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Abstract 

Flow velocity and bed shear stress are spatially heterogeneous during floods. Although 

flow refugia and flood responses have been studied, relationships between proportions of 

areas exposed to different levels of flood-disturbance forcing and changes in the abun-

dance of aquatic organisms remain unclear. We examined these relationships and impli-

cations for channel design across nine reaches of three channelized cobble-bed streams 

during two floods in one year. Percentage changes were calculated from flow-corrected 

environmental DNA (eDNA) rates for three fish species and densities for two benthic ma-

croinvertebrate life types. Two-dimensional modeling estimated peak-flood velocity and 

bed shear stress. Grid cells were classified by forcing level using swimming ability and 

bed-material movement thresholds; proportions of low- and high-disturbance areas (LDA 

and HDA) were calculated within whole and normal-flow channels. Linear mixed-effects 

models examined associations while accounting for flood event and repeated observa-

tions within reaches. Positive coefficients were estimated for Dark chub and Pale chub 

with whole-channel velocity-based LDA, and a negative coefficient for net-spinners with 

normal-flow-channel shear-stress-based HDA. Unadjusted p-values were below 0.05 for 

Pale chub and net-spinners, but no disturbance-area coefficient remained significant after 

Benjamini–Hochberg correction across 32 models. Although ecological validation is 

needed, these exploratory findings may inform channel design. 

Keywords: flood disturbance; flow refugia; spatial heterogeneity; environmental DNA; 

benthic macroinvertebrates; two-dimensional flow modeling; channelized streams 

 

1. Introduction 

Floods are one of the major natural disturbances shaping river morphology and bio-

logical communities, and riverine organisms exhibit diverse adaptations to natural flow 

variability, including floods [1,2]. During floods, increases in flow velocity and bed shear 

stress can cause the downstream displacement of aquatic organisms, bed-material move-

ment, and habitat destabilization, thereby reducing biological abundance after floods 

[3,4]. Therefore, understanding changes in the abundance of aquatic organisms before and 

after floods requires consideration not only of flood magnitude, such as peak discharge, 
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but also of the physical forcing exerted on aquatic organisms within the channel during 

floods, including flow velocity and bed shear stress. 

Physical forcing during floods is not spatially uniform within a channel but varies 

with channel morphology, bed material, vegetation, and other local conditions. Lancaster 

and Hildrew [5] showed that areas exposed to relatively weak forcing can persist even 

under high-flow conditions and may function as flow refugia. Bed-material movement is 

also spatially heterogeneous, with stable and strongly disturbed patches coexisting as a 

mosaic [6]. Hydraulic conditions and the potential function of refugia also vary with lo-

cation within the channel [7,8]. These findings indicate that physical forcing during floods 

should be evaluated not only using reach-averaged flow velocity or bed shear stress, but 

also in terms of the spatial composition of areas exposed to different levels of forcing 

within the channel. 

Furthermore, the biological significance of this spatial composition is likely to differ 

among organisms depending on their mobility and life type. Fish are known to use low-

velocity areas along channel margins and in lateral channel areas during floods, and 

swimming ability and broader-scale movement are also related to their responses to high 

flows [9–11]. Thus, for fish, physical conditions may be relevant not only within the nor-

mal-flow channel but also in lateral channel areas newly inundated during floods. In con-

trast, for benthic macroinvertebrates inhabiting the bed surface or interstitial spaces, bed 

shear stress and bed-material movement are related to habitat stability, while mobility 

and resistance strategies during floods differ among life types [4,8]. In particular, for or-

ganisms that live attached to or settled on the substrate, changes in abundance may be 

related to the forcing acting on the bed within the normal-flow channel. Thus, when relat-

ing flood-disturbance forcing to changes in the abundance of aquatic organisms, it is im-

portant to consider not only the type of forcing but also whether that forcing is evaluated 

across the whole channel inundated during floods or only within the normal-flow channel. 

Considering both the type of forcing and the area of the channel evaluated may be 

particularly important in channelized streams. Channel modification for flood protection, 

land use, and other purposes has been widely reported to simplify channel morphology 

and reduce physical heterogeneity and habitat diversity [12,13]. Channel morphology can 

influence the spatial heterogeneity of flow velocity and bed shear stress during floods and 

the availability of potential flow refugia [14], whereas restoring structural heterogeneity 

does not necessarily produce clear responses in fish or benthic macroinvertebrates [13]. In 

Japanese streams, channel modification has often produced narrow, deep cross sections 

and morphologically uniform channels [15,16], making channelized streams an important 

setting in which to examine these relationships. 

Previous studies have examined biological responses to floods using habitat classifi-

cations, such as riffles, pools, backwaters, and inundated areas, as well as observations of 

fish movements, flow-refugia use, benthic macroinvertebrate drift, and changes in local 

abundance [4,7–9,11]. These approaches provide valuable ecological insights. However, 

habitat classifications alone do not directly quantify hydraulic forcing during floods, and 

observed fish movements, flow-refugia use, and changes in abundance cannot always be 

readily predicted for proposed channel configurations at the planning and design stage. 

In contrast, flow velocity and bed shear stress can be estimated from discharge and chan-

nel geometry using hydraulic models, providing potential measures for evaluating flood-

time conditions under different channel configurations [14]. However, their ecological rel-

evance cannot be established from hydraulic calculations alone. In particular, the relation-

ships between the spatial proportions of areas exposed to different levels of flow velocity 

or bed shear stress within the whole or normal-flow channel and observed changes in 

abundance before and after floods remain insufficiently examined. We therefore 
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hypothesized that the spatial composition of flood-disturbance forcing would be associ-

ated with changes in the abundance of aquatic organisms before and after floods. 

To test this hypothesis, we analyzed the relationship between the spatial composition 

of flood-disturbance forcing and changes in the abundance of aquatic organisms before 

and after two flood events in June and August 2024 across nine study reaches in three 

channelized cobble-bed streams. Our objective was to examine how the proportions of 

low- and high-disturbance areas, defined using flow velocity and bed shear stress within 

the whole or normal-flow channel, corresponded to changes in abundance in each organ-

ism group, and to explore the potential application of these hydraulically estimable indi-

cators to channel planning and design. 

2. Materials and Methods 

2.1. Study Area and Flood Events 

2.1.1. Study Rivers and Reaches 

This study was conducted in three tributaries of the Tsubo River in the Kiso River 

system in central Honshu, Japan: the Kawaura, Nakanoho, and Mugikura Rivers (Figure 

1). All three are channelized cobble-bed streams with revetments along both banks. The 

Nakanoho and Mugikura Rivers flow mainly through valley-bottom plains, whereas the 

Kawaura River flows from a valley-bottom plain onto an alluvial fan. 

In each river, two reaches with alternate bars and one reach with a flat bed were se-

lected, resulting in a total of nine study reaches. Each study reach was approximately 100 

m long, and reaches within the same river were separated by at least 1 km. Across the nine 

reaches, channel width ranged from approximately 13 to 46 m, bed slope from 1/120 to 

1/67, and the representative grain size, d60, from 50 to 80 mm (Table 1). The length of each 

study reach corresponded to approximately 2–8 times the channel width and was classi-

fied as the channel-unit scale according to the spatial-scale classification of Nagayama et 

al. [17]. 

Table 1. Channel characteristics and peak discharges at the nine study reaches. 

Item 

Study Reach 

Kawa 

-ura1 

Kawa 

-ura2 

Kawa 

-ura3 

Naka 

-noho1 

Naka 

-noho2 

Naka 

-noho3 

Mugi 

-kura1 

Mugi 

-kura2 

Mugi 

-kura3 

Average channel width (m) 46.63 22.56 19.30 17.12 13.02 17.41 17.69 18.10 12.78 

Channel slope (1/X) 108 95 95 67 90 95 87 120 100 

Representative grain size, d60 

(mm) 
75 65 70 52 80 80 50 55 55 

Discharge 

(m3/s) 

June Flood 61 56 47 32 21 18 16 9 6 

August Flood 60 50 41 24 19 14 16 9 6 

Note: d60 denotes the grain size for which 60% of the bed material is finer by weight. June and Au-

gust denote the 2024 flood events. 
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Figure 1. Locations of the study rivers and study reaches in the Tsubo River basin, Kiso River sys-

tem. 

2.1.2. Study Period and Flood Events 

The study period extended from May to October 2024, covering the rainy season 

through the typhoon season. We focused on two flood events that occurred during this 

period: a flood associated with the rainy-season front in late June (hereafter, the June flood 

event) and a flood associated with Typhoon No. 10 in late August (hereafter, the August 

flood event) [18,19]. Peak discharge ranged from 6 to 61 m3/s during the June flood event 

and from 6 to 60 m3/s during the August flood event, and peak discharges at each study 

reach were generally similar between the two events. 

Benthic macroinvertebrate and fish surveys were conducted before and after each 

flood event, using the most recent survey before each event as the pre-flood survey. For 

the June flood event, pre-flood surveys were conducted on 17–19 June, the flood peaked 

on 23 June, and post-flood surveys were conducted on 27 June. For the August flood event, 

pre-flood surveys were conducted on 20–22 August, the flood peaked on 31 August, and 

post-flood surveys were conducted on 6 September. The intervals between the pre- and 

post-flood surveys were 8–10 days for the June event and 15–17 days for the August event. 

The post-flood surveys were conducted approximately four and six days after the respec-

tive flood peaks, once the increased flows had subsided sufficiently to allow access to the 

channel. Surveys within each river were completed within a single day. The discharge 

hydrographs and timing of the biological surveys for each river are shown in Figure 2. 
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Figure 2. Discharge hydrographs and timing of biological surveys for the June and August 2024 

flood events in the three study rivers. 

2.2. Biological Surveys and Calculation of Response Variables 

The overall survey and analysis workflow is shown in Figure 3. 

2.2.1. Benthic Macroinvertebrate Survey 

For the benthic macroinvertebrate survey, quantitative sampling using the kick-

sweep method was conducted at three sites representing typical habitat conditions within 

each study reach. A 0.5 × 0.5 m quadrat was established at each site, and bed material and 

benthic macroinvertebrates within the quadrat were collected using a D-frame net with a 

mesh size of 0.5 mm. The collected bed material was washed, and the recovered organisms 

were preserved in 70% ethanol. 

Specimens were identified and counted to the lowest practicable taxonomic level fol-

lowing Kawai and Tanida [20]. For each study reach, the numbers of individuals collected 

at the three sites were pooled, and density per square meter (n/m2) was calculated from 

the total sampled area of 0.75 m2. Each individual was assigned to a life type following 

Takemon [21]. Life type was used as a broad classification reflecting differences in re-

sistance and avoidance strategies to flood disturbance. Among these life types, swimmers 

and net-spinners were selected for statistical analysis because they differ in mobility and 

dependence on the bed substrate. Their taxonomic composition and relative abundance 

are presented in Supplementary Table S1. 
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Figure 3. Overall framework of the biological surveys, hydraulic modeling, evaluation of flood-dis-

turbance forcing, and statistical analyses. Flood-disturbance forcing was classified into low-, mod-

erate-, and high-disturbance areas (LDA, MDA, and HDA) within the whole channel (WC) and nor-

mal-flow channel (NC). 

2.2.2. Fish Survey 

For the fish survey, quantitative metabarcoding using qMiFish was conducted to de-

termine species-specific environmental DNA (eDNA) concentrations (copies/L) [22]. Wa-

ter samples were collected from the center of the low-flow channel at the downstream end 

of each study reach. One liter of surface water was collected, and 1 mL of 10% ben-

zalkonium chloride solution (OSVAN S, Alinamin Pharmaceutical Co., Ltd., Tokyo, Ja-

pan) was added. A cooler blank was used as a negative control during sample transport. 

Samples were filtered through Whatman GF/F glass-fiber filters (particle retention: 0.7 

µm; Cytiva, Tokyo, Japan), and DNA was extracted using a DNeasy Blood & Tissue Kit 

(QIAGEN GmbH, Hilden, Germany). 

The extracted DNA was analyzed by qMiFish using an iSeq 100 Sequencing System 

(Illumina, Inc., San Diego, CA, USA). Species identification was performed using the Mi-

Fish Analytical Pipeline version 2.40 with MiFish DB version 37, with a sequence identity 

of ≥98.5% with reference sequences in the database used as the primary criterion for tax-

onomic assignment. Sequences with <98.5% identity were checked using the NCBI web-

based Basic Local Alignment Search Tool (BLAST; National Center for Biotechnology In-

formation, Bethesda, MD, USA) [23]. Internal-standard DNA was used for quantitative 

conversion. 
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Three fish species were selected for statistical analysis because their eDNA was de-

tected in the study rivers and published information on both cruising and burst swim-

ming speeds was available: Ayu (Plecoglossus altivelis), Pale chub (Opsariichthys platypus), 

and Dark chub (Nipponocypris temminckii) [24–26] (Figure 3). 

2.2.3. Percentage Changes in the Abundance of Aquatic Organisms Before and  

After Floods 

To evaluate changes in the abundance of aquatic organisms before and after the flood 

events, benthic macroinvertebrate density and the flow-corrected eDNA rate for fish were 

used. The flow-corrected eDNA rate (copies/s) was calculated by multiplying the eDNA 

concentration (copies/L) by the discharge at the time of sampling (m3/s) and a unit con-

version factor of 1000 L/m3, and was used as a proxy for changes in fish abundance [27]. 

However, the flow-corrected eDNA rate may be influenced by upstream DNA transport, 

shedding, degradation, and resuspension, and therefore does not directly represent the 

number of fish within each study reach. Discharge at the time of sampling was estimated 

using a uniform-flow calculation. 

For each response variable, the percentage change from before to immediately after 

each flood event was calculated as follows: 

Percentage change (%) =
immediate post-flood value − pre-flood value

pre-flood value
× 100. (1) 

The resulting values were defined as the percentage change in density for benthic 

macroinvertebrates and the percentage change in the flow-corrected eDNA rate for fish. 

These values were calculated for each target group and study reach for both the June and 

August flood events. Data for which the pre-flood value was zero, and for which the per-

centage change could therefore not be calculated, were excluded from the statistical anal-

yses. Percentage changes are bounded below by −100% but have no upper bound. The 

original pre- and post-flood values used to calculate the percentage changes are provided 

in Supplementary Table S2. 

2.3. Evaluation of the Spatial Composition of Flood-Disturbance Forcing 

The workflow for evaluating flood-disturbance forcing is shown on the right side of 

Figure 3. In this study, flow velocity and bed shear stress acting on aquatic organisms 

during floods were treated as flood-disturbance forcing. Hydraulic modeling results at 

peak discharge were classified according to the target organisms, and the proportion of 

each disturbance class was calculated within the whole channel and normal-flow channel. 

2.3.1. Two-Dimensional Depth-Averaged Flow Modeling 

Two-dimensional depth-averaged flow modeling was performed using the 

Nays2DH solver in iRIC version 4.2.1.6985 to evaluate hydraulic conditions during floods 

[28]. Topographic, land-cover, and bed-material data were obtained before the June 2024 

flood event, whereas water levels were monitored during the target flood events. 

The main conditions used for the two-dimensional depth-averaged flow modeling in 

each study reach are summarized in Table 2. For the topographic survey, buffer reaches 

extending approximately 1–2 channel widths upstream and downstream of each study 

reach were established, and elevation data were obtained using GNSS surveying with the 

OPTiM Geo Point application (OPTiM Corporation, Tokyo, Japan). Survey points were 

generally spaced at approximately 5 m intervals in the longitudinal direction and 2 m 

intervals in the transverse direction, with additional points surveyed in areas of pro-

nounced topographic variation. The resulting data were interpolated using a triangulated 

irregular network (TIN) to construct the channel topography model. Land cover was 
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classified into the normal-flow channel, bare ground, short herbaceous vegetation, tall 

herbaceous vegetation, woody vegetation, and bamboo stands. Bed material was also col-

lected within the normal-flow channel of each study reach, and d16, d50, and d60 were cal-

culated from the cumulative grain-size distribution curve. 

Table 2. Main conditions for two-dimensional depth-averaged flow modeling in the nine study 

reaches. 

Item 

Study Reach 

Kawa 

-ura1 

Kawa 

-ura2 

Kawa 

-ura3 

Naka 

-noho1 

Naka 

-noho2 

Naka 

-noho3 

Mugi 

-kura1 

Mugi 

-kura2 

Mugi 

-kura3 

Topographic data Topographic survey results obtained in mid-June 2024 

(reflecting the topography before the June flood) 

Length (m) 277 171 195 134 146 144 165 134 155 

Number of grid cells 184 × 60 100 × 16 121 × 16 89 × 20 121 × 20 120 × 32 150 × 28 149 × 44 259 × 32 

Grid size (m) 1.5 × 1.5 1.7 × 1.7 1.6 × 1.6 1.5 × 1.5 1.2 × 1.2 1.2 × 1.2 1.1 × 1.1 0.9 × 0.9 0.6 × 0.6 

Grain sizes d16, d50 (m) 0.04, 

0.07 

0.03, 

0.06 

0.04, 

0.06 

0.02, 

0.05 

0.02, 

0.08 

0.03, 

0.08 

0.01, 

0.04 

0.03, 

0.05 

0.02, 

0.05 

Roughness coefficient 0.033 0.030 0.030 0.020 0.035 0.028 0.022 0.019 0.034 

Roughness coefficient 

(short herbaceous vegeta-

tion) 

0.035 None None 
0.025 

0.035 
None 0.035 0.028 

0.025 

0.031 

0.031 

0.035 

Vegetation density (m−1) 

0.750 

(MS) 
None None 0.139 

0.111 

(BL) 

0.139 

(BL) 

0.500 

(MS) 

0.400 

(MS) 

0.155 

(BL) 

0.342 

(BS) 

0.055 

(BL) 

Downstream boundary 

water level 
Observed  Calculation 

Calcula-

tion 
Observed  Observed  Observed  Observed  Observed  Observed  

Upstream dis-

charge (m3/s) 

Jun. 

Aug. 

61 

60 

56 

50 

47 

41 

32 

24 

21 

19 

18 

14 

16 

16 

9 

9 

6 

6 

Note: Jun. and Aug. denote the June and August 2024 flood events, respectively; MS, Miscanthus 

sacchariflorus; BL, broad-leaved trees; BS, bamboo stands. “Calculation” and “Observed” denote uni-

form-flow-calculated and observed downstream water levels, respectively. 

A painted-gravel tracer survey was used to determine bed roughness. In each study 

reach, 50 gravel particles approximately corresponding to d60 were placed within the nor-

mal-flow channel, and the number of displaced tracers was recorded before and after the 

June and August flood events to calculate the proportion of displaced painted-gravel trac-

ers [29,30]. Automatic water-level loggers (HOBO U20L Water Level Logger, Onset Com-

puter Corporation, Bourne, MA, USA; and S&DL mini, OYO Corporation, Tokyo, Japan) 

were also installed, in principle, at the downstream end of each computational reach to 

record water levels during the target flood events. Because the water-level loggers at Ka-

waura 2 and Kawaura 3 were washed away, observations from nearby flood-management 

water-level gauges were used. 

The June and August flood events were simulated for all nine study reaches, with the 

peak discharge of each event used as the representative flow condition. This approach did 

not account for temporal variations in hydraulic forcing over the flood hydrograph, in-

cluding flood duration and the rising and falling limbs. The computational domain in-

cluded each study reach and the upstream and downstream buffer reaches, resulting in 

total computational lengths of 134–277 m. The computational grid was designed to repre-

sent the boundary between the normal-flow channel and terrestrial areas, channel mar-

gins, and lateral channel areas inundated during floods, with grid sizes ranging from 
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approximately 0.6 × 0.6 to 1.7 × 1.7 m. Grid spacing was approximately uniform within 

each reach. The channel topography model constructed from measurements obtained be-

fore the June flood event was used for both the June and August flood simulations. To 

clarify the uncertainty associated with using the same topography for both events, we 

considered the painted-gravel tracer results and visual observations of channel conditions. 

Across the nine study reaches, the proportions of displaced painted-gravel tracers were 

24–48% during the June flood event and 20–46% during the August flood event (Supple-

mentary Table S10). Thus, more than half of the tracers were not displaced in any study 

reach during either event. Visual inspection during the post-flood survey on 6 September 

2024 revealed no substantial apparent changes, compared with the conditions observed 

before the June flood, in the locations of riffles, runs, and pools, the extent of the normal-

flow channel, the surface bed-material composition, or the distribution of herbaceous and 

woody vegetation. However, tracer displacement does not directly quantify changes in 

channel topography, and the visual inspection was qualitative and conducted after the 

August flood. Therefore, changes in bed topography and grain-size distribution could not 

be ruled out, leaving uncertainty in the estimated flow velocity and bed shear stress for 

the August flood. 

The peak discharge specified at the upstream boundary was generally estimated us-

ing a uniform-flow calculation based on the observed water level at the downstream end 

of each computational reach. The Manning roughness coefficient, n, used for this dis-

charge estimation was determined from the representative grain size, d60, using the Man-

ning–Strickler equation: 

𝑛 = 0.0417𝑑60
1/6

, (2) 

where d60 is the representative grain size expressed in meters. 

This roughness coefficient was specified separately from the bed roughness coeffi-

cient used in the Nays2DH flow calculations. For Kawaura 2 and Kawaura 3, peak dis-

charge was estimated from observations at nearby flood-management water-level gauges. 

In Nays2DH, the peak discharge of each flood event was specified as the upstream bound-

ary condition, while the observed water level was generally specified as the downstream 

boundary condition. For Kawaura 2 and Kawaura 3, uniform-flow water levels corre-

sponding to the respective peak discharges were used as the downstream boundary con-

ditions. 

The Manning roughness coefficient for the channel bed in Nays2DH was determined 

separately for each study reach through preliminary calculations using the proportion of 

displaced painted-gravel tracers. Simulations were performed for multiple roughness co-

efficients using the peak discharges of both flood events, and the value that minimized 

the squared error between the proportion of grid points within the normal-flow channel 

at which the dimensionless bed shear stress for d60 was ≥0.05 and the proportion of dis-

placed painted-gravel tracers was adopted [31]. The resulting bed roughness coefficients 

ranged from 0.019 to 0.035 (Table 2). Flow resistance in vegetated areas was specified 

based on vegetation height, trunk or stem diameter, and abundance [32,33]. 

These calculations provided the spatial distributions of depth, depth-averaged veloc-

ity, and bed shear stress at the peak discharge of each flood event. 

2.3.2. Flood-Disturbance Forcing Indicators and Disturbance Classes 

Based on the characteristics of the target organism groups, flow velocity was used as 

the flood-disturbance forcing indicator for fish, whereas bed shear stress was used for 

benthic macroinvertebrates (Figure 3). For fish, focusing on the relationship between flow 

velocity during floods and swimming ability, velocity at 80% water depth was calculated 

from the depth-averaged velocity. Based on the logarithmic velocity distribution for 
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rough-wall turbulent flow [34], the relationship between depth-averaged velocity U and 

velocity u(y) at height y above the bed was expressed as: 

𝑢(𝑦) = 𝑈 + 𝑢∗ [2.5 + 5.75 log10 (
𝑦

ℎ
)], (3) 

where h is water depth and 𝑢∗ is friction velocity. 

Friction velocity was calculated as: 

𝑢∗ = √
𝜏

𝜌
, (4) 

where τ is bed shear stress and ρ is water density (1000 kg/m3). Velocity at 80% water 

depth was defined as the velocity at a point 80% of the water depth below the water sur-

face, corresponding to y/h = 0.2. 

Based on the relationship between velocity at 80% water depth and the cruising and 

burst swimming speeds of each fish species, each grid point was classified as a low-dis-

turbance area (LDA), moderate-disturbance area (MDA), or high-disturbance area (HDA) 

(Table 3). Grid points with velocities below cruising speed were classified as LDA, those 

with velocities at or above cruising speed but below burst speed as MDA, and those with 

velocities at or above burst speed as HDA. Swimming speeds for the three fish species 

were standardized to a body length of 9 cm [24–26]. 

Table 3. Criteria used to classify flood-disturbance forcing into low-, moderate-, and high-disturb-

ance areas for the target organisms. 

Target 

Organism 
Indicator 

Lower 

Threshold 

Upper 

Threshold 
LDA MDA HDA 

Ayu 

Velocity at 

80% 

water depth 

Cruising speed: 

1.10 m/s 

Burst speed: 

3.27 m/s 
V < 1.10 m/s 

1.10 ≤ V < 3.27 

m/s 
V ≥ 3.27 m/s 

Pale chub 

Velocity at 

80% 

water depth 

Cruising speed: 

0.65 m/s 

Burst speed: 

2.58 m/s 
V < 0.65 m/s 

0.65 ≤ V < 2.58 

m/s 
V ≥ 2.58 m/s 

Dark chub 

Velocity at 

80% 

water depth 

Cruising speed: 

0.55 m/s 

Burst speed: 

2.68 m/s 
V < 0.55 m/s 

0.55 ≤ V < 2.68 

m/s 
V ≥ 2.68 m/s 

Benthic macro 

invertebrates 

Dimensionless 

bed shear stress 

Incipient motion 

of d16 

Incipient motion 

of d50 
τ*(d16) < 0.05 

τ*(d16) ≥ 0.05 and 

τ*(d50) < 0.05 
τ*(d50) ≥ 0.05 

Note: LDA, low-disturbance area; MDA, moderate-disturbance area; HDA, high-disturbance area; 

V, velocity at 80% water depth; τ*, dimensionless bed shear stress. d16 and d50 denote the grain sizes 

for which 16% and 50% of the bed material are finer by weight, respectively. 

For benthic macroinvertebrates, dimensionless bed shear stress, τ*, was used as an 

indicator of the potential for bed-material movement. It was calculated from the bed shear 

stress τ obtained from the two-dimensional depth-averaged flow modeling as: 

𝜏∗ =
𝜏

(𝜌𝑠 − 𝜌)𝑔𝑑,
 (5) 

where ρs − ρ is the density difference between the bed material and water (1650 kg/m3), 𝑔 

is gravitational acceleration (9.81 m/s2), and d is the target grain size (m). 

The d16 and d50 fractions were used to represent the incipient motion of relatively fine 

bed material and representative bed material, respectively. Dimensionless bed shear 

stress was calculated for d16 and d50 in each study reach, and a critical dimensionless bed 

shear stress of 0.05 was used as the threshold [31]. Grid points at which τ*(d16) was below 
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the critical value were classified as LDA; those at which τ*(d16) was at or above the critical 

value but τ*(d50) remained below the critical value were classified as MDA; and those at 

which τ*(d50) was at or above the critical value were classified as HDA (Table 3). 

Flood-disturbance forcing was evaluated within the whole channel (WC), represent-

ing the channel area inundated during floods, and the normal-flow channel (NC) (Figure 

3). For the primary analyses, WC was used for fish and swimmer-type benthic macroin-

vertebrates to account for their potential movement during floods, whereas NC was used 

for net-spinners because of their dependence on the bed substrate [5,8,35]. 

2.3.3. Spatial Composition of Flood-Disturbance Forcing 

The spatial composition of flood-disturbance forcing was evaluated as the proportion 

of each disturbance class within WC and NC (Figure 3). To exclude grid points with very 

shallow calculated depths near numerical wet–dry boundaries, a minimum depth thresh-

old of 5 cm was applied to the aggregation. 

For WC, grid points within each study reach with calculated depths ≥5 cm during 

each flood event were included. For NC, grid points classified as part of the normal-flow 

channel in the land-cover survey were included when their calculated depth during the 

corresponding flood event was ≥5 cm. 

For both WC and NC, the numbers of grid points classified as LDA, MDA, and HDA 

based on flow velocity or bed shear stress were counted, and the proportion (%) of each 

class relative to the total number of included grid points was calculated. These propor-

tions were used as indicators of the spatial composition of flood-disturbance forcing for 

each study reach and flood event. 

2.4. Statistical Analysis 

The statistical analyses were organized into three components (Figure 3). First, pri-

mary and supplementary additive linear mixed-effects models (LMMs) were used to ex-

amine the relationships between the proportions of disturbance areas and changes in bio-

logical indicators before and after floods. Second, additional interaction LMMs were used 

to examine whether these relationships differed between the two flood events. Third, 

model diagnostics and sensitivity analyses were conducted to identify limitations in 

model fitting and assess the sensitivity of the estimated relationships to data selection, 

estimation methods, and disturbance-class thresholds. 

2.4.1. Primary and Supplementary Additive LMMs 

The response variables were the percentage changes in the flow-corrected eDNA 

rates of three fish species (Ayu, Pale chub, and Dark chub) and the densities of two benthic 

macroinvertebrate life types (swimmers and net-spinners). 

Based on the ecological characteristics of the target organisms, 10 additive linear 

mixed-effects models (LMMs) were designated as the primary analyses (Figure 3). For the 

three fish species, six models used velocity-based LDA or HDA proportions within the 

whole channel (WC). For swimmers, two models used bed-shear-stress-based LDA or 

HDA proportions within WC, whereas for net-spinners, two models used the correspond-

ing proportions within the normal-flow channel (NC). An additional 22 models examin-

ing alternative combinations of forcing indicators and channel areas were designated as 

supplementary analyses, resulting in 32 additive LMMs in total. 

Each LMM included one disturbance-area proportion (either LDA or HDA) and 

flood event as fixed effects, with study reach as a random intercept to account for repeated 

observations within reaches. Flood event was treated as a categorical variable with two 

levels (June and August). Each study reach × flood-event combination was treated as an 

observational unit, and the two flood events were shared across the three study rivers. 
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Although MDA proportions were calculated to characterize the spatial composition of 

forcing, they were not included in the LMMs. 

To account for multiple testing, p-values for the LDA or HDA coefficients were ad-

justed using the Benjamini–Hochberg (BH) procedure separately for the 10 primary and 

22 supplementary models. A BH-adjusted p-value below 0.05 was considered statistically 

significant. The LMMs were fitted by restricted maximum likelihood, and p-values and 

unadjusted 95% confidence intervals for the coefficients were calculated using Satterth-

waite degrees of freedom. 

In addition, Pearson’s product–moment correlation coefficients were calculated be-

tween LDA and HDA proportions separately for WC and NC for each velocity- and bed-

shear-stress-based indicator. 

2.4.2. Flood-Event Interaction Analysis 

To examine whether the estimated relationships differed between the June and Au-

gust flood events, additional LMMs including an interaction between the LDA or HDA 

proportion and flood event were fitted for all 32 model combinations. These analyses ex-

amined whether the slopes of the relationships differed between the two flood events. The 

interaction p-values were adjusted using the BH procedure separately for the 10 primary 

and 22 supplementary combinations. The interaction analyses were supplementary and 

were not used to select the primary additive LMMs. 

2.4.3. Model Diagnostics 

Model diagnostics were conducted to identify potential limitations in the assump-

tions and estimation of the additive LMMs. Residual distributions and residual variation 

were examined to assess the adequacy of the fitted models. Singular fits were also checked 

to identify models in which the random-effect structure could not be fully estimated from 

the available data. 

2.4.4. Robustness of Regression Coefficients 

Sensitivity analyses were conducted for the 10 primary additive LMMs to examine 

whether the estimated regression coefficients depended strongly on particular rivers, ob-

servations, or estimation methods. 

First, river was additionally included as a fixed effect to assess the influence of dif-

ferences among rivers. Second, models were refitted after excluding individual observa-

tions, study reaches, or rivers to examine whether the estimated coefficients were strongly 

influenced by particular data. Third, robust LMMs were fitted to assess sensitivity to the 

estimation method. The direction and magnitude of the LDA or HDA coefficients were 

compared across these analyses. 

2.4.5. Sensitivity to Disturbance-Class Thresholds 

Because the proportions of LDA and HDA depend on the thresholds used to classify 

flood-disturbance forcing, additional sensitivity analyses were conducted to examine the 

influence of these threshold settings. 

For fish, the swimming-speed thresholds were varied by ±10% and ±20%. For benthic 

macroinvertebrates, the critical dimensionless bed shear stress threshold was varied from 

0.04 to 0.06. The modeled hydraulic conditions were kept unchanged, and the proportions 

of LDA and HDA were recalculated under each threshold setting. The corresponding 

LMM coefficients were then examined to assess how the estimated relationships de-

pended on the disturbance-class thresholds. 
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All statistical analyses were performed using R version 4.3.3 (R Foundation for Sta-

tistical Computing, Vienna, Austria) [36], with the lme4 (version 1.1-35.1) and lmerTest 

(version 3.1-3) packages. 

2.5. Use of Generative AI in Manuscript Preparation 

During manuscript preparation and revision, ChatGPT (GPT-6; OpenAI) was used 

to assist with English translation, language editing, manuscript organization, develop-

ment of R code for statistical analyses, and preparation of figures and tables. Statistical 

analyses supported by AI-assisted R code were also performed in the authors’ own R en-

vironment. All AI-assisted outputs, including statistical results, figures, and tables, were 

reviewed and verified by the authors. 

3. Results 

3.1. Changes in the Abundance of Aquatic Organisms Before and After Floods 

Table 4 shows the percentage changes in benthic macroinvertebrate density before 

and after the flood events. For swimmers, density decreased in many reaches during the 

June flood event, with no individuals detected after the flood in some reaches, whereas 

decreases, increases, and no change were observed among reaches during the August 

flood event. For net-spinners, density decreased in eight of the nine study reaches during 

both the June and August flood events. Across the four surveys, Isonychia japonica ac-

counted for 95.6% of the summed swimmer density, whereas Hydropsyche orientalis and 

Stenopsyche sauteri accounted for 63.7% and 25.8% of the summed net-spinner density, re-

spectively (Supplementary Table S1). 

Table 4. Percentage changes in benthic macroinvertebrate density before and after the June and 

August flood events. 

Life Types 
Percentage Change in Benthic Macroinvertebrate Density (%) 

Kawaura1 Kawaura2 Kawaura3 Nakanoho1 Nakanoho2 Nakanoho3 Mugikura1 Mugikura2 Mugikura3 

Swimmers 
−100 −67 −78 −100 −100 0 300 −82 −89 

−100 −92 0 380 −74 200 100 −50 0 

Net-Spin-

ners 

−77 −36 −50 −80 −70 −93 −26 −22 267 

−94 −88 −76 −57 −80 −25 −14 86 −75 

Note: Upper and lower rows indicate the June and August flood events, respectively. 

Table 5 shows the percentage changes in the flow-corrected eDNA rates of Ayu, Pale 

chub, and Dark chub before and after the flood events. For Ayu, decreases occurred in 

many reaches during the June flood event, whereas increases were more common during 

the August flood event. For Pale chub, decreases were also more common during the June 

flood event, whereas increases occurred in three of the six reaches included in the analysis 

during the August flood event. For Dark chub, increases were observed during both flood 

events, particularly during the August flood event, when increases occurred in eight of 

the nine reaches. At Kawaura 1, Dark chub showed greater increases than at the other 

reaches during both flood events. 

Table 5. Percentage changes in the flow-corrected eDNA rate of fish before and after the June and 

August flood events. 

Species 
Percentage Change in Flow-Corrected eDNA Rate (%) 

Kawaura1 Kawaura2 Kawaura3 Nakanoho1 Nakanoho2 Nakanoho3 Mugikura1 Mugikura2 Mugikura3 

Dark chub 
1046 −46 36 −23 −33 453 −41 39 −20 

1278 6 11 123 −28 187 1 415 108 
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Pale chub 
111 −8 −1 −73 - - −46 −53 - 

25 −40 −29 −69 - - 178 164 - 

Ayu 
142 −6 −41 - - −100 −83 −58 −67 

19 −51 1 245 −100 - 16 229 333 

Note: Upper and lower rows indicate the June and August flood events, respectively. A hyphen (-) 

indicates that the percentage change could not be calculated. 

3.2. Spatial Composition of Flood-Disturbance Forcing 

3.2.1. Spatial Distribution of Flood-Disturbance Forcing 

As an example of the spatial distribution of flood-disturbance forcing, Figure 4 shows 

the evaluation results for the June flood event in the three Kawaura River reaches. LDA, 

MDA, and HDA coexisted within the channel, and their distributions differed between 

channel-margin and central-channel areas and between the normal-flow channel and lat-

eral channel areas inundated during floods. In the bed-shear-stress-based evaluation, 

some reaches had HDA distributed in the central part of the channel and LDA along the 

channel margins. Even within the same study reach, the spatial distributions of the dis-

turbance classes differed between the velocity- and bed-shear-stress-based evaluations. 

For example, at Kawaura 1, bed-shear-stress-based LDA was more widely distributed 

than Dark chub velocity-based LDA. In contrast, at Kawaura 2, Dark chub velocity-based 

HDA was nearly absent, whereas bed-shear-stress-based HDA was widely distributed 

within the channel. The spatial distributions of flood-disturbance forcing for all nine study 

reaches during both flood events are shown in Supplementary Figure S1. 

3.2.2. Proportions of LDA and HDA 

Table 6 shows the proportions of LDA and HDA across the nine study reaches. For 

the bed-shear-stress-based indicator within WC, the proportions of LDA and HDA dif-

fered among study reaches. For example, during the June flood event, the proportion of 

LDA was high at Kawaura 1, whereas the proportion of HDA was high at Kawaura 2, 

indicating differences in the spatial composition of flood-disturbance forcing even within 

the same river. For the fish velocity indicators, the proportions of LDA and HDA also 

differed among target species and study reaches. 

Table 6. Proportions of low-disturbance areas (LDA) and high-disturbance areas (HDA) for the 

forcing indicators and channel areas used in the primary analyses. 

Target/Indi-

cator 
Class 

Values Represent the Proportion of Each Disturbance Class (%) 

Kawa 

-ura1 

Kawa 

-ura2 

Kawa 

-ura3 

Naka 

-noho1 

Naka 

-noho2 

Naka 

-noho3 

Mugi 

-kura1 

Mugi 

-kura2 

Mugi 

-kura3 

Dark chub, 

velocity (WC) 

LDA 
33 5.7 13.1 5.8 8.7 33.8 31.2 28.9 12.4 

31.9 5.4 11.5 4.1 9.1 31.1 31.3 29.2 12.6 

HDA 
0.7 0 11.9 65.5 0 23.2 18.5 21.5 0 

0.5 0 2.1 53.5 0 16.9 18.7 25 0 

Pale chub, ve-

locity (WC) 

LDA 
43.9 6.5 16.5 6.1 12.6 37.6 34.1 31.5 14.8 

44.2 6.8 15.3 4.9 12.4 34.1 34.5 30.9 14.8 

HDA 
3.2 2.5 25.2 66.7 0 25.5 24.9 24.6 0 

2.7 0 6.8 57.2 0 21.1 24 27.1 0 

Ayu, velocity 

(WC) 

LDA 
66.1 17.8 25.9 9.5 24.5 46.1 43.6 43.5 30.3 

66.3 19.2 25.9 13.5 25.5 44.4 43.5 43.4 30.8 

HDA 
0 0 0 43.9 0 3.6 1.5 8.2 0 

0 0 0 24.4 0 1.1 1.3 10.1 0 

LDA 
75.7 21 31.5 24.7 20.8 43.9 42.4 56.8 16.9 

75.1 21.2 31.8 24.5 20 45.7 42.3 55.5 17.1 

https://doi.org/10.3390/w18222863


Water 2026, 18, 2863 15 of 26 
 

https://doi.org/10.3390/w18222863 

Swimmers, 

bed shear 

stress (WC) 

HDA 

16.4 57.7 53.3 64.5 38.8 29.5 36.2 27.4 16 

16.2 48.1 50.5 56 31.1 27.1 36.5 29.2 15.1 

Net-spinners, 

bed shear 

stress (NC) 

LDA 
38.2 13.9 17.9 17.2 13.6 34.1 27.3 63.2 11.4 

36.9 14.4 19.1 19.3 13 36.8 27.8 61.3 11.6 

HDA 
43.1 69.4 64.3 66.3 42.7 37.5 47.1 20.8 17.1 

42.5 58.6 60 56.7 34 33.6 47.5 22 16.2 

Note: Upper and lower rows indicate the June and August flood events, respectively. LDA, low-

disturbance area; HDA, high-disturbance area; WC, whole channel; NC, normal-flow channel. 

 

Figure 4. Examples of the spatial distribution of flood-disturbance forcing during the June 2024 

flood event in the three Kawaura River study reaches. Disturbance classes were defined using flow 

velocity or bed shear stress. The upper panels show plan-view distributions of the disturbance clas-

ses based on Dark chub velocity (left) and bed shear stress for benthic macroinvertebrates (right), 

whereas the lower panels show longitudinal profiles of the deepest bed elevation (left) and cross-

sectional profiles at A–A′ (right) for each study reach. 
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Comparison between flood events showed that the proportion of bed-shear-stress-

based LDA within WC was generally similar between the two events in many reaches, 

whereas the proportion of HDA differed between flood events in some reaches. For the 

fish velocity indicators, differences in LDA proportions between flood events were gener-

ally small, whereas HDA proportions varied among fish species and study reaches. 

Comparison between WC and NC showed that, for the bed shear stress indicator, the 

proportion of LDA was smaller in NC than in WC in 16 of the 18 cases, whereas the pro-

portion of HDA was greater in NC. Similarly, for the velocity indicators of all three fish 

species, the proportion of LDA was smaller in NC than in WC in 16 of the 18 cases for 

each species. In contrast, differences in HDA proportions between WC and NC varied 

among fish species, and HDA was absent in many cases for Ayu. 

Supplementary Table S3 shows the results of the correlation analyses between the 

proportions of LDA and HDA. The absolute values of the correlation coefficients were 

below 0.5 for all combinations. For the bed shear stress indicator, negative correlation co-

efficients were observed in both WC and NC, with an unadjusted p-value of 0.0489 in WC 

(r = −0.470). For the velocity indicators of Pale chub and Dark chub, the absolute values of 

the correlation coefficients were small in both WC and NC. The sensitivity of LDA and 

HDA proportions to the threshold settings is summarized in Supplementary Table S4. 

3.3. Relationships Between the Spatial Composition of Flood-Disturbance Forcing and Changes 

in the Abundance of Aquatic Organisms 

3.3.1. Primary and Supplementary Additive LMMs 

The results of the 10 primary additive LMMs are presented in Table 7, and those of 

all 32 additive LMMs, including the 22 supplementary models, are provided in Supple-

mentary Table S5. 

Table 7. Results of the primary additive linear mixed-effects models relating the spatial composition 

of flood-disturbance forcing to changes in the abundance of aquatic organisms before and after 

floods. 

Target Organ-

ism/Life Type 
Indicator 

Channel 

Area 
Class n 

Additive LMM 

β 95% CI p-Value 
BH-Adjusted 

p-Value 

Dark chub Velocity WC LDA 18 20.58 −1.65 to 42.82 0.065 0.217 

Dark chub Velocity WC HDA 18 1.76 −11.95 to 15.47 0.785 0.872 

Pale chub Velocity WC LDA 12 3.48 0.16 to 6.80 0.042 0.210 

Pale chub Velocity WC HDA 12 −1.02 −3.92 to 1.87 0.445 0.872 

Ayu Velocity WC LDA 15 0.71 −4.19 to 5.62 0.757 0.872 

Ayu Velocity WC HDA 15 7.83 −3.13 to 18.79 0.145 0.363 

Swimmers 
Bed shear 

stress 
WC LDA 18 −0.35 −5.48 to 4.79 0.878 0.878 

Swimmers 
Bed shear 

stress 
WC HDA 18 1.55 −4.32 to 7.43 0.555 0.872 

Net-spinners 
Bed shear 

stress 
NC LDA 18 0.48 −2.45 to 3.41 0.731 0.872 

Net-spinners 
Bed shear 

stress 
NC HDA 18 −2.55 −4.94 to −0.16 0.038 0.210 

Note: The additive linear mixed-effects models included the proportion of LDA or HDA and flood 

event as fixed effects, with study reach as a random intercept. β represents the estimated change in 
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the response variable (percentage points) per 1-percentage-point increase in the proportion of LDA 

or HDA, adjusted for flood event. CI, 95% confidence interval; p-value, unadjusted p-value for β; 

BH-adjusted p-value, p-value adjusted for multiple testing across the 10 primary models using the 

Benjamini–Hochberg procedure. LDA, low-disturbance area; HDA, high-disturbance area; WC, 

whole channel; NC, normal-flow channel. 

In the primary analyses for fish, positive coefficients were estimated for the relation-

ships between the proportion of velocity-based LDA within WC and the percentage 

changes in the flow-corrected eDNA rates of Dark chub (β = 20.58, p = 0.065) and Pale chub 

(β = 3.48, p = 0.042). For Ayu, neither the LDA nor the HDA model within WC showed an 

unadjusted p-value below 0.05. Figure 5 shows the observations and additive LMM pre-

dictions for the primary fish models. 

 

Figure 5. Relationships between the spatial composition of flood-disturbance forcing and percent-

age changes in the flow-corrected eDNA rate of fish in the primary analyses. Velocity-based low-

disturbance areas (LDA) and high-disturbance areas (HDA) within the whole channel (WC) are 

shown for Dark chub, Pale chub, and Ayu. Points represent study reach × flood-event observations 

for the June and August 2024 flood events. Black lines represent fixed-effect predictions from addi-

tive linear mixed-effects models, averaged across the observed frequencies of the two flood events, 

with study-reach random intercepts set to zero. BH-adjusted p-values (p_BH) refer to the indicator 

coefficients adjusted across the 10 primary models using the Benjamini–Hochberg procedure. 

For benthic macroinvertebrates, a negative coefficient was estimated for the relation-

ship between the proportion of bed-shear-stress-based HDA within NC and the percent-

age change in net-spinner density (β = −2.55, p = 0.038). Neither the LDA model for net-

spinners nor the LDA and HDA models for swimmers showed unadjusted p-values below 

0.05. Figure 6 shows the observations and additive LMM predictions for the primary ben-

thic macroinvertebrate models. 

Thus, among the 10 primary models, unadjusted p-values were below 0.05 for Pale 

chub with velocity-based LDA within WC and net-spinners with bed-shear-stress-based 

HDA within NC. However, after BH correction across the 10 primary models, the adjusted 
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p-values for both coefficients were 0.210, and no LDA or HDA coefficient remained statis-

tically significant. 

Among the 22 supplementary additive LMMs, the smallest unadjusted p-value was 

obtained for Dark chub with bed-shear-stress-based LDA within WC (β = 16.09, p = 0.0046). 

However, this coefficient was not statistically significant after BH correction across the 22 

supplementary models (BH-adjusted p = 0.102), and no supplementary model showed a 

statistically significant LDA or HDA coefficient after correction (Supplementary Table S5). 

 

Figure 6. Relationships between the spatial composition of flood-disturbance forcing and percent-

age changes in benthic macroinvertebrate density in the primary analyses. Bed-shear-stress-based 

low-disturbance areas (LDA) and high-disturbance areas (HDA) were evaluated within the whole 

channel (WC) for swimmers and the normal-flow channel (NC) for net-spinners. Points represent 

study reach × flood-event observations for the June and August 2024 flood events. Black lines rep-

resent fixed-effect predictions from additive linear mixed-effects models, averaged across the ob-

served frequencies of the two flood events, with study-reach random intercepts set to zero. BH-

adjusted p-values (p_BH) refer to the indicator coefficients adjusted across the 10 primary models 

using the Benjamini–Hochberg procedure. 

3.3.2. Flood-Event Interaction Analysis 

The additional interaction LMMs showed no statistically significant interactions be-

tween the proportion of LDA or HDA and flood event after BH correction (Supplementary 

Table S6). In the supplementary model for Pale chub using velocity-based LDA within 

NC, the interaction had an unadjusted p-value of 0.0267, but the BH-adjusted p-value was 

0.587. 

3.3.3. Model Diagnostics and Sensitivity Analyses 

Model diagnostics identified singular fits in six of the 10 primary additive LMMs, 

including both models for Pale chub, Ayu, and net-spinners. Residual normality tests in-

dicated departures from normality in all four benthic macroinvertebrate models, with 
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Shapiro–Wilk p-values below 0.05. In contrast, none of the six fish models showed a sta-

tistically significant departure from residual normality (p = 0.0506–0.4061) (Supplemen-

tary Table S7). 

Sensitivity analyses of the regression coefficients showed differences in the stability 

of the estimates among models. For Dark chub, the positive coefficient for velocity-based 

LDA within WC (β = 20.58) remained positive under all data-exclusion conditions, alt-

hough it ranged from +7.42 to +26.37 when individual study reaches were excluded and 

decreased to +12.04 under robust estimation. For Pale chub, the corresponding positive 

coefficient (β = 3.48) was also retained under all data-exclusion conditions, ranging from 

+2.92 to +4.91 when individual rivers were excluded. In contrast, the negative coefficient 

for bed-shear-stress-based HDA within NC for net-spinners (β = −2.55) ranged from −3.22 

to +0.30 when individual rivers were excluded and decreased in magnitude to −1.03 under 

robust estimation (Supplementary Table S8). 

Sensitivity analyses of disturbance-class thresholds showed that the estimated coef-

ficients varied with threshold settings. For Dark chub, the coefficient for velocity-based 

LDA within WC ranged from +7.78 to +21.96, compared with +20.58 in the original model. 

The corresponding coefficient for Pale chub ranged from +3.02 to +4.82, compared with 

+3.48 in the original model. For net-spinners, the coefficient for bed-shear-stress-based 

HDA within NC ranged from −2.55 to −1.91, compared with −2.55 in the original model. 

The signs of these three coefficients were retained across the tested threshold settings. 

Overall, coefficient signs were retained in nine of the 10 primary models (Supplementary 

Table S9). 

4. Discussion 

4.1. Relationships Between Flood-Disturbance Forcing and Changes in the Abundance of  

Aquatic Organisms 

This study examined whether hydraulically estimable indicators of the spatial com-

position of flood-disturbance forcing were related to changes in the abundance of aquatic 

organisms before and after floods. In the primary analyses, positive coefficients were es-

timated for velocity-based LDA within the whole channel (WC) for Dark chub and Pale 

chub, whereas a negative coefficient was estimated for bed-shear-stress-based HDA 

within the normal-flow channel (NC) for net-spinners. These results showed different 

trends in the estimated relationships among organism groups under the combinations of 

forcing indicators and channel areas selected for each group. However, none of these 

relationships was statistically significant after BH correction, and no significant relation-

ships were detected in the other primary or supplementary additive LMMs. Conse-

quently, the results did not identify a statistically supported combination of forcing indi-

cator and channel area for any organism group. 

For Dark chub and Pale chub, the estimated coefficients for velocity-based LDA 

within WC were positive, although they were not statistically significant after BH correc-

tion. Positive percentage changes in the flow-corrected eDNA rate were observed in some 

reaches for both species, and the flow-corrected eDNA rate of Dark chub in particular 

increased in many reaches after the August flood event. Fish have been reported to use 

low-velocity areas along channel margins and in lateral channel areas during high flows 

[37,38], and movements beyond individual river reaches can also occur [11]. Thus, in 

reaches with a greater proportion of low-velocity areas within WC, more space may have 

been available for both individuals remaining within the reach and those moving during 

floods to avoid strong flows, potentially contributing to fish persistence or post-flood re-

distribution. However, refuge use and redistribution were not directly observed in this 

study. Moreover, the flow-corrected eDNA rate does not directly represent the number of 

fish within a study reach, and an increase in this rate cannot therefore be interpreted 
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directly as an increase in fish abundance [27]. In addition, the spatial extent represented 

by riverine eDNA does not necessarily coincide with the approximately 100 m hydraulic 

evaluation reach; therefore, caution is required when interpreting the estimated relation-

ships as direct changes in fish abundance within individual study reaches. 

For Dark chub, the supplementary analyses yielded positive and negative coefficients 

for bed-shear-stress-based LDA and HDA within WC, respectively, but neither was sta-

tistically significant after BH correction. Thus, these results do not establish whether 

changes in the flow-corrected eDNA rate were more closely related to flow velocity or bed 

shear stress. For Pale chub, the interaction between flood event and velocity-based LDA 

within NC was not statistically significant after BH correction, and a difference in the re-

lationship between flood events could not be established. For Ayu, no clear relationships 

were detected in either the primary or supplementary analyses, and one possible expla-

nation is movement at spatial scales broader than the approximately 100 m study reaches, 

although such movement was not directly measured. 

For net-spinners, the estimated coefficient for bed-shear-stress-based HDA within 

NC was negative, although it was not statistically significant after BH correction. Because 

net-spinners construct nets and retreats on bed material, streambed stability within their 

normal-flow habitat is likely to be important. Increased bed shear stress and streambed 

instability have also been reported to induce downstream drift of benthic macroinverte-

brates [4]. Furthermore, the supplementary analyses showed no statistically significant 

relationships after BH correction with bed-shear-stress-based LDA or HDA within WC. 

The negative coefficient within NC is consistent with a possible influence of strong 

streambed disturbance on density changes, but does not demonstrate that NC is more 

ecologically relevant than WC. In addition, net-spinner density was dominated by a small 

number of taxa (Supplementary Table S1), and the present study could not distinguish 

losses through drift or mortality from subsequent recolonization. 

For swimmers, no significant relationships were detected with bed-shear-stress-

based LDA or HDA within either WC or NC after BH correction. For this life type, changes 

in density may depend not only on the spatial composition of forcing at peak discharge 

but also on the time available to move into low-forcing areas during rising flows and on 

post-flood recolonization. Sueyoshi et al. [8] reported that swimmer-type benthic macroin-

vertebrates used multiple flow refugia during a snowmelt flood and rapidly recovered in 

the main channel after the flood, and also highlighted the importance of flood duration 

and rates of discharge increase and decrease. Because the present study evaluated flood-

disturbance forcing at peak discharge, such temporal processes were not captured. Fur-

thermore, the swimmer group was strongly dominated by Isonychia japonica (Supplemen-

tary Table S1), so the observed density changes may not represent a general response 

across swimmer taxa. These potential explanations could not be distinguished using the 

present data, and the absence of a statistically significant relationship does not demon-

strate that peak-discharge forcing is ecologically unimportant. 

Overall, the hypothesized relationships between the spatial composition of flood-dis-

turbance forcing and changes in abundance were not statistically supported after BH cor-

rection. Although the directions of some estimated coefficients were consistent with pos-

sible ecological mechanisms suggested by previous studies, the analyses did not establish 

that particular forcing indicators or channel areas were more appropriate for specific or-

ganism groups. Differences in the estimated relationships among species or life types were 

not formally tested. Moreover, the flow-corrected eDNA rate for fish and density for ben-

thic macroinvertebrates represent different biological measurements, limiting direct com-

parisons between these groups. Thus, while the hydraulically estimable proportions of 

LDA and HDA provide a means of characterizing the spatial composition of flood-time 
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forcing, further validation is required to establish their ecological relevance for channel 

planning and design. 

4.2. Spatial Composition of Flood-Disturbance Forcing 

In this study, LDA, MDA, and HDA coexisted in several study reaches, indicating 

that flood-disturbance forcing was spatially heterogeneous. This is consistent with Lan-

caster and Hildrew [5], who showed that low-forcing areas can persist even under high-

flow conditions, and Matthaei et al. [6], who demonstrated spatial heterogeneity in 

streambed disturbance. These findings indicate the value of characterizing not only reach-

averaged flow velocity or bed shear stress but also the spatial composition of areas ex-

posed to different levels of forcing during floods. In the present study, this spatial com-

position was quantified using the proportions of disturbance classes derived from hy-

draulic modeling results. 

In many cases, NC had a greater proportion of bed-shear-stress-based HDA and a 

smaller proportion of LDA than WC. For the fish velocity indicators, the proportion of 

LDA was also smaller in NC than in WC in many cases. Thus, the spatial composition of 

flood-disturbance forcing itself differed depending on whether lateral channel areas in-

undated during floods were included in the evaluation. This finding highlights the im-

portance of explicitly defining the channel area used to evaluate flood-disturbance forc-

ing, although the present analyses did not establish which channel area was more appro-

priate for individual organism groups. 

The correlations between the proportions of LDA and HDA were not strong, indicat-

ing that a reach with a large proportion of low-disturbance area did not necessarily have 

a small proportion of high-disturbance area. Different spatial compositions of flood-dis-

turbance forcing were therefore formed among study reaches through the coexistence of 

LDA, MDA, and HDA in different proportions. However, because the proportions of 

LDA, MDA, and HDA sum to 100%, these correlations should be interpreted descriptively 

rather than as evidence that the proportions vary independently. 

The proportions of the disturbance classes evaluated in this study represent the ex-

tent of each disturbance class within the channel but not the location and connectivity of 

these areas. These proportions also depend on the thresholds used to define the disturb-

ance classes (Supplementary Table S4). For fish to use low-velocity areas, not only their 

extent but also accessibility to channel margins and lateral channel areas and connectivity 

among low-velocity areas may be important. The actual use of these areas by fish was not 

directly observed in this study. Future evaluation of the location and connectivity of low-

disturbance areas, in addition to their proportions, may provide a more direct characteri-

zation of the availability of these areas to aquatic organisms during floods. 

4.3. Implications for Channel Design and Management in Channelized Streams 

For the design and management of channelized streams, the spatial composition of 

flood-disturbance forcing during floods may provide additional information alongside 

assessments of normal-flow habitats. Channelization has been reported to influence hy-

draulic heterogeneity and the formation of flow refugia during floods [7,14], whereas re-

storing structural heterogeneity does not necessarily result in clear responses by fish or 

benthic macroinvertebrates [13]. The present study examined combinations of forcing in-

dicators and channel areas selected according to the characteristics of the target organisms. 

However, the analyses did not establish that any particular combination was more appro-

priate for a given organism group. 

Specifically, positive coefficients were estimated for the proportion of velocity-based 

LDA within WC in the models for changes in the flow-corrected eDNA rates of Dark chub 

and Pale chub, whereas a negative coefficient was estimated for the proportion of bed-

https://doi.org/10.3390/w18222863


Water 2026, 18, 2863 22 of 26 
 

https://doi.org/10.3390/w18222863 

shear-stress-based HDA within NC in the model for changes in net-spinner density. None 

of these coefficients was statistically significant after BH correction. In addition, including 

lateral channel areas inundated during floods within WC resulted in relatively greater 

proportions of low-disturbance areas in many cases. As a potential application to channel 

design, channel forms that create low-forcing spaces along channel margins and in lateral 

channel areas could be examined when considering flood-time conditions for fish. Inter-

levee floodplains and partial channel widening are examples of channel forms that may 

create such spaces [35,39]. In contrast, for organisms with a strong dependence on bed 

substrates, such as net-spinners, the extent of strong streambed disturbance within the 

normal-flow channel may also warrant consideration. However, the potential biological 

benefits of such channel designs were not evaluated in this study. 

Two-dimensional depth-averaged flow modeling allows alternative excavation ge-

ometries, channel widths, and cross-sectional designs to be compared in terms of the spa-

tial composition of flood-disturbance forcing as well as flow conveyance capacity. Such 

evaluation may provide one approach for examining channel geometry while considering 

the formation of low- and high-disturbance areas during floods according to the target 

organisms. 

This study was based on two flood events across nine reaches in three streams and 

did not compare conditions before and after channelization or with natural river channels. 

Although the LMMs accounted for repeated observations within study reaches, the two 

flood events were shared across the three rivers, and the limited number of independent 

flood events and rivers constrained the generalizability of the estimated relationships. At 

each study reach, the two flood events had generally similar peak discharges, so the range 

of flood magnitude examined within each reach was limited. Furthermore, because no 

unaffected control reaches were included, changes in abundance between the pre- and 

post-flood surveys may have been influenced by seasonal processes as well as flood dis-

turbance. Excluding observations with zero pre-flood values may also have introduced 

selection bias. No coefficient for the LDA or HDA proportions was statistically significant 

after BH correction, and the asymmetric percentage-change data, singular fits, departures 

from residual normality, and sensitivity to data exclusions warrant caution when inter-

preting the estimated relationships (Supplementary Tables S7 and S8). Therefore, the re-

lationships between the spatial composition of flood-disturbance forcing and changes in 

abundance, as well as the effects of channelization itself, should be examined under a 

wider range of river and flood conditions in future studies. 

5. Conclusions 

This study examined the relationships between the spatial composition of flood-dis-

turbance forcing during two flood events and changes in the abundance of aquatic organ-

isms before and after the floods across nine study reaches in three channelized cobble-bed 

streams. Classification of flood-disturbance forcing into LDA, MDA, and HDA based on 

flow velocity and bed shear stress showed that areas exposed to different levels of forcing 

coexisted within the same study reach and that their spatial composition differed among 

study reaches, flood events, and between the whole channel and normal-flow channel. In 

the primary analyses, positive coefficients were estimated for the relationships between 

the percentage changes in the flow-corrected eDNA rates of Dark chub and Pale chub and 

the proportion of velocity-based LDA within the whole channel, whereas a negative coef-

ficient was estimated for the relationship between the percentage change in net-spinner 

density and the proportion of bed-shear-stress-based HDA within the normal-flow chan-

nel. The unadjusted p-values for the coefficients of Pale chub and net-spinners were below 

0.05. However, the coefficients for the proportions of LDA or HDA were not statistically 
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significant after BH correction in any of the 32 models, comprising 10 primary and 22 

supplementary models. 

The estimated associations describe the individual combinations of organism groups, 

forcing indicators, and channel areas examined in this study and should not be interpreted 

as evidence that biological responses differed among organism groups. Although the eco-

logical relevance of these combinations remains uncertain, the spatial composition of 

flood-disturbance forcing may provide complementary information for evaluating flood-

time conditions alongside normal-flow habitats. Spatial evaluation of flood-disturbance 

forcing using two-dimensional depth-averaged flow modeling may provide useful infor-

mation for examining channel width, cross-sectional geometry, and lateral channel areas 

while considering both flow conveyance capacity and flood-time habitat conditions for 

aquatic organisms. However, this study did not fully establish the ecological validity of 

the combinations of forcing indicators and channel areas for individual organism groups. 

Further studies are needed to clarify the ecological relevance of these hydraulically esti-

mable indicators. 
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