of  quadratic polynomial regression (equation: y=B1x+B2x2+Intercept) between the beta diversity indexes of  native fishes in lakes across 

Japan and the latitude at which the lakes are located. P values less than 0.05 are bolded. 

Metric Period B1 S.E. B2 S.E. Intercept S.E. r2 F p 

tβ Historical -0.355 0.055 0.005 0.001 6.918 1.052 0.686 42.480 < 0.001 

 Current -0.327 0.060 0.004 0.001 6.588 1.144 0.470 17.874 < 0.001 

 Future I -0.276 0.064 0.004 0.001 5.591 1.220 0.381 12.675 < 0.001 

 Future II -0.363 0.063 0.005 0.001 7.223 1.195 0.492 19.426 < 0.001 

pβ Historical -0.355 0.043 0.005 0.001 6.790 0.817 0.794 74.187 < 0.001 

 Current -0.276 0.045 0.004 0.001 5.552 0.859 0.537 23.022 < 0.001 

 Future I -0.230 0.049 0.003 0.001 4.664 0.934 0.427 15.160 < 0.001 

 Future II -0.279 0.050 0.004 0.001 5.589 0.947 0.470 17.865 < 0.001 

fβ Historical -0.340 0.047 0.005 0.001 6.560 0.888 0.724 50.723 < 0.001 

 Current -0.265 0.049 0.004 0.001 5.310 0.940 0.496 19.711 < 0.001 

 Future I -0.242 0.053 0.003 0.001 4.834 1.003 0.449 16.509 < 0.001 

 Future II -0.282 0.047 0.004 0.001 5.560 0.901 0.551 24.311 < 0.001 
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Table 6.3 Results of  quadratic polynomial regression (equation: y=B1x+B2x2+Intercept) between the LCBD indexes of  native fishes in lakes across Japan and 

the latitude at which they are located. P values less than 0.05 are bolded. 

Metric Period B1 S.E. B2 S.E. Intercept S.E. r2 F p 

tLCBD Historical -0.028 0.006 3.96E-04 8.14E-05 0.514 0.117 0.634 33.025 <0.001 

 Current -0.023 0.007 3.16E-04 8.84E-05 0.438 0.127 0.350 10.940 <0.001 

 Future I -0.024 0.007 3.30E-04 8.67E-05 0.458 0.124 0.374 12.037 <0.001 

 Future II -0.031 0.008 4.23E-04 1.02E-04 0.586 0.146 0.389 12.776 <0.001 

pLCBD Historical -0.047 0.011 6.35E-04 1.46E-04 0.876 0.209 0.388 12.718 <0.001 

 Current 0.000 0.014 -2.60E-06 1.90E-04 0.046 0.273 -0.033 0.402 0.672 

 Future I -0.003 0.009 5.53E-05 1.17E-04 0.070 0.167 0.063 2.237 0.122 

 Future II -0.018 0.017 2.23E-04 2.29E-04 0.372 0.328 -0.007 0.877 0.425 

fLCBD Historical -0.048 0.008 6.67E-04 1.12E-04 0.895 0.160 0.617 30.863 <0.001 

 Current -0.035 0.008 4.81E-04 1.06E-04 0.666 0.151 0.432 15.043 <0.001 

 Future I -0.032 0.007 4.43E-04 8.56E-05 0.611 0.123 0.508 20.138 <0.001 

 Future II -0.031 0.007 4.19E-04 9.63E-05 0.593 0.138 0.367 11.720 <0.001 
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Upon the removal of  all threatened species in the future simulations, lakes located 

in southern Honshu, such as Lake Biwa, experienced a significant increase in 

cLCBD values, establishing them as the lakes with the more important contribution 

to nationwide native fish dissimilarity patterns (Figure 6.2e). 

Spatial patterns of  fish diversity driven by deterministic processes 

The diversity patterns of  fish communities in the oxbow lakes along the Ishikari 

River showed spatial variations along latitude for only a few indices. Alpha diver-

sity of  non-native fish species across all lakes revealed no significant correlation 

with geographical location (Table 6.4). Among native fish, only species richness 

demonstrated significant positive correlations with the lakes' latitude during both 

the 2000s (p = 0.049) and 2010s (p = 0.005). Additionally, no significant spatial 

patterns along latitude were observed for phylogenetic and functional alpha diver-

sity indices. Beta diversity of  both native and non-native fish species in the oxbow 

lakes showed no significant correlation with the lake latitude (Table 6.5). However, 

consistent spatial patterns were noted in phylogenetic and functional beta diversity. 

For native fish, the phylogenetic and functional beta diversity increased with lati-

tude during the 2000s (p < 0.013), but this positive correlation changed to a signif-

icant negative correlation in the 2010s (p < 0.022). Conversely, the phylogenetic 

and functional beta diversity of  non-native fish negatively correlated with lake lati-

tude during the 2010s only (p = 0.007). Additionally, aside from the statistically 

significant negative correlation of  functional LCBD indices for native fishes with 

latitude in the 2010s (p = 0.047), all other LCBD indices for both native and non-

native fish, across all time periods, showed no spatial patterns related to latitude 

(Table 6.6). 

Overall, the cumulative diversity index successfully mirrored the latitudinal 

spatial patterns of  fish assemblages in the oxbow lakes in the Ishikari River basin, 

similar to those shown by the traditional diversity indices (Figure 6.3). For native 

fishes, the cBeta index also indicated a positive correlation with latitude during the 

2000s (p = 0.004), which shifted to a negative correlation in the 2010s (p = 0.007). 

Furthermore, the cLCBD index in the 2010s revealed a negative correlation (p = 

0.042), indicating that the uniqueness of  native fishes in these lakes decreased as 

latitude increased. For non-native fish, a negative correlation between cumulative 

Beta diversity and latitude was also observed in the 2010s (p = 0.044). However, it 

is worth noting that the spatial pattern of  taxonomic richness of  native fishes across 

latitudes was not captured by the cumulative diversity index.  
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Figure 6.3 Linear regression plots of  cumulative diversity indices (cAlpha, cBeta, cLCBD) of 

native (panels on the left) and non-native (panels on the right) fish assemblages in oxbow lakes 

of  the Ishikari River basin versus the latitude at which the lakes are located for the 2000s (black 

squares) and 2010s (red dots). Only statistically significant regression lines (p values less than 

0.05) are printed. 
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Relationships between 2D- and 3D-cDI 

Overall, the 2D-cDI showed a higher correlation with the 3D-cDI values (Table 

6.7). However, for the national case, the correlation between the 2D-cAlpha and 

3D-cAlpha was not statistically significant when the taxonomic alpha diversity in-

dex (species richness) was excluded. Meanwhile, the correlation coefficient be-

tween any 2D-cBeta and 2D-cBeta index was only around 0.5 in the Future I sim-

ulation. In the Ishikari River oxbow lakes, the correlation coefficients of  3D-cAlpha 

and 2D-cAlpha (excluding phylogenetic information) were less than 0.6 for both 

the 2000s and 2010s (Table 6.8). 

Table 6.4 Results of  linear regression between the alpha indexes of  native and non-native fish 

assemblages in oxbow lakes along the Ishikari River and the latitude at which the lakes are 

located. P values less than 0.05 are bolded. 

  Slope se Intercept se r p 

Richness        

native 2000s 3.912 1.900 -163.760 82.383 0.374 0.049 
 2010s 7.085 2.279 -301.300 98.813 0.521 0.005 

non-native 2000s 1.828 2.611 -74.918 113.240 0.136 0.490 

 2010s 4.913 2.964 -207.700 128.540 0.309 0.109 

MPD        

native 2000s -2.780 6.339 194.760 274.900 -0.086 0.665 

 2010s 11.500 16.201 -428.120 702.620 0.138 0.484 

non-native 2000s 0.105 9.396 65.546 407.470 0.002 0.991 

 2010s 3.402 8.157 -77.289 353.750 0.082 0.680 

MNPD        

native 2000s -4.413 15.051 241.660 652.720 -0.057 0.772 

 2010s -23.512 17.853 1065.800 774.230 -0.250 0.199 

non-native 2000s -12.152 12.578 585.870 545.460 -0.186 0.343 

 2010s 3.270 13.679 -88.421 593.250 0.047 0.813 

MFD        

native 2000s -3.962 2.717 259.430 117.840 -0.275 0.157 

 2010s 8.273 5.371 -274.360 232.930 0.289 0.136 

non-native 2000s -4.247 5.965 266.280 258.670 -0.138 0.483 

 2010s -1.013 6.480 124.790 281.020 -0.031 0.877 

MNFD        

native 2000s -4.440 6.184 267.260 268.190 -0.139 0.479 

 2010s -4.246 5.292 255.860 229.500 -0.155 0.430 

non-native 2000s -15.569 9.290 744.050 402.880 -0.312 0.106 

 2010s -17.389 8.711 821.800 377.780 -0.365 0.056 
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Table 6.5 Results of  linear regression between the beta indexes of  native and non-native fish 

assemblages in oxbow lakes along the Ishikari River and the latitude at which the lakes are 

located. P values less than 0.05 are bolded. 

  Slope Error Intercept Error r p 

tβ        

native 2000s 0.114 0.086 -4.589 3.736 0.252 0.196 

 2010s -0.288 0.142 12.966 6.154 -0.370 0.052 

non-native 2000s -0.142 0.219 6.599 9.510 -0.126 0.522 

 2010s -0.142 0.219 6.599 9.510 -0.126 0.522 

pβ        

native 2000s 0.297 0.074 -12.641 3.215 0.618 <0.001 

 2010s -0.266 0.109 11.848 4.729 -0.432 0.022 

non-native 2000s -0.119 0.142 5.486 6.160 -0.162 0.409 

 2010s -0.295 0.104 13.040 4.517 -0.486 0.009 

fβ        

native 2000s 0.245 0.091 -10.297 3.960 0.465 0.013 
 2010s -0.515 0.141 22.695 6.132 -0.581 0.001 

non-native 2000s -0.145 0.173 6.618 7.498 -0.162 0.410 

 2010s -0.363 0.125 15.993 5.403 -0.496 0.007 

 

 

Table 6.6 Results of  linear regression between the LCBD indexes of  native and non-native fish 

assemblages in oxbow lakes along the Ishikari River and the latitude at which they are located. 

P values less than 0.05 are bolded. 

  Slope Error Intercept Error r p 

tLCBD        

native 2000s 0.022 0.017 -0.925 0.756 0.242 0.215 

 2010s -0.041 0.022 1.835 0.969 -0.342 0.075 

non-native 2000s -0.021 0.028 0.949 1.205 -0.147 0.455 

 2010s -0.044 0.031 1.965 1.339 -0.272 0.162 

pLCBD        

native 2000s 0.085 0.059 -3.650 2.577 0.270 0.165 

 2010s -0.077 0.066 3.361 2.845 -0.223 0.253 

non-native 2000s -0.016 0.059 0.744 2.571 -0.054 0.785 

 2010s -0.056 0.065 2.450 2.820 -0.166 0.400 

fLCBD        

native 2000s 0.009 0.022 -0.337 0.960 0.076 0.701 

 2010s -0.077 0.037 3.360 1.597 -0.378 0.047 

non-native 2000s -0.005 0.062 0.253 2.688 -0.016 0.936 

 2010s -0.075 0.069 3.272 3.008 -0.206 0.292 
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Table 6.7 Correlations between 2D cumulative diversity indices and 3D diversity indices cal-

culated using only two diversity combinations in the national case. Statistically significant (p < 

0.05) Pearson correlation coefficients are bolded. 

 Historical Current Future I Future II 

cAlpha     

TD+PD 0.960 0.950 0.955 0.945 

TD+FD 0.906 0.959 0.965 0.954 

PD+FD -0.103 0.234 0.283 0.370 

cBeta     

TD+PD 0.998 0.996 0.489 0.994 

TD+FD 0.998 0.999 0.503 0.998 

PD+FD 0.998 0.997 0.511 0.997 

cLCBD     

TD+PD 0.984 0.945 0.936 0.966 

TD+FD 0.945 0.818 0.931 0.854 

PD+FD 0.985 0.948 0.960 0.964 

 

 

Table 6.8 Correlations between 2D cumulative diversity indices and 3D diversity indices cal-

culated using only two diversity combinations in the Ishikari case. Statistically significant (p < 

0.05) Pearson correlation coefficients are bolded. 

 Native Non-native 

 2000s 2010s 2000s 2010s 

cAlpha     

TD+PD 0.975 0.996 0.966 0.970 

TD+FD 0.511 0.587 0.900 0.908 

PD+FD 0.794 0.899 0.450 0.443 

cBeta     

TD+PD 0.977 0.965 0.963 0.961 

TD+FD 0.977 0.987 0.975 0.975 

PD+FD 0.958 0.954 0.897 0.883 

cLCBD     

TD+PD 0.966 0.933 0.953 0.976 

TD+FD 0.710 0.812 0.922 0.977 

PD+FD 0.977 0.973 0.970 0.977 
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6.4 Discussion 

Upon integrating taxonomic, phylogenetic and functional data, the cumulative 

diversity elucidated similar temporal fluctuations in native fish diversity, character-

ized by a consistent de-crease in cAlpha and an initial increase in cBeta followed 

by a precipitous decline. By incorporating the latitude of  individual lakes into the 

analysis, the cumulative diversity effectively dis-closed the spatial distribution pat-

tern of  integrated native fish diversity. Notably, the cAlpha and cBeta of  native fish 

residing within lakes across the Japanese archipelago exhibited highly significant 

correlations, albeit inverse, with the latitudinal gradient at any period. Specifically, 

islands situated at the northern- and southernmost of  the Japanese archipelago 

(Hokkaido at higher lati-tudes and Kyushu at lower latitudes) displayed pro-

nounced dissimilarities in native fish compositions, despite their low species rich-

ness. This observation suggests the presence of  distinct endemic fishes on these two 

geographically distant islands. In contrast, the larger Honshu Island, located cen-

trally, harbours a substantial number of  native fish species, with lakes exhibiting 

simi-lar species compositions. The geographical isolation of  Hokkaido and Kyushu 

from Honshu by the Tsugaru Strait and Kanmon Strait, respectively, represents a 

significant barrier to the dispersion and exchange of freshwater fish among these 

regions. Hence, the fish species are only able to within freshwater habitats on their 

respective islands and have facilitated the emergence of  fish community structures 

distinct from those on other islands. Although this study does not explicitly quan-

tify the contribution of  geographical isolation imposed by the two straits on the fish 

com-munity structures of  the distinct islands through mathematical modelling, the 

highly significant latitudinal distribution patterns identified by the cumulative di-

versity results provide compelling evidence in favour of  limitation hypothesis, 

which posits that geographic isolation and limited dispersal are key factors, the sto-

chastic processes, in maintaining species distribution patterns (da Silva et al., 2018; 

de Oliveira et al., 2020). The significant U-shaped curve between cLCBD values 

and the latitudinal position of  the lakes also signifies the high endemism of  Hok-

kaido and Kyushu fishes. The spatial patterns between cumulative diversity indices 

and lakes latitudes have been wobbled over time, yet the overarching spatial pat-

terns with latitudes have remained consistent, further highlighting the long-term 

influence of  stochastic processes, such as ongoing dispersal constraints, on the pat-

terns of  fish diversity at a broader scale. The significant correlation between cDI 

and latitude offers a basis for investigating the mediating influences on the spatial 

distribution patterns of  fish diversity. Other environmental factors exhibiting a lat-

itudinal gradient across the Japanese archipelago could also be considered as 
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potential influences. One such factor is the human footprint (Su et al., 2021). Hu-

man activities are less intense on the northern-most and southernmost islands com-

pared to Honshu, resulting in a lower threat to native fish species and a higher like-

lihood of  survival for some unique species. Additionally, Honshu's larger size com-

pared to Kyushu and Hokkaido increases the probability of  fish dispersal to more 

lakes within the island, which may contribute to the U-shaped beta-diversity curve 

that is concave at mid-latitudes. 

The fish diversity in the oxbow lakes along the Ishikari River also exhibited 

spatial variations linked to latitude. Native fishes demonstrated higher species rich-

ness in the upper lakes, consistent with findings from Chapter 4, which indicated 

that these less anthropogenically disturbed upper lakes offer diverse microhabitats 

favourable to native species. Conversely, lower lakes, being closer to human settle-

ments, face greater environmental disturbances, including the introduction of  non-

native fishes. The dataset, confined to a single watershed and comprising species 

with similar evolutionary histories and resource use, did not exhibit a clear up-

stream-downstream gradient in alpha diversity regarding phylogeny and function. 

However, both phylogenetic and functional beta diversity displayed strong correla-

tions with latitude. Specifically, native fishes, initially widespread in many lower 

lakes and thus exhibiting low beta diversity, have progressively lost habitats there 

due to competition with non-native species. This competition reversed the original 

positive correlation with lake latitude into a negative one, leading to a marked in-

crease in beta diversity downstream. This significant shift in the spatial diversity 

pattern was not captured by traditional taxonomic diversity indices, underscoring 

that phylogenetic relationships and ecological functions of  species are more respon-

sive to competitive pressures from non-native fishes. The cumulative beta diversity 

index, which integrates multiple dimensions of  diversity, also revealed a significant 

spatial pattern in the distribution of  native fish assemblages and their inversion un-

der the influence of  non-native species. In addition, while only the functional 

LCBD index for native fishes showed a significant negative correlation with lake 

location in the 2010s, this pattern was also detected by the cumulative LCBD index. 

This chapter demonstrates that the newly proposed cumulative diversity index 

can successfully reflect the spatial pattern of  community diversity and its variations 

at both the national scale and the regional scale of  individual watersheds, at least 

not without contradictory results to the traditional diversity index, confirming its 

feasibility in a wider range of  ecologically demanding cases. Notably, in the Ishikari 

River oxbow lakes, while phylogenetic and functional alpha diversity failed to mir-

ror spatial patterns, the taxonomic richness of  native fish inversely correlated with 
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latitude, suggesting phylogenetic and functional redundancy among species in up-

per lakes. This type of  redundancy, overlooked by taxonomic diversity measures, is 

aptly highlighted by the cumulative diversity index. Additionally, the chapter inves-

tigates how temporal shifts in the spatial patterns of  fish diversity, influenced by 

two ecological processes, affirm the resilience of  patterns formed under dispersal 

constraints until these constraints are removed. These spatial patterns remain stable 

despite other ecological pressures. In contrast, patterns formed due to inter-plays 

between native and non-native species show significant variability, even potentially 

reversing due to deterministic processes. This analysis confirms the robustness and 

adaptive capacity of  the cumulative diversity index in diverse ecological frame-

works. 

The novel cumulative diversity index offers a comprehensive perspective on 

changes in community diversity patterns. Without requiring any additional data, 

the cumulative diversity index could be derived directly from existing metrics, mak-

ing them easy to interpret and highly usable. Generally, greater cumulative diversity 

values indicate richer diversity information. How-ever, it should be pointed out that, 

as a limitation, the new index cannot directly reflect respective changes in taxo-

nomic, phylogenetic or functional information from numerical differences in the 

cumulative diversity index. Additionally, in this study assigned equal weights to the 

taxonomic, phylogenetic and functional indices. The rational allocation of  these 

weights remains a topic of  ongoing ecological debate. Thus, this research also ad-

vocates for further exploration, involving more models or examples in future re-

search, to validate the weighting of  these components. It is believed that this frame-

work assessing cumulative diversity supports macroecological studies and explora-

tions with a focus on conserving biodiversity, especially valuable for forecasting 

shifts in species diversity, and for the strategic prioritization of  regions and species. 

The cumulative diversity index is especially suitable in cases where the complexity 

of  multiple diversity indices calculated from different perspectives necessitates a 

concise yet informative diversity measure to depict diversity patterns in the region. 

Although this study is cantered predominantly on freshwater ichthyofauna within 

the Japanese archipelago, what is envisaged that this methodological structure 

could serve as an invaluable resource for future conservation planning efforts con-

cerning various biotas, regions and ecosystems. Instead of primarily focusing on 

particular facets of  diversity (Devictor et al., 2010), this research champion safe-

guarding of  ecological integrity in specific regions by conserving a broad scope of 

biodiversity (Jiang et al., 2020; Meynard et al., 2011). Nonetheless, it is acknowl-

edged the imperative of  interpreting the outcomes of  diverse forms of  diversity 

analysis with circumspection. Furthermore, the results emphasize the significance 
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of  considering the biodiversity–habitat relationships specific to each region when 

devising conservation strategies (de Carvalho & Tejerina-Garro, 2015). 

Although the 2D- and 3D-cDI showed a relatively strong positive correlation, 

some non-significant and low correlation coefficients suggest that comprehensive 

diversity changes cannot be fully captured using only two types of  diversity indices. 

The results indicate that taxonomic, phylogenetic, and functional diversity indices 

each provide unique information in assessing biodiversity. Therefore, it is recom-

mended to measure and interpret diversity information from all three perspectives 

for efficient and accurate biodiversity research and conservation. Specifically, sig-

nificant correlations between 2D- and 3D-cDI were lost when taxonomic alpha di-

versity was excluded, suggesting that species richness is a key component of  cAlpha 

diversity pat-terns in natural lakes across Japan. Prioritizing the survival of  native 

fish species, i.e., pursuing high native fish richness, should be a priority for main-

taining high cAlpha diversity. In addition, the highest cBeta diversity values were 

observed during the future I period, a time of  simulated sustained species loss, in-

dicating that individual lakes were losing species, phylogenetic, and ecological 

characteristics, which increased their dissimilarity. However, the lower correlation 

co-efficient of  2D- with 3D-cBeta diversity showed that about 50% of  the variation 

in beta diversity was consistently unexplained, regardless of  the use of  any of  the 

2D combinations, which, while demonstrating the importance of  using all three 

types of  diversity indices, reflects the fact that the loss of  species in lakes at this 

time was accompanied by a dramatic loss of  unique phylogeny and ecological func-

tional characteristics.  
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Chapter 7 

Summary and general discussion 

7.1 Summary of the study 

The Anthropocene has ushered in a severe decline in the biodiversity of  fresh-

water ecosystems worldwide, with the endangered state of  freshwater fish species 

being particularly alarming (Dudgeon et al., 2006; Newbold et al., 2020; Pimm et 

al., 2014). Conservation biology underscores the importance of  identifying specific 

regions and shielding fish populations within these areas from human impact to 

prevent further loss of  species (Cadotte & Tucker, 2018). Numerous indices have 

been developed to assess biodiversity status and aid in the conservation of  fish di-

versity (Kunakh et al., 2023). However, recent research critiques traditional diver-

sity indices for their limited ability to capture genetic relationships and adaptability 

to environmental changes (Jiang et al., 2020). Although phylogenetic diversity in-

dices and functional diversity indices have been developed and have proved their 

validity and informativeness in freshwater fish diversity studies around the world 

(Alahuhta et al., 2019; Cilleros et al., 2016; Kuczynski et al., 2018; Lin et al., 2021; 

Pool et al., 2014), there are limited studies on freshwater fish diversity in Japan 

simultaneously using taxonomic, phylogenetic and functional diversity assessments. 

The present study aimed to fill this knowledge gap in Japanese lakes and to develop 

a new framework for calculating a cumulative diversity index that integrates multi-

faceted diversity information and based on the results of  this cumulative diversity 

index, to identify inland lentic waters with high fish conservation priorities. 

This dissertation focuses on Japanese freshwater fish diversity at two scales: 

nationally across Hokkaido, Honshu, and Kyushu, and regionally within Ishikari 

River basin in Hokkaido. This dual-scale approach facilitates a deeper understand-

ing of  the spatial and temporal variations in fish diversity and tests the new cumu-

lative diversity index’s applicability at different scales. In addition, the formation of  

temporal and spatial patterns of  communities is influenced by both stochastic and 

deterministic processes (Chase & Myers, 2011; Ning et al., 2019). While previous 

studies have often struggled to exclusively explore the influence of  a single process 

(Dai et al., 2024), the setup of  the present study provides the possibility for such a 

study. Specifically, this study first investigated the changes in the spatial and tem-

poral diversity patterns of  native freshwater fish in 39 lakes across Japan, from Lake 

Abashiri in Hokkaido to Lake Ikeda in Kagoshima. It was believed that the 
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diversity patterns in these geographically scattered lakes were predominantly 

shaped by stochastic processes such as dispersal limitations created by natural geo-

graphic barriers like straits. Subsequently, the research shifted focus to the spatio-

temporal diversity variations in 28 interconnected oxbow lakes within the Ishikari 

River basin, the largest in Hokkaido. Here, deterministic processes, primarily inter-

actions between native and invasive fish species, played a crucial role in defining 

the diversity patterns of  the fish communities in these habitats. 

The first part of  this study (Chapter 3) examines the shifts in alpha and beta 

diversity among native freshwater fish assemblages across 39 lakes in Japan, span-

ning from the historical to current periods, and assesses the relative uniqueness of  

fish composition in each lake from taxonomic, phylogenetic, and functional per-

spectives. Additionally, this chapter projected the future trends in these diversity 

indices in light of  the ongoing decline of  native species, taking into account the 

extinction probabilities of  different freshwater fish species according to the Japa-

nese Red List (Ministry of  the Environment, 2020). The findings indicate a con-

sistent decrease in native fish richness over time, leading to a future projection of  

further losses. As species extinction continues, the functional redundancy within 

fish communities is reduced, meanwhile species with close phylogenetic back-

ground possess greater survival probabilities. Concurrent with the decrease in spe-

cies numbers, there was an initial increase followed by a sharp decline in species 

dissimilarity among the lakes evidenced by all three perspectives, illustrating a na-

tionwide trend towards homogenization of  fish species (Socolar et al., 2016). 

The second part of  this study (Chapter 4) investigates the changes in richness 

and dissimilarity of  both native and non-native fish species in 28 oxbow lakes along 

the Ishikari River, comparing data from the 2000s to the 2010s. Throughout this 

nearly decade-long period, there was a notable 22.73% average increase in non-

native fish species per lake, while the richness of  native fish remained stable on 

average. The analysis linked the changes in alpha and beta diversity to specific lake 

locations, revealing a distinct pattern of  longitudinal gradient changes in fish as-

semblages from upstream to downstream. Upper lakes exhibited less species turn-

over but preserving a high level of  native uniqueness. Conversely, lower lakes be-

came hotspots for competition between native and non-native species, with native 

fish survival becoming increasingly restricted to isolated lakes amidst the growing 

presence of  non-native species, which notably altered the pattern of  species turno-

ver. Using the LCBD index, the chapter traced the upward expansion of non-native 

fish dominance as far as 110 km from the river source by the 2010s, identifying 

lakes upstream of  this point as potential crucial refuges for native fish populations. 
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The third section of this study (Chapter 5) categorizes the 28 oxbow lakes into 

two groups—upper and lower—based on their proximity to the river source, with 

the dividing line set at 110 km as concluded in Chapter 4. This chapter examines 

the changes in phylogenetic and functional diversity patterns of  fish assemblages 

inhabiting these lakes during the non-native expansion process and analyses how 

the phylogeny and functional diversity of  native fish have responded to these 

changes. Similar with the conclusion of  the previous chapter, the findings high-

lighted the continuous and pervasive impact of  non-native species on native fish 

communities, leading to a homogenization of  phylogenetic and functional diversity, 

particularly in lower lakes areas; while upper lake maintain higher biodiversity and 

serve as refuges for native species, preserving unique ecological functions. Further-

more, this chapter reveals that while native fish in the lower lakes exhibited func-

tional redundancy, this did not prevent the encroachment of  their ecological niches 

by non-native species. Consequently, the phylogenetic and functional diversity of  

native fish in these downstream lakes is expected to continue declining. 

The final section of  this study (Chapter 6) outlines the proposal and application 

of  the cumulative diversity index (cDI) to datasets from the national lakes and the 

Ishikari oxbow lakes. The cDI effectively mirrored the spatial and temporal varia-

tions in fish diversity detected in earlier chapters, affirming its effectiveness and 

relevance for analysing diversity patterns. Additionally, by correlating the cDI of  

fish assemblages in the lakes with their latitudes, this chapter visualized the spatial 

distribution of  fish diversity at two spatial scales, emphasizing the high conserva-

tion priority of  the lakes in Hokkaido and Kyushu on a national scale, and upper 

oxbow lakes in the Ishikari River basin. In addition, this chapter demonstrated that 

stochastic processes represented by dispersal constraints shaped the spatial pattern 

of  fish assemblages that will be maintained until the removal of  dispersal barriers, 

whereas the spatial pattern of  fish assemblages dominated by deterministic pro-

cesses represented by native-nonnative competition may be erased or even inverted 

due to the process of  species interactions. 

7.2 Urgent conservation needs for freshwater fish in Japan 

The findings of  this study highlight a significant reduction and constraint in 

the distribution of  native freshwater fish species across Japan, evident at both na-

tional and regional scales, with a clear trend towards species homogenization. This 

aligns with the global biodiversity crisis (Sax & Gaines, 2003; Su et al., 2021; 

Thomas, 2013), confirming that freshwater fish diversity in Japan is never an ex-

ception (Hosoya, 2022; Katano & Matsuzaki, 2012). Chapter 2 reported that 18.2% 
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of  native fish species have become unrecorded from the studied Japanese lakes from 

the historical to the current periods, with 90% of  the remaining native species now 

at risk of  extinction. The survived wide-spread native species are contributing to a 

nationwide homogenization of  lake fish compositions, dominated by national nest-

edness patterns (Socolar et al., 2016). While the native fishes in the Ishikari oxbow 

lakes have not seen a steep decline in species richness over the studied decade, they 

are being progressively outcompeted by non-native fish species, reducing their sur-

vival in fewer lakes, and leading to their sporadic presence. The ongoing invasive 

pressures are expected to further erode the diversity of  native fish, risking the loss 

of  all viable habitats (Kang et al., 2022). This study conclusively shows the contin-

uing crisis in the diversity of  native freshwater fishes in Japan, observed across na-

tional and regional spatial scales and over both long- and short-time frames, with 

particular concern for the survival of  narrowly distributed endemic species. The 

urgent need for effective and immediate conservation measures to prevent further 

loss of  this native fish diversity is starkly emphasized. 

7.3 Necessity of integrating multi-faceted diversity assessing 

An increasing number of  research suggests that traditional diversity assess-

ments, which focus solely on taxonomic changes in species, struggle to capture 

complex ecological processes and subtle shifts in diversity patterns (Chao et al., 

2021; Su et al., 2021; Villéger et al., 2017). This issue was evidenced in this study, 

which utilized taxonomic, phylogenetic, and functional diversity indices to analyse 

the diversity of  Japanese freshwater fishes. For instance, Chapter 3 reported a de-

cline in fish species numbers, while the functional diversity indices, MFD and 

MNFD, remained stable or increased. This indicates that species loss is not random 

(Si et al., 2016), but involves the selective extinction of  species with overlapping 

functional traits due to competitive pressures. Additionally, Chapter 5 observed that 

the upper oxbow lakes in the Ishikari River basin hosted more native fish species 

than the lower lakes, yet this difference was not mirrored in the phylogenetic or 

functional diversity indices. This suggests that the upper lakes provide more suita-

ble ecological niches, supporting a higher number of  species despite their similar 

evolutionary histories and functional traits, leading to redundancy in these aspects. 

Ultimately, this study demonstrates that expanding biodiversity assessments to in-

clude phylogenetic and functional dimensions can better reveal the ecological pro-

cesses and mechanisms behind diversity changes, supporting a more comprehen-

sive approach to setting conservation priorities (Jiang et al., 2020). 

Fish diversity in this study was assessed at two levels: within individual lakes 
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(alpha diversity) and between different lakes (beta diversity). Alpha diversity indices 

effectively capture the variability and richness of  fish species within lakes, while 

beta diversity is essential for identifying compositional differences between lakes. 

This dual approach allows for a comprehensive understanding of  species diversity 

and distribution at specific spatial scales, which is crucial for setting targeted con-

servation priorities, especially when resources are limited. For instance, Chapter 2 

highlighted that alpha diversity of  fish assemblages in the lakes on Hokkaido Island 

was consistently low, suggesting it might not be a biodiversity hotspot by traditional 

conservation standards. However, the beta diversity analysis revealed significant 

differences between fish communities on Hokkaido and those in southern islands, 

emphasizing the ecological uniqueness and potentially endangered status of  the 

fish species. This insight argues for a higher conservation priority for Hokkaido 

Island. Furthermore, Chapter 6 compared the alpha diversity of  native fishes in the 

upper versus lower oxbow lakes of  the Ishikari River basin during the 2000s and 

2010s. While the upper lakes showed consistently higher alpha diversity, the beta 

diversity patterns shifted dramatically—from lower upstream and higher down-

stream in the 2000s to the opposite in the 2010s, likely driven by intense competi-

tion between native and invasive species. Hence, the integration of  alpha and beta 

diversity ensures that subtle yet critical changes in spatial patterns of  diversity, 

which might otherwise be overlooked, are considered in conservation planning. 

7.4 Application of the cumulative diversity index 

This study introduced a novel computational framework designed to integrate 

taxonomic, phylogenetic, and functional diversity indices into a unified metric, 

termed the cumulative diversity index. Its efficacy and adaptability were validated 

through case studies analysing the spatial and temporal diversity patterns of  fresh-

water fish assemblages inhabiting Japanese lakes in this study. While this study fo-

cused on freshwater fishes, the framework is versatile enough to be applied to other 

biotas and potentially other fields, as it does not depend on specific species taxa. 

The individual components of  the cumulative diversity index are independent and 

highly interchangeable, allowing future studies to substitute the diversity indices 

used in this study with alternatives that better suit specific case needs. For instance, 

the taxonomic richness could be replaced with the Shannon-Wiener index, and 

phylogenetic or functional indices could be swapped for metrics like phylogenetic 

distance, e.g., average taxonomic distinctness (Δ+) and the variation in taxonomic 

distinctness (Λ+), or functional diversity indices (e.g., functional richness (FRic), 

functional evenness (FEve), functional originality (FOri) (Jiang et al., 2020; Mam-

mola & Cardoso, 2020; Villéger et al., 2017; Wang et al., 2019). The application of  
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the cumulative diversity index in this study showed a strong consistency with the 

results obtained from its component metrics across alpha, beta, and LCBD levels, 

which bolsters the index’s credibility. This index offers intuitive interpretations sim-

ilar to traditional diversity metrics: a high cAlpha indicates rich community diver-

sity, a high cBeta suggests significant structural dissimilarity among communities, 

and a high cLCBD reflects the uniqueness of  a community compared to others. 

This straightforward interpretation aids conservationists in quickly assessing re-

gional multi-faceted biodiversity, which is crucial for planning, implementing, and 

adjusting conservation strategies. However, calculating cumulative diversity re-

quires additional steps beyond traditional diversity assessments. Developing a com-

puter algorithm that automates these preliminary steps and directly provides cumu-

lative diversity results could increase its adoption among researchers and conserva-

tionists, broadening the application scope of the proposed cumulative diversity in-

dex (Chao et al., 2021). 

7.5 Fish distributional patterns indicate conservation areas 

Chapter 6 highlighted a distinctive spatial distribution pattern of  freshwater 

fishes across Japan. Notably, the northernmost island, Hokkaido, and the south-

ernmost, Kyushu, host relatively few freshwater species. However, the composition 

of  fish in lakes on these islands is significantly different compared to other regions, 

a disparity rooted in the historical migration of  freshwater fishes into Japan from 

both northern and southern origins (Aoyagi, 1957). The LCBD results further em-

phasize the unique fish compositions of  these islands, underscoring their high con-

servation value. Importantly, the distinct species common to both islands necessi-

tate tailored conservation strategies rather than a uniform approach. Additionally, 

this study revealed a linear diversity pattern along the river flow direction in the 

Ishikari oxbow lakes, supporting the river continuum theory (Doretto et al., 2020; 

Vannote et al., 1980). The lower oxbow lakes, experiencing intense competition 

between native and invasive fishes, contrast with the upstream lakes which, sub-

jected to less anthropogenic and invasive pressure, continue to support native fish 

assemblages, and are identified as potential conservation sites. 

The findings exemplify how metacommunity structures in aquatic environ-

ments are shaped by both stochastic and deterministic processes (Chase, 2010; 

Lepori & Malmqvist, 2009; Stegen et al., 2012). The limited north-south dispersal 

of  species, constrained by the geographic barrier of  the straits, exemplifies a sto-

chastic process influencing metacommunity assembly (Shipley et al., 2012). This 

geographic impediment consistently impacts the spatial distribution pattern relative 
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to latitude, maintaining a stable pattern despite other ecological changes over time. 

In contrast, the Ishikari oxbow lakes demonstrate a metacommunity structure in-

fluenced by deterministic processes, notably competitive interactions between na-

tive and non-native (Ye et al., 2023), which create variable spatial patterns over 

shorter periods depending on the specific ecological pressures. These insights into 

the formation of  fish assemblages through different processes are crucial for devis-

ing effective conservation strategies tailored to the unique ecological dynamics of  

each area (Leonov, 2023; Wang et al., 2020). 

7.6 Examples of focal lakes and species 

Lake Biwa, Japan’s largest and oldest freshwater lake, has seen a significant 

decline in its native fish populations over the past two centuries (Nishino et al., 

2011; Okuda et al., 2014). This decline is due to several factors: habitat destruction, 

pollution, and the introduction of  non-native species. Urbanization and industrial 

activities have damaged crucial habitats and altered water flows, while pollution 

from agricultural runoff  and industrial wastewater has reduced water quality, im-

pacting fish survival (Gao et al., 2023). Non-native species have exacerbated these 

problems by increasing competition and predation pressures on native fish. Effec-

tive conservation efforts for native fish diversity inhabiting Lake Biwa require im-

proving habitats, controlling non-native species, and protecting key species. The 

Lake Biwa Comprehensive Development Project, established in the 1970s, focuses 

on sustainable development and conservation, including measures to protect water 

quality and natural habitats (Nakamura, 1995). It features habitat restoration pro-

jects to revitalize spawning grounds and improve water flow, as well as targeted 

invasive species management. Additionally, implementing sustainable land-use 

practices and stricter fishing regulations is crucial to prevent further habitat destruc-

tion and overfishing. Increased monitoring and community involvement are essen-

tial for adaptive management, supported by ongoing research to safeguard native 

fish diversity. Efforts also include protecting and raising awareness about key spe-

cies, such as the endangered biwa trout (Oncorhynchus rhodurus) and biwa catfish 

(Silurus biwaensis), through captive breeding programs. By integrating these strate-

gies, it is expected to address the multifaceted threats facing Lake Biwa’s unique 

native fish fauna and freshwater ecosystem. In the Ishikari oxbow case, the stone 

loach (Lefua nikkonis) was no longer recorded in all studied lakes during fish surveys 

conducted in the 2010s, compared to the 2000s. This species, endemic to Hokkaido, 

prefers cold water with slow currents and has a high COD requirement (Nagatsu 

et al., 2007). It is listed as EN on the Japanese Red List due to the loss of  its natural 

habitat, attributed to increased water temperatures alongside the climate change. 
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7.7 Limitations of the study 

This study explored the temporal and spatial variations in taxonomic, phyloge-

netic, and functional diversity of  Japanese freshwater fishes, acknowledging certain 

limitations. Primarily, the fish datasets were derived from published investigations 

and diversity studies, collected by different teams with inconsistent survey intensi-

ties. While common data treating methods were applied to transform fish abun-

dance into species incidence (presence-absence datasets), enhancing data compara-

bility and minimizing biases (Belmaker & Jetz, 2015; Keil & Chase, 2019). However, 

this transformation possibly distorted the relative importance of  dominant versus 

rare species within the fish communities, obscuring key structural features reflected 

by differences in species individual numbers (Dai et al., 2020). Additionally, incon-

sistencies in species identification across different datasets, due to subjective exper-

tise variances and identification errors among researchers, could not be eliminated 

(He et al., 2020). Furthermore, the study concentrated exclusively on the patterns 

of  change in freshwater fish diversity without quantitatively linking these changes 

to environmental factors such as total nitrogen, total phosphorus, temperature, con-

ductivity, pH, and surrounding land use in the studied lakes, unlike other studies 

that included these elements (Almeida & Cetra, 2016; Bogdziewicz et al., 2019; Xia 

et al., 2022). This omission limits deeper understanding of  the drivers behind these 

fish diversity patterns and restricts specific conservation guidance regarding aquatic 

environmental conditions. Moreover, in projecting the continued loss of  native spe-

cies in the future, there has not been any culling of  species with low levels of  con-

cern or exclusion of species that have not yet been assessed due to insufficient data. 

As a result, such modelling results appear to be more conservative, potentially un-

derestimating the actual number of  species lost. Also, the created cumulative diver-

sity index, combining various indices conservatively, assumed an equal contribu-

tion from each component. This approach, while common applied (Jiang et al., 

2015; Su et al., 2021), neglects the debated connections and potential substitutabil-

ity between phylogenetic and functional diversity (Mazel et al., 2018; Owen et al., 

2019), suggesting that future research should consider varying weights for different 

indices depending on the context. Finaly, this thesis examined fish community pat-

terns in separate groups of  isolated natural lakes and floodplain oxbow lakes, but 

did not compare and discuss in depth the differences between the two lake types in 

terms of  causes of  formation, geographic location, and hydrological characteristics, 

etc. The lack of  discussion of  these differences may reduce the generalizability of  

the conclusions and impede its application to a wider range of  cases.  
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