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Abstract

To clarify how morphological differences in Coarse woody debris (CWD) influence riparian ecosystems,
we compared physical environments and leaf litter retention around CWD with-branches (hereafter, with-
branches sections) and CWD without-branches (hereafter, without-branches sections) in the headwaters
of the Kushiro River, eastern Hokkaido, Japan, and examined whether differences occurred in aquatic
biota. Benthic invertebrate assemblages differed between with-branches and without-branches sections
during the flood season. Several predator taxa were observed in with-branches sections, whereas grazer
taxa dominated without-branches sections. Assemblage composition in with-branches sections was
influenced by the accumulation of particulate organic matter (POM), while that in without-branches
sections was associated with gravel aggregation. In with-branches sections, both bottom-up and top-
down effects influenced biodiversity index. The accumulation of POM in with-branches sections
originated from litter directly trapped by CWD, and litter-associated invertebrate assemblages were also
diverse. The presence of both types of woody debris in the creek enhances benthic invertebrate diversity,
highlighting the importance of habitats that locally concentrate substrates, particularly gravel and POM,
and suggesting that introducing, retaining, or ensuring the continuous input of diverse woody debris is
crucial for the conservation of aquatic and riparian biota.

Introduction

Wetland environments have been affected by a wide range of human activities, including the exploitation
of natural resources, urbanization, dam construction and groundwater abstraction, grazing and
agriculture, and the introduction of non-native species (Sayer et al. 2025). Freshwater ecosystems
support a disproportionately large number of threatened species compared with other ecosystems, and
this trend is particularly pronounced in river ecosystems (Sayer et al. 2025). Therefore, the conservation
of river ecosystems is of critical importance. River ecosystems are strongly influenced by dam
construction, channelization, and riparian development (Poff et al. 1997; Bunn and Arthington 2002;
Allan 2004). In particular, riparian development such as the stabilization of flow regimes and the removal
of riparian vegetation reduces the supply of organic matter to streams, thereby affecting food-web
structure through bottom-up processes (Richardson and Béraud 2014; Mor et al. 2018). These effects
have been shown to extend to riparian predator communities via changes in aquatic insect production
(Nakano and Murakami 2001), indicating that river food webs function across broad spatial scales that
include not only the stream channel but also surrounding terrestrial ecosystems.

Organic matter inputs from riparian forests to streams provide an important energy source that supports
aquatic food webs (Hall et al. 2000), while large organic matter alters the physical river environment and
provides favorable habitats for aquatic organisms (Flebbe and Dolloff 1995). Organic matter inputs are
commonly classified by size: fallen trees or large woody materials transported by water are referred to
as coarse woody debris (CWD) or large woody debris (LWD), whereas leaf litter and progressively smaller
organic particles are termed coarse particulate organic matter (CPOM) and fine particulate organic
matter (FPOM), respectively (Yoshimura et al. 2006). In headwater streams, narrow channel widths and
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closed riparian canopies result in abundant inputs of CPOM. These materials are subsequently broken
down by water flow and consumers such as shredders and transported downstream (Vannote et al.
1980; Webster and Benfield 1986). Consumers inhabiting downstream reaches primarily utilize FPOM
produced in upstream sections (Vannote et al. 1980).

For organic matter to be utilized by consumers such as shredders, it must be retained within the stream
channel. The retention of litter is influenced by environmental complexity, including trapping by coarse
substrates such as stones and branches, microtopography of the streambed, and retention by woody
debris (Speaker et al. 1984, Lepori et al. 2005). In particular, litter retained in pools is less susceptible to
removal during floods because flow velocity decreases toward the center of pools (Kishi et al. 1999;
Kobayashi et al. 2011). Pools are known to form preferentially in meandering sections of rivers
(Lofthouse and Robert 2008), but they can also be created by in-channel obstructions that increase
hydraulic resistance, with pool formation by woody debris being especially well documented
(Montgomery et al. 1995). Thus, woody debris indirectly contributes to litter retention. However, even in
areas where pools are not well developed, litter can still be retained in reaches with abundant woody
debris (Kishi et al. 1999). Woody debris also directly traps litter and reduces the loss of organic matter
during seasonal floods, such as those occurring in spring, thereby buffering seasonal biases in organic
matter supply (Speaker et al. 1984; Kishi et al. 1999; Lepori et al. 2005).

Litter retention is also influenced by the physical characteristics of the litter itself. Small and dense
FPOM tends to accumulate in pool centers, whereas larger litter is more readily trapped by obstructions
and therefore accumulates in riffles (Kobayashi et al. 2011). As a result, litter of differing quality and size
is distributed heterogeneously among river habitats. In such environments, suitable sizes and qualities
of litter do not necessarily accumulate in habitats accessible to particular detritivorous consumers such
as shredders (Kobayashi et al. 2011). For example, small-bodied benthic insects such as Plecoptera,
which experience less drag and can cling to leaf surfaces using tarsal claws, feed on litter in riffles,
whereas large-bodied benthic insects such as Trichoptera are more susceptible to hydraulic forces and
therefore feed on litter retained in low-velocity habitats such as pools. Fish also utilize similar habitat
types (Everett and Ruiz 1993). By forming pools, woody debris provides fish not only with food resources
such as insects but also with refugia from high flow velocities and shelter from predators (Bisson et al.
1982).

Roni et al. (2008) reported, based on studies conducted in North America, that reconnection of isolated
water bodies, restoration of floodplains, and improvement of in-channel habitats are effective for
enhancing habitat quality and biodiversity. Among these approaches, in-channel habitat enhancement
through the placement of rocks and wood to increase habitat heterogeneity is the most widely
implemented. Maclnnis et al. (2008) reported that the installation of woody debris promoted the
formation of pools and improved spawning habitats for salmon. Although this approach often elicits
biological responses more rapidly than large-scale interventions such as dam removal or floodplain
reconnection, outcomes are variable, and long-term monitoring and site-specific evaluations are required
(Roni et al. 2008). In some cases, wood placement aimed at conserving specific target species has
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resulted in population declines of other species (Langford et al. 2012). Consequently, studies and
management practices that consider not only physical habitat but also biological responses at the
community level, rather than focusing on single species, are increasingly needed (Richardson 2024).

In Japan, river research has historically focused on flood control and disaster prevention (Takahasi and
Uitto 2004). In recent years, however, ecosystem-based river management approaches such as Tashizen-
kawazukuri (“nature-oriented river management”) have gained importance (Ministry of Land,
Infrastructure, Transport and Tourism 2024), and woody debris has been studied from ecological
perspectives. Compared with rivers in many regions outside Japan, Japanese rivers are generally
narrower, and riparian forests are dominated by deciduous rather than coniferous species (Sakio et al.
1995). In low-gradient headwater streams in Hokkaido, even woody debris with relatively small
diameters can generate well-developed pools due to narrow channel widths, perpendicular orientations
of woody debris relative to flow, and fine streambed substrates (Abe and Nakamura 1996; Urabe and
Nakano 1998). Yoshinaga et al. (2022) experimentally installed woody debris in a natural stream and
observed increases in benthic invertebrate abundance near the debris, concluding that particulate
organic matter trapped by the debris played a key role. Nevertheless, practical implementation has been
limited to a small number of rivers in Hokkaido (Takayama et al. 2011), and nationwide river
management often relies instead on gabions filled with gravel.

Although research on woody debris has progressed, no studies have examined how morphological
differences in woody debris influence river ecosystems. In general, branches are more easily transported
by flow, and most woody debris that remain in streams for extended periods consists only of the main
trunk (Abe and Nakamura 1996). However, elucidating organic matter dynamics associated with newly
supplied woody debris is important because it can demonstrate the ecological significance of periodic
woody debris inputs and contributes to the conservation of headwater ecosystems. While some studies
have reported the physical effects of debris complexes in which large logs trap smaller branches (Haga
et al. 2017), no studies have investigated temporal changes in biological responses following debris
installation. Woody debris with more complex structures, such as debris with branches, is expected to
enhance organic matter retention by enabling both direct and indirect retention of litter of diverse sizes
and qualities across various in-channel habitats. If the organic matter retention function of woody debris
can be quantified and its bottom-up effects and contributions to biodiversity enhancement
demonstrated, more ecologically informed riparian conservation strategies could be developed.
Therefore, the objective of this study was to determine whether morphological characteristics of woody
debris influence litter retention and biodiversity in headwater river ecosystems in Hokkaido, Japan.

Methods
1. Study area

The study was conducted in a tributary of the Kushiro River in eastern Hokkaido, Japan (hereafter
referred to as the Birunai Creek, Fig. 1).
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The Kushiro River is one of the largest lowland rivers in eastern Hokkaido, Japan, with a catchment area
of approximately 2,500 km? and a gently sloping. The river drains from volcanic uplands through
extensive wetlands before discharging into the Pacific Ocean (Ministry of Land, Infrastructure, Transport
and Tourism 2025). The riverbed gradient in the upstream region is extremely gentle (1/1,000), and the
river is characterized by a meandering channel (Sakaguchi et al. 2020). No major weirs or dams are
present along the main stem (Ministry of Land, Infrastructure, Transport and Tourism 2025), and the river
retains a largely natural flow regime.

Riparian forests in the upper Kushiro River are mainly composed of Salix spp. Betula platyphylla and
Alnus hirsuta. Shrub vegetation along the riverbanks includes Spiraea salicifolia, and the understory is
dominated by Sasa nipponica, Urtica platyphylla, and Carex spp. The aquatic plant Ranunculus nipponicus
occurs on the riverbed, and fish species such as Oncorhynchus masou, Salvelinus leucomaenis and
Tribolodon sachalinensis inhabit the river (Ministry of Land, Infrastructure, Transport and Tourism 2025).
Terrestrial fauna includes mammals such as Cervus nippon and Vulpes vulpes, as well as large birds
including Grus japonensis.

Teshikaga Town, located in the headwaters of the Kushiro River, lies in eastern Hokkaido, bordered by the
central mountain range to the west and north and facing the Pacific Ocean influenced by the Oyashio
Cold Current to the south. The region belongs to the eastern Pacific climatic zone (Ministry of Land,
Infrastructure, Transport and Tourism 2025). The climate is cool and humid, characterized by frequent
fog formed when warm southeasterly winds in summer are cooled over the cold ocean current (Ministry
of Land, Infrastructure, Transport and Tourism 2025). According to the Japan Meteorological Agency
(2025), the mean annual air temperature from 2010 to 2020 was 5.6°C, with a maximum of 34.4°C and a
minimum of - 24.9°C. Mean annual precipitation was 1,091 mm, and the maximum snow depth reached
118 cm in the Kawayu area. Heavy rainfall occurs during limited periods, mainly due to frontal systems
from early summer to summer and typhoons from summer to early autumn (Ministry of Land,
Infrastructure, Transport and Tourism 2025).

The Birunai Creek is a small, low-gradient stream approximately 3 m wide, located in Biruwa, Teshikaga
Town (43°33' N, 144°22' E; Fig. 1). The study reach is straight with few large cobbles. Because the river is
closely associated with riparian forest, it is heavily shaded, and fallen trees caused by strong winds are
frequently observed. The dominant riparian tree species are similar to those in the main stem.

2. Methods

2.1. Experimental design

From upstream to downstream, the study reach was divided into a control reach (hereafter, C reach), a
reach with CWD without branches installed in summer 2021 (hereafter, without-branches sections), and
a reach with CWD with branches installed in summer 2023 (hereafter, with-branches sections) (Fig. 1).
These reaches were arranged consecutively with 2 m spacing, resulting in a total reach length of 46 m.
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2.2. Installation of branched CWD

Branched CWD used in this study consisted of crown sections of white birch (Betula platyphylla) and
willow species (Salix sp.), which are components of the riparian forest along the Birunai Creek. To fit the
approximately 3 m channel width, the logs were cut to a length of approximately 4 m using a chainsaw.
The diameter at the basal end of the trunk ranged from 7 to 10 cm. After removing naturally
accumulated woody debris when present, two birch logs and two willow logs were installed at 6 m
intervals (Fig. 2A). The basal end of each log was fixed to the right bank. Leaf litter directly accumulated
on the without-branches sections was removed prior to the experiment. The unbranched CWD units were
labeled U (upstream, 10 cm), M (middle, ¢20 cm), and D (downstream, ¢30 cm), and the branched
CWD units were labeled B-i (Birch-i), B-ii (Birch-ii), W-i (Willow-i), and W-ii (Willow-ii).

2.3. Sampling points

Physical environmental variables were measured at the intersections of channel-parallel lines (a-c) and
channel-perpendicular lines (1-6), indicated by black circles in Fig. 2B (hereafter, environmental
measurement points). Benthic invertebrates were collected at intermediate points between
environmental measurement points, indicated by white circles (hereafter, biological sampling points).
Line-a passed near submerged branches of the CWD shown in Fig. 2A, line-b ran through the center of
the channel, and line-c was located near the fixed basal trunk.

2.4. Physical environment

To compare environmental conditions between with-branches and without-branches sections, physical
variables were measured at environmental measurement points in the experimental and control reaches.
Riverbed topography was recorded by measuring water depth (m) from the water surface to the riverbed
using a ruler. River water level (cm) was also measured as the difference between the water surface and
a reference line installed on the riverbank. Flow velocity (cm s-') was measured using a propeller-type
current meter (Global Water CGW-FP101, Kenek) at both just below the water surface (hereafter, surface-
layer) and just above the riverbed (hereafter, bottom-layer) for 20 s at each point, and mean values were
calculated. Measurements were not conducted at points where the propeller could not be inserted due to
accumulated litter or CWD.

Substrate composition was assessed using a 50 cm x 50 cm quadrat centered on each environmental
measurement point. Coverage (%) of sand (< 5 mm), small gravel (5—-20 mm), medium gravel (20-40
mm), large gravel (> 40 mm), and riverbed organic matter including litter and humus (particulate organic
matter; POM) was recorded following Yoshinaga et al. (2022). The riverbed was photographed using an
underwater camera (WG-70, RICOH) mounted on a viewing box, and coverage was calculated from
images after the survey.

2.5. Benthic invertebrates
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To examine whether differences in litter accumulation affected benthic invertebrate diversity, benthic
invertebrates were collected in the experimental and control reaches. Substrates within a 30 cm x 30 cm
area centered on each biological sampling point were disturbed two to three times using a rake or foot,
and dislodged materials were collected downstream using a D-frame net with T mm mesh. Benthic
invertebrates were sorted using forceps and fixed in 10% formalin solution. After fixation, specimens
were identified under a stereomicroscope. Based on Maruyama and Takai (2000), Takemon (2005), and
Kawai and Tanida (2018), organisms were classified into functional feeding groups, and assemblages
were compared between with-branches sections and without-branches sections. Scientific names
followed Kawai and Tanida (2018).

2.6. Organisms inhabiting litter accumulated directly on
CWD

To clarify the composition of organisms inhabiting litter directly accumulated on CWD, including
organisms other than benthic invertebrates, approximately 2700 cm? of litter accumulated on each CWD
sections was collected. Organisms were then fixed and identified following the same procedures used
for biological sampling points, and assemblage composition was compared among reaches.

2.7. Litter directly accumulated on CWD

Litter directly accumulated on CWD was distinguished from POM and its area (m?) was calculated using
ImageJ based on aerial images obtained by an unmanned aerial vehicle (Mavic 2 Pro, DJI).

2.8. Dye tracer experiment

To assess flow disturbance around CWD, dye tracer experiments were conducted in the experimental
and control reaches. A capful of biodegradable fluorescent tracer dye (Techno International Co., Ltd.)
was released approximately 1 m upstream of the CWD, and its movement was recorded from above
using an unmanned aerial vehicle and from within the river using underwater cameras. Underwater
cameras were installed both upstream and downstream of the CWD at positions 25 cm away from the
log, oriented toward the flow so that the CWD was visible.

2.9. Data analysis

To compare benthic invertebrate assemblages collected simultaneously in the branched and without-
branches sections, TWINSPAN (Two-Way Indicator Species Analysis; PC-ORD ver. 6.0, Wild Blueberry
Media LLC) was conducted, excluding unidentified taxa. To examine which environmental factors
influenced the resulting assemblage groups, principal component analysis (PCA; R 4.2.3, FactoMineR)
was used to extract environmental variables characterizing with-branches, without-branches and control
sections. Path analysis (R 4.2.3, lavaan) was then conducted. Among environmental variables, the top
three variables with the highest combined contributions to the first and second principal components
were selected. Pools are characterized by deeper water and reduced near-bed flow velocity relative to
surface flow (Robert 1997; Yoshinaga et al. 2022). Using this hydraulic characteristic, we constructed a
continuous variable (“pool”) defined as the ratio of surface-layer to bottom-layer flow velocity. Higher
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values indicated more developed pools. Small and medium gravel were combined into a single variable,
hereafter referred to as pebble. Path analysis was used to examine causal relationships among
environmental variables, benthic invertebrates, and overall biological diversity in each section of
experimental and control reaches. Benthic invertebrate diversity was evaluated using Simpson’s diversity
index.

.2
D=1-3; 021

D; Simpson’s diversity index, S; the number of taxa, n;; the number of individuals of taxon i, N; the total
number of individuals

Comparisons of the number of the organisms inhabiting litter accumulated directly on CWD between
branched and without-branches sections were conducted using the Mann—Whitney U test.

Seasonal comparisons of POM coverage and directly accumulated litter were conducted using Wilcoxon
signed-rank tests based on mean values across all measurement periods for each CWD sections.
Comparisons of POM coverage and directly accumulated litter between branched and without-branches
sections were conducted using the Mann—Whitney U test. To evaluate whether seasonal effects differed
between branched and without-branches sections, linear mixed models (LMMs; R 4.2.3, Ime4) were
applied, with sub-reach and year as random effects and season and reach as an interaction term.

2.10. Study period

The study was conducted from 2020 to 2025, mainly during the high-flow and leaf-fall seasons. Physical
environmental measurements were conducted at least two months after installation of the branched
CWD. To compare biological assemblages after stabilization of riverbed conditions and benthic
invertebrate colonization, benthic invertebrates were collected during the leaf-fall season in 2024 and the
high-flow season in 2025. The high-flow season occurs in spring (around May), and the leaf-fall season
in autumn (around October).

Results
1. Benthic invertebrates and habitat conditions

The TWINSPAN results for benthic invertebrates in the with-branches sections and the without-branches
sections during the leaf-fall season and the flood season are shown in Fig. 3.

During the leaf-fall season, benthic invertebrates were classified into three groups, and clusters from
both sections were intermingled. In contrast, during the flood season, benthic invertebrates were
classified into four groups, and clusters from the two sections were clearly separated. In the flood
season, predator taxa were more abundant in the with-branches sections, whereas grazers were more
abundant in the without-branches sections. In the with-branches sections, except for site B-i, community
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composition differed between sites located upstream and downstream of individual CWD (i.e., sites
aggregated on either side of a CWD). The control section showed a benthic assemblage similar to that of
the upstream-side sites in the without-branches sections.

The PCA results for benthic invertebrates in the with-branches sections and the without-branches
sections during the leaf-fall and flood seasons are shown in Fig. 4. Table 1 summarizes the contribution
rates and the seven environmental variables (bottom-layer velocity, water depth, pool, sand, pebble, POM,
and Ranunculus nipponicus).

In the with-branches sections during the leaf-fall season, PC1 was strongly correlated with water depth
(r=0.77), pebble (r=-0.76), sand (r = - 0.72), POM (r = 0.70), and bottom-layer velocity (r = - 0.68),
whereas PC2 was strongly correlated with R. nipponicus (r = 0.85). Sites W (W-i and W-ii) were
characterized by sandy and pebbly substrates, whereas sites B (B-i and B-ii) showed accumulation of
POM. In the without-branches sections and the control section, PC1 was strongly correlated with
bottom-layer velocity (r = - 0.87), pool (r =0.83), POM (r = 0.73), and water depth (r = 0.72), while PC2 was
strongly correlated with sand (r=0.81), pebble (r = - 0.82), and R. nipponicus (r = 0.70). Sites U, M, and D
were classified as pools; site U was sandy, whereas sites D and M were pebbly. Measurement lines near
the CWD at site M showed high POM accumulation. In the with-branches sections during the flood
season, PC1 was strongly correlated with sand (r = - 0.78), POM (r = - 0.78), R. nipponicus (r = 0.66), and
bottom-layer velocity (r = - 0.63), while PC2 was strongly correlated with pebble (r = 0.93). Sites W were
characterized by sandy substrates, and measurement lines near the CWD at both W and B sites showed
high POM accumulation. In the without-branches sections and the control section, PC1 was strongly
correlated with water depth (r = 0.93), sand (r = - 0.88), POM (r = 0.78), and bottom-layer velocity (r = -
0.66), whereas PC2 was strongly correlated with pool (r = - 0.70), R. nipponicus (r =0.67), and pebble (r =
0.65). Measurement lines in the control section were characterized by relatively high flow velocity. Sites
U and M were pools with low flow velocity, and POM accumulated at measurement lines located close to
CWD.

In the with-branches sections during the flood season, the top three environmental variables were
pebble, sand, and POM. Path analysis examining causal relationships among these environmental
variables, benthic invertebrate groups derived from TWINSPAN, and Simpson'’s diversity index showed
that benthic invertebrate group 1 was strongly positively correlated with POM (Simuliidae, r = 0.60;
Tricladida, r = 0.43; Perlodidae, r = 0.75) and negatively correlated with sand (Tricladida, r = - 0.47; Acairi,
r = - 0.45). Benthic invertebrate group 3 also showed a strong positive correlation with POM (Perlodidae,
r=0.75). Simpson'’s diversity index showed a strong positive correlation with Perlodidae. In the without-
branches sections during the flood season, the top three environmental variables were pebble, pool, and
bottom-layer velocity. Path analysis showed that benthic invertebrate group 2 was positively correlated
with pebble (Heptageniidae, r = 0.51), whereas benthic invertebrate group 4 showed no correlation with
any environmental variable. Simpson'’s diversity index also showed no correlation with either biological or
environmental variables.
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2. Organisms associated with litter directly retained by CWD

During the flood season, species richness was higher in the with-branches sections (12.0 £ 4.0, n = 4)
than in the without-branches sections (4.0 + 4.0, n = 2). In the with-branches sections, five predator taxa
(Hirudinoidea, Perlodidae, Rhyacophilidae, Tabanidae, and Araneae) were recorded, whereas only
Rhyacophilidae was recorded in the without-branches sections. Adult Coleoptera were observed only in
the with-branches sections (Hydraenidae, Hydrophilidae, and Dryopidae). In addition, soil-associated
organisms (Entomobryidae) and final-instar Lepidostomatidae were observed in the with-branches
sections. As in the flood season, during the leaf-fall season, Coleoptera (Hydraenidae and Scirtidae)
were more abundant in the with-branches sections (42.8 + 31.4, n = 5) than in the without-branches
sections (14.0 £ 8.4, n = 4) (U test, p = 0.032). Predators (Tricladida, Perlodidae, Rhyacophilidae,
Phryganeidae, Pediciidae, Tabanidae, Araneae) were also more abundant in the with-branches sections
(9.8 £ 3.8, n = 5) than in the without-branches sections (6.3 + 4.6, n = 4), although the difference was not
statistically significant (U test, p > 0.05). At site B-i, small detritivores such as Oligochaeta and
Chironomidae tended to be abundant. Lepidostomatidae and Phryganeidae were observed in both
sections.

3. POM and litter directly retained by CWD

POM cover rate from the leaf-fall season of 2024 to the leaf-fall season of 2025 was significantly higher
during the leaf-fall season (26.0 + 6.0) than during the flood season (15.1 * 4.2)(Wilcoxon signed-rank
test, p = 0.02)POM cover rate did not differ between the with-branches sections (24.0+2.9, n=4) and
the without-branches sections (22.8 +3.1, n = 3) (U test, p > 0.05). At site B-i, POM cover tended to be
higher at downstream-side sites than at upstream-side sites relative to the CWD. Even in the control
sections, a certain amount of POM was presentllleaf-fall season 14.6, flood season 14.11K

The area of litter directly retained by CWD (m?) from the leaf-fall season of 2023 to the leaf-fall season of
2025 was significantly higher during the leaf-fall season (0.40 + 0.30, n = 7) than during the flood season
(0.040 £ 0.033,n =7) (LMM, p = 0.003; Wilcoxon signed-rank test, p = 0.02; Fig. 5). No significant
difference was detected between the with-branches sections (0.34 £ 0.22, n = 4) and the without-
branches sections (0.14 £ 0.037, n = 3) (LMM: area, p > 0.05; season x area, p > 0.05; U test, p > 0.05).
However, during the high-flow season, the with-branches sections (0.058 + 0.024, n = 4) captured more
litter than the without-branches sections (0.018 £ 0.030, n = 3) (U test, p > 0.05).

5. Dye experiment

Dye movement within the CWD sections is shown in Fig. 6, with representative images from the with-
branches sections and the without-branches sections.

At sites U and M, the dye passed through with little retention. At site D, the dye split toward the left bank
and the channel center and passed downstream over a longer period. Underwater observations showed
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that most dye passed just below the water surface at the channel center but gradually accumulated in
the center of the pool before dispersing downstream. At site B-i, the dye did not pass through the CWD
but instead bypassed it via a backwater area along the left bank. At site B-ii, the dye passed through all
areas except measurement line b. At sites B-ii and W (W-i and W-ii), dye tended to be retained
downstream of submerged portions of the CWD; in particular, at site W-ii, eddies formed and retained the
dye for an extended period. At sites W, dye accumulated in a small pool formed upstream of the CWD
and, downstream, was retained throughout the water column from the surface to the riverbed.

Discussion

Both CWD with branches and without branches were shown to exert distinct ecological functions by
enhancing substrate heterogeneity during high-flow periods, thereby influencing benthic invertebrate
assemblages. Among predators occurring in the with-branches sections, Tricladida and Perlodidae were
likely dependent on the high availability of particulate organic matter (POM), which is a characteristic
environmental feature of this section. Tricladida and Perlodidae are known to prey on small benthic
invertebrates such as Oligochaet, which primarily feed on fine particulate organic matter (FPOM)
(Takemon 2005). Because Oligochaet were particularly abundant downstream of B-i and upstream of W
(W-i and W-ii) within the with-branches sections (Table 2), this section can be characterized as an
environment where humic materials and FPOM tend to accumulate. Analyses of riverbed morphology
based on water depth revealed that the without-branches sections formed a continuous pool, whereas
the with-branches sections consisted of multiple small-scale pools. In addition, dye-tracer experiments
demonstrated that dye residence time was longer in the with-branches sections than in the without-
branches sections. Although the total amount of benthic organic matter did not differ between sections,
differences in riverbed complexity likely influenced the size and retention dynamics of POM. In contrast,
gravels were aggregated in the without-branches sections. The frequent occurrence of Heptageniidae,
which graze algae attached to gravels (Takemon 2005), suggests that algal-covered gravels were
abundant in without-branches section. Substrate grain size is closely associated with the accumulation
and structure of periphytic algae, and larger substrates tend to support thicker algal assemblages
(Albarifio et al. 2022).

The distinct benthic invertebrate assemblages formed in this manner contributed to an overall increase
in diversity across CWD sections. This pattern can be explained not only by bottom-up effects but also
by top-down effects. At sampling sites where Perlodidae were absent, Chironomidae dominated, while
Leptophlebiidae—another FPOM feeder—were scarce. In contrast, at sites where Perlodidae were
present, the abundance of Leptophlebiidae was comparable to that of Chironomidae (Table 2). Ceneviva-
Bastos et al. (2017) reported that litter addition during river restoration in degraded systems led to
dominance by omnivorous insects alone, without enhancing biodiversity. In the present study, however,
installation of CWD with branches retained organic matter of various sizes, resulting in an increase in
diverse detritivores. Furthermore, the attraction of predators such as Perlodidae enhanced biodiversity
through top-down regulation. Although biodiversity in the without-branches sections was lower than in
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the with-branches sections, the presence of taxa unique to the without-branches sections also
contributed to diversity at the reach scale.

The presence of branches enabled the local retention of substantial amounts of litter even during high-
flow periods, when overall litter availability was limited. For assemblages characteristic of the with-
branches sections during high-flow periods, not only POM retained on the riverbed but also litter directly
trapped by CWD is likely to be important. Long-term retention of litter facilitates fungal colonization
(Chung and Suberkropp 2008), which in turn may increase aquatic insects that feed on fungi. In addition,
litter captured directly by branched CWD provides habitat not only for invertebrates inhabiting the
riverbed but also for organisms such as adult Coleoptera, thereby contributing to the expansion of
available habitats within the river ecosystem. Moreover, the study in forested wetlands have shown that
woody debris supports not only aquatic invertebrates but also diverse non-aquatic arthropods,
suggesting that its ecological role extends beyond the stream channel itself (Braccia and Batzer 2001).

Implications for maintaining healthy river environments

The presence of both CWD with branches and CWD without branches in rivers was shown to enhance
benthic invertebrate diversity, highlighting the importance of environments where substrates, particularly
gravel and POM, are locally concentrated. Supplementary surveys further suggested that CWD provides
critical food resources and habitats, such as pools and perching sites, for fish, mammals, and birds,
emphasizing its importance across the entire riparian ecosystem.

If the findings of this study are applied to freshwater conservation, it is necessary to retain or introduce
diverse forms of CWD that reflect the variety of ways organisms utilize woody debris, particularly with
respect to inundation depth and branch complexity considering human safety may yield substantial
benefits. When applied to rivers overseas, which are often wider than those in Japan, such measures are
expected to be particularly effective in tributaries.

In the supplementary mainstem survey, we identified meander bends adjacent to agricultural land, where
the number of CWD pieces that had fallen vertically into the channel was lower than in other meander
bends. Reduction in the extent of riparian forests due to agricultural development at meander bends is
likely to constrain the sustained recruitment of CWD into river channels. Branched CWD represents
relatively recently supplied woody material, highlighting the importance of continuous CWD input for
maintaining its ecological functions. Therefore, conserving riparian forest buffers in parallel (Richardson
et al. 2012) is essential to sustain long-term CWD recruitment.

Uno et al. (2026) emphasized the need to move beyond studies and conservation efforts focused solely
on specific habitats and instead to integrate interactions among multiple habitats, riverine landscapes,
and organisms. They further proposed clear conservation goals aimed at ensuring long-term ecosystem
stability and sustainability through the restoration of natural river functions. In this context, integrated
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conservation that includes river environments capable of sustaining continuous CWD recruitment is
strongly recommended.

Declarations

Acknowledgments

Field surveys were made possible with the assistance of technical staff at the Biruwa Experimental
Farm, University Tamagawa, including Kei Yokokura, Kiichi Kaneko, and Hideaki Kanai, as well as former
staff members Tsunehiro Kurasaki and Takashi Isori. We also thank Hiroshi Hirakoso and members of
the Interaction Design Laboratory for designing and constructing the observation equipment used in this
study. We appreciate the valuable comments and support from members of the Graduate School of
Agriculture and the Department of Environmental Dynamics. This study was conducted as a
collaborative research project with Teshikaga Town.

Funding

This study was partially supported by research funding provided by Town Teshikaga, Hokkaido in Japan.
The funding was allocated to the authors’ laboratory as part of broader research activities and was not
provided as a commissioned or contract-based project. The funding body had no role in the study
design, data collection, data analysis, interpretation of results, or the decision to publish this manuscript.

Data Availability

The datasets generated during the current study contain sensitive information related to specific
sampling locations and habitats. Due to conservation considerations and the contextual nature of the
data, they are not publicly available at this stage. However, the data are available from the corresponding
author upon reasonable request, subject to appropriate ethical and conservation considerations.

Competing Interests

The authors declare that they have no competing interests.

Author Contributions

M.H. designed the study, conducted field surveys, performed data analyses, and wrote the manuscript.
Y.M. provided supervision and contributed to study design and interpretation of the results.

K.Y. conducted earlier field surveys and contributed data used in this study.

All authors reviewed and approved the final manuscript.

References

Page 13/22



10.

11.

12.

13.

14.

15.

16.
17.

. Abe T, Nakamura F (1996) REARRHNKEAREHNEEANERRNERNERNNERKERNNEY 78:36—42. [Formation of pools

and cover by woody debris in low-gradient small streams of northern Hokkaido]. (in Japanese)

. Albarifio RJ, Closs GP, Matthaei CD, Townsend CR, Zamorano D (2022) Substrate size modifies

stream grazer—biofilm interactions in the presence of invertivorous fish. Ecology 103: e3828.

. Allan JD (2004) Landscapes and riverscapes: the influence of land use on stream ecosystems.

Annual Review of Ecology, Evolution, and Systematics 35:257-284.

. Bisson PA, Nielsen JL, Palmason RA, Grove LE (1982) A system of naming habitat types in small

streams, with examples of habitat utilization by salmonids during low stream flow. In: Armantrout
NB ed. Acquisition and utilization of aquatic habitat inventory information. American Fisheries
Society pp. 62-73.

. Braccia A, Batzer DP (2001) Invertebrates associated with woody debris in a southeastern US

forested floodplain wetland. Wetlands 21: 18-31.

. Bunn SE, Arthington AH (2002) Basic principles and ecological consequences of altered flow

regimes for aquatic biodiversity. Environmental management 30: 492-507.

. Ceneviva-Bastos M, Montafia CG, Schalk CM, Camargo PB, Casatti L (2017) Responses of aquatic

food webs to the addition of structural complexity and basal resource diversity in degraded
Neotropical streams. Austral Ecology 42: 908-919.

. Chung N, Suberkropp K (2008) Influence of shredder feeding and nutrients on fungal activity and

community structure in headwater streams. Fundamental and Applied Limnology. 173: 35-46.

. Everett RA, Ruiz GM (1993) Coarse woody debris as a refuge from predation in aquatic

communities: an experimental test. Oecologia 93: 475-486.
Flebbe PA, Dolloff CA (1995) Trout use of woody debris and habitat in Appalachian wilderness
streams of North Carolina. North American Journal of Fisheries Management 15: 579-590.

Haga H, Moriishida T, Morishita N, Fujimoto T (2017) Properties of small instream wood as a logjam
clogging agent: Implications for clogging dynamics based on wood density, water content, and
depositional environment. Geomorphology 296: 1-10.

Hall RO Jr, Wallace JB, Eggert SL (2000) Organic matter flow in stream food webs with reduced
detrital resource base. Ecology 81: 3445-3463.

Hiinken A, Mutz M (2007) On the ecology of the filter-feeding Neureclipsis bimaculata (Trichoptera,
Polycentropodidae) in an acid and iron rich post-mining stream. Hydrobiologia 592: 135-150.

Kawai T, Tanida K (2018) HNHNERN NANKNERNANENERNAN, NE. pp. 1600. [Illustrated keys to aquatic insects
of Japan)]. (in Japanese)
Kishi C, Nakamura F, Inoue M (1999) REXERNANHNENKANANENENNANENENNANENENE 49:11-20. [Leaf litter

budgets and retention processes in the Horonai River, a small stream in southwestern Hokkaido]. (in
Japanese)

Japan Meteorological Agency (2025) NiNERE. [Climatological datal.
https://www.data.jma.go.jp/stats/etrn/index.php. Accessed 5 December 2025. (in Japanese)

Page 14/22



18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ministry of Land, Infrastructure, Transport and Tourism (MLIT) (2024) ERNANKNERNN. [Basic guidelines
for nature-oriented river works].

https://www.mlit.go.jp/kisha/kisha06/05/051013/02.pdf. Accessed June 2024. (in Japanese)
Ministry of Land, Infrastructure, Transport and Tourism (MLIT) (2025) ERNANEY. [Natural conditions of
the river basin].
https://www.mlit.go.jp/river/basic_info/jigyo_keikaku/gaiyou/seibi/pdf/kushiro-5.pdf. Accessed 5
December 2025. (in Japanese)

Kobayashi S, Kawachi K, Kagaya T (201 1) ERRNHNENRNANANANANARNANAN NN RN RERERERERE 61:33-43.

[Spatiotemporal distribution of leaf litter in headwater streams from the perspective of benthic
invertebrate colonization]. (in Japanese)

Langford TEL, Langford J, Hawkins SJ (2012) Conflicting effects of woody debris on stream fish
populations: implications for management. Freshwater Biology 57: 1096-1111.

Lepori F, Palm D, Malmqvist B (2005) Effects of stream restoration on ecosystem functioning:
detritus retentiveness and decomposition. Journal of Applied Ecology 42: 228-238.

Lofthouse C, Robert A (2008) Riffle—pool sequences and meander morphology. Geomorphology 99:
214-223.

Maclnnis CM, Lloyd TA, Taylor BR (2008) Large woody debris structures and their influence on
Atlantic salmon spawning in a stream in Nova Scotia, Canada. North American Journal of Fisheries
Management 28: 781-791.

Maruyama H, Takai M (2000) RNXNERKANEANEY, BN, pp. 244. [Illustrated guide to aquatic insects of
rivers]. (in Japanese)

Montgomery DR, Buffington JM, Smith RD, Schmidt KM, Pess G (1995) Pool spacing in forest
channels. Water Resources Research 31: 1097-1105.

Mor JR, Ruhi A, Tornés E, Valcarcel H, Mufioz |, Sabater S (2018) Dam regulation and riverine food-
web structure in a Mediterranean river. Science of the Total Environment 625: 301-310.

Nakano S, Murakami M (2001) Reciprocal subsidies: dynamic interdependence between terrestrial
and aquatic food webs. Proceedings of the National Academy of Sciences 98: 166-170.

Poff NL, Allan JD, Bain MB, Karr JR, Prestegaard KL, Richter BD et al (1997) The natural flow regime.
BioScience 47: 769-784.

Richardson JS (2024) Applied freshwater biology. America. J. Ross Publishing. pp. 350.

Richardson JS, Naiman RJ, Bisson PA (2012) How did fixed-width buffers become standard practice

for protecting freshwaters and their riparian areas from forest harvest practices?. Freshwater
Science 31: 232-238.

Richardson JS, Béraud S (2014) Effects of riparian forest harvest on streams: a meta-analysis.
Journal of Applied Ecology 51: 1712-1721.

Robert A (1997) Characteristics of velocity profiles along riffle-pool sequences and estimates of bed
shear stress. Geomorphology 19: 89-98.

Page 15/22



36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

o1.

Roni P, Hanson K, Beechie T (2008) Global review of the physical and biological effectiveness of
stream habitat rehabilitation techniques. North American Journal of Fisheries Management 28: 856-
890.

Sakaguchi S, Nakayama K, Kobayashi K, Komai K (2020) Inundation analysis using coupling storage
function model with a distributed hydrological model in Kushiro marsh, Japan. Hydrological
Research Letters 14: 75-80.

Sayer CA, Fernando E, Jimenez RR, Macfarlane NB, Rapacciuolo G, Bchm M, Darwall WR (2025) One-
quarter of freshwater fauna threatened with extinction. Nature 638: 138-145.

Satake Y, Hara H, Tominari T, Watari S (1989) NHNENNN HNKNERN, K. pp. 321. [Wild plants of Japan:
Woody plants I]. (in Japanese)

Satake Y, Hara H, Tominari T, Watari S (1989) NHNERNN HNKNENN, K. pp. 305. [Wild plants of Japan:
Woody plants II]. (in Japanese)

Sakio H, Nakamura F, Oshima Y (1995) ERERNANKNERNANKNERNANGYN 45:291-294. [Current status and
issues in riparian forest research]. (in Japanese)

Speaker R, Moore K, Gregory S (1984) Analysis of the process of retention of organic matter in
stream ecosystems. International Association of Theoretical and Applied Limnology 22: 1835-1841.

Takahasi Y, Uitto JI (2004) Evolution of river management in Japan: from focus on economic
benefits to a comprehensive view Global Environmental Change 14: 63-70.

Takayama H, Yanai S, Shirakawa H (2011) RERERERERENENENENENHNENNNRNARANANAN 14:139—154.
[Evaluation of river restoration methods using woody debris and boulders generated by floods]. (in
Japanese)

Takemon Y (2005) ANENEREANANENERNANENERNANENERNRAN 55:189-197. [Assessment of river ecosystems
using life forms and functional feeding groups of benthic invertebrates]. (in Japanese)

Uno H, Nakagawa H, Ishiyama N, Sakai M, Mori T, Terui A et al (2026) Bridging Ecology and
Geosciences in Riverscapes: Implications for Process-Based Restoration. Ecological Research 41:
e70028.

Urabe H, Nakano S (1998) Contribution of woody debris to trout habitat modification in small
streams in secondary deciduous forest, northern Japan. Ecological Research 13: 335-345.

Vannote RL, Minshall GW, Cummins KW, Sedell JR, Cushing CE (1980) The river continuum concept.
Canadian Journal of Fisheries and Aquatic Sciences 37: 130-137.

Webster JR, Benfield EF (1986) Vascular plant breakdown in freshwater ecosystems. Annual Review
of Ecology and Systematic 17: 567-594.

Yoshimura C, Tanida K, Furumai H, Nakajima N (2006) Diverse particulate organic matter supporting
river ecosystems. Ecological Engineering 9:85-101. [RERNHRNANKANERNE]. (in Japanese)

Yoshinaga K, Yokokura K, Minami Y (2022) EXERRANEXENNARENERNANENERNE 35:1-11. [Effects of woody
debris installation on river environments]. (in Japanese)

Page 16/22



Tables

Tables 1 to 3 are available in the Supplementary Files section.

Figures

without-branches sections (M) with-branches sections (W-ii)

Figure 1

The Birunai Creek, a tributary flowing through the Birunai Research Forest in Teshikaga Town, eastern
Hokkaido, Japan (modified from the Geospatial Information Authority of Japan map, 2025)

The main study reach consisted of these three sections: coarse woody debris without branches sections
(blue outlines) installed in 2021, CWD with branches sections (green outlines) installed in 2023, and a
control section (gray outlines). Aerial photographs of the main study reach were taken during the flood
season in 2024 from an altitude of 100 m using an unmanned aerial vehicle (photographs by Yokokura).
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Figure 2

Installation of branched woody debris and placement of measurement points

Panel A shows the installation of woody debris, and B presents a schematic diagram of the installed
transects and measurement points. The red square in A indicates the measurement area of a single
section. In schematic C, black circles at the intersections of transects parallel to the flow (a-c) and
perpendicular to the flow (1-6) indicate environmental measurement points, whereas white circles
indicate biological sampling points.
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TWINSPAN classification of benthic invertebrates in with-branches and without-branches sections

The resulting benthic invertebrate groups are distinguished by numbers. Taxa are arranged in order of
indicator strength and are shown at the family level. Measurement areas aggregated for each benthic
invertebrate group are listed on the right side of the figure. Positions are indicated for each section name
as areas upstream of the woody debris (u; total abundance from transects 1-3) or downstream of the
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woody debris (d; total abundance from transects 4-6). Ev. indicates eigenvalues. Functional feeding
groups are shown in Table 3. See Table 2 for details.

Leaf-fall season

Tricladida, Perlodidae, Lepidostomatidae, Hydraenidae
Bii-u, Wii-d, M-u Group 1

ev=02026 SPhaeriidae, Oligochaet, Pediciidae

Bi-u, Bii-d, Wi-d, Wii-u, D-u, C-u } Group 2

Ev=0.1405

Bi-d, Wi-u, U-u, U-d, M-d, D-d, C-d
Polycentropodidae, Phryganeidae } Group 3

Flood season

Simuliidae, Tricladida, Perlodidae, Acari
Bi-d, Bii-u, Wi-u, Wii-u

Group 1

Hept iidae, Gast d
eptageniidae, Gastropoda U-d, D-u, D-d

Group 2
Gl 31 Eve0.1717

Bi-u, Bii-d, Wi-d, Wii-d, M-d

Group 3
evs0.1688 Pediciidae, Empididae, Sphaeriidae,

Perlodidae, Rhyacophilidae

U-u, M-u,C-u, C-d Group 4

L e

Sphaeriidae, Polycentropodidae, Empididae

Figure 4

Results of PCA of environmental factors

Each plot represents a measurement transect within the study sections, including both CWD sections
and the control section, with positions indicated as section name—transect name for transects
perpendicular to the flow. Red circles highlight transects with aggregated or characteristic conditions.

Page 20/22



upstream
control ps

without-branch A)
Alder
diameter (cm) : 10, 20, 30
Willow x 2
downstream
left bank
2 m B)
a ﬁ_- bt L
|
O 1m Q - 50 cm Q
upstream ° . ® downstream
(o} 0 le)
ce ry o
1 2 6
rightI bank
Figure 5

Temporal changes in accumulated cover area (m?) on woody debris from the leaf-fall season of 2023 to
the leaf-fall season of 2025
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Dye transport around woody debris

In all images, the left side indicates upstream and the right side indicates downstream.
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