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Abstract

Flood-driven hydrological connectivity in managed floodplain wetlands can create transient
opportunities for fish dispersal, yet direct field observations of such events remain limited.
In Lake Izunuma—-Uchinuma, Japan, a rapid water-level rise and temporary backflow from
a downstream river were recorded during a flood event, followed by the first detection of
the bagrid catfish Tachysurus nudiceps. Its occurrence outside its natural range may pose
significant conservation concerns, particularly habitat competition with native congeneric
species. The temporal coincidence between the flood and species detection is consistent
with potential passive transport into the lake via temporary backflow. Subsequent routine
surveys, including stationary net sampling and environmental DNA (eDNA) analysis, did
not detect the species, suggesting either a transient occurrence or an abundance below the
detection threshold of conventional monitoring. These findings indicate that short-lived
occurrences or low-abundance inflow events may escape conventional, pre-scheduled
monitoring, potentially undermining local conservation efforts. We therefore propose that
invasion surveillance in managed wetlands should include hydrological information and
event-based sampling, especially after extreme rainfall, to enhance conservation strategies
and prevent early-stage biological invasions.

Keywords: environmental DNA; event-based monitoring; extreme rainfall; hydrological
connectivity; passive transport; Tachysurus nudiceps; temporary backflow

1. Introduction

Biological invasions are among the major drivers of biodiversity loss in freshwater
ecosystems worldwide, making the prevention and early detection of non-native species a
critical priority for conservation ecology [1,2]. In river—floodplain systems, extreme rainfall
events can generate floods that temporarily increase hydrological connectivity, thereby
creating short-term dispersal pathways for aquatic organisms [3-10]. Both the frequency
and intensity of extreme precipitation events are projected to increase under climate change,
potentially elevating the invasion risks associated with these transient connections [11-13].
However, direct field observations linking flood-driven hydrological connectivity to actual
fish introduction events remain scarce.

Floodplain lakes and wetlands managed for flood control and water use differ signifi-
cantly from natural systems because their hydrological conditions are strongly influenced
by water-level regulation and hydraulic infrastructure [11,14]. While natural floodplains
typically experience predictable, seasonal connectivity with main river channels [3-6], the
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connectivity in managed wetlands is often artificially controlled and episodic [9,13]. How-
ever, the invasion ecology of these regulated wetlands remains relatively understudied,
representing a critical blind spot in current conservation planning. In contrast to natural
lakes, where inflow and outflow pathways generally remain stable, managed floodplain
lakes may receive water not only from their primary catchments but also from adjacent
catchments through temporary backflow once operational thresholds at hydraulic struc-
tures (e.g., sluice gates) are exceeded [9]. Such management-induced connectivity can create
unpredictable, transient opportunities for species introductions that are rarely anticipated
in conventional biodiversity monitoring.

In invasive species management, Early Detection and Rapid Response (EDRR) is
widely recognized as the most cost-effective strategy [15,16]. While management agencies
might consider a “wait-and-see” approach for transient occurrences due to immediate
financial constraints, the economic and ecological costs of eradication increase exponentially
once a population establishes itself. Therefore, detecting transient introductions and
identifying their specific pathways during extreme weather events provides immense
practical value for preventing massive future management costs.

From a management perspective, most conventional fish monitoring programs are
designed to evaluate resident communities under normal flow conditions. Sampling
locations typically target representative sites within lakes, whereas hydrological boundary
zones, such as inlets, outlets, and areas prone to backflow, are rarely targeted. However,
if invasion risks become concentrated at these boundary zones during brief flood events,
such static monitoring designs may miss early-stage invasions or transient introductions,
ultimately undermining proactive conservation and eradication efforts [14]. In recent
years, environmental DNA (eDNA) methods have substantially improved early detection
of invasive species [17-20]. Nevertheless, their effectiveness remains highly sensitive to
sampling timing and location relative to extreme hydrological events [18,20].

Lake Izunuma—-Uchinuma in northeastern Japan is a managed floodplain lake that
functions as part of a flood-control system [21]. In early June 2025, following a heavy
rainfall event, backflow from a downstream river occurred. Ten days later, two individuals
of the bagrid catfish Tachysurus nudiceps (Sauvage, 1883), a species not previously recorded
in the lake, were captured near the lake outlet. T. nudiceps is native to western Japan
(Figure 1a), and its presence in other regions is considered a domestic introduction. Such
introductions may pose significant conservation concerns, particularly regarding potential
habitat competition with native congeneric species such as T. tokiensis, as both species
share similar habitat requirements and utilize stones or vegetation as shelter. Subsequent
standardized surveys, including eDNA monitoring, did not detect the species.

These observations provide an opportunity to examine the interactions between flood-
driven hydrological connectivity and monitoring design in managed floodplain lakes. The
objectives of this study were therefore (1) to document the first detection of T. nudiceps
in Lake Izunuma-Uchinuma and evaluate whether its occurrence was temporally and
spatially consistent with flood-driven hydrological connectivity, and (2) to examine the
relationship between extreme flood events and the limitations of conventional monitoring
design, thereby providing actionable insights for improving conservation surveillance
under changing climate conditions.
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Figure 1. Distribution expansion of Tachysurus nudiceps in northeastern Japan and location of the
study area. (a) Native distribution of T. nudiceps in Japan and the locations of the Kitakami River
basin and Lake Izunuma-Uchinuma. (b) Major rivers of the Kitakami River system in northern
Miyagi Prefecture. Circles along the rivers indicate sites where T. nudiceps was recorded in the
National Census on River Environments conducted by the Ministry of Land, Infrastructure, Transport
and Tourism. The year shown beside each circle indicates the first recorded occurrence at that site.
(c) Detailed map of Lake Izunuma-Uchinuma, its catchment, and surrounding rivers. Circles along
the lakeshore indicate standardized monitoring sites (stationary net and eDNA sampling locations).
The star indicates the stationary net installed by a local fisher where two individuals of T. nudiceps
were captured. Blue arrows indicate the normal flow direction, and red arrows indicate flow-direction
changes associated with water-management operations during high-water events.
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2. Materials and Methods
2.1. Study Area

This study was conducted in Lake Izunuma—-Uchinuma (38°43’' N, 141°06’ E), which is
located within the Kitakami River basin in northeastern Japan (Figure 1a). The Kitakami
River is the largest river system in the Tohoku region, flowing from Iwate Prefecture to
northern Miyagi Prefecture over 249 km and draining a catchment area of 10,150 km? [21].
In northern Miyagi Prefecture, the Kitakami River flows through a central lowland plain
bounded by mountain ranges to the east and west. The surrounding low-lying wetlands
have been extensively converted into agricultural land and residential areas, and various
water-management infrastructures, including flood-retention basins and drainage facilities,
have been constructed. The lower reaches of the Kitakami River exhibit a very gentle
riverbed gradient (1/5000-1/17,000), which is typical of floodplain rivers [21]. Because of
this geomorphological setting, the basin has historically been highly susceptible to flooding,
and large-scale flood-control measures have been implemented for more than 400 years.
Moreover, repeated channel modifications and waterway developments during this period
have resulted in the formation of a complex river network (Figure 1b).

Lake Izunuma-Uchinuma consists of two lakes connected by an approximately
800 m channel and forms a very shallow freshwater lake system with a surface area
of 491 km?, a mean depth of 0.77 m, and a maximum depth of 1.6 m (Figure 1c) [22]. Such
shallow morphology makes the lake highly sensitive to water-level fluctuations and inflow
variations. The lake is a Ramsar-listed wetland and is widely known as an important
wintering site for migratory waterfowl, particularly geese and ducks. Izunuma-Uchinuma
is a eutrophic lake in which most of the lakebed is covered by fine sediments, and aquatic
vegetation such as lotus (Nelumbo nucifera) is widely distributed. Thirty-six fish species
have been reported in the lake and its catchment [23]. The fish community is dominated by
pollution-tolerant species, such as the topmouth gudgeon (Pseudorasbora parva) and crucian
carp (Carassius spp.), although species endemic to eastern Japan, including the small-scale
bitterling Acheilognathus typus and the bagrid catfish Tachysurus tokiensis, also exist.

Several rivers and canals flow into Lake Izunuma-Uchinuma from the western side,
and the lake drains eastward through the Arakawa River (Figure 1c, blue arrows). Subse-
quently, the Arakawa River joins the Otoshiborigawa River and eventually flows into the
Hasama River. The direct catchment area of Lake Izunuma—-Uchinuma is approximately
52.7 km? (Figure 1c). In addition to this direct drainage basin, the lake is connected to an
adjacent catchment area (hereafter referred to as the “indirect catchment”) of approximately
41.9 km?. During flood-control operations, water from this indirect catchment can flow
back into the lake through the Otoshiborigawa River owing to temporary backflow condi-
tions. Inflows from this indirect basin have been identified as a factor contributing to lake
shallowing and eutrophication in Izunuma-Uchinuma [24].

Two types of water-control structures were installed at the outlet of Lake Izunuma—
Uchinuma: a sluice gate used primarily for irrigation management, and a floodgate de-
signed for flood-control operations (Figure 1c). Under normal conditions, the water levels
in the lake are regulated through the operation of stoplogs at the sluice gate to supply
irrigation water to surrounding rice fields. During high-water events, Lake Izunuma-
Uchinuma functions as a flood-control basin with a total storage capacity of approximately
13,900,000 m® within the Hasama River basin. During flooding, the floodgate is closed to
prevent backflow from the main channel of the Hasama River, and water from the indirect
catchment, including the Otoshiborigawa River, is temporarily stored in the lake (Figure 1c,
red arrow 1). After the water level in the Hasama River decreases, the gates are reopened,
and the stored water is gradually released from the lake. In addition, a diversion channel
has been constructed to convey excess water to Lake Naganuma when the Hasama River
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experiences extreme flooding (Figure 1c, red arrow 2). This diversion channel was not
activated during the flood event examined in this study, although it was reported to have
operated during a major flood event in 2015 [25]. Unlike natural floodplain rivers with
extensive lateral buffer zones, the Lake Izunuma-Uchinuma wetland system is highly
confined by surrounding dikes and agricultural water-gate operations to protect the local
communities, including houses, roads, and rice paddies located close to the shoreline.
Consequently, under standard flood management, extreme rainfall events in this system do
not typically result in a significant expansion of the surface water area (lateral inundation);
instead, floodwaters are primarily accommodated through a rapid, vertical water-level
rise within the fixed wetland boundaries, although catastrophic events can lead to levee
overtopping and directly threaten the local population.

2.2. Hydrological Monitoring

Water levels were recorded at two public gauging stations located near the outlet
of Lake Izunuma and in the downstream reach of the Otoshiborigawa River (station
names: Izunuma Outlet “Numakuchi” water-level station and Ochibori water-level station;
Figure 1c [26]). Water-level data were obtained at hourly intervals. All water levels are
referenced to the Kitakami River Peil (K.P.), which is used as the standard elevation datum
in this study. The water-level and rainfall data were collected from 30 May to 3 June 2025,
covering the period before and after the rainfall event. Moreover, hourly precipitation
data (mm h~1) were obtained from the nearest meteorological station in Kurihara City [27].
Backflow was visually confirmed twice in the field at the lake outlet during high-water
conditions, at approximately 10:00 and 14:00 on 1 June.

To estimate the approximate volume of water flowing into the lake due to backflow
and the associated lake-level rise, discharge (QQ) measurements were conducted near the
water-level gauging station installed in the outlet channel. Q was estimated by combining
video analysis and field measurements from a short video sequence recorded at 10:00 on
1 June. First, the movement velocity of floating objects on the water surface was measured
from the recorded video. Several floating objects moving across a fixed distance in the
video were tracked, and their travel distances and elapsed times were used to calculate the
surface flow velocity (Vgyrface)- The outlet channel of Lake Izunuma has a relatively simple
cross-sectional shape, with both banks reinforced by steep revetments. Under high-water
conditions, most of the channel cross-section conveys flow, and the velocity distribution is,
therefore, expected to be relatively uniform across the channel. Based on this assumption,
the flow velocity was measured at a single central point, which was considered a practical
approximation for the measurements.

A structure with known dimensions, visible in the video frame, was used as a spatial
reference to estimate the surface velocity. Because the obtained velocity represented surface
flow, a correction coefficient of « = 0.85, commonly used in river Q measurements, was
applied to estimate the cross-sectional mean velocity (Vmean) using the following equation
(Equation (1)) [28].

v_mean = 0.85 X v_surface (1)

To estimate the cross-sectional area (A) of the channel, a measuring rod was used to
measure the water depth at ten points across the channel. A was calculated based on the
average water depth and the channel width. Q was then calculated as the product of vmean
and A (Equation (2)).

Q= A X v_mean (2)

Furthermore, the total volume of inflow caused by backflow (V) was estimated by
multiplying Q by the duration of the backflow event (t), which was estimated based on
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the available hydrological records and the video footage. Finally, the water-level increase
attributable to the backflow (Ah) was estimated by dividing the total inflow volume (V) by
the surface area (S) of Lake Izunuma-Uchinuma [22] (Equation (3)).

A= (Qxt)/S 3)

Of note, because the Q estimation performed in this study was based on a single video
observation and a simplified approach combining video analysis and field measurements,
rather than continuous and detailed hydrological observations, the values obtained should
not be interpreted as precise Q measurements but rather as order-of-magnitude estimates
intended to characterize the scale of water exchange that occurred during the flood event.

2.3. Fish Monitoring

Four native species of bagrid catfish exist in Japan, each with a distinct geographical
distribution [29]. The natural distribution of T. nudiceps is restricted to western Japan
(Figure 1a), and its introduction to other regions has received attention because of potential
competition with other native species [30,31].

The Kitakami River basin, where this study was conducted, is located in northeastern
Japan. In this basin, fish assemblages have been monitored approximately every five
years since 1990 as part of the National Census on River Environments conducted by the
National Institute for Land and Infrastructure Management [32]. According to the records
of this survey, the first detection of the domestically introduced bagrid catfish T. nudiceps
in the basin occurred in 1995 near Kandori Bridge, located 22.3 km upstream from the
river mouth (Figure 1b). Because T. nudiceps is a strictly primary freshwater fish lacking
salinity tolerance, natural coastal dispersal via marine environments is highly unlikely.
Thus, its initial occurrence in the lower basin was likely due to human-mediated inter-
basin transport, such as accidental introduction as a contaminant among other stocked fish
species. From this initial point of introduction, subsequent surveys conducted in 2000 and
2011 reported a gradual upstream expansion of its distribution, which reached 43.4 km
from the river mouth by 2011. More recent surveys in 2016 and 2021 continued to record
this species, indicating that the 2011 limit represents the currently confirmed spatial frontier
of its upstream distribution. However, the Hasama River system, which connects to Lake
Izunuma-Uchinuma and represents a major tributary flowing into the Kitakami River, has
not been included in this monitoring program. Consequently, the historical dynamics of
fish assemblages and the distribution status of T. nudiceps in this tributary system remain
largely unknown.

In contrast to the unmonitored Hasama River system, the fish assemblage within
Lake Izunuma-Uchinuma itself has been intensively and continuously monitored for over
20 years [33]. These integrated surveillance efforts include routine ecological surveys,
extensive trapping through long-term invasive fish eradication programs, monitoring of
inflowing rivers, and a collaborative reporting network with local fishers. Despite this
exceptionally high surveillance effort, T. nudiceps had never been recorded in the lake prior
to this study. Against this background of established absence, around 10 June 2025, two
T. nudiceps individuals were captured in a stationary net installed by a local fisher near
the lake outlet (Figure 1c, star symbol). Species identification was conducted based on
diagnostic morphological characteristics using standard taxonomic keys and comparisons
with closely related species [34,35]. Specifically, the specimens were identified as T. nudiceps
based on the deeply forked posterior margin of the caudal fin and the serrations on the
anterior margin of the pectoral spine restricted to the proximal portion of the spine. These
characteristics distinguish T. nudiceps from closely related species such as T. tokiensis, T.
aurantiacus, and the Korean species T. koreanus.

https://doi.org/10.3390/ conservation6030082


https://doi.org/10.3390/conservation6030082

Conservation 2026, 6, 82

7 of 18

To evaluate the resident fish community, routine fish monitoring was conducted from
July to August and November to December in both 2024 and 2025. Fish surveys consisted
of stationary net sampling and eDNA monitoring. For the stationary net survey, four
nets were installed at fixed locations: two in Lake Izunuma and two in Lake Uchinuma
(Figure 1c). Each stationary net consisted of a guiding fence net (30 m in length) and a trap
net (4 m in length, 0.4 m in diameter, mesh size 4 mm). Nets were deployed for 34 d at
each site before the fish were collected. This procedure was repeated four times at each
site, resulting in 16 net retrievals per sampling period (four sites x four repetitions). The
number of individuals of all captured fish species was recorded. For species with a large
number of individuals, approximately 10% of the specimens were randomly subsampled,
weighed, and used to estimate the total biomass.

All eDNA analyses were conducted following the Environmental DNA Survey and
Experimental Manual Ver. 3.01 [36]. Water sampling for eDNA analysis was conducted
from July to August and November to December in both 2024 and 2025. Subsequently, the
water samples were preserved in benzalkonium chloride and transported to a laboratory,
where they were filtered on the same day or the following day. The filters (GF/F glass-fiber
filters, 0.7-pm pore size; Cytiva, Tokyo, Japan were stored frozen until DNA extraction. The
filtration volume was 250 mL per filter. The eDNA was extracted from the filters by using a
DNA extraction kit (DNeasy Blood & Tissue Kit; QIAGEN).

The composition of the fish community was analyzed using DNA metabarcoding
with the MiFish primer set (Eurofins Genomics, Tokyo, Japan), following the procedures
described in the eDNA Society of Japan manual [36] and by Miya et al. [37]. Polymerase
Chain Reaction (PCR) amplification was performed using a T100 thermal cycler (Bio-Rad,
Hercules, CA, USA), while sequencing was conducted using an Illumina MiSeq next-
generation sequencer (Illumina, San Diego, CA, USA). Sequence data were processed using
the software bcl2fastq (v2.20; Illumina) and Claident (v0.9. 0.9.2022.04.28) for sequence
assembly and denoising. Species identification was conducted by performing similarity
searches against reference sequences using BLASTn provided by the National Center for
Biotechnology Information (NCBI), and sequences with a match identity of >98.5% were
assigned to fish species. This specific threshold was chosen to allow for 1-2 base pair
mismatches within the approximately 170 bp target region, thereby accounting for potential
intraspecific genetic variations and minor sequencing errors, consistent with standard
eDNA metabarcoding approaches established by the MiFish development group [38].

3. Results
3.1. Hydrological Dynamics

Figure 2 shows the temporal changes in rainfall intensity and water levels in Lake
Izunuma and the Otoshiborigawa River from 30 May to 3 June 2025. Rainfall began at
approximately 02:00 on 31 May, and the cumulative precipitation reached 105 mm by 24:00
on the same day. Meanwhile, the water level in Lake Izunuma began to rise from K.P.
6.58 m at 16:00 on 31 May and reached a peak of K.P. 7.55 m at 04:00 on 2 June, after which
it gradually declined. During this period, the water level of Lake Izunuma-Uchinuma
increased by a total of 0.97 m.

The water level of the Otoshiborigawa River was 5.70 m at 16:00 on 31 May but rose
rapidly thereafter, reaching 7.90 m at 14:00 on 1 June. Before the rainfall event, the river
level was 0.88 m lower than that of Lake Izunuma. However, as the water levels increased,
the river level exceeded the lake level at 21:00 on 31 May and remained higher until 20:00
on 1 June. This water-level reversal persisted for 23 h. Subsequently, the water level of the
Otoshiborigawa River began declining after 14:00 on 1 June, and field observations at that
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time indicated that the backflow had nearly ceased. Therefore, the effective duration of the
backflow was estimated to be approximately 17 h, from 21:00 on 31 May to 14:00 on 1 June.
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Figure 2. Rainfall and water-level fluctuations from late May to early June 2025. Bars indicate daily
rainfall (mm h~1), and the red and blue lines represent the water levels (m) at Lake Izunuma and the
Otoshiborigawa River, respectively. Following rainfall between 31 May and 2-3 June, the lake water
level increased rapidly. Arrows at the top of the figure indicate the period during which backflow
from the river into the lake was observed.

Field observations at 10:00 on 1 June indicated that the mean flow velocity during
the backflow was 0.765 m s~!. The A value at the observation site was estimated to
be approximately 40.0 m?, based on a channel width of 20 m and a mean water depth of
2.03 m. This resulted in an estimated Q of 36.6 m® s~! during the backflow event. Assuming
that this Q persisted for approximately 17 h, the resulting inflow would correspond to a
lake-level increase of approximately 0.39 m for Lake Izunuma-Uchinuma (lake surface
area: 4.91 kmz). In contrast, the observed lake-level rise during the event was 0.97 m,
corresponding to an increase in lake water volume of approximately 4,762,700 m>. Based
on these estimates, approximately 0.39 m (40%, about 1,904,556 m?) of the water-level
rise was attributable to backflow from the Otoshiborigawa River (Table 1), whereas the
remaining 0.58 m (60%, about 2,858,144 m3 ) was likely derived primarily from inflows from
the surrounding catchment and direct precipitation onto the lake surface (Table 1).

Table 1. Estimated water balance during the flood event in Lake Izunuma-Uchinuma.

Component Water-Level Equivalent (m) Water Volume (m®) Contribution (%)
Lake volume before flood - 4.17 x 10° -
Total inflow during flood event 0.97 4.76 x 106 100
Direct catchment inflow 0.58 2.86 x 10° 60
Backflow from indirect catchment 0.39 1.90 x 10° 40

Before the flood event, the mean water depth of Lake Izunuma—-Uchinuma was 0.85 m,
corresponding to a lake volume of approximately 4,173,500 m3. Therefore, the estimated
increase in water volume during the flood event (approximately 4,762,700 m®) was com-
parable to the pre-flood lake volume. During the backflow period, the water levels in the
Otoshiborigawa and Arakawa rivers rose synchronously, and the water-level difference
between them remained relatively stable (mean ~ 0.33 m). Thus, the Q estimated from the
observation at 10:00 provided a reasonable approximation of the backflow magnitude. By
10 June, the lake water level had returned to the pre-flood level (K.P. 6.58 m). These results
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indicate that the flood event caused large-scale water exchange in the lake, creating condi-
tions suitable for passive transport from external water bodies, although these hydrological
calculations represent order-of-magnitude estimates.

3.2. Fish Monitoring

Ten days after the peak water level, on 10 June 2025, two individuals of T. nudiceps
were captured in a stationary net installed by a local fisher approximately 100 m upstream
of the outlet of Lake Izunuma (Figure 3). The standard lengths of the two individuals were
201 mm and 193 mm. Based on the diagnostic morphological characteristics described
in Section 2.3, these specimens were definitively identified as T. nudiceps [34,35]. As
Supplementary Materials, quantitative morphometric and meristic measurements of the

specimens were also compatible with T. nudiceps, further distinguishing them from the
native T. tokiensis (Table S1).

100 mm

N ,,(‘Illln,

10 mm

Figure 3. Tachysurus nudiceps first recorded in Lake Izunuma on 10 June 2025. The main photograph
shows one of the two individuals captured near the lake outlet. Scale bar = 100 mm. The inset at the
lower right shows the pectoral fin spine used for species identification. Scale bar = 10 mm.

The specimens were identified as T. nudiceps, based on diagnostic morphological
characteristics, including the deeply forked posterior margin of the caudal fin and the
serrations on the anterior margin of the pectoral spine restricted to the proximal portion of
the spine. These characteristics distinguish T. nudiceps from closely related species such as
T. tokiensis, T. aurantiacus, and the Korean species T. koreanus [34,35].

During the four routine survey periods conducted in 2024 and 2025 before and after
the detection of T. nudiceps, stationary nets were retrieved 16 times in each period, yielding
a total catch of 2931-169,689 fish per survey period across 11-15 species (Tables 2 and S2).
However, no individuals of T. nudiceps were detected at any sampling site in either lake.

Table 2. Summary of results on standardized stationary net monitoring in the Izunuma-Uchinuma
lake system (2024-2025).

Sampling Effort Species Tachysurus
Year Season (Net-Days) Total Catch Richness nudiceps
2024 July-August 16 6226 13 0
2024 November-December 16 169,689 11 0
2025 July-August 16 2931 15 0
2025 November-December 16 116,846 11 0
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The eDNA analyses were conducted during the same four routine survey peri-
ods (July-August and November—December in 2024 and 2025), and they produced be-
tween 180,536 and 2,092,609 sequence reads per survey, with 9-15 fish species detected
(Tables 3 and S3). However, no sequence reads corresponding to T. nudiceps were detected
at any sampling site in either lake.

Table 3. Metabarcoding read counts by species and sampling event (2024-2025).

Year Month Total Reads Species Richness Tachysurus nudiceps
2024 July—August 180,536 15 0
2024 November-December 2,092,609 12 0
2025 July—August 262,299 12 0
2025 November—December 311,697 9 0

4. Discussion
4.1. Flood-Associated Hydrological Connectivity and Potential Fish Transport

In this study, a water-level reversal and backflow from the river into the lake were
directly observed during a flood event, followed shortly by the first record of T. nudiceps
in Lake Izunuma—-Uchinuma. These observations suggest that temporary hydrological
connectivity during floods may allow fish to enter managed wetlands. The role of flood-
driven connectivity in facilitating fish dispersal and invasion has long been recognized,
with flood events enhancing organism movement and material exchange across connected
habitats [3,4,39-43]. However, direct observations of novel species detections immediately
following flood events remain relatively rare, and our study provides an observational case
that is consistent with such flood-mediated dispersal opportunities.

Although the actual transport process was not directly observed, several factors—
including observed backflow, substantial inflow volume, and the first detection shortly
after the flood peak—support this interpretation. In addition, long-term monitoring has
not previously recorded this species in the lake, suggesting that flood-driven hydrological
connectivity represents a plausible pathway that aligns with the available observations.
Although alternative explanations, such as undocumented human-mediated introduction,
cannot be entirely excluded (see Section 4.4 for a detailed evaluation), the temporal coin-
cidence among the flood event, backflow, and species detection supports the hypothesis
that the detection represented a transient dispersal signal associated with flood-driven
connectivity. Floods promote fish movement through increased discharge and expanded
connectivity among habitats [44-46], although in this case transport was likely passive via
backflow rather than active movement. Hydrological estimates indicated that inflow from
the indirect catchment accounted for approximately 40% of the total lake-level rise, repre-
senting a substantial volume of water entering the lake during the flood event. Although
this calculation is an order-of-magnitude estimate based on a single video observation, this
estimated contribution (40%) corresponds well with the ratio of their catchment areas; the
indirect catchment covers 41.9 km?, which is comparable in scale to the direct catchment of
Lake Izunuma (52.7 km? ). This geographical context provides independent support for
the plausibility of our order-of-magnitude estimate. Such large inflows may temporarily
increase the probability of fish transport between connected water bodies. In invasion
ecology, the probability of successful establishment strongly depends on the number of
individuals introduced, a concept commonly referred to as propagule pressure [47,48]. In
the present study, the estimated total inflow volume during the flood event was comparable
to the pre-flood water volume of Lake Izunuma—-Uchinuma. Such large and rapid water
exchange events may therefore temporarily increase the likelihood of individual fish being
passively transported into the lake.
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4.2. Possible Source Population

Freshwater fish assemblages in Japan are strongly determined by drainage systems,
and many species exhibit geographically restricted distributions [49]. Consequently, inter-
basin movements within the country have recently attracted attention as cases of domestic
introduction [50,51]. Although prior presence cannot be completely ruled out, as men-
tioned in Section 2.3, long-term monitoring has never recorded this species in the lake.
In addition to routine fish monitoring, continuous control programs using electrofishing
boats to target the largemouth bass Micropterus nigricans have been implemented in the
lake [33,52] and, more recently, monitoring approaches combining electrofishing with artifi-
cial intelligence have also been introduced [53]. Fish surveys have also been conducted in
inflowing rivers, and monitoring programs have been implemented to detect fish drifting
from upstream ponds [23,54]. Furthermore, a local information-sharing network with
commercial fishers has been established to report unusual fish occurrences [55]. Given
this extensive monitoring framework, the absence of previous records suggests that the
presence of a stable population of T. nudiceps in Lake Izunuma-Uchinuma prior to the flood
event is unlikely.

In the Kitakami River basin, T. nudiceps was recorded to have gradually expanded its
distribution upstream between 1995 and 2011 [32]. Because very few fish surveys have been
conducted in the Hasama River system, there is currently no information to definitively
identify this tributary as the source of the detected individuals. However, considering the
documented expansion in the main stem, it is reasonable to hypothesize that the species has
similarly expanded its distribution through the Hasama River system to the Otoshiborigawa
River during the period when no surveys were conducted. The Otoshiborigawa River
provides a mid-reach riverine habitat suitable for this species, whereas Lake Izunuma-
Uchinuma is characterized by a muddy, wetland-like environment lacking such flowing-
water habitats [56]. Furthermore, T. nudiceps and its congeneric species are strongly benthic
and generally exhibit low mobility, typically inhabiting and spawning within the cover
of stones or vegetation in riverine environments [57]. Unlike some freshwater fishes that
undertake large-scale active migrations during the summer breeding season [58], they
do not possess strong migratory traits. Under normal flow conditions, active upstream
migration into the lake is further hindered by the sluice gate at the lake outlet, which
has a drop of several tens of centimeters. However, a temporary backflow from the
Otoshiborigawa River into Lake Izunuma was observed during the examined flood event.
Given the species’ riverine habitat preferences, low mobility, and the physical barrier under
normal conditions, their sudden appearance in a lentic environment was likely due to
passive transport via this temporary reverse flow rather than active upstream migration.

Although the natural distribution of T. nudiceps is restricted to western Japan, the
species has established non-native populations across various regions. This expansion is
largely suspected to be linked to the historical translocation of landlocked ayu (Plecoglossus
altivelis altivelis) from Lake Biwa [30,31,59]. The invasion of this species raises serious
conservation concerns, as introduced T. nudiceps has been reported to displace the native
Ariake torrent catfish (T. aurantiacus) through competitive exclusion [59-61]. In eastern
Japan, including the Lake Izunuma catchment, the native Tokyo torrent catfish (T. tokiensis),
which is designated as Vulnerable (VU) on the Red List of the Ministry of the Environment,
Japan, occupies a similar ecological niche. Recently, instances of T. nudiceps invading T.
tokiensis habitats have been confirmed. Given their high ecological similarity, there is
growing concern that T. tokiensis may suffer competitive exclusion similar to that observed
in T. aurantiacus [62]. Therefore, the potential establishment of T. nudiceps in Lake Izunuma
poses a significant ecological risk to local fish conservation, highlighting the urgent need
for early detection and rapid response frameworks.
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4.3. Implications for Monitoring

The standardized monitoring program in Lake Izunuma-Uchinuma focused on repre-
sentative sites within the lake and may therefore have limited ability to detect transient or
low-density inflows occurring after extreme events. While effective for long-term monitor-
ing of community composition, it may fail to detect short-lived inflow events immediately
after floods. Accordingly, the absence of T. nudiceps in stationary net surveys and eDNA
analyses conducted in July—August and November-December does not necessarily confirm
the absolute absence of the species or indicate that it failed to enter the lake but may instead
reflect a transient occurrence or extremely low abundance. Such detection difficulty and
temporal lags during the early stages of biological invasion are widely reported [14].

While eDNA has become a powerful tool for biodiversity monitoring [17,63], its
detection sensitivity differs from traditional capture-based methods and strongly depends
on sampling location and timing relative to hydrological conditions [64,65]. Stationary
nets provide definitive physical evidence of target species but are spatially restricted to
specific deployment sites. In contrast, eDNA surveillance covers a broader spatial range
by capturing suspended genetic material, yet it is highly susceptible to environmental
degradation and dilution. During extreme rainfall and flood events, such as the one
examined in this study, a massive influx of river water significantly increases the lake’s
water volume. Consequently, even if a small number of individuals enter the lake and
release DNA, the rapid increase in water volume can dilute the eDNA concentration
below the detection threshold, or the accelerated water turnover (flushing effect) may
wash the genetic signals out of the lake. Individuals that appear only briefly during
such inflow events may therefore remain undetected by both net sampling and eDNA
surveys. The present observation can therefore best be interpreted as a transient dispersal
signal associated with potential flood-mediated hydrological connectivity, rather than an
established invasion.

This detection difficulty is further compounded by the current status of the local fishery,
which accidentally triggered the initial detection of T. nudiceps. Currently, the commercial
fishery in Lake Izunuma has significantly declined, decreasing from approximately 50 active
fishers four decades ago to only four or five today. Furthermore, these remaining operations
are highly small-scale and intermittent, focusing on stationary nets for finfish and shrimp
or longlines for eels for only a few dozen days per year. This severe socio-ecological decline
means that routine fishery catches cannot be reliably expected to serve as a continuous,
real-time early warning network, increasing the risk that transient introduction events
remain unnoticed.

Flood-driven dispersal of fish has been widely documented in floodplain river sys-
tems, where temporary hydrological connections allow movement between river channels
and adjacent wetlands [39—43]. However, in managed wetlands such as Lake Izunuma—
Uchinuma, hydrological connectivity may arise through mechanisms that differ from those
in natural floodplains. Water-level regulation and artificial outlet structures can gener-
ate short-lived connections, particularly during flood events when facility operation and
water-level reversals may produce flow directions that differ from normal conditions. Such
transient connections can create opportunities for fish inflow that may not be captured by
conventional monitoring designs. Because similar water-control structures are widely used,
this process may occur broadly in other managed wetland systems.

Considering such temporary hydrological events, monitoring should not only detect
species after their arrival but also evaluate conditions under which they may arise. In
particular, the combination of flood-driven inflow volume and the abundance of source
populations may serve as a useful indicator of invasion risk, consistent with the concept of
propagule pressure [46]. At the same time, monitoring aimed at detecting actual inflow
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events remains essential. Event-based monitoring focused on hydrological boundary zones,
such as inlets and outlets, may improve detection of initial inflow during flood events, for
example, through eDNA sampling immediately after high-water events, ideally combined
with capture-based methods such as the temporary deployment of stationary nets.

The likelihood that flood-driven inflow leads to establishment may depend on species-
specific ecological traits. For example, the bagrid catfish T. nudiceps observed in this study
typically prefers flowing-water habitats and may therefore have limited potential to estab-
lish stable populations in lentic environments. In contrast, species that readily establish in
still-water systems, such as largemouth bass M. nigricans, may respond differently. In Lake
Izunuma-Uchinuma, where long-term management programs targeting this species have
been implemented [33,52], flood-driven inflow of individuals could potentially contribute
to the reinforcement of existing populations. These differences suggest that the ecolog-
ical and management consequences of flood-mediated inflow may vary among species
depending on their life-history traits.

During the ten-year period from 2015 to 2024, water-level rises comparable to the
event described in this study were recorded at least six times in Lake Izunuma-Uchinuma,
indicating that such hydrological connection events are not singular but may occur repeat-
edly. As extreme rainfall events are projected to increase under climate change, the role of
these transient hydrological connections may become increasingly important in shaping
invasion dynamics in freshwater ecosystems.

The necessity of actionable and cost-effective management following flood events is
strongly supported by the extensive history of invasive species control in the Lake [zunuma—
Uchinuma basin. When early detection failed, as in the cases of the invasive freshwater
shrimps Neocaridina spp. [66] and Palaemonetes sinensis [67], the species had already become
widespread and abundant by the time of first detection, rendering eradication nearly
impossible. Conversely, early detection and rapid initial responses successfully eradicated
or suppressed invasions of the aquatic plant Eichhornia crassipes [68] and the terrestrial plant
Rudbeckia laciniata [69]. Furthermore, anticipating invasion pathways from upstream ponds
allowed for the timely development and deployment of specific trapping techniques for
bluegill (Lepomis macrochirus), successfully keeping their population under control [70-72].

Importantly, identifying the flood-induced backflow pathway via a novel species
like T. nudiceps has critical implications for managing already-established invaders. For
instance, the lake undergoes intensive, continuous removal of largemouth bass (Micropterus
nigricans). As the resident bass population decreases, the relative impact of individuals
drifting from outside the watershed increases. Because distinguishing between resident
and immigrant bass is technically challenging, the clear evidence of backflow-mediated
transport highlights a critical management vulnerability.

Ultimately, the primary value of this case study lies in demonstrating the critical
need for wetland managers to recognize extreme hydrological events as transient inva-
sion pathways. Because transient introduction does not necessarily equate to successful
establishment, an effective conservation framework must integrate three concurrent steps:
(1) profiling high-risk species in potential source waters (e.g., the indirect catchment),
(2) detecting actual invasion events at hydrological bottlenecks, and (3) monitoring es-
tablishment status in parallel with early control measures. During the initial stages of
an invasion, introduced populations typically exhibit highly localized distributions clus-
tered around their points of entry [73,74]. Therefore, a highly actionable and cost-effective
management strategy is to spatially concentrate eradication efforts—such as deploying elec-
trofishing boats or targeted netting—specifically around the floodgate areas immediately
following a backflow event. Compared to the massive economic burden of lake-wide eradi-
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cation after a species has dispersed, this localized, event-based response optimizes limited
management resources and directly intercepts novel invaders before they can expand.

4.4. Limitations and Alternative Hypotheses

Although this study highlights the vulnerability of conventional monitoring, it is
based on a single flood event and the capture of two individuals, which inherently limits
the ability to draw definitive causal conclusions regarding the transport process. We cannot
completely rule out alternative pathways, such as undocumented anthropogenic release,
escape from aquaculture facilities, or migration via agricultural canals. However, this latter
pathway is highly unlikely; the Izunozeki irrigation canal, the only major watercourse
entering the direct catchment from the outside, diverts water from a hilly area over 100 m
higher in elevation than Lake Izunuma, making it topographically implausible for riverine
populations to migrate upstream across multiple artificial weirs (Figure 1c). Despite the
remaining possibilities of human-mediated introduction, the precise temporal coincidence
between the species’ first detection and the temporary backflow makes flood-driven passive
transport a plausible and parsimonious explanation for their sudden appearance.

Another alternative hypothesis is the prior presence of a previously undetected, low-
density population prior to the flood. However, Lake Izunuma-Uchinuma has been
subjected to an intensive, long-term invasive fish eradication program utilizing electrofish-
ing boats, primarily targeting M. nigricans [33,52]. Given this rigorous and continuous
physical surveillance, the presence of a well-established population of T. nudiceps prior to
the flood event appears unlikely, although a very low-density or recently established popu-
lation cannot be entirely excluded. No aquaculture facilities or known stocking activities
involving T. nudiceps have been documented around the lake, although undocumented
releases cannot be excluded.

Regarding the limitations of our eDNA surveys, the routine sampling design missed
the critical one- to two-week window immediately following the flood event. Because
eDNA degrades rapidly and its detection probability strongly depends on dynamic hy-
drological conditions, this temporal gap likely reduced our ability to detect the species
soon after the flood. Future studies should address these limitations by implementing
event-based eDNA sampling immediately after high-water events. Furthermore, the appli-
cation of genetic markers would also help identify likely source populations and clarify the
dispersal pathway of the detected individuals.

5. Conclusions

This study highlights that flood-associated hydrological connectivity in managed
floodplain wetlands may create transient opportunities for fish dispersal. The temporal
coincidence between rapid water-level rise, temporary backflow, and the detection of
T. nudiceps is consistent with potential passive transport via this flood-induced connec-
tion, although a definitive causal pathway could not be established from a single event.
Because such short-lived occurrences or low-abundance inflow events can easily escape con-
ventional, pre-scheduled monitoring, invasion surveillance in managed wetlands should
include hydrological information and event-based sampling, especially after extreme rain-
fall.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/conservation6030082/s1; Table S1. Morphological and meris-
tic comparison of Tachysurus nudiceps captured in this study and native Tachysurus tokiensis;
Table S2. Total species-level catch data collected from two standardized stationary net sites in
each lake across two sampling periods per year in Lake Izunuma and Lake Uchinuma (2024-2025);
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