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ABSTRACT

Natural Flood Management (NFM) is increasingly adopted as a sustainable strategy for mitigating flood risk. Among these
measures, the installation of leaky wooden dams (LW Ds) at catchment scale is a widely used intervention aimed at slowing flow
and desynchronising runoff peaks between sub-catchments, thereby reducing flood magnitude. Despite their popularity, the
long-term effectiveness of LWDs and particularly their influence on sediment transport and catchment-scale hydro-geomorphic
connectivity remains poorly understood. To address this knowledge gap, we used a modified version of the CAESAR-Lisflood
landscape evolution model to simulate the hydrological and geomorphic impacts of LWDs within a proxy of a catchment in North
Yorkshire, UK. We ran a suite of 20-year numerical experiments driven by a spatially variable, convection-permitting rainfall
timeseries to explore how the spatial configuration, stream order placement, and density of LWDs affect flood peak attenuation.
All LWDs simulated were representative of channel-spanning structures within the catchment, with a uniform starting gap size
of 0.2m and height of 1 m. Results show that LWDs installed on first-order streams were most effective, reducing flood peaks by
up to 44% and increasing both water and sediment retention. LWDs placed on higher-order streams had a limited overall impact,
though they could reduce individual peaks by up to 35% in some instances, whilst in other cases, flood peaks were amplified by
as much as 77%. Importantly, the introduction of LWDs increased geomorphic variability across the catchment. This included
both enhanced erosion and deposition along channel segments, with first-order LWD placements generating the greatest geomor-
phic response. Furthermore, interactions between LWD in different stream orders and sub-catchments led to unexpected and
non-linear effects, altering sediment transport regimes and morphodynamic feedbacks throughout the network and changing
the efficacy of flood peak attenuation over time. These findings highlight the critical importance of spatial placement and stream
network interactions in determining the long-term hydrological and geomorphic efficacy of LWDs, with notable implications for
the design and installation of future catchment-scale natural flood management strategies.

1 | Introduction risk (Stevens et al. 2016; Bates et al. 2023). However, there is grow-
ing recognition that the response to increased flood risk should

Flood risk is increasingly being managed at the catchment- not be to simply reverse individual aspects of catchment land use

scale with the understanding that catchment function has been
influenced by a range of anthropogenic interventions (Sayers
et al. 2013; Hewett et al. 2020; Ely et al. 2025). Many of these catch-
ment changes, along with climate change, have increased flood

or management, but to holistically address the issue using a mo-
saic of approaches (Hewett et al. 2020). Indeed, approaches based
on natural flood management (NFM) have gained significant
traction as a flood mitigation strategy in preference to traditional
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hard engineering approaches. For example: upper catchment af-
forestation programmes and alterations to land management prac-
tices (Carrick et al. 2018; Bond et al. 2022; Monger et al. 2022);
the installation of online and offline attenuation features (Nisbet
et al. 2011; Lockwood et al. 2022; Roberts et al. 2023); and a com-
bination of installations that build a cumulative effect (Dadson
et al. 2017; Black et al. 2021).

A now common and widespread natural flood management inter-
vention is leaky wooden dams (LW Ds), which are segments of large
wood installed within channels with the aim to decrease catch-
ment longitudinal hydro-connectivity whilst increasing lateral
hydro-connectivity, thus providing temporary flood storage areas
in the upper catchment and “slowing the flow” (Burgess-Gamble
et al. 2017; Wren et al. 2022; Roberts et al. 2023). However, how
LWD features influence flood hazard over time and over varying
space scales, particularly for flood events of varying magnitudes,
is poorly understood. Such assessment of the influence of LWDs is
critical because it is well known that natural wood in rivers and
LWD installations can directly influence local channel morphol-
ogy over time (Lo et al. 2022; Wolstenholme et al. 2025b) and thus
have the propensity to alter the hydrological regime through tem-
porally variable multiple feedback loops (Lo et al. 2021).

Catchment-scale numerical simulations provide a valuable
means of investigating the complex interactions between hy-
drology, geomorphology, and NFM interventions. However,
representing LWDs at this scale with a grid resolution fine
enough to capture small, channel-spanning structures (<10m
wide) is computationally demanding. As such, modelling NFM
at catchment scale requires a compromise between temporal
and spatial resolution while still accounting for sediment trans-
port, which is an important driver of flood hazard that can
outweigh hydrological effects alone (Dixon et al. 2016; Hankin
et al. 2020; Slater et al. 2015). Previous studies have used a
range of approaches to represent LWDs in catchments exceed-
ing 10km?, including network-based hydraulic models (Hankin
et al. 2020), 2D hydrological models (Dixon et al. 2016; Ferguson
and Fenner 2020; Pearson 2020), 2D hydrodynamic models
(Pearson 2020; Hankin et al. 2021), and coupled modelling
frameworks (Hankin et al. 2019; Barnsley 2022). These meth-
ods typically rely on assumptions about LWD function, often
omitting long-term changes in efficacy and ignoring geomor-
phic adjustments driven by sediment transport. Indeed, there
is currently no widely used 2D modelling approach that fully
incorporates sediment transport for large numbers of LWDs
across catchments greater than 10km?2. For example, Hankin
et al. (2019) inferred geomorphic change indirectly by model-
ling hydraulic shear stress and applying estimated grain sizes
and threshold Shields stresses (0.06 and 0.018) for erosion and
deposition, without explicitly simulating sediment movement.
This lack of process-based sediment modelling limits under-
standing of how sediment transport shapes LWD performance
over large spatial extents and long timescales. More broadly,
there remains a limited empirical and modelling evidence base
for representing LWD behaviour, meaning that these uncertain-
ties may exceed those related to rainfall variability or hydrolog-
ical connectivity. The present study advances the work of Dixon
et al. (2016) and Hankin et al. (2020) by: (1) explicitly incorpo-
rating sediment transport within a catchment-scale modelling
framework; and (2) extending the analysis from event-scale to

a continuous 20-year period to capture the temporal evolution
of LWD effectiveness in terms of peak discharge, sediment and
water retention, and impact on LWD-localised roughness. Using
a suite of simulations including an extreme endmember scenario
representing the maximum feasible density of LWDs in each
sub-catchment, we explore:

1. The influence of LWD numbers, densities and spatial
distributions on peak discharges, sediment efflux and ge-
omorphic change at nodal points in an experimental catch-
ment; and

2. How LWDs alter the hydrological response of the broader
catchment through time

These questions were addressed using the CAESAR-Lisflood
(CL) landscape evolution model (LEM) and NFM toolbox in-
troduced by Wolstenholme et al. (2025a). The simulations
were driven by convective rainfall scenarios from the UKCP18
(UK climate projections 2018) suite (Lowe et al. 2019). The lo-
cation of the LWDs was varied throughout a synthetic experi-
mental catchment based on a prototype—Dalby Forest, North
Yorkshire, UK—by systematically placing LWDs on six different
stream order scenarios and combinations.

2 | Model Framework and Setup

In the absence of appropriate field-based validation and cal-
ibration data, an exploratory, heuristic approach was used to
investigate catchment geomorphic response to systematically
altering the locations and distributions of LWDs. This ap-
proach permits reliable results if the underlying assumptions
regarding the model parameters are correct (Bankes 1993) and
facilitates a consistent comparison between simulations when
adjusting LWD and input rainfall variables. Exploratory mod-
elling enables the overall catchment response to be compared
between scenarios, focusing particularly on the order of mag-
nitude and direction of the response, whether hydrological or
sedimentological. A similar approach was adopted by Dixon
et al. (2016) to discern the impact of different river restoration
techniques on hydrology.

A 32.2km? catchment based on the Thornton-le-Dale and
Dalby Forest area (North Yorkshire, UK) was used as the
prototype for the simulations. Owing to its high potential
for “slowing the flow”, this catchment was identified by
the Environment Agency as “..suitable for reducing flood
risk using Natural Flood Management or land use manage-
ment and land use change within the Environmental Land
Management pilot schemes” (Environment Agency 2022). The
study catchment has a maximum stream order (Strahler 1952)
of three with 41.7km (69%) of first order streams, 7.5km
(13%) of second order streams, and 11 km (18%) of third order
streams, totalling 60.2km. To reduce runtimes, the digi-
tal terrain model (DTM) from OS Terrain 5 data (Ordnance
Survey 2020) was first resampled to a resolution of 10m, re-
sulting in over 250,000 cells, and then split into upstream
and downstream sections, retaining catchment morphome-
try and producing two similarly sized, hydrologically correct
areas (Figure 1). The output from the upstream section was
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FIGURE1 | Upper and lower catchments used for modelling with (A) Catchment land cover map. Percentages of each land use are shown over
each legend key (Marston et al. 2022); (B) elevation from OS Terrain 5 resampled to 10 m resolution with LWDs installed on first, second and third

order streams (Ordnance Survey 2020), with the UKCP18 rainfall grid overlaid; (C) UK context. Base map is OpenStreetMap contributors, Microsoft,

Facebook Inc. and its affiliates, Esri Community Maps contributors, Map layer by ESRI.

used as a direct input to the downstream, including any sed-
iment transported alongside spatially-distributed rainfall.
Any sinks were filled using the D4 depression-filling algo-
rithm implemented in RichDEM before splitting the catch-
ment (Barnes 2016). The grain size distribution (GSD) used
by (Wolstenholme et al. 2025a) based on direct field observa-
tions (Wolstenholme et al. 2025b), was applied globally across
the domain. To permit the initial distribution of sediment and
generation of a channelised system, the catchment was “spun
up” using rainfall from UKCP18 (1981-2000 epoch, described
in Section 2.2). The period 1981-2000 was chosen to reduce
the likelihood of model equifinality and was not used again
after the spin-up period.

An evaporation rate of 0.0013mday~' was used, determined by
averaging spatially distributed daily potential evapotranspira-
tion (2000-2017) for well-watered grass provided by Robinson
et al. (2020). CL is highly sensitive to the evaporation rate, as

it removes a set volume of water from wet cells (Coulthard and
Skinner 2016), therefore, this value was kept constant through-
out all experiments. The chosen evaporation rate was of the
same order of magnitude as previous uses of the model in simi-
lar climates (Skinner et al. 2018; Pearson 2020).

In CAESAR-Lisflood (CL), an unerodable bedrock layer is often
specified to limit excessive scour, particularly in steep catch-
ments (Hancock et al. 2011). This approach addresses a common
issue in morphological models, where channel incision can be
unrealistically high (Baar et al. 2019). In this study, the focus is
on the behavioural influence of LWD placement rather than rep-
licating the exact landscape, and soil thickness measurements
were unavailable. Following Walsh et al. (2020), an unerodable
bedrock surface was set to 1 m below the initial elevation of each
cell to constrain unrealistic erosion. Aerial imagery inspection
revealed no clear evidence of bedrock reaches and, given that
the simulated catchment serves as a conceptual baseline for
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exploring LWD effects, bedrock exposure was left to evolve nat-
urally during the model spin-up period if shear stresses permit-
ted. The capability of CL to simulate up to nine distinct grain
sizes further reduces the risk of unrealistic scour and sediment
export, while its lateral erosion function mitigates excessive
channel incision by lowering adjacent bank cells (Coulthard
et al. 2013). Finally, since this is an exploratory analysis, the em-
phasis is on relative differences between scenarios rather than
absolute geomorphic values.

2.1 | Leaky Wooden Dam (LWD) Implementation

LWDs in CL are represented by a maximum localised rough-
ness value, which was an approach first implemented as part of
a novel NFM module developed by Wolstenholme et al. (2025a).
The LWDs simulated in this study are representative of
channel-spanning structures observed within the catchment
(Wolstenholme et al. 2025b), typically consisting of large wood
sections installed perpendicular to flow with a small gap be-
neath to maintain baseflow connectivity. Within this module,
LWDs can be installed across the model domain by defining
their location in a raster layer that has an identical resolution
and extent as the DEM. Within the NFM module, there are three
main user-defined LWD parameters:

1. LWD height, h,,, the distance from the initial surface of
the DEM in a pixel containing an LWD to the top of the
LWD. This defines a fixed elevation for the top of the dam.

2. Gap size, hy,, the distance from the initial surface of the
DEM in a pixel containing an LWD to the bottom of the
LWD. This defines a fixed elevation for the bottom of the
dam—if the current water level is below this value, the
LWD is not active.

3. Roughness, n,,,,, the maximum roughness value for a pixel
containing an LWD that is used to estimate the roughness
within the flow equations, n,,,,;, emulating the restriction
to flow.

For each timestep n,,,,; is calculated based on the current water
level and its relationship to hy,, and h,,. If the water level is
greater than hy,,, the proportion of the water column that is in
contact with the LWD is calculated and this proportion is used
to calculate ny,.,. This implementation allows for a dynamic
LWD roughness that can be used to assess the efficacy of dif-
ferent LWD installations. Furthermore, all parameters can be
applied using either a spatial method where each parameter is
defined individually for each LWD, or using the global method,
where up to five groups of LWDs are defined. Finally, the NFM
module can install and remove LWDs at user-defined timesteps
to not impede baseflow during the model spin-up period (see
Wolstenholme et al. (2025a) for further details).

LWDs used herein were generated in a geographic information
system (GIS). Contours were generated from the spun DEM at
a defined interval (2m) which ultimately governed the verti-
cal spacing of the LWDs, chosen to represent the likely highest
density of LWDs possible in the system. The intersection be-
tween contours and the river network marked the location of
the LWDs. To remove LWDs that were located near each other

at the same elevation (i.e., they occupied the same space on the
DEM), a buffer was generated with a radius half the cell plan-
form resolution of the DEM (5m), and only one of the LWDs was
retained. The LWD points were then converted to a raster layer
with the same spatial reference and extent as the DEM before
manual inspection to ensure correct LWD placement.

2.2 | Rainfall Representation

CL can natively use spatially variable rainfall by assigning dis-
crete rainfall cells using a raster-based index, aligned to the
DEM (Coulthard and Skinner 2016; Skinner et al. 2020). Spatial
and temporal resolution of rainfall data is important for LEMs,
especially when simulating sediment transport. Finer-resolution
data (sub-daily timestep, 5km?) increases localised rainfall in-
tensity but causes only marginal increases to discharge while
generating substantial increases to sediment efflux, with these
changes becoming less significant when the timestep reduces to
less than 1h (Coulthard and Skinner 2016; Pidoto et al. 2022).
The ability to consider rainfall spatial heterogeneity is also
important as this can accelerate landscape evolution. When
simulating spatially variable rainfall at high resolution, Peleg
et al. (2021) observed a substantial (up to 50%) increase in ero-
sion and deposition rates. Furthermore, the impact of different
rainfall products (e.g., single gauge, gauge network and radar)
transfers linearly to hydraulic processes, but non-linearly to sed-
iment efflux (Skinner et al. 2020).

To reduce uncertainty caused by using different rainfall prod-
ucts outlined by Skinner et al. (2020), as well as to maximise
rainfall spatial and temporal resolutions, herein the UKCP18
convection permitting model “Local” product was used to drive
CL. This was chosen due to the fine spatiotemporal resolution
(2.2km?, re-gridded herein to 5km?) that is used operationally
for short-term forecasts, and because it is better at simulating
hourly rainfall than coarser products, particularly for rainfall
extremes (Fosser et al. 2020; Chen et al. 2021). The ability to rep-
resent convective events provides increased accuracy for sum-
mertime rainfall intensity and duration, short duration rainfall
extremes, and severe convective wind gusts (Met Office 2019).
Using fine resolution, spatially variable rainfall is key to under-
standing whether and how LWD can mitigate against convec-
tive rainfall that can produce extreme floods (Smith et al. 2005).
All UKCP18 datasets are provided as 360-dayyears across three
successive time epochs (1981-2000, 2021-2040 and 2061-2080)
for RCP8.5. The HadREM3-RA11M model generated 12 ensem-
ble members for the UKCP18 local product which are derived
from parameters from the 12 ensemble members of the RCM
HadREM3-GA705 (Kendon et al. 2019). Since the aim of this
study is to assess the efficacy of LWDs over a single epoch of
time (2021-2040), only one ensemble member (01) was used.

2.3 | Experimental Design

A single simulation was performed without LWDs to establish a
baseline scenario for comparison to LWD-present simulations.
LWD spanned a single pixel (the channel) in the model while pa-
rameters were kept constant throughout all experiments where

h,,, =1m, h,,, =0.2m, and n,,,, =0.2. These values are based

top gap
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TABLE1 | Total number of leaky wooden dams used in each experimental scenario.

Stream order

Maximum water Median LWD
Scenario Ist 2nd 3rd Total number of LWDs storage capacity (m3) capacity (m3)
S1 v 1246 183,790 115
S2 v 93 22,521 198
S3 v 68 60,904 881
S12 v v 1339 206,312 120
523 v v 161 83,426 284
S123 v v v 1407 267,217 125

on field observations of structures in the Dalby Forest catchment
where LWD are channel-spanning, up to 1m in height above the
riverbed and partially submerged with a gap size of < 0.5m. For fur-
ther details the reader is directed to Wolstenholme et al. (2025b).

LWDs were placed either only on first, second, or third order
streams, or a combination of these orders (see Table 1), result-
ing in S,, where o represents the stream order(s) where LWDs
were installed. The number of LWDs was not normalised across
scenarios, but instead varied according to channel slope and
stream length (Table 1), as determined by the criteria identified in
Section 2.1, to represent the maximum feasible installation den-
sity. Consequently, LWD density and stream order were inherently
coupled. Although substantially more LWD were installed on low
order streams, the median of the LWD storage capacity (calculated
as the maximum volume of water a 1m high LWD could store
based on the initial elevation model) is approximately seven times
lower than higher order streams. This reflects the reduced stor-
age potential in steeper headwater channels, and therefore results
should be interpreted as reflecting combined effects of density and
spatial configuration rather than fully independent controls.

Finally, to ensure that the catchment had opportunity to estab-
lish baseflow and to reduce the likelihood of the LWDs impeding
initial hydrological connectivity (Wolstenholme et al. 2025a),
LWDs were installed after 360 days (one model year).

3 | Results
3.1 | Catchment Sediment and Water Efflux

The presence of LWDs in the catchment system and their loca-
tion drastically impacted cumulative water and sediment efflux
compared to the baseline simulation with no LWD. Figure 2A,B
show the difference in cumulative catchment efflux compared
to this baseline scenario for discharge and sediment yield (AZQ
and AXQ, respectively), separated by stream order. Installing
LWD impacted the proportion of water retained in the catch-
ment, reducing outflow by up to —20% during the first 2years of
LWD installation as shown in Figure 2A. Installations of LWD
in Stream Order 1 (S1) only, S12 and S123 resulted in a peak
reduction of XQ of —4%, —7% and —16% respectively, and thus
an increase in water storage (7500-15,000m?) by the end of the
simulation. The proportion stored varies throughout the simu-
lation period with the majority of reduction occurring in years

1-2 for S123, years 3-4 for S12 and S123, as well as from year 10
onwards. The degree of retention and loss varies throughout the
timeseries in response to individual storm events. In contrast,
installation in S2, S3 and S23 all increased XQ and decreased
water storage in the catchment by up to 10,000 m? (S23), yet S23
and S3 had initial reductions within the first year of LWD instal-
lation of —20% and —16% respectively. All scenarios diverge in
their water storage at around 10years, following a series of flow
peaks (see Figure 3) and maintain their trajectory away from the
baseline scenario.

Sediment efflux (Q,) was also highly variable between stream
order combinations (Figure 2B). There was a substantive
change in AXQ, during year 3 for S23, with an increase of 230%
(3500m?3) more sediment being removed from the catchment
than the baseline scenario, a response disproportionate to the
relatively modest change in water efflux at the same time. In
contrast, S1 consistently reduced sediment efflux throughout
the simulation period, remaining at or close to zero despite pro-
ducing the greatest sustained reduction in water efflux of all
single stream order scenarios, suggesting that first-order LWDs
are trapping sediment within the catchment rather than simply
routing it through. Nearly all other stream order combinations
resulted in increased 4XQ, over the simulation period, though
this recovered toward baseline rates by the end of the model-
ling period. Q, as measured from the catchment outlet does not
fully characterise internal sediment redistribution. The spatial
patterns of localised erosion and deposition around individual
LWD structures described in Section 3.4 provide a more direct
indication of how LWD placement drives geomorphic change
within the catchment.

3.2 | Suppression of Discharge Peaks

A total of 53 flood peaks were identified during the 20-year sim-
ulated timeseries (Figure 3). Herein, a peak is defined as a flow
event greater than the 99th percentile (in this case 5 m3s™!) that
has an increased discharge of at least 4 m3s~! compared to sur-
rounding flow events within 24h. The average discharge peak
(Qp) for the simulation was 15.15 m3s~! with an average overall
discharge of 1.18 m3s~!. Each experiment underwent identical
peak identification analysis, and peaks were matched to the no
LWD scenario, allowing the change in peak discharge (AQ,)
to be quantified, as well as the number of peaks that were de-
tected within a simulation. The installation of LWDs resulted
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FIGURE 3 | Catchment discharge for the 2021-2040 no LWD scenario. Discharge peaks (Q,) were automatically identified using the findpeaks
function in MATLAB. The increase of the discharge (Q) signal was used to identify the peaks (i.e., the maximum of the peak compared to surround-
ing data). Automatically identified peaks are highlighted in red. Rainfall depth is aggregated to weekly total for visualisation.

in a reduction of the total number of identified Qp Simulations
with LWD across S123, S1, S12, S2, S3 and S23 all reduced the
number of Q, by 11 (21%), 9 (17%).8 (15%), 3 (6%), 3 (6%), and 2
(4%), respectively.

However, the suppression of identified peaks was found to
vary throughout time, depending on the stream order scenario
(Figure 4). All scenarios either had the same number of peaks
or up to two more for the first 5years of simulation time. S1 had
fewer peaks following the five-year period and continued a re-
ducing trajectory of Q, for the remainder of the simulation. S12
and S123 both followed a similar pattern, but peaks were not

suppressed until approximately model year 10. In contrast, S2,
S23 and S3 generally had more peaks during the first 17years of
the simulations, before a small reduction in peaks by the end of
the simulation.

3.3 | Influence on Peak Discharge

Where flow peaks were not suppressed beyond automatic iden-
tification, most LWD stream order combinations reduced Qp
Up to 37 peaks were reduced by up to 40% (S1 & S12; Figure 5).
When LWDs were installed on first order streams (S1, S12 and
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S123), 32-37 peaks were reduced (60%-70%), with fewer than
15% exacerbated. Mean (X) AQ, for these stream orders was-
10.6% to -8.5%. S2 reduced 60% of flood peaks, with a maximum
Q, reduction of up to 20%, however these LWDs also increased
peak discharge by up to 60% for 16 storms (30%) resulting in

X = —1.2%. S23 and S3 increased X by 3.2% and 2.1%, respec-
tively, with the former increasing peak discharge for 24 storms.

To further assess the impact on peak discharge, individual
peaks from experimental scenarios were directly compared to
the baseline—Figure 6 grouped by stream order combination
(Figure 6). Generally, S1, S12 and S123 were more effective at
reducing Q, (mean =—10%; Figure 6A). S1 and S12 had a similar
effectiveness but S123 was less effective at reducing Q, (maxi-
mum reduction 33% vs. 44%), yet more effective than S2, S3
and S23. Figure 6B shows that for smaller discharges (Q, <20
m3s7!), the peak was more often reduced than increased but
peak amplification of up to 77% was also observed, notably for
S2 and S23. At larger discharges, the likelihood of flood peak
exacerbation was much lower, with a maximum flow increase of
16%. There were few high magnitude flow events present in the
simulation, with only three over 30 m3s~!. These events were all
reduced by the presence of LWDs, most effectively by S12 and
S123, resulting in AQ, of up to —21%.

The effectiveness of peak reduction also varied throughout time.
Figure 7 shows the change in peak discharge averaged over each
model simulation year, separated by stream order scenario. S1,
S12 and S123 reduced annual peaks by up to 29% on average,
with only 2years (different for each scenario) found to amplify
average peak discharge by up to 17%. In contrast, S2, S3 and S23

fluctuate between a reduction (up to 20%) and an amplification
(up to 30%) throughout time.

3.4 | Geomorphic Variability

To evaluate geomorphic variability localised to individual LWD
structures, the location of each LWD was used to extract eleva-
tion change in the immediate vicinity of each structure. Using the
LWD point locations, the catchment was separated into upstream
and downstream components relative to each individual structure,
and the median, minimum, and maximum elevation change was
extracted for each. These values were then aggregated across all
LWD locations, grouped by stream order, within each scenario to
produce the cumulative density function (CDF) in Figure 8.

Localised elevation change (+ D, 12.8 mm) varied depending
on the location of LWD installation. When installed on first-
order streams (S1, S12 and S123), LWDs increased downstream
deposition by up to 20%, most notably when LWDs were re-
stricted to first-order streams alone (S1). Localised erosion also
decreased downstream for first-order installations by up to
10%. Installation on second-order streams alone (S2) generally
increased downstream deposition (up to 7%) but also increased
the proportion of erosion exceeding 0.6 m by up to 5%. For third-
order installations alone (S3), differences between upstream and
downstream were minimal, though erosion between 0.25 and
0.5m was marginally greater downstream; the range of eleva-
tion change was notably wider for S3 than for other scenarios, re-
flected by the wider shaded region, indicating high sensitivity of
geomorphic response to LWD placement location at third-order
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FIGURE 5 | Histograms of change to peak discharge (AQ,) as a result of installing LWDs on different stream orders denoted in the top left of
each plot. Mean (X, bold black line), standard deviation (o, grey shaded region), and the number of peaks reduced (green) and increased (red) are

also shown.

streams. Combining first- and second-order installations (S12)
increased downstream deposition relative to second-order in-
stallations alone (S2), suggesting an additive effect of LWD
placement across stream orders; second-order installations
were, however, associated with greater erosion than first-order
installations. Where LWDs were installed on second- and third-
order streams (S23), downstream erosion was greater than in S2
alone, and the range of elevation change across placements was

the widest of all scenarios, further indicating high sensitivity of
geomorphic response to LWD location at higher stream orders.
Overall, geomorphic response was greatest and most consistent
for first-order installations, with both effectiveness and predict-
ability decreasing at higher stream orders.

To contextualise the statistical patterns described above,
Figure 9 shows representative examples of localised elevation
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change surrounding individual LWD structures for experiments
S1, S2 and S3, illustrating how the upstream/downstream asym-
metry captured in the CDFs manifests spatially at the reach scale.
For S1, scour up to the erosion limit (1 m) was reached immedi-
ately downstream of the LWD, with erosion either side of the
structure suggesting localised bank erosion. Flow acceleration
through the LWD gap increases local bed shear stress beyond the
threshold for sediment entrainment, driving scour immediately

downstream, while flow deflection around the structure drives
lateral bank erosion either side (Lo et al. 2022; Muhawenimana
et al. 2023; Wolstenholme et al. 2025b). Deposition was evi-
dent in the second cell downstream, reaching up to 0.75m in
the example shown in Figure 9, consistent with flow decelera-
tion and sediment settling as the energy from accelerated dis-
charge under the LWD dissipates (Schalko et al. 2023; Wenzel
et al. 2014). For S2, scour immediately downstream of the LWD
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also reached the erosion limit, but was more spatially extensive
than S1, extending across multiple downstream cells. Bank ero-
sion was similarly more widespread, spanning up to six cells in
the representative example. Downstream deposition was more
diffuse, distributed across several cells rather than concentrated
immediately below the structure. In contrast, the influence of S3
LWDs on localised elevation change was less distinct, reflecting
the predominantly erosive character of the third-order channel.
Scour remained below the erosion limit (up to 0.7m) and depo-
sition was more localised to cells immediately surrounding the
structure, reaching up to 0.75m. These mechanistic signatures
are consistent across stream orders but diminish in clarity at
higher orders where the background erosive regime increas-
ingly dominates the localised LWD signal. It should be noted
that at the 10m grid resolution used herein, localised scour
and deposition magnitudes are likely overestimated relative to
finer-resolution simulations, as demonstrated by Wolstenholme
et al. (2025a); however, the order of magnitude and directional-
ity of elevation change are consistent across resolutions, and the
spatial patterns described above should therefore be interpreted
in a behavioural rather than absolute sense. These patterns are
consistent with the upstream deposition and downstream scour
observed in field measurements at equivalent structures in the
same catchment (Wolstenholme et al. 2025b), providing confi-
dence that the simulated geomorphic responses are physically
plausible rather than artefacts of parameterisation.

4 | Discussion

This paper uses a heuristic approach to simulate the impact of
sequences of leaky wooden dams (LWD) on the hydrologic and
geomorphic response of a synthetic catchment based loosely on
an upland catchment in Northern England. In this discussion,
we focus on exploring how LWD placement, stream order con-
figuration, and spatial interactions within the channel network

influence flood peak attenuation, sediment transport, and
geomorphic variability over decadal timescales. To do this, we
evaluate the results presented herein in terms of the relative ef-
fectiveness of different LWD arrangements, examine the trade-
offs between hydrological benefits and potential flood peak
amplification, and consider how evolving geomorphic feedbacks
shape long-term performance. These insights are then framed in
the context of natural flood management design and modelling
assumptions, and implications for implementing LWDs as part
of wider catchment-scale strategies are suggested.

4.1 | Hydrological Response to Leaky Dam
Installation

All LWD placement scenarios reduced the total number of iden-
tified flood peaks. The greatest reduction occurred for LWD
placed in all three stream orders in combination (scenario S123),
where 11 fewer peaks were identified compared to the baseline,
likely due to the LWDs working as designed in the headwaters
and intercepting and desynchronising flood peaks (Pattison
et al. 2014). The use of a long timeseries in this analysis addi-
tionally revealed that LWDs on first order streams can reduce
flood peak Q, of individual storms by up to 80%. Since most
numerical studies only evaluate on a single event basis (poten-
tially spread over multiple days; e.g., Addy and Wilkinson 2019;
Hankin et al. 2019; Senior et al. 2022; Wenzel et al. 2014), this
omits the potential for LWDs to reach capacity and become
ineffective at reducing flood peaks, with the risk that they in-
crease the flood hazard and not represent potential temporal
changes nor the impact of storm sequencing. Indeed, year-on-
year mean flow peaks were reduced by up to 49% when LWDs
were installed on first order streams, while other stream orders
were less effective at reducing peaks and there were more years
where peaks were amplified compared to the baseline scenario.
Conversely, 13%-57% of flow peaks < 20 m3s~! were exacerbated
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by LWDs. However, it is important to note that the rainfall data
used in this study may influence the simulated impact of LWDs.
The first 10years consist of 17 peak flow events which are rel-
atively regularly distributed (approximately one peak per year
exceeding the simulation mean of 15.15 m3s~?), whereas the sec-
ond half of the sequence contains almost double the number of
peaks (37), which are predominantly below the simulation mean
despite no clear change in average rainfall. The majority of the
drastic changes to sediment efflux occurred between 8 and
12.5years, when there were 20 relatively low magnitude flood
peaks with close temporal proximity to one another, resulting in
significant erosion and channel expansion whilst exacerbating
Q, by up to 77% during this time. As such, LWDs amplified a
greater proportion of the flow peaks in the first 10years than the
second half of the 20-year scenario, when they were generally
more effective at reducing the number of peaks, and peak dis-
charge, of larger storms.

The results of this study therefore agree with the findings of
Wenzel et al. (2014) and van Leeuwen et al. (2024), who showed
that natural large wood can attenuate small flood peaks, but
highlight how temporal variability and storm sequencing can

reduce or amplify LWD effectiveness at reducing flow peaks.
They, alongside others (Thomas and Nisbet 2007; Barnes
et al. 2023), recommended that LWDs form part of the catch-
ment management approach alongside land use change and
afforestation. Over much longer timeframes, this would also en-
courage wood to reach maturity and contribute to the natural
wood cycle (Dixon et al. 2018; Lo et al. 2022; Muhawenimana
et al. 2023; Wolstenholme et al. 2025b).

4.2 | Temporal Variability of Catchment Response

The initial discharge reductions for scenarios including higher-
order installations (S123, S3 and S23) reflect the greater median
storage capacity per structure in higher-order channels (S3: 881
m?; S2: 198 m3; Table 1), which provide substantial but short-
lived storage that was rapidly filled or bypassed during the simu-
lation due to the greater discharges conveyed by these channels.
Over the full simulation period, the presence of first-order LWDs
emerges as the critical control on sustained water retention, with
scenarios lacking first-order installations all converging toward
positive AXQ. This reflects the cumulative effect of distributed
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headwater structures gradually modifying catchment-scale hy-
drological connectivity, rather than the immediate hydraulic
effect of individual high-capacity structures. S123 produced the
most sustained reduction despite increased network complexity
suggesting that distributed installation across all stream orders
outweighs tributary connections over longer timescales, consis-
tent with spatially distributed interventions being more effective
at desynchronising flood peaks and water storage than concen-
trated interventions (Dadson et al. 2017).

The divergence of all scenarios from the baseline at approxi-
mately year 10 coincides with a cluster of closely spaced flow
peaks (Figure 3) suggests that storm sequencing exerts an im-
portant control on long-term LWD effectiveness. Closely spaced
events likely prevent storage recovery between storms whilst
simultaneously driving progressive geomorphic adjustment
throughout the network. Tributary junctions act as pre-existing
sediment and hydraulic discontinuities (Rice 1998), and LWD
installations alter the longitudinal connectivity of the sediment
cascade at these junctions in ways that are sensitive to suc-
cessive event frequency and magnitude (Fryirs 2013; Pattison
et al. 2014). The interaction between these discontinuities and
LWD-induced connectivity changes may therefore amplify sys-
tem sensitivity to storm sequencing, particularly where LWDs
span multiple stream orders simultaneously (van Leeuwen
et al. 2024; Wenzel et al. 2014).

The disproportionate increase in AXQ, for S23 at simulation year
3 relative to any concurrent change in water efflux indicates
that a geomorphic threshold was crossed rather than a purely
hydraulic response. As higher-order LWD storage becomes sat-
urated and flow overtops or bypasses structures, the transition
from net deposition to net erosion drives rapid sediment re-
mobilisation that is decoupled from the discharge signal. This
threshold behaviour reflects the non-linear nature of sediment
(dis)connectivity, where progressive changes to connections be-
tween channel stream orders can produce sudden disproportion-
ate responses in sediment flux (Dixon et al. 2016; Fryirs 2013).
Localised scour and deposition patterns in Figure 9 provide
direct evidence of how LWD placement modifies connectivity
and geomorphic roughness, and critically demonstrate that out-
let sediment efflux alone is insufficient to characterise internal
geomorphic evolution.

4.3 | Interconnectivity of Sub-Catchments

The impact on both discharge and sediment efflux varied when
LWD were placed on multiple stream orders simultaneously.
LWDs placed on streams of orders 1 and 2 in combination (sce-
nario S12), were less effective at reducing both the number of
flood peaks and Q, than when they were placed only on streams
of order 1 (scenario S1). Placement of LWDs on streams of orders
1, 2, and 3 simultaneously (scenario S123) increased flood risk
relative to both the scenario with LWDs only on order-1 streams
(S1) and the scenario with LWDs on order-1 and order-2 streams
combined (S12). In scenario S123, fewer flood peaks were re-
duced and the magnitude of reduction was also lower (—35% vs.
-44%) compared with the baseline scenario. We note that these
differences reflect the combined influence of LWD number
and spatial configuration which are inherently coupled in the

experimental design. This presents an interesting observation
regarding how the connectivity of tributaries can increase flood
risk and agrees with the findings of Pattison et al. (2014) and
Dixon et al. (2016). Tributaries can have a substantial impact on
both morphology and sediment transport (Consoli et al. 2022;
Rice 1998) through forming environmental discontinuities (Rice
et al. 2001). Therefore, the interaction between these discontinu-
ities and the additional disconnectivity induced by LWDs may
lead to more frequent deposition events and greater variability.
Nevertheless, the contrasting behaviour between scenarios (e.g.,
S1, S12 and S123) indicates that spatial arrangement within the
network exerts an important control beyond installation num-
ber alone. However, the backwater effect may be useful for water
resource management, and LWDs could also be used to mitigate
against the risk of low flows for local habitats. Additionally, new
enhancements to CL such as sediment (Xie et al. 2022) or water
tracing (Wilson and Coulthard 2023) would further this work
by enabling the calculation of the residence time of sediment or
water in a LWD sequence.

The results presented herein provide quantitative bounds on the
hydrological and geomorphic response to LWD placement that
can inform catchment-scale management decisions. First-order
installations consistently reduced peak discharge by up to 44%
and suppressed up to 21% of identified flood peaks over a 20-
year period, whilst higher-order installations alone risk amplify-
ing peaks by up to 77% under certain conditions. Water storage
of 7500-15,000 m? was achieved for first-order scenarios, whilst
higher-order installations reduced net storage over the simula-
tion period. These ranges provide order-of-magnitude expecta-
tions for LWD performance under varying placement strategies,
whilst acknowledging that absolute values will vary with catch-
ment characteristics. Caution should be exercised when inter-
preting these outputs in isolation from geomorphic context,
as the temporal evolution of LWD effectiveness demonstrated
herein highlights that single-event assessments may substan-
tially over- or under-estimate long-term performance.

5 | Conclusions

This study demonstrates that the spatial placement of leaky
wooden dams (LWDs), and the geomorphic changes they in-
duce, are critical determinants of their long-term effectiveness.
Continuous, multi-year simulations revealed patterns that
would be overlooked by event-based analyses: LWDs placed on
first-order streams consistently attenuated high flows, whereas
installations on second- and third-order streams could amplify
peaks, particularly in reaches regularly conveying high flows.
Across most scenarios, sediment retention was lower than the
no-LWD baseline simulation, indicating greater sediment mo-
bilisation, while geomorphic variability increased throughout
the network. In some cases, higher-order placements raised
local base levels, reducing degradation and sediment export
from tributaries, thus highlighting the complex, spatially depen-
dent nature of hydro-geomorphic feedbacks.

Geomorphic change emerged as a major driver of LWD perfor-
mance over time, underscoring the need for sediment transport
to be explicitly incorporated into both modelling and appraisal of
LWD. Crucially, the results show that the hydrological benefits
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of LWDs cannot be fully understood without accounting for
evolving topography, channel connectivity, and storm sequenc-
ing. Single-event assessments risk overlooking the potential for
LWDs to reach a sediment storage capacity and become inef-
fective or counterproductive, particularly where higher-order
installations are rapidly saturated by successive flood events,
creating conditions under which further flood peaks may be-
come amplified rather than attenuated. A continuous simulation
approach is therefore essential to capture the cumulative, inter-
acting effects of multiple events and landscape change, rather
than relying solely on single-storm or shorter-term assessments
of efficacy and longer-term performance.

From an operational perspective, these findings have direct
implications for flood scheme appraisal. They suggest that cur-
rent practice that is often focused on hydraulic metrics from
isolated events risks over- or under-estimating the benefits of
LWD schemes, especially when geomorphic adjustments over
time are ignored. While the detailed, process-based modelling
applied here may be considered disproportionate to the budgets
of most NFM schemes, the insights provided point to simple but
critical considerations for design: prioritising first-order stream
placements, anticipating potential flood peak amplification on
higher-order channels, and recognising that performance, and
thus flood mitigation benefits, may shift over time.

Ultimately, robust appraisal of LWDs as part of integrated,
catchment-scale flood risk management requires acknowledg-
ing their dynamic, interconnected behaviour. By embedding
spatial configuration, temporal variability, and geomorphic
feedbacks into scheme design, practitioners can better ensure
that NFM interventions deliver sustained hydrological and sed-
iment management benefits over the long term.
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