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SUMMARY

1. Human activities affect not only species richness (SR) but also functional diversity (FD), but the

consequences of species loss on FD may vary among communities. The loss of functionally unique

species can result in a greater loss of FD, undermining the long-term persistence of ecosystems.

2. We quantified the temporal changes in the SR and FD of native fish communities at the lake and

drainage basin scales (N = 45), and investigated the relationships among these declines in SR and

FD, anthropogenic drivers, and lake morphometric characteristics. We also simulated random species

loss and compared the observed FD to the expected FD to examine whether losses of functionally

unique species from the lakes and drainage basins had occurred.

3. Overall, SR and FD at the lake scale decreased by 72.1 and 75.5% from historical to current (since

2000) time periods, respectively, but the loss rates were mitigated at the drainage basin scale because

some of the species that have disappeared from lakes persist in the surrounding waterbodies. Of the

drivers we considered, the richness of exotic piscivores was the most important predictor of changes

in both SR and FD. Increases in exotic piscivore richness reduced the SR and FD.

4. The consequences of species loss on FD varied among the lakes. Loss of functionally unique

species at the lake scale occurred in 18 lakes and tended to be associated with increased exotic

piscivore richness. In 5 of the 18 lakes, however, functionally unique species persist in the

surrounding waterbodies. The persistence of these species may have the potential to increase the FD

of lake fish communities.

5. Our findings suggest the importance of the strategic management of exotic piscivores and

interconnections between lakes and their surrounding waterbodies to ensure the persistence of native

fish assemblages and associated ecological functionality.
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Introduction

Ever-expanding human activity has caused a rapid and

dramatic loss of species at local, regional and global

scales (Butchart et al., 2010), raising concerns about the

consequences of biodiversity loss on ecosystem function-

ing and associated ecosystem services that are funda-

mental for human well-being (Solan et al., 2004;

Cardinale et al., 2012; Tomimatsu et al., 2013). However,

the contributions of species to ecosystem processes are

not equal, and species respond differently to changes in

environmental conditions. The effects of species loss on

ecosystem processes and functions depend greatly on

species traits and the niches that the species fill (Petchey

& Gaston, 2002; Cadotte, Carscadden & Mirotchnick,

2011; Mori, Furukawa & Sasaki, 2013). In addition to

species richness (SR), the quantification of functional

diversity (FD), i.e., the extent of trait differences among
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species in a given community, is becoming increasingly

important for understanding and predicting the conse-

quences of species loss on the functionality and persis-

tence of communities and ecosystems (Flynn et al., 2011;

Mouillot et al., 2013a) and for conservation prioritisation

and decision-making (Devictor et al., 2010; Sasaki et al.,

2014). In this context, many macroecological studies

have examined spatiotemporal changes in FD across

many taxa (e.g., Devictor et al., 2010; Stuart-Smith et al.,

2013; Angeler et al., 2015). Nevertheless, there is a dearth

of studies exploring the multiple anthropogenic drivers

that influence FD. Identifying the drivers of declines in

FD is critical for prioritising restoration and manage-

ment strategies.

Although the loss of functionally unique species influ-

ence ecosystem function and long-term ecosystem stabil-

ity (Flynn et al., 2009; O’Gorman et al., 2011; Mouillot

et al., 2013a,b), considerably little attention has been

given to the conservation of these species. Indeed, the

loss of functionally unique species can cause dramatic

changes in FD in communities with low functional

redundancy (where many species in a community are

functionally unique) (Petchey & Gaston, 2002). Even in

communities with high functional redundancy, the loss

of functionally unique and more abundant species

results in a relatively large decrease in FD (Sasaki et al.,

2014). Depending on the functional uniqueness and rich-

ness, the functional consequences of species loss vary

among local communities (Sasaki et al., 2014); thus, it is

critical to evaluate the extent to which the loss of func-

tionally unique species occurs at the local scale. Further-

more, there are growing concerns about the role of

functionally unique species from a restoration perspec-

tive (Montoya, Rogers & Memmott, 2012) because an

increase in functionally unique species can cause a rela-

tively substantial increase in FD, thereby ensuring the

resilience of ecosystem functioning (Mori et al., 2013).

Because past and current conservation strategies focus

on endangered species in their attempts to protect rarity

and endemism (Devictor et al., 2010; Matsuzaki, Sasaki

& Akasaka, 2013), it is also crucial to understand how

the recovery of functionally unique species contributes

to the recovery of FD.

Globally, freshwater biodiversity is facing multiple

anthropogenic threats, such as habitat loss and fragmen-

tation, pollution, and the introduction of invasive species

(Millennium Ecosystem Assessment, 2005; Strayer &

Dudgeon, 2010). Freshwater fish are one of the most

endangered vertebrates and are given high priority for

management and conservation attention (Ricciardi &

Rasmussen, 1999; Dudgeon et al., 2006). Because

freshwater fish exhibit a remarkable range of morpho-

logical, behavioural, and ecological traits and play a vital

role in freshwater ecosystems (Mims et al., 2010), the loss

or gain of fish species can cause dramatic changes in FD

(Matsuzaki et al., 2013). Despite substantial evidence of

the loss of regional and global freshwater fish diversity

(e.g., Collen et al., 2014), local-scale diversity trends have

not been fully quantified to a large spatial extent (e.g., at

the national or continental scale); there is also a lack of

studies exploring the drivers of local diversity declines

(but see Brucet et al., 2013). Because they are isolated

and replicated across landscapes (Hoffmann & Dodson,

2005), lakes are excellent systems for quantifying biodi-

versity declines and studying the relative effects of natu-

ral and anthropogenic drivers of diversity loss at the

local scale. Furthermore, lakes are being heavily

degraded by human activities (Dudgeon et al., 2006),

including lakes in Japan, where many fish are consid-

ered to be threatened with local extinction.

Drainage basin-scale decision-making aimed at main-

taining and restoring aquatic ecosystem connectivity can

be desirable for the management of lake fish communi-

ties (Williams et al., 2011; Januchowski-Hartley et al.,

2013) because many lake fish utilise an aquatic network

of numerous inflowing rivers or drainage ditches that

connect to lakes. Several studies have reported that fish

species that have disappeared from a lake still exist in

surrounding waterbodies, such as inflowing rivers or

ditches (Aloo, 2003; Terui et al., 2011; Cheng et al., 2014).

Indeed, if functionally unique species are present in

inflowing rivers and ditches, the maintenance or restora-

tion of hydrological connectivity may increase FD at the

drainage basin scale. Thus, assessing SR and FD at both

the lake and drainage basin scales is critical to evaluate

the effectiveness of drainage basin-scale conservation on

the functionality and persistence of these ecosystems.

In this study, we first developed historical (pre-1867,

i.e., before extirpations and introductions) and current

(post-2000, i.e., after extirpations and introductions)

datasets of native freshwater fish faunas for 45 lakes in

Japan. We then quantified temporal changes in SR and

FD of fish communities at the lake and drainage basin

scales (i.e., at the local scale). In this work, we defined

the drainage basin scale as a lake and surrounding

waterbodies, including rivers and ditches that are not

fragmented by dams or weirs and are highly connected

to the lake because managing these surrounding water-

bodies is practically useful for the maintenance and

restoration of lake fish diversity. We also explored the

underlying driver(s) of temporal changes in SR and FD

at the lake scale. We addressed the effects of
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eutrophication, habitat modification (lakeshore develop-

ment) and invasive piscivores introductions, which are

considered the primary drivers of freshwater biodiver-

sity loss (Dudgeon et al., 2006). Finally, we examined the

functional consequences of species loss on FD by com-

paring the observed species loss with simulated random

species loss (Petchey & Gaston, 2002; Sasaki et al., 2014).

We specifically focused on whether losses of functionally

unique species occurred at the lake and/or drainage

basin scales.

Materials and methods

Fish fauna datasets and study lakes

Before we created native freshwater fish fauna datasets

for historical and current time periods, we initially

defined time periods in terms of temporal changes in SR

and FD. ‘Historical’ refers to past fish fauna (i.e., before

extirpation) and corresponds approximately to pre-

Meiji-period (1868–1912), when industrialization and the

associated exchanges of goods increased. ‘Current’ refers

to present fish fauna without the native taxa that have

become locally extinct; thus, the current fish faunal data-

set was a subset of the historical one. We set post-2000

as the current time period for the following reasons.

First, the first Japanese Red Data Book (1991) was

revised in 1999, and the number of endangered species

has increased substantially since then (Ministry of the

Environment, 2015). For example, it is known that in the

1990s, Opsariichthys uncirostris and Acheilognathus typus

(Cyprinidae) disappeared from Lake Mikata and Lake

Izunuma-Uchinuma, respectively (Fujimoto, Kawagishi

& Shindo, 2008; Matsuzaki et al., 2011a). Although spe-

cies loss is an ongoing process, we believe the temporal

division that we applied is a good representation that

can prevent an underestimation of temporal changes in

SR. Some studies also support using 2000 as the thresh-

old for delineating the current status of biodiversity

(e.g., Marchetti, Lockwood & Light, 2006; Marr et al.,

2010). Second, only the year 2000 allowed us to compare

one of the drivers (see next section) – total phosphorus

concentration, among all the studied lakes. Third, the

year 2000 is a practically meaningful threshold for man-

agers, practitioners and decision-makers to understand

the status and trends in diversity.

We studied 45 Japanese lakes across a latitudinal and

longitudinal range (Fig. S1). We targeted only lake-

dwelling native fish species and the native fish species

that move between lakes and the surrounding drainage

basin areas (inflowing rivers and ditches) (Table S1)

because we focused on temporal changes in SR and FD

of lake fish communities caused by anthropogenic dis-

turbances. We generated three fish fauna datasets for

these species: HFF, CFFL and CFFD. The historical fish

fauna (HFF) dataset was reconstructed from the distri-

bution data. HFF was the same between lake and drai-

nage basin scales, because we did not target stream- or

river-dwelling fish species (Table S1). For current fish

fauna (CFF), we developed datasets at the lake and

drainage basin scales (CFFL and CFFD, respectively,

Table S1). CFFD consisted of both the species occurring

within a lake and the species in the surrounding water-

bodies. Accordingly, CFFD included species that were

historically present within the lake but that currently

inhabiting in the surrounding waterbodies. For the fish

fauna of the surrounding waterbodies, we considered

rivers and ditches that were not fragmented by dams or

weirs and were highly connected to the lake. Accord-

ingly, in each river and ditch, the area included the area

downstream of the dam or weir that was nearest to the

lake, and thus the area and range of the surrounding

waterbodies varied among the lakes depending on the

degree of fragmentation. Finally, we compared HFF

with CFFL and CFFD to quantify temporal changes in

fish fauna at the lake and drainage basin scales, respec-

tively.

The datasets were constructed by conducting exten-

sive surveys of the literature and of museum specimens.

We gathered information on the fish distributions in the

lakes and surrounding waterbodies from various sources

dating from 1930 to 2014. This approach is similar to

that of Olden, Poff & Bestgen (2006). We surveyed scien-

tific papers, monographs and books; two online data-

bases (National Survey on the Natural Environment by

the Ministry of the Environment and National Censuses

on River Environments by the Ministry of Land, Infras-

tructure, Transport and Tourism); governmental and

municipal reports; grey literature, such as reports of

non-governmental organizations (NGOs) and universi-

ties; the database of specimens and materials collected

by the National Museum of Nature and Science; local

museum specimens; and our own unpublished observa-

tions. When necessary, we interviewed governmental

and local agencies and contacted fish ecologists working

at universities and museums to confirm data reliability.

Finally, we examined more than 300 references and

more than 1000 museum specimens. The complete list of

sources is available upon request (albeit in Japanese).

We recognize the potential limitations associated with

analysing compiled data because these data were not

systematically collected. Moreover, fish were collected
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using a variety of gear and technique (such as elec-

trofishing, bag seines, trap nets, minnow traps, gill nets,

hand-nets, and fyke nets), by different entities, and in

different studies having different objectives. To minimise

bias, we utilised multiple sources whenever possible

and summarised the distribution data at only two time

periods.

Data on lake morphology and anthropogenic drivers

We gathered data on lake morphology from Tanaka

(1992), including the lake area (km2), the lake maximum

depth (m), and the ratio of drainage basin area to lake

area, and a variable for brackish or fresh water. We

focused on three major anthropogenic drivers in fresh-

water ecosystems: eutrophication, shoreline development

and exotic piscivore invasions. Due to limited data avail-

ability, we collected and compared the status of the data

on the three drivers as of 2000, which corresponds to

the time period for the ‘current’ fish fauna. We used the

total phosphorus concentration (TP, mg L�1) as a proxy

for eutrophication and obtained data on the annual

mean TP in 2000 from the results of the Water Quality

Survey of Public Water Areas (Ministry of the Environ-

ment, 2002). As a proxy for shoreline development, we

used the percent coverage of concrete bank protection

(%). We obtained data from the 4th National Survey on

the Natural Environment (Ministry of the Environment,

1993), which was conducted in 1991 and has not been

updated till date. The percent coverage of concrete bank

protection as of 2000 was considered essentially equiva-

lent to the 1991 value, because in most of the lakes, there

were no differences among the values in the 2nd, 3rd,

and 4th National Surveys on the Natural Environment,

which were conducted in 1979, 1985, and 1991, respec-

tively.

We determined the presence or absence of exotic pis-

civore species during the current time period (since

2000) using the same sources from which the native fish

fauna datasets were derived. We targeted exotic pisci-

vore species that have spread widely throughout Japan,

become successfully established in Japanese lakes, and

have had large ecological and economic impacts on

native ecosystems. In total, seven exotic piscivore species

fulfilled the above criteria: largemouth bass (Centrarchi-

dae Micropterus salmoides), bluegill (Centrarchidae Lepo-

mis macrochirus), channel catfish (Ictaluridae Ictalurus

punctatus), rainbow trout (Salmonidae Oncorhynchus

mykiss), brown trout (Salmonidae Salmo trutta), brook

trout (Salmonidae Salvelinus fontinalis) and snakehead

(Channidae Channa argus). According to previous

studies, these seven species have had serious impacts on

native communities and commercial fisheries in Japa-

nese freshwater ecosystems (Kitano, 2004; Matsuzaki

et al., 2011b; Katano & Matsuzaki, 2012; Matsuzaki &

Kadoya, 2015).

Quantifying functional diversity

To quantify multidimensional FD, we used a set of 16

fish traits reflecting resource uses and life history strate-

gies (Table S3). These traits were also examined in our

previous studies (Aiba et al., 2013; Matsuzaki et al.,

2013). These traits allow each species to be characterised

according to its unique relationships with the environ-

ment and other species; accordingly, they represent key

determinants of ecosystem functioning in freshwater

ecosystems (Olden et al., 2006). Trait values were col-

lected via literature survey (Matsuzaki et al., 2013). The

traits included the following: (i) maximum total body

length (cm), (ii) body shape (compressed, fusiform,

cylindrical, or dorso-ventrally flattened), (iii) trophic

guild (omnivore, herbivore, detritivore, invertivore, or

piscivores), (iv) dietary components (plant/algae/detri-

tus, zoobenthos, plankton, aquatic and terrestrial insects,

fish/eggs, and/or amphibians/mammals/birds), (v) diet

breadth (categorised as the total number of major diet

items), (vi) foraging period (diurnal or nocturnal), (vii)

vertical position (demersal, benthopelagic, or pelagic),

(viii) temperature preference (warm or cool), (ix) flow

preference (fast, moderate, or slow), (x) substrate prefer-

ence (general, silt/mud, sand, or rubble), (xi) age at mat-

uration (years), (xii) parental protection (care or no

care), (xiii) egg diameter (0–1.5, 1.5–3.0, or >3.0 mm),

(xiv) longevity (≦1, 2–4, 5–9, or ≧10 years), (xv) fecun-

dity (0–1000, 1000–100 000, or >100 000 eggs), and (xvi)

spawning substrate (vegetation, mussels, mineral, pela-

gic, or various) (Table S3). All trait values were stan-

dardised with a mean of 0 and a variance of 1 before

the calculation of FD.

To calculate the FD of each fish community in each

lake during each time period (i.e., observed FD), we

used the dendrogram-based methodology of Petchey &

Gaston’s (2002), which is a multidimensional index that

accommodates both continuous and categorical traits

and is suitable for presence–absence community compo-

sition data. Our data constraints limited the quantifica-

tion of FD to this index (Schleuter et al., 2010). The

species-by-trait matrix was converted into a distance

matrix, which was then clustered using UPGMA to pro-

duce a functional dendrogram. Gower’s distance was

used throughout because this distance measure is
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appropriate for mixed data comprising continuous, nom-

inal, and ordinal traits (Pavoine et al., 2009). FD was

measured as the total branch length of a functional den-

drogram joining all the species present in a community.

To confirm the robustness of our results with respect

to trait selection, we calculated FD with 4, 8 or 12 traits,

using 5 randomised sets of traits at each of these three

trait numbers, and we repeated the following analyses.

We confirmed that our results were mostly stable and

qualitatively similar despite variations in the number of

traits except for FD using 4 traits. Because we analysed

both continuous and categorical traits, the quantification

of FD with only 4 traits would be biased when continu-

ous or categorical traits were disproportionately selected.

Nevertheless, our decision to quantify FD with a suffi-

cient range of traits, including both continuous and cate-

gorical traits, was necessary to capture universal

functions of freshwater fish assemblages and was biolog-

ically meaningful (Petchey & Gaston 2006; Cadotte et al.,

2011). Therefore, we focused on the results of our FD

analysis using all 16 traits.

To examine the intrinsic redundancy resulting from

functional similarities among species, we analysed the

relationships between the observed change in SR over

time and the observed change in FD over the same per-

iod using linear regression. Temporal changes in SR and

FD were quantified as the log response ratio (LRR; ln

(current SR or FD/historical SR or FD)). This approach

provides information on the extent of intrinsic redun-

dancy resulting from functional similarity among taxa

(Petchey et al., 2007).

Compositional changes in trait-based functional groups

To explore which traits were most strongly linked to

temporal changes in FD at the lake scale, we examined

compositional changes in trait-based functional groups.

This method is often used in multivariate approaches to

the division of species among functional groups (Fukami

et al., 2005; Matsuzaki et al., 2013). We classified species

into 15 functional groups using the functional dendro-

gram of all the native fish species (Fig. S2). The cut-off

for the number of clusters was determined based on bio-

logical interpretation. We used a principal component

analysis (PCA) to investigate changes in the functional

group composition between historical and current com-

munities. We defined the main direction of the variation

in functional group composition across 45 lakes during

two time periods. We examined the differences in PCA

axis scores between the historical and current time

periods using a paired t-test.

Identifying potential drivers

We assessed the influences of anthropogenic drivers and

lake morphological characteristics on the currently

remaining proportion of SR or FD (Boyer & Jetz, 2014).

For changes in SR, the current richness and the number

of locally extinct species were combined using the cbind

function in R; we analysed this response variable using

a generalised linear model (GLM) with a binomial error

distribution. Because the data on SR were overdispersed,

we used a generalised linear mixed model (GLMM) that

included lake ID as a random factor. For changes in FD,

we analysed the difference between the current FD and

the historical FD as a response variable in a GLM with a

Gaussian distribution.

Model simplification and selection were performed

using a multi-model inference approach (Burnham &

Anderson, 2002). We used the package ‘MuMIn’ (Barton,

2010) to produce all the model subsets based on a global

model and then ranked them according to Akaike’s

Information Criterion (AIC) for a binomial distribution

or the small-sample adjustment of AIC (AICc) for a

Gaussian distribution. When multiple equally feasible

models were found in the candidate model set, we used

model averaging to produce averaged parameter esti-

mates and the relative importance of each parameter

(Burnham & Anderson, 2002); in model averaging, we

retained all models where ΔAIC or ΔAICc < 2. Addition-

ally, we calculated the likelihood-based pseudo Nagelk-

erke-R2 of the best model as a measure of explained

variance (Nagelkerke, 1991).

We used Pearson’s product-moment correlation tests

to identify correlations between explanatory variables.

All r values were below 0.49, indicating that multi-

collinearity did not bias the interpretations (if r > 0.7,

then the regression may be biased; Berry & Feldman,

1985). We introduced interaction terms between the lake

area and anthropogenic drivers and among anthro-

pogenic drivers to our model; however, the inclusion of

such terms did not significantly improve the model fit

(on the basis of AIC), and these terms were therefore

removed. All statistical analyses were performed using

the statistical package R 3.0.3 (R Development Core

Team, 2014).

Observed FD versus expected FD by random extinction

simulations

We focused on whether native functionally unique spe-

cies were lost from native fish communities at the lake

and drainage basin scales. We simulated random species
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loss from native fish assemblages of each lake (Petchey

& Gaston, 2002; Matsuzaki et al., 2013; Sasaki et al.,

2014). The random species loss simulations removed the

same number of species that actually became extinct

from each lake. We sequentially removed species from

the community, calculated the FD after each species loss,

and repeated the simulation 999 times for each lake

using Monte Carlo procedures. Because the species pool

in the current time period was strictly a subset of the

species pool in the historical time period, it was not nec-

essary to consider the effects of new additional species

in the simulation. We used a one-tailed Wilcoxon

signed-rank test to determine whether the expected FD

was significantly different from the observed FD. The

random species loss simulation was conducted in 38 and

34 fish communities at the lake and drainage basin

scales, respectively, where the loss of at least one species

was observed (Table S4).

To compare the observed and expected FD, we used

the standardised effect size index (SES; Gotelli &

McCabe, 2002), which is calculated as follows: (observed

FD � mean of expected FD)/standard deviation of

expected FD. Negative SES values indicate the loss of

functionally unique species, whereas positive SES values

indicate the loss of functionally redundant species

(Flynn et al., 2009). We calculated SESs at the lake and

drainage basin scales, and we explored the effect of the

main driver of temporal change in FD on the loss of

functionally unique species from lakes. SES values are

most likely influenced by the historical functional trait

composition in cases where the extent of inclusion of

functionally unique species would differ. Here, we were

interested in any losses of functionally unique species

and therefore did not directly use SES values as a

response variable. We scored lakes with significantly

negative SES values as 1 and other lakes as 0, and we

examined the relationship between those scores and the

major driver, using a GLM with a binomial error distri-

bution. We also calculated the pseudo Nagelkerke-R2.

Results

In total, we collected distributional data for 62 native

species (seven families) across 45 lakes (Table S2). The

mean SR of native species was 10.3 (range 1–38) in the

historical time period. In current time period, the mean

SR of native species was 7.4 (range 1–35) and 8.0 (range

1–35), at the lake scale and drainage basin scales, respec-

tively. The number of lakes invaded by at least one exo-

tic piscivore species was 40, and their mean richness

was 2.5 (range 0–4).

Spatiotemporal changes in SR and FD

At the lake scale, the SR and FD of the fish communities

decreased significantly between the historical and cur-

rent periods (paired t-test P < 0.0001, Fig. 1). Overall,

the mean changes in SR and FD were 27.9 � 3.1% SE

and 24.5 � 2.9% SE, respectively. At the drainage basin

scale, the fish community SR and FD were significantly

higher than those at the lake scale (paired t-test

P = 0.001, Fig. 1) because in 15 of the 45 lakes, some of

the species that had disappeared from the lake remained

present in the surrounding waterbodies (Table S4). As a

result, at the drainage basin scale, the change rate in SR

and FD between the historical and current periods was

mitigated by 22.9 � 3.1% SE and 19.4 � 2.8% SE, respec-

tively. At both the lake and drainage basin scales, the

changes in FD were almost exactly proportional to the

changes in SR (Fig. 2). The slopes of the relationship

between the changes in observed FD and changes in SR
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Fig. 1 Temporal changes in (a) species richness (SR) and (b) func-

tional diversity (FD) of freshwater fish communities historically

and currently at lake and drainage basin scales (mean � SE).
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were 0.86 � 0.03 SE and 0.87 � 0.03 SE, at the lake and

drainage basin scales, respectively; these values were

close to 1, indicating low intrinsic redundancy with

regard to the selected traits.

Changes in functional group composition

The PCA showed differences in functional group com-

position between the historical and current fish commu-

nities (Fig. 3). The first two principal components

explained 78.0% of the total variation in functional

group compositions. Because the second axis (PC2)

explained only 11.3% of the variation, only the first axis

(PC1) was used in comparisons with functional composi-

tion. Overall, the PC1 score was significantly different

between the historical and current time periods (paired

t-test, P < 0.001), and functional group composition

shifted towards lower values on PC1. PC1 was posi-

tively correlated with functional groups 9, 13 and 15

(variable loadings 0.52, 0.69 and 0.35 respectively). Func-

tional group 9 included acheilognathine cyprinids with

small compressed bodies, narrow diet breadth and low

fecundity, which oviposit in living unionid mussels (e.g.

Acheilognathus melanogaster, A. typus and Tanakia lanceo-

lata). Functional group 13 included various small-bodied

cyprinids with a preference for sand or rubble as habi-

tats and spawning substrates (e.g. Rhynchocypris logows-

kii, Pseudogobio esocinus, and Nipponocypris temminckii).

Functional group 15 included cyprinids and other small-

bodied species with low fecundity and a preference for

silt and mud habitats (e.g. Pseudorasbora pumila pumila

and the adrianichthyid Oryzia latipes).

Potential driver of changes in SR and FD

Model averaging revealed that the most important pre-

dictor of explaining the change in SR was the richness

of exotic piscivores, with a high relative importance

(Table 1): the decrease in SR was negatively associated

with the richness of exotic piscivores (Fig. 4a). Con-

versely, other anthropogenic drivers had low relative

importance. Lake area had a high relative importance

(0.76), but the effect was only marginally significant

(P = 0.08). The pseudo Nagelkerke-R2 for the best model

was 0.14.

Similar to SR, the change in FD was associated with

the richness of exotic piscivores (Table 1): FD decreased
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more with increasing exotic piscivore richness (Fig. 4b).

Other factors had little predictive power. The pseudo

Nagelkerke-R2 for the best model was 0.17.

Loss of functionally unique species

The SESs varied greatly among the lakes. At the lake

scale, the observed FD in 14 lakes was significantly

higher than the expected FD (i.e., SES > 0) (Fig. 5a). This

result indicates that functionally redundant species were

lost with minimal impact on FD. Accordingly, the func-

tional traits of the locally extinct species were compen-

sated by the extant species with similar traits. The

observed FDs of six lakes were consistent with expecta-

tions from random distributions, indicating that species

were lost randomly; these lakes had similar patterns at

the drainage basin scale. In contrast, the observed FDs

of 18 lakes were significantly lower than the expected

value (i.e., SES < 0), indicating that functionally unique

species had been lost. A positive significant relationship

was found between the probability of loss of function-

ally unique species from lakes and the richness of exotic

piscivores (the main driver of changes in FD) (P = 0.045)

(Fig. 6). The pseudo Nagelkerke-R2 for the model was

0.10.

The SESs at the drainage basin scale were different

from those at the lake scale. Although SR increased sig-

nificantly at the drainage basin scale compared to the

lake scale (Fig. 1), the difference in SR between the two

scales varied among lakes. In 7 of 18 lakes with a nega-

tive SES value at the lake scale (Fig. 5a), SR did not

change at the drainage basin scale (Table S4); as a result,

the SES values remained negative, suggesting a loss of

functionally unique species at the drainage basin scales.

In the remaining 11 of the 18 lakes, SR increased at the

drainage basin scale, but the responses of FD to

increases in SR differed among the lakes (Fig. 5b,

Table S4). The observed FD at the drainage basin scale

was still significantly lower than the expected FD in six

lakes (Lake Junsan, Lake Ushikunuma, Lake Tega, Lake

Inba, Lake Suwa, and Lake Aburagafuchi), suggesting

that the remaining extant species in the surrounding

waterbodies were functionally redundant species. In

contrast, the observed FD at the drainage basin scale

was significantly higher than the expected FD in two

lakes (Lake Hachirogata and Lake Kasumigaura), sug-

gesting that functionally unique species remained extant

in the surrounding waterbodies. Furthermore, in the

remaining three lakes (Lake Shibayamagata, Lake Kita-

gata and Lake Jinzai), the SR at the drainage basin scale

was equal to that of the historical period (i.e., there was

species loss at the drainage basin scale), indicating that

functionally unique species had survived in the sur-

rounding waterbodies.

Discussion

Declines in SR and FD due to exotic piscivore invasions

In contrast to previous eco-regional scale studies of fish

communities, which found that extirpations of native

species have rarely occurred and thus the SR and FD of

native fish communities did not change between histori-

cal and current time periods (Watanabe, 2012; Matsuzaki

et al., 2013), our finer-lake scale (i.e., local-scale) assess-

ment showed substantial losses of SR and FD as well as

Table 1 Model-averaged results for the effects of lake characteristics and anthropogenic factors on temporal changes in species richness and

functional diversity at the lake scale between historical and current time periods. The model-averaged coefficients, standard errors and

z-values (weighted by Akaike weights) and the relative importance of each variable (0 = not predictive, 1 = highly predictive) are shown.

The magnitude and direction of the coefficient for each predictor variable were determined using multi-model averaging across all models

with DAIC or AICc less than 2.0. Results with z-values >2.0 are shown in bold.

Explanatory variable

Species richness (SR) Functional diversity (FD)

Coefficient SE z-value P-value

Relative

variable

importance Coefficient SE z-value P-value

Relative

variable

importance

Lake area 0.16 0.09 1.77 0.08 0.76 0.01 0.01 0.69 0.49 0.22

Maximum depth �0.20 0.15 1.31 0.19 0.26 – – – – –
Brackish water 0.39 0.36 1.08 0.28 0.29 �0.01 0.02 0.62 0.53 0.21

Ratio of drainage basin area to

lake area

�0.09 0.15 0.60 0.55 0.12 – – – – –

Exotic piscivore richness �0.36 0.18 2.05 0.04 1.00 �0.06 0.02 2.76 0.01 1.00

Percent coverage of concrete

bank protection

�0.01 0.01 1.28 0.20 0.32 – – – – –

Total phosphorus 0.26 2.03 0.13 0.90 0.06 – – – – –
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substantial changes in the functional group composition

in native lake fish communities (Figs 1 & 3). We also

found that changes in SR and FD were both associated

with exotic piscivore richness (Table 1, Fig. 4).

In lake ecosystems, invasions of exotic piscivores can

have severe impacts on native fish species, not only

directly by predation but also indirectly by changing the

diets of native species (Vander Zanden, Casselman &

Rasmussen, 1999; Eby et al., 2006). Our results are

consistent with earlier studies showing a negative rela-

tionship between exotic piscivore richness and the rich-

ness of native fish species (Chapleau, Findlay &

Szenasy, 1997; Findlay, Bert & Zheng, 2000; Mitchell &

Knouft, 2009). Invasions of multiple exotic piscivores

have caused substantial losses of not only SR but also

FD of native fish communities. We also revealed that

specific functional groups (9, 13 and 15) were likely to

be absent from current fish communities (Fig. 3). These

functional groups were characterised by small body size,

low fecundity, and/or narrow diet breadth. Our results

suggest that these traits or functional groups could be

vulnerable to invasions of exotic piscivores. Although

our study is based on correlational evidence, which does

not necessarily imply causal relationships, the effects of

exotic piscivores on native fish species might be stronger

in Japanese lakes, as field studies conducted in Japanese

ponds and lakes have demonstrated that the richness or

abundance of native fish species decreased after inva-

sions of exotic piscivores (Azuma & Motomura,1998;

Maezono & Miyashita, 2003; Yonekura, Kita & Yuma,

2004; Matsuzaki et al., 2011b; Tsunoda & Mitsuo, 2012).

A recent macroecological study also indicated that the

inland fishery resources of commercially important spe-

cies in many Japanese lakes have decreased with

increasing exotic piscivore species (Matsuzaki & Kadoya,

2015), supporting our results and interpretation.

Although more diverse communities should be more

resistant to invasion (i.e., biotic resistance) (Gido &

Brown, 1999), we did not find negative relationships

between native species richness and exotic piscivore spe-

cies richness (P = 0.09) even after controlling for the

effects of lake area (P = 0.14). Our results are consistent

with those of Leprieur et al. (2008), who showed that

communities rich in native fish species may not neces-

sarily serve as a barrier to the establishment of exotic

piscivore species. One possible reason for the lack of

biotic resistance is that there are few native piscivore

species in Japan (Azuma & Motomura, 1998; Watanabe,

2012). Considering the high functional trait dissimilarity

not only between native and exotic species (Matsuzaki

et al., 2013) but also among even the seven exotic pisci-

vore species (Matsuzaki & Kadoya, 2015), we suggest

that native species diversity may not impede the recruit-

ment of functionally dissimilar exotic piscivore species

as new functional groups (Diaz & Cabido, 2001; Suding

& Hobbs, 2009).

In this study, we focused on the FD of native lake fish

communities, but the overall community FD can be

influenced by additions of exotic and translocated spe-

cies as well as losses of native species (Paillex et al.
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2013). Our previous study demonstrated that FD of eco-

region-scale Japanese freshwater fish communities

increased dramatically as a consequence of both exotic

and translocated species (Matsuzaki et al., 2013). We

could not test this hypothesis at the local scale (i.e., the

lake scale) due to a lack of information on the establish-

ment of translocated species. Because introductions of

both exotic and translocated species have occurred in

many lakes, FD loss by native species extirpation could

be offset by the addition of exotic and translocated spe-

cies but the functional composition of the communities

might be substantially changed.

Loss of functionally unique species

Our extinction simulations indicated the contrasting con-

sequences of species loss on FD among the lakes (Fig. 5)

even in the context of low intrinsic redundancy (Fig. 2).

This finding is consistent with earlier studies suggesting

that the impact of species loss on ecosystem processes

and functioning depends on the manner by which spe-

cies are lost and its relationship to functional trait space

in a given community (Petchey et al., 2007; Matsuzaki

et al., 2013; Sasaki et al., 2014). In six lakes, the observed

FD of the lake fish communities did not significantly
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Fig. 5 Spatial patterns of deviation in

standardised effect size (SES), calculated

as follows: (observed FD � expected

FD)/standard deviation in expected FD,

from zero in fish communities at (a) lake

and (b) drainage basin scales. Negative

values shown in red indicate a loss of

functionally unique species from a lake

or drainage basin. Asterisks above the

bars indicate that the observed FD is sig-

nificantly higher or lower than the

expected FD predicted by random spe-

cies loss (Wilcoxon test, P < 0.05). NCs

above the bars indicate that random

extinction simulation was not performed

because of a lack of species loss.
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differ from the expected value, indicating that species

losses were random with respect to functional traits or

did not occur in clumps in functional trait space. How-

ever, 18 lakes had significantly negative SESs, indicating

that functionally unique species were lost from these

lakes. These findings suggest that the species loss was

not random and was trait dependent (i.e., a lack of

extrinsic redundancy, sensu Petchey et al., 2007). The

absence of both intrinsic and extrinsic redundancy may

result in a large decrease in FD.

Moreover, the loss of functionally unique species

tended to occur with increasing exotic piscivores rich-

ness (Fig. 6). A meta-analysis by Flynn et al. (2009)

showed that losses of functionally unique bird and

mammalian species occurred in areas with high intensity

agricultural land uses. Because functionally unique spe-

cies enhance the functioning and long-term stability of

ecosystems (O’Gorman et al., 2011), increasing the rich-

ness of the exotic piscivore species might lead to dra-

matic state changes and unpredictable levels of

ecosystem functioning. In contrast, 14 lakes had signifi-

cantly positive SESs, suggesting that species loss in these

cases led to an attenuated loss of FD. This result may be

explained by the relatively high degree of extrinsic

redundancy, which provides a buffer against the effect

of species loss on FD (Albouy et al., 2014).

Importance of surrounding waterbodies for lake fish

communities

In 15 of the 45 lakes, some species that had disappeared

from the lake still persisted in highly connected

waterbodies, such as inflowing rivers or ditches, result-

ing in higher SR and FD at the drainage basin scale

(Fig. 1). Our findings generally agree with earlier studies

(Aloo, 2003; Terui et al., 2011; Cheng et al., 2014). How-

ever, we demonstrated that the response of FD to

increases in SR varied among the 15 lakes (Fig. 5). In 5

of the 15 lakes, functionally unique species survived in

the surrounding waterbodies, resulting in a large

increase in FD at the drainage basin scale. This result

suggests that the survival of these species has the poten-

tial to increase the FD of these lake fish communities.

Although the species remaining in the surrounding

waterbodies of another 10 lakes were functionally

redundant, the survival of these species could increase

functional redundancy, enhancing the chance for species

persistence. Thus, the assessment and conservation of

the species surviving in the surrounding waterbodies

could be a key to mitigating the effects of species loss

on lake ecosystem functioning.

Caveats and future studies

At least four caveats related to our data on species dis-

tributions and drivers offer a focus for future research.

First, we recognize that our estimated trends in SR and

FD may be overestimated because of the potential limi-

tations associated with analysing compiled data with

differences in sampling design, methodology, and effi-

ciency (Patton, Rahel & Hubert, 1998; Bayley & Peterson,

2001). Although there were some lakes where sampling

intensity or efforts had decreased since 2000, it appears

that examining the presence/absence of each species in

the current time period was sufficient. Second, we relied

on presence–absence data and did not consider their

abundance. The loss of less-abundant species can con-

tribute significantly to ecosystem functioning because

these species have distinct functional traits and perform

functions complementary to those delivered by other

(even closely related) species (Mouillot et al., 2013b).

Additional collection of occurrence and abundance data

in the future would help validating our estimates.

Third, it is important to note that a snapshot measure

of the three drivers (as of 2000) cannot fully address the

anthropogenic impacts on lake fish communities. While

the percent coverage of concrete bank protection has not

changed greatly since the 1980s (see Materials and

methods) and exotic piscivore richness has not increased

since 2000 in many lakes, the total phosphorus concen-

tration could change over time. We included the ratio of

drainage basin area to lake area, which is an indicator of

the effects of nutrient loadings from drainage basins on
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water quality, in the model. Considering that the relative

importance of this variable was low (Table 1), we

believe that the effect of eutrophication on SR and FD is

relatively small. However, the long-term effects of these

three drivers need to be explored further. Finally, we

did not consider the effects of harvesting on native fish

species. In Japanese lakes, many commercially important

fish species are migratory or brackish water fish, such as

pond smelt (Osmeridae Hypomesus nipponensis) and eel

(Anguillidae Anguilla japonica), and fishing efforts have

been declining (Matsuzaki & Kadoya, 2015). Moreover,

we found losses of SR and FD in native fish communi-

ties, even in lakes without commercial fishing activity

(e.g., Lake Mizorogaike, Lake Kawaharaoike and Lake

Imuta). Thus, the effect of harvesting on native fish com-

munities is, most likely, relatively small.

Management implications

Our findings may have implications for prioritising con-

servation and for restoration policy and management.

Our results imply that the national-scale management of

exotic piscivores needs to be given high priority. The

prevention of new invasions is essential in both invaded

lakes and lakes that have not been invaded by exotic

piscivores. The illegal release of exotic piscivores such as

largemouth bass is still reported (Miyazaki, 2009). This

reality highlights the need to consider more effective

prevention. Furthermore, intensively removing and con-

trolling the abundance of exotic piscivores to low den-

sity levels may be effective. In Lake Izunuma-Uchinuma

and in some ponds, it has been reported that native fish

abundance did indeed recover gradually after the

removal of largemouth bass (Maezono & Miyashita,

2004; Fujimoto, Shimada, Takahashi, & Saitoh (2013)),

providing a powerful motivation for exotic piscivore

species management. Although projects for removing

exotic piscivores have been conducted in other Japanese

lakes, scientific evaluations of the effectiveness of these

projects and long-term quantitative monitoring of exotic

piscivores are limited. Because ‘novel ecosystems’ are

difficult to restore (Hobbs et al., 2006), setting achievable

goals that allow some amount of change is essential.

Although past and current management efforts to con-

serve native species have often been performed at

respective waterbodies (i.e., lake, river, and agricultural

ditch scales) (Januchowski-Hartley et al., 2013), our

results also highlight a drainage basin context that incor-

porates interconnections between the lake and surround-

ing waterbodies to maintain native fish communities.

We showed that the survival of functional unique

species in the surrounding waterbodies can substantially

increase the FD of lake fish communities. The survival

of even functional redundant species can play a critical

role in ensuring the ecosystem resilience at both lake

and drainage basin scales. Therefore, our study suggests

that conserving those surrounding waterbodies as a key

habitat and maintaining hydrologic connectivity within

a drainage basin would ensure species persistence and

maintain FD. Management options to maintain and

restore hydrologic connectivity include preventing fur-

ther fragmentation by dams and weirs, and installing

fishways and passable weirs to ensure upward and

downward fish migration. However, Paillex et al. (2013)

demonstrated that exotic species increase and native

species decrease after the enhancement of hydrological

connectivity between rivers and their floodplain chan-

nels by restoration. Thus, we need to apply these

options with caution because increasing hydrologic con-

nectivity may rather facilitate the expansion and estab-

lishment of exotic piscivores from lakes to the

surrounding waterbodies.
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Figure S2. Functional dendrogram representing relation-
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our study. The numbers correspond to fish ID in

Table S2. The grey line indicates the partitioning level

defining 15 functional groups (see also text). FG, func-

tional group.
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