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Beaver dam analogs (BDAs) offer substantial ecological benefits, but conflicts with
infrastructure, land use, and other human activities can arise where restoration and
development intersect. In such settings, hydraulic modeling can support design
decisions by helping practitioners evaluate potential system responses. This subject-
area review introduces a practical decision-support tool to help practitioners
identify situations where hydraulic modeling may enhance BDA project assessment,
illustrated through 3 restoration case studies. We also evaluated 9 approaches for the
representation of BDAs in a 2D hydraulic model at a project site that experienced
progressive beaver colonization over 3 years. Methods using vertical posts combined
with roughness adjustments and inline weirs performed well in simulating BDA
behavior and evolution. However, multi-criteria evaluation revealed trade-offs in how
each approach captured structural complexity and temporal change. Together, the
decision-support tool and accompanying recommendations provide practitioners
with guidance on when hydraulic modeling can add value to BDA design and
practical strategies for incorporating BDAs into existing modeling workflows.
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1. Introduction

Beaver dam analogs (BDAs) are widely recognized as a
viable approach to restoring degraded streams and enhanc-
ing beaver (Castor canadensis, Castor fiber) habitat across
North America and Western Europe (Pollock et al. 2023).
BDAs are permeable, low-head, temporary structures, built
with natural materials and intended to mimic beaver dams
and promote beaver activity (Wheaton et al. 2019; Pollock
et al. 2023). As a type of process-based restoration (PBR)
treatment, the implementation of BDAs aims to restore crit-
ical processes — hydraulic and geomorphic — to address
impairments such as channel incision, floodplain discon-
nection, compromised vegetation recruitment, diminished
hyporheic exchange, and thermal and sediment pollution
(Beechie et al. 2010; Pollock et al. 2014; Bouwes et al.
2016; Weber et al. 2017; Ciotti et al. 2021). To the delight
of many practitioners, beaver have recolonized some BDA
projects and their dam-building activities at the project sites
have further expanded the quantity and quality of ecosystem
functions and services over time (Brazier et al. 2021; Larsen
etal. 2021; Nash et al. 2021).

While hydraulic modeling can be applied to BDA
designs for a variety of reasons, the lower technology (“low-
tech”) intention of this PBR approach generally involves
less prescriptive engineered design and heavy construc-
tion equipment, and more field-fit design and hand-build-
ing (Wheaton et al. 2019). Thoughtful site selection and
the appropriate level of design analysis largely determine
whether a BDA project will meet its objectives. As infrastruc-
ture and working lands increasingly intersect with potential
BDA sites, practitioners often face conditions where deeper
analysis is needed to anticipate hydraulic responses, eval-
uate risks, or support permitting. Hydraulic modeling can
help practitioners explore likely system behavior — such as
inundation extents, flood attenuation, habitat changes, flow
paths, channel-floodplain connectivity, base-flow behavior,
and thermal effects — and can also assist in satisfying reg-
ulatory requirements. In such situations, a low-tech design
vision may need to be complemented with higher-tech ana-
lytical tools.

Although more regionally specific guidance on site
suitability is needed at the reach scale, some models offer
hydrogeomorphic-based capacity estimates for riverscapes

to support beaver at the landscape scale (Macfarlane et al.
2017, Dittbrenner et al. 2018; Graham et al. 2020). High
rates of BDA implementation without careful consideration
of site selection or long-term adaptive management may
reduce their effectiveness and limit the restoration benefits
they can provide (Bernhardt et al. 2005; Pilliod et al. 2018;
Lautz et al. 2019; Nash et al. 2021; Wohl et al. 2024). In
certain cases, a more thorough analysis of possible land-
scape trajectories for a BDA design under current and future
conditions can identify unanticipated consequences like
infrastructure impacts, flooding, sediment deposition, and
flanking, especially in urban landscapes.

One example of this is a series of conservation efforts
that led to a beaver resurgence in an urbanized stretch of
Fanno Creek in Beaverton, Oregon, United States. By 2020,
5 beaver dams within a one-mile stretch accentuated sea-
sonal flooding to overtop the highly trafficked Fanno Creek
Bike Trail, leaving thick mud on the trail and many frustrated
bikers and walkers once high water receded (BikePortland
2020).

Another example is a BDA project on Mill Creek in the
Nancy Creek Watershed in Atlanta, Georgia, United States.
In this highly urbanized watershed, BDAs aimed to accel-
erate streambank evolution through channel widening that
promotes floodplain reconnection over time. After imple-
mentation, the creck flanked some structures, resulting in
BDA mobilization, limited backwater effects, and less chan-
nel widening than anticipated (Smith 2025).

These examples highlight the need for practitioners to
better anticipate how BDAs and subsequent beaver activity
interact with local geomorphic and built environments.

To improve BDA implementation and better couple
science with practice, practitioners have expressed demand
for clear, practical guidance on recognizing when hydraulic
modeling may offer value in the design process, indicating
that the applied practitioner community supports the devel-
opment of such guidance and would use tools that inform
BDA design decisions. When modeling is necessary for a
BDA design, modelers have also voiced the need for practical
strategies to represent these dynamic and complex features
within existing modeling platforms. No standard of practice
exists for representing BDAs and beaver dams in hydrau-
lic models, although techniques similar to approaches used
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Highlight

When hydraulic modeling is used to support BDA resto-
ration designs, approaches based on vertical posts or inline
weirs often perform well, though multi-criteria evaluation
shows that all methods involve trade-offs that can help
inform engineering judgment.

Project Photo 1 Rough and Tumbling Creek photo point showing a 3-year
beaver dam analog (BDA) evolution as beaver recolonize the project reach.
Images courtesy of EcoMetrics.

Ta T June 2024

Project Photo 2 Aerial imagery of the Rough and Tumbling Creek project
site (stream flow going left to right, North arrow at upper right) showing
October 2020 conditions before the BDA project with an active upstream
beaver complex, compared to June 2024 conditions (3 years after project
implementation) with extensive beaver recolonization throughout the
project reach and some abandonment and breaching of dams in the
upstream beaver complex. Images courtesy of EcoMetrics.

to represent large wood are occasionally used in
industry and research (Addy and Wilkinson 2019;
Senior et al. 2022). These approaches include
geometric adjustments, roughness adjustments,
porosity, and inline structures. It is unknown
how reasonable these approaches are in repre-
senting what is known about the complexity and
dynamic nature of both the physical structure and
range of flow states through a BDA or beaver dam
(Ronnquist and Westbrook 2021; Muhawenimana
et al. 2023; Aguirre et al. 2024). The equifinality
and sensitivity to water surface elevations of these
approaches is also unknown (Senior et al. 2022).
Furthermore, with recent rises in BDA implemen-
tation and beaver repopulation efforts, state and
federal legislations may require specific hydraulic
and hydrologic conditions in designs and permit-
ting (Corday 2022). For example, Colorado Senate
Bill 270, passed in 2023, requires quantification
of the water surface area increase per structure or
treatment to assess the potential effect of evapora-
tive losses on downstream water rights. As such
policy evolves, practitioners increasingly need
modeling evidence to support design and permit-
ting decisions.

While the benefits and applications of beaver
restoration are well-documented and highly desir-
able, a significant gap remains in understanding
how to recognize when hydraulic modeling may
benefit BDA design and how to reasonably repre-
sent beaver dams and BDAs in hydraulic models.
To support practitioners navigating these design
contexts, this research addresses 2 main objectives:

1. Develop a practical decision-support
tool that helps practitioners identify sit-
uations where hydraulic modeling may
benefit stream restoration projects pro-
posing BDA features.

2. Provide practical guidance for incor-
porating BDAs into existing hydraulic
models, including strategies and param-
eter adjustments to simulate how BDAs,
and subsequent beaver activity, affect
channel conditions over time.

Three case studies are used to illustrate the utility
of the decision-support tool and demonstrate the
applicability of the modeling strategies evaluated.

2, Case Study Sites
This subject-area review includes 3 sites dis-
tributed across distinct geographic regions of
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the United States: Rough and Tumbling Creek, Colorado;
Thompson Creek, Washington; and Towaliga River,
Georgia (Figure 1).

2.1. Rough and Tumbling Creek, Colorado, United States

In 2021, 36 structures (15 BDAs and 21 post-assisted log
structures, or PALS) were installed on a 700-m stretch of
Rough and Tumbling Creek (RnT), about 18 km southwest
of Fairplay, Colorado (Figure 2). The project site lies 2.7 km
upstream of the South Fork South Platte River confluence
and drains 60.3 km? of the Buffalo Peaks Wilderness. At an
elevation of 2950 m, this subalpine headwater stream has
low sediment input, a snowmelt peak around June, and low
flow around October (M. Beardsley, Ecometrics, pers. com-
munication 2025; U.S. Geological Survey 2019). Although
the entire RnT valley historically supported beaver, a coun-
ty-wide restoration assessment identified this reach as one
where beaver absence is the primary stressor driving ecosys-
tem degradation (Beardsley and Doran 2022). At the time of
construction, active beaver dams were only 100 m upstream
of the project site. Forest Service Road 158 crosses RnT at
the upstream project boundary, separating the site from the
nearest upstream beaver complex. The project reach shows
0.6 m — 1.2 m incision with an average bankfull width of
3 m. The project aimed to enhance habitat suitability for

beavers, with the hope of beaver recolonization and per-
sistence, through 2 types of low-tech restoration features:
BDAs and PALS, designed to mimic beaver dams and wood
jams, respectively (Beardsley and Doran 2022). Both types
of structures were constructed with native materials, such
as gravel, sod, conifer, aspen, and willows, sourced onsite.
BDAs were built to about 0.3 m—0.6 m (1 ft—2 ft) tall, and
most included vertical posts and woven willows for addi-
tional reinforcement and height. By winter of 2022, beavers
reoccupied half of the project site, and by 2024, beavers con-
tinued to spread throughout the project site, building onto 11
of the original BDAs, and constructing at least 14 new dams
(Project Photo 1, Project Photo 2). As of May 2025, field
observations confirmed that beaver continue to modify the
site, inundating nearly the entire valley floor and creating a
mosaic of diverse habitats supporting a range of wildlife.

2.2. Thompson Creek, Washington, United States

Thompson Creek (TC), the second BDA site, is a pri-
mary tributary and the only surface water connection to
Newman Lake in Spokane County, Washington. (Figure
S1). The project site drains an area of 31.3 km? and the
watershed has ongoing logging operations, off-road
vehicle use, and agricultural practices that contribute a
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Fig. 1. Geographical locations of selected case study sites.
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Fig. 2. Site map of 2021 Rough and Tumbling Creek BDA project showing as-built locations of 36
restoration features, including a mixture of beaver dam analogs and post-assisted log structures. Black
arrows indicate flow direction from southeast to north-northeast.

significant amount of sediment and total phosphorus (TP)
into TC (Whiley & Merrill 2007). The downstream-most
reach of TC was straightened and dredged for agricultural
purposes, resulting in 1.2 m — 1.5 m of incision through-
out the project reach and less connection to the wide flat
floodplain. This incision and floodplain disconnection
accelerates the transportation of sediment and TP from the
watershed into Newman Lake. Washington Department
of Ecology (DOE) repeatedly lists Newman Lake on the
Total Maximum Daily Load 303d lists for total phospho-
rus, most recently in the 2018 Water Quality Assessment.
As a result, project objectives were to decrease TP loading
contributions from TC through floodplain reconnection,
riparian vegetation enhancement, and increased wood
roughness to reduce velocities. No active beaver signs
were found during site assessment.

The TC BDA design required limited permitting
because Newman Lake does not have a direct surface
water connection to Spokane River, per the Clean Water
Act. However, the project did have to consider the
Spokane County Flood Damage Protection Ordinance

(SCFDPO), which indicated that the base flood eleva-
tion must be maintained within Thompson Creek and not
impact the upstream bridge and fire station infrastructure.
A one-dimensional (1D) hydraulic model was used to
finalize the design location and characteristics (e.g., struc-
ture type and height) of the BDA structures to ensure min-
imal flooding impacts to this upstream infrastructure and
to address any concerns as part of the SCFDPO permitting
process. The resulting design included 18 structures (9
BDA-modified structures, and 9 non-ponding roughness
features, intended to increase channel roughness and slow
velocities). In 2021, these structures were installed along
the reach between the bridge at Newman Lake Road and
Newman Lake (Figure S2). Future phases of this project
anticipate construction of floodplain BDAs adjacent to the
2021 project, adaptive management of the existing struc-
tures, and the potential for BDAs to be placed upstream of
the bridge at Newman Lake Road.

2.3. Towaliga River, Georgia, United States
The third BDA project, in design phase as of June 2025,
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occupies a headwater reach of the Towaliga River in Henry
County, Georgia, just northwest of Hampton (Figure S3).
The site has a drainage area of just 5.7 km? and lies within
predominately open pastureland, immediately downstream
of a major paved county road (Wynn Drive). A 14.3-m
(47-ft) culvert crossing under Wynn Drive traps sediment
and wood at its upstream inlet and measures 0.9 m of chan-
nel incision at its downstream outlet.

BDAs are proposed downstream of the culvert cross-
ing, where the existing channel bottom is incised 1.4 m
— 1.8 m below the historic floodplain (Figure S4). Field
assessments indicated an active beaver complex just
upstream of the project site. One beaver dam is 12 m
upstream of the Wynn Drive culverts, while a series of 5
additional dams begin 94 m downstream of the culverts.
The dams range from 0.6 — 0.9 m (2 ft -3 ft) high, meas-
ured from the upstream channel bottom, and are com-
prised mostly of logs, sticks and packed mud (Figure S5).
The current design proposes BDAs just downstream of
the last existing beaver dam, located 271 m downstream
of the culverts. This project serves as a 0.2-km? compen-
satory mitigation site to satisfy wetland credits with the
Georgia-Alabama Land Trust. Project objectives target
full mitigation credit, requiring water levels within 25.4
cm (10 in) of the ground surface for 27 consecutive days
during the growing season, and prioritizing select tree
species (e.g., Quercus spp.) for long-term monitoring.

3. Methods
3.1. Decision-Support Tool for BDA Modeling
Practitioners use hydraulic modeling to explore a vari-
ety of ecosystem functions and services associated with
BDAs; however, modeling requires data, time, resources,
and technical expertise, and many BDA projects do not
require hydraulic modeling to achieve their goals. Several
frameworks exist for evaluating hazards associated with
large wood in streams (Wohl et al. 2016) and for guiding
management of beaver recolonization (Wohl et al. 2019;
City of Portland Environmental Services 2024; Kinas
et al. 2024), yet no framework currently supports prac-
titioners in recognizing when hydraulic modeling may
add value to BDA design. Accordingly, development
of the decision-support tool centered on identifying the
common ways modeling can inform BDA projects and
on iteratively refining the tool through literature review,
stakeholder engagement, and design analysis (Figure S6).
Hydraulic modeling can help practitioners under-
stand both the potential risks and potential benefits of a
proposed BDA design. Potential risks that modeling can
illuminate include maximum backwater extents, soil sat-
uration thresholds, changes in groundwater and storage
dynamics, dam mobilization or breaching, and upstream

channel widening or aggradation (Pollock et al. 2014;
Bouwes et al. 2016; Nash et al. 2018; Neumayer et al.
2020; Scamardo and Wohl 2020; Bobst et al. 2022).
Potential benefits that modeling can identify include
changes in hydraulic variability, attenuation of peak
flows, improvements in water quality or thermal buffer-
ing, and a suite of ecological benefits (Pollock et al. 2014;
Majerova et al. 2015; Bouwes et al. 2016; Weber et al.
2017; Neumayer et al. 2020). Stakeholders interpret pro-
ject outcomes differently depending on their goals and
the project’s response, so the assessment of risks and ben-
efits must be grounded in both project context and foun-
dational BDA design principles. This evaluation process
helped identify situations where hydraulic modeling may
serve as an appropriate and useful tool to support BDA
design decisions (Table 1).

We performed a literature review on the design intent
of BDAs and the current state of hydraulic modeling rel-
evant to BDAs, natural beaver dams, and large wood
structures, recognizing that few BDA-specific modeling
studies currently exist. Next, we engaged stakeholders
selected for their experience in BDA research, design,
restoration practice, permitting, land stewardship, or
their connection to BDA projects through professional
networks or private landownership. The final stakeholder
group included 41 individuals representing 26 affiliations
(i.e., universities, non-profits, federal or state agencies,
consulting firms, and private landowners) spanning mul-
tiple regions and offering a wide range of perspectives
in beaver restoration, BDA design, and hydraulic mod-
eling. We corresponded with stakeholders through infor-
mal interviews, email exchanges, site visits, internship
collaborations, technical support discussions, and phone
calls. Feedback from these engagements, combined with
insights from the literature review, helped refine the key
themes that indicate situations where hydraulic mode-
ling may be useful for supporting BDA design (Table 1).
These themes informed the development of a conceptual
model in the form of a decision-support tool.

Expert judgment, through technical review sessions
and additional conversations with both repeat and new
stakeholders, guided multiple iterations of analysis and
refinement of the decision-support tool. The overall
development process intentionally incorporated a broad
range of perspectives and potential considerations in
early stages, increasing the tool’s complexity, followed by
successive rounds focused on simplifying and clarifying
the tool so it will provide practical cues rather than rigid
criteria. As the first decision-support tool of its kind, we
emphasize that both the selection and value judgment of
the criteria in this tool represent a starting point for con-
text-specific decision-making intrinsic to each project.
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Table 1 Situations in which hydraulic modeling may be applied to a BDA project, based on literature review and stakeholder

engagement (not exhaustive)

Situations Potential Criteria Metrics
Maximum ponded extent Distance to upstream concern
Managing risks Dam mobilization or breach Distance to downstream concern
Design intent for BDA stability Structural stability, channel evolution
(Wheaton et al. 2019; Pollock et al. 2023) stage (Cluer and Thorne, 2014)
Project objectives
Required reporting Permitting Yes/No
Monitoring
Beaver colonization likelihood Recolonization/translocation potential
Anticipatory modeling | Headcut migration upstream Yes/No
Sediment or wood delivery Yes/No
Design of each structure
Design refinement Placement, spacing within site Yes/No
Landscape restoration gaps (Beaver Institute 2025)
Living with beaver Flow adjustment device (Lisle 2003) Yes/No
Future site suitability Anticipated hydrology Yes/No

Sediment and/or wood supply to site

The intended use of this tool is for rapid decision-mak-
ing by restoration designers and project proponents when
determining whether hydraulic modeling may benefit a
proposed BDA project. This tool may be especially useful
as a decision-support resource for less-experienced prac-
titioners, to be used in conjunction with oversight from
experienced professionals or for projects in higher-risk
settings, such as urban or agricultural areas.

3.2. Hydraulic Modeling of BDAs

The hydraulic modeling effort aimed to develop initial
modeling guidance for how to reasonably represent BDAs
in a hydraulic model, including scenarios in which beaver
recolonize a BDA site. Therefore, we tested various model
features to represent BDAs, evaluated how each approach
performed, and presented initial modeling guidance based
on insights gained through the modeling exercise.

3.2.1. Site Selection

The Rough and Tumbling (RnT) Creek site features
a robust pre- and post-project monitoring dataset and
demonstrated rapid landscape evolution following beaver
recolonization. Insights from the RnT hydraulic mode-
ling informed recommendations for the Thompson Creek
and Towaliga River BDA projects. Following BDA pro-
ject implementation in 2021 (Section 2.1), beavers recol-
onized the site during winter of that year, likely migrating

from upstream, as indicated by several degraded and
breached dams in the upstream beaver complex. By
the summer of 2023, beavers expanded dam building
throughout the project site by extending existing BDAs
into the floodplain and constructing new dams across the
valley floor.

Previous modeling efforts have explored beaver occu-
pancy upstream or downstream of project sites through
giving equal attention to reaches with and without beaver
to compare the resulting hydraulic and hydrologic effects
(Majerova et al. 2015; Stout et al. 2017). In this case study,
we included the upstream beaver complex at the RnT
site in the modeling domain to account for its impact on
downstream hydraulics within the project site, but we did
not make it the primary focus. Preliminary modeling of
pre-project conditions indicated that breaklines derived
from unedited LiDAR terrain across dams in the upstream
beaver complex provided sufficient geometric details for
hydraulic simulations of downstream flow in the 2021 pro-
ject reach, as confirmed by observed inundation extents
from surveys and aerial imagery. The modeling effort pri-
marily focused on the evolution of the reach with BDAs,
referred to as the project site.

3.2.2. Data Collection
A comprehensive dataset for the RnT project, spanning
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from 2017 to 2024, includes repeat 1-inch resolution
orthophoto mosaics and digital surface models (DSMs)
from biannual or annual drone flights beginning in 2020,
hourly water level data from loggers installed in 2021,
photo points from 2021 onwards, GPS surveys of sur-
face water extents and beaver dam extents (2017, 2020
—2024), and 5 valley-spanning GPS transects from a site
survey on 18 June 2024. We selected 18 June 2024 as the
reference date for modeling restored conditions (3 years
post-project implementation) based on the availability of
high-resolution aerial imagery and supporting field data.
The 2024 GPS survey of beaver dam structures, includ-
ing both evolving as-built BDAs (constructed in 2021
and subsequently modified by beavers) and new beaver
dams created since BDA project implementation, was
used to determine which structures to represent in the
restored conditions models.

We obtained the most recent LiDAR dataset for the
site, acquired between 2018 and 2019, as a | m-resolution
digital elevation model (DEM) from the Colorado Water
Conservation Board (CWCB), and the U.S. Geological
Survey’s 2020 National Land Cover Database (NLCD)
at 30-m resolution from the Multi-Resolution Land
Characteristics Consortium (MRLC) viewer. Although
the 2019 LiDAR does not capture bathymetry, we
retained the unedited terrain because survey data for the
full complex were unavailable and water depths appeared
shallow enough for the LiDAR surface to reasonably rep-
resent channel topography. Additionally, 2020 land cover
did not fully capture habitat complexity across the valley
floor, particularly the patchiness of emergent and woody
wetlands. We manually edited the valley floor within the
model domain based on aerial imagery, photo prints, and
site visit validation.

After refinement of the NLDC dataset within the pro-
ject area, we assigned roughness values to the land cover
zones (Table 2) based off published values (Yochum et al.
2014) and aerial imagery. We verified these values during
field observations in May 2025.

3.2.3. Hydrology

RnT is an ungaged system; therefore, we selected
the South Fork South Platte (SF South Platte, Gage
SFKANTCOOS) gage near Antero as the most suitable
reference for scaling RnT hydrology due to similar geol-
ogy, precipitation, and overland flow characteristics. This
gage is located approximately 11 km downstream of the
project site and 140 m lower in elevation. Although the
gage on SF South Platte lies in an unconfined valley with
disconnected hillslopes (South Park), compared to the
project site’s confined valley with connected hillslopes,
it represents the best available data source. This choice

Table 2 Summary of roughness values (Manning’s n) used in
the hydraulic model. Values are based on HEC-RAS guidance
(Brunner 2025a) and field verified.

Land Cover Manning’s n
Shrub-Scrub 0.14
Emergent Herbaceous Wetlands 0.095
Woody Wetlands 0.11
Evergreen Forest 0.15
Deciduous Forest 0.15
Developed — Open Space 0.035
Developed — Low Intensity 0.04
Mixed Forest 0.14
Grassland-Herbaceous 0.04
Channel 0.06

was further supported by project designers familiar with
both systems. RnT joins SF South Platte approximately
2.5 km downstream of the project site.

In June, flow in high-elevation subalpine streams
in the Rocky Mountains is generally snowmelt-domi-
nated and transitioning towards baseflow. We scaled the
recorded 24-hr hydrograph at 15-min intervals for 18 June
2024 by drainage area (Equation 1), assuming a coeffi-
cient of ¢ = 1 to reflect near-linear scaling of discharge
with drainage area under spatially distributed snowmelt
conditions to approximate a hydrograph for modeling
restored conditions at RnT (Table 3). Using this scaled
hydrograph, we created an artificial 4-hr hydrograph for
the project site, with flow ramping linearly from 0 cms to
the calculated peak discharge over the first hour (i.e., a
1-hr step up). This ramp-up approach is recommended in
unsteady 2D HEC-RAS modeling to allow the model to
reach stable numerical solutions at the upstream bound-
ary when starting from no flow, particularly in systems
where flow builds quickly from low base or starting con-
ditions (Brunner 2025a).

a-(2) !

Q2 \ 4 (1)
Equation 1 shows the relationship between drainage area,
A, and discharge, Q.

Historical climate records from the National Centers
for Environmental Information (NCEI) monitoring sta-
tion USS0006K43S indicate 0.25 cm (0.1 in) of precip-
itation on 18 June 2024, with no precipitation recorded
during the preceding week. These observations suggest
that flows at the project site on the reference date were
likely not significantly influenced by recent rainfall, and
that the project site could be reasonably scaled by the
selected downstream gage without additional adjustment
for baseflow differences between the 2 drainage areas.
The most recent plausible rain-on-snow event likely
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Table 3 Proposed flow conditions for project site, scaled to
downstream gage

Drainage
Area Peak Q (cms)
2024 Restored
2
Gage km Conditions
SFKANTCOO05 226.1 4.53
RnT Project Site 60.3 1.21%*

* Assumes an exponent, ¢ = 1 (Equation 1). Peak Q could be
larger with ¢ <1 (e.g., 0.8).

occurred on 9 June 9 2024, when the station recorded
over 3 cm (1.2 in) of precipitation, potentially contrib-
uting to elevated base flows earlier in the month prior
to the reference date. Given these conditions, discharge
data from the SF South Platte gage provided a suitable
reference for scaling RnT stream hydrology in this mod-
eling effort, especially since the primary goal of this case
study is to build hydraulic modeling guidance rather than
to replicate exact site conditions. This scaling approach
should be considered during model evaluation, given
the substantial uncertainties associated with unmeasured
stream flows at the project site.

3.2.4. Model Development

We developed a 2-dimensional (2D) unsteady hydraulic
model for RnT using the U.S. Army Corps of Engineers
Hydrologic Engineering Center’s River Analysis System
(HEC-RAS) version 6.6 (2024). HEC-RAS 2D uses a
finite-volume computational mesh to represent the ter-
rain. The model built for restored conditions included 25
dams all within the project area, 11 of which were bea-
ver-modified BDAs.

Restored conditions feature structural complexity and
variability in each beaver dam and BDA throughout the
model domain, but to isolate the effects of different mod-
eling approaches, we chose to test one model representa-
tion at a time. For example, to test inline weirs, we applied
inline weirs as a uniform approach to represent all dams.
This simplification enabled direct comparison between
modeling approaches while acknowledging dam complex-
ity is not fully represented throughout the model domain.

We delineated the model domain extent laterally by
tracing mountain ridgelines and longitudinally extended
upstream and downstream to minimize boundary effects,
situating domain limits to avoid influences from beaver
complexes or any tributary junctions that could impact
boundary conditions. We set the nominal grid resolution
to 100 ft x 100 ft, with a rectangular refinement region
(20 ft x 20 ft) spanning the valley floor to encompass the
upstream beaver complex and project site. We refined the

mesh further using breaklines and mesh editing tools,
depending on the needs of each approach used to repre-
sent BDAs.

Boundary conditions included inlet discharge flow
hydrograph (see Hydrology) and outlet normal depth
slope. We set the downstream boundary condition fric-
tion slope to 0.0128 ft/ft. This reasonably represented the
valley gradient across the entire model domain, as well
as beyond the downstream boundary, despite localized
patchy and dynamic variability due to beaver activity
throughout the entire RnT valley.

We conducted a series of preliminary simulations to
inform selection of key computational parameters, includ-
ing mesh size, computational time step, and equations for
solving 2D unsteady flow routing. Preliminary simulations
began with coarser mesh sizes (50 ft) along the thalweg
breakline outside of the 20-ft refinement region and itera-
tively incorporated finer detail, down to 5-ft cell sizes, to
evaluate changes in water surface elevation (WSE). This
test produced limited differences in WSE, especially with
the incorporation of the refinement region. Ultimately, we
determined mesh size around the BDAs and dams based
on the approach tested, since some approaches required
finer cell sizes to capture smaller-scale terrain modifica-
tions. Generally, this worked out to breaklines at BDAs
set to 10 ft for approaches using roughness adjustments
or inline weirs; 5 ft for geometry adjustments, porosity,
or combined inline weirs and geometry adjustments; and
1.5 ft for vertical posts. We also varied the computational
time step during initial simulations, guided by the Courant
condition, based on the Courant-Friedrichs-Lewy (CFL)
condition (Equation 2):

C=Yat )

where C is Courant number, V' is the wave speed (ft/s),
t is the time step, and x is the distance step (cell size). For
the Diffusion-Wave Equations (DWE), C <2 (maximum
C=15), and for Shallow Water Equations (SWE), C <1
(maximum C = 3).

We initially varied the time step based on using
the DWE equation set. After multiple iterations, and as
model complexity increased, we selected a time step of 1
s as optimal for all simulations, satisfying velocities gen-
erally ranging from O ft/s to 4 ft/s across grid sizes rang-
ing from 1 sq ft to 10 sq ft along the thalweg and 20 sq ft
in the refinement region. Upon analysis of output hydro-
graphs of the same simulations solved with both DWE
and SWE, we observed that both approaches produced
approximately the same results for site-scale inundation
extents and WSE, similar to those of other studies (Sabeti
et al. 2024). Some approaches became unstable with the

Greydanus H, Niezgoda SN, Bledsoe B. 2026. Decision support and guidance for applying hydraulic modeling to beaver dam analog stream

restoration projects. J Ecol Eng Des. https://doi.org/10.70793/jeed.316



https://doi.org/10.70793/jeed.316

Journal of Ecological Engineering Design | Subject-Area Review

journals.uvm.edu/jeed

SWE (e.g., geometry adjustment, vertical posts), and oth-
ers had substantial increases in computation times across
the different approaches to represent BDAs. SWE pro-
vide more accurate 2D results through better capturing of
2D flow paths (in particular, turbulence and eddies) and
localized velocities around the BDAs. Therefore, we used
SWE (Eulerian-Lagrangian Method) for all simulations,
through shortening time steps (0.3 s — 1 s) as necessary to
achieve appropriate Courant conditions (C <2, with § of
9 approaches C <1) and satisfactory maximum cell WSE
errors between 0.003 ft — 0.02 ft.

3.2.5. Model Runs

After a comprehensive literature review and engage-
ment with practitioners, we selected 9 approaches for
representing BDAs to test: 1) do nothing, 2) geometry
adjustments, 3) inline weirs, 4) roughness adjustments,
5) vertical posts, 6) porosity, 7) geometry adjustments
with roughness adjustments, 8) geometry adjustments
with roughness adjustments plus inline weirs at level
grade, and 9) vertical posts with roughness adjustments
(Table 4). Overall, approaches 2, 3, and 4 tested rep-
resentations already common in literature and practice;
approaches 5 and 6 tested more novel, less commonly
used representations; and approaches 7, 8, and 9 tested
various combinations of approaches 2, 3, and 4. There
are many more combinations and approaches to rep-
resent BDAs (e.g., inline weir with culverts), but these
approaches served as good starting points to address the
second objective. Motivations for why these particular
approaches were selected are described below:

* Approach 1 provided a baseline for the implications
of not representing BDAs.

e Approaches 2 and 3 tested the efficacy of treat-
ing BDAs as impermeable low-head dams: berms
burned into the terrain (approach 2) and uncontrolled
overflow weirs (approach 3), typically used to model
emergency spillways. Despite real BDAs having var-
ious flow paths, we wanted to understand if non-po-
rous physical blockage could effectively represent
BDAs, or if “intra-structure” porosity is an important
characteristic to capture.

e Approach 4 tested whether a physically realistic
increase in Manning’s n could reasonably represent
site conditions for the BDA complex. Increasing
roughness is widely used to model restoration fea-
tures but it is non-physical and model results can
be highly sensitive to n values. Because field-based
estimates for roughness associated with BDAs are
limited, we used an empirical Manning’s » relation-
ship developed for large wood in streams (Addy and
Wilkinson 2019). We wanted to understand if flow

resistance alone could effectively represent BDAs.

e Approach 5 explored a less-commonly used “cir-
cle” terrain modification, typically used for modeling
bridge piers in HEC-RAS. The RnT model required
over 2,600 vertical posts to represent all BDAs. We
wanted to see if the time cost was worth the benefits of
this approach. The small vertical posts created oppor-
tunities for more interstitial flow paths, so we wanted
to understand the influence the shape of physical
blockage has on modeling results of BDAs.

e Approach 6 explored a new HEC-RAS feature,
the Porosity and Flow Drag Layer, released in ver-
sion 6.6 (2024). This layer allows a user to apply
sub-grid obstruction volumes to the model domain
using porosity, drag coefficients, and height param-
eters. We set a linear drag coefficient of 0 s and a
quadratic drag coefficient of 0.5 ft', because inertial
forces dominated the modeled flow conditions, how-
ever parameterization should be further explored. All
regions outside of these 6-ft wide polygons were set to
0-ft thickness, so that porosity and flow drag had no
hydraulic affect to the rest of the model domain. We
wanted to understand if porosity alone could effec-
tively represent BDAs.

e Approach 7 tested a combination of a non-porous
physical blockage (approach 2), with flow resist-
ance from increased Manning’s n (Approach 4). We
wanted to understand if this combination improved
representation of BDAs by accounting for both physi-
cal blockage and flow resistance.

* Approach 8 tested if the weir equation can assist in
computing the terrain modifications of approach 2.
After running approach 2, we noticed higher com-
putational errors at repeat cells near BDA crestlines.
Because of this, we tried centering weirs on the down-
stream edge of all BDA crestlines to see if the weir
equation would improve computations, hopefully
resulting in decreased errors and/or faster run times.

e Approach 9 tested another combination of a different
non-porous physical blockage (approach 5), with flow
resistance from increased Manning’s n (Approach 4),
for the same reasons as Approach 7.

3.2.6. Criteria for Evaluation
This initial modeling guidance aims to support BDA pro-
jects across a range of design objectives, hydrogeogra-
phy, beaver activity, and project goals and requirements.
The proposed criteria reflect this purpose.

The selected structural representations of BDAs
were evaluated based on how they each performed under
the following preliminary criteria:
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» Reasonably representative of overall site conditions

* Adjustable to plausible futures and site evolution
(e.g., beaver colonization)

* Informative for design and permitting

* User-friendly

Three criteria were developed at the outset, with
additional factors identified during the RnT site mode-
ling process. First, results should reasonably reproduce
the observed WSEs, general inundation extents, and
expected velocities through the project site. We evalu-
ated each approach based on its ability to represent the
full range of flow states through a dam (Ronnquist and
Westbrook 2021; Aguirre et al. 2024). Evaluation of
approaches also considered the level of effort required
to adjust the model for future site evolution scenarios:
for example, adjusting the dams in response to poten-
tial beaver activity, adjusting for sedimentation behind a
structure (Pollock et al. 2007; Scamardo and Wohl 2020;
Dunn et al. 2024), and adjusting roughness partitioning
to account for stage-roughness variability (Green and
Westbrook 2009; Bledsoe et al. 2011). Another criterion
assessed whether results from each approach could be
utilized for targeted modeling efforts related to regulatory
requirements or design objectives, such as fish passage,
floodway insurance mapping, or comparing design alter-
natives. Finally, the evaluation included user experience
considering the degrees of freedom for each approach,
required expertise, and computation time.

4. Results

4.1. Decision-Support Tool

4.1.1. Presentation of the Proposed Tool

The proposed decision-support tool (Figure 3) serves
as a first step toward helping practitioners identify sit-
uations where hydraulic modeling may add value to a
BDA project. The tool assumes that a stream restoration
project has already identified a site considered suitable
for BDA implementation. While existing guidance docu-
ments (Wheaton et al. 2019; Pollock et al. 2023), discuss
factors influencing BDA site selection, they highlight
that ongoing research is needed to better define site suit-
ability and emphasize the importance of site-specific
expert judgement. We prioritized “early off-ramps” that
identify scenarios where specific design questions could
reasonably benefit from the additional insight that mod-
eling provides. As users progress through the tool, there
are cases where the situations become less clear-cut; in
these cases, the tool encourages practitioners to consider
a broader understanding of watershed processes, con-
ditions beyond the immediate project reach, and plau-
sible future scenarios such as beaver recolonization or

progressive dam-building. This tool helps project design-
ers and proponents manage expectations across the site
and understand the implications of a wider envelope
of potential project outcomes and how the system may
evolve through time.

The decision-support tool concludes with the 4
possible outcomes: modeling recommended, modeling
needed to address specific risks, other assessment recom-
mended, and no modeling recommended. For example,
modeling is recommended when saturated water con-
ditions may affect upstream assets, and in such a case,
modeling should focus on upstream water surface eleva-
tions and consider conservative or high-risk scenarios. If
the tool recommends modeling, the user is encouraged
to weigh time, resources, available data, expertise, and
level of modeling effort against the benefits of modeling.
In some cases, the tool suggests other types of assess-
ments, in addition to, or in licu of hydraulic modeling.
These could include geomorphic analyses, evaluations
of sediment or wood pulses, or stochastic assessments of
potential natural disturbances such as wildfire. The deci-
sion-support tool outlines questions that these non-hy-
draulic analyses should address, such as sediment and
wood implications of dam blowout, downstream headcut
migration, or potential changes in sediment supply. We
highlight that the intended level of BDA stability will
vary on a case-by-case basis through engineering judg-
ment, since structural stability for these restoration fea-
tures is a relative term. Finally, the intended level of BDA
stability varies by project context, and engineering judg-
ment remains essential. Structural stability for BDA-type
features is inherently relative rather than absolute, and the
decision-support tool is intended to aid, not replace, prac-
titioner expertise in determining what level of analysis is
appropriate for a given design.

4.1.2. Tool Demonstration

Applying the decision-support tree to the RnT site indi-
cates that hydraulic modeling is not recommended, even
though RnT serves as an excellent demonstration site for
testing modeling approaches. As a user works downward
through the tree, the RnT project site has an upstream dirt
road crossing; however, this crossing is fairly low-use and
low-risk and the potential consequences of flooding are
minimal, making hydraulic analysis a low-value invest-
ment. There are also no major concerns downstream
toward the SF South Platte confluence. While BDAs were
constructed with persistence in mind to improve habitat
quality, the design process did not include stability calcu-
lations. No specific hydraulic questions guided permitting
or project objectives, and the project encouraged natu-
ral riverscape evolution through beaver modifications.
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suitable site.
Would a hydraulic model be beneficial to the BDA design
process?

v

Does the maximum backwater length, Lb, reach anything
immovable or non-raiseable that must avoid saturated soil? YES
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Fig. 3. Decision-support tool for identifying situations where hydraulic modeling may benefit a BDA design project.
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Although wildfire risk exists in this watershed, and that
risk is influenced by beetle kill and climate projections,
there is no evidence of significant upstream sediment
or wood pulses nor notable downstream headcuts. The
design team’s strong experience, combined with routine
monitoring and adaptive management, further reduced
the need for model-based design support. Flow adjust-
ment devices are not a part of this project, and future
hydrologic conditions will be primarily determined by
future climate and beaver activity, as all water diversions
start downstream. The application of the decision-support
tree to the RnT site suggests that the costs and effort of
hydraulic modeling would outweigh the potential bene-
fits for this particular project.

When applying the decision-support tool to
Thompson Creek, the flooding of infrastructure (the
bridge, road, or fire department property) is highlighted
as a key consideration. The decision tool indicates that
hydraulic modeling may add value by helping manage
risks, meet permitting requirements, and refine BDA
design choices. Newman Lake Road bridge is 350 m
upstream of the first BDA structure built in 2021, and the
Newman Lake Fire department property borders the flat
open floodplain delta where this project will be imple-
mented. Just 100 m downstream of the last proposed
BDA structure, Thompson Creek flows into Newman
Lake, which is used by much of the surrounding commu-
nity for recreational activities, including power boating.
Although wood loading historically occurred in Newman
Lake, BDA design seeks to limit mobilization risk to
avoid undesirable floating debris. Local flood permitting
requires evaluation of water-surface elevation changes,
making hydraulic modeling a useful tool for assessing
before-and-after conditions. Because Thompson Creek is
straightened and frequently spills out of its banks across
the delta floodplain, a 1D model can help approximate
upstream backwater effects on the road, bridge, and fire
department property. Depending on mobilization risks
and expected ponding, a 2D model may offer additional
clarity on BDA stability and design configuration. Any
future work upstream of the bridge and road would
strongly benefit from 2D modeling, given the flat, expan-
sive floodplain and the potential for flow-path-dependent
overtopping. Because beaver colonization is unlikely,
modeling as-built and anticipated adaptive-management
conditions should be sufficient.

Finally, applying the decision-support tool to the
Towaliga River site highlights upstream infrastruc-
ture considerations and the permitting and monitoring
requirements of the mitigation program. Therefore, the
decision-support tool indicates that hydraulic mode-
ling can meaningfully support project objectives. It also

highlights the need to consider future conditions of this
site due to the signs of existing beaver within the project
extent. Possible beaver colonization and management
of the BDAs could likely occur within the planned mit-
igation monitoring period (on the order of 5 years — 10
years) as well as after the monitoring concludes. Because
of the complex project objectives connected to mitigation
credits, and the potential for possible futures with bea-
ver-management of the system, leading to complex flow
paths on the floodplain, a 2D hydraulic model provides
the level of detail needed to assess flow complexity and
support defensible design and monitoring decisions.

4.2.Hydraulic Modeling Approaches

The 9 approaches exhibited varying performance across
multiple criteria and highlighted significant benefits
for representing BDAs as vertical posts or inline weirs,
under current model capabilities. Of the 9 approaches
tested, 4 were identified as preferred approaches due
to their stronger performance across the evaluation cri-
teria (Table 5). Approaches 1 and 4 were ineffective at
representing site conditions, while approaches 2 and 5
required roughness adjustments to be effective, making
approaches 7 (referred to as geometry adjustments) and 9
(referred to as vertical posts) preferable. Approach 8 did
not produce the anticipated improvements as hoped for
and resulted in a considerably longer run time than the
rest of the approaches. The 4 approaches selected as pre-
ferred approaches (approaches 3, 6, 7, and 9) are empha-
sized in the following results sections, and conclude with
modeling recommendations for Thompson Creek and
Towaliga River sites.

4.2.1. Inundation Extents and Water Surface
Elevations at the Site-Scale
Of the 4 preferred approaches, the porosity (approach 6)
yielded the inundation extent that most underestimated
actual inundation across the project site, at the tested value
of 0.3 for porosity. The combination approach of vertical
posts with added roughness adjustments (approach 9)
yielded much improved floodplain inundation. Still, this
inundation slightly underrepresented observed condi-
tions. Inline weirs and geometry adjustments (approaches
3 and 7, respectively) produced similar inundation extents
that best approximated aerial imagery (Figure 4).
Although the evolution of restored conditions prior
to 2024 were not modeled, 2022 — 2023 aerial imagery
shows that inundation looked more similar to the inun-
dation results from approaches using vertical posts
(approach 9) and porosity (approach 6). In this way, if
a model is intended to anticipate inundation extents as a
site evolves with beaver, it may be useful to model using
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Table 5 Performance summary of hydraulic modeling approaches based on evaluation criteria. Gray columns denote the
approach is not preferred and therefore is not emphasized in analysis of results.

Approach 1 Approach 2| Approach 3 |Approach 4| Approach 5| Approach 6| Approach 7| Approach 8 Approach 9
7+
q Geometry . .| Roughness | Vertical . Approaches q Approaches
Do Nothing adjustment Inline weirs adjustment Posts Porosity 2+4 Inh.ne 4+5
Weirs
Epr);iir;:g? No No Yes No No Yes Yes No Yes
Reasoning Compu
for inclu- . Efficient Little —— No im-
sion or ex- .Ineffectlve Approach 7| setup; improve- | Approach 9 tatlor}al]y Stable an.d provement Capturqs
. in represent-| . . - efficient; |matches site hydraulic
clusionas | . is better |matches site| ment over | is better . . over Ap- o
ing BDAs . . reasonable | inundation variability
preferred inundation | Approach 1 hydrauli proach 2
approach yaraulics
Criteria I: Effective at
Reasonably site scale;
FEPIESEN™ | Ineffective | ineffective | Effective | Ineffective Somevyhat Modera}tely Effective Modergtely Moderqtely
tative of at local effective | effective effective | Effective
overall site scale
conditions
Criteria 2:
Adjustable
to plausible . . Moderately .| Moderately | Somewhat . . Moderately
futures Ineffective | Effective offective Ineffective effective offective Effective | Effective Effective
and site
evolution
Criteria 3:
Informa-
tive for Ineffective M(%?ergtely Effective | Ineffective Sofrfp evyhat Sof? e".Vhat M(;;iera}tely Effective | Effective
design and etfective ettective ettective ettective
permitting
Criteria 4: . Somewhat | Somewhat . Somewhat . Somewhat : Somewhat
User- Effective focti . Effective focti Effective . Ineffective .
friendly effective effective effective effective effective

2 methods to bracket a range of possible site evolutions
over diverse temporal scales. In the case of RnT, vertical
posts (approach 9) or porosity (approach 6) could be used
to model realistic short-term conditions, and inline weirs
(approach 3) could be used to model longer-term condi-
tions as beaver manage and build out a project site.

WSE results consistently showed the greatest variabil-
ity among approaches at ponding locations just upstream
of the BDA structures. The inline weirs (approach 3) and
porosity (approach 6) produced continuous WSE profiles
along the approximate thalweg longitudinal profile, but
geometry adjustments (approach 7) and vertical posts
(approach 9) showed discontinuous steps in the WSE
profiles across the BDAs. This outcome reflects how the

model computes WSE: using the physical modifications
for the vertical posts and geometry adjustments, while
applying the weir equation for the inline weirs or resist-
ance for porosity adjustments. Similarly, shear stress and
velocity plummet to unrealistic values of 0 ft/s at these
WSE profile discontinuities for the geometry adjustments
and vertical posts. This is important to note if a continu-
ous WSE or velocity profile is a desired modeling output,
or if there are questions about local BDA hydraulics when
applying terrain modification approaches (i.e., vertical
posts or geometry adjustments).

Sensitivity testing of weir coefficients (C = 2.6 and
C = 3.1). showed very minor differences in WSEs and
velocity profiles throughout the project site reach. For
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Fig. 4. Inundation extents for all modeled approaches. Black arrows indicate flow direction from southeast to
north-northeast. Original aerial imagery courtesy of Ecometrics.

C = 2.6, WSEs were generally 0.003 m — 0.01 m higher
than for C = 3.1, particularly in areas of ponding upstream
of BDA structures. For C = 2.6, velocities were about 0.03
m/s — 0.09 m/s slower than for C= 3.1, particularly just
downstream of BDAs where velocities are higher.

We compared modeled WSE to observed WSE, con-
sisting of recorded WSE points from the 18 June 2024
survey and selected water level loggers. These compari-
sons generally corroborate inundation extent trends. The
inline weir, approach 3, overestimated WSE at observed
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Table 6 Summary of selected approaches illustrating local velocities through 2 selected BDAs (as shown in Figure 5), showing
how the vertical posts best represent the hydraulic heterogeneity of velocity patterns through the dams.

Approach 3

Photo Inline Wer

Approach 6

Approach 9
Porosit

*Note: Green, yellow, orange, and red represent increasing velocities (2 ft/s up to 5 ft/s), respectively, and blue represents

still water or lower velocities (<2 ft/s).

locations by an average of 0.18 m, while porosity and
geometry adjustments (approach 7) tended to overesti-
mate WSE at observed locations, with modeled values
averaging 0.10 m higher. Vertical posts (approach 9)
modeled WSE 0.09 m higher than observed, which is the
preferred approach that modeled WSE closest to observed
data under the modeled flow conditions. Because flow
data uses approximate discharge rather than an observed
flow, these comparisons do not serve to validate the
model. Instead, the comparison analysis identifies gen-
eral trends across the preferred BDA approaches to rec-
ommend modeling schemes.

4.2.2. Hydraulic Velocities and Flow Variability
at the individual BDA

Approach 1 does not represent any BDAs and was there-
fore assumed to approximate the upper bound of all pos-
sible velocities at the site. Because no observed velocity
measurements were available, we used results from
approach 1 as a reference for identifying plausible veloc-
ity ranges at BDAs under site conditions. Similar to the
use of water surface observations, the objective was not
to determine exact expected velocities but rather to estab-
lish reasonable bounds and identify potential outliers
(i.e., unrealistically high velocities from model artifacts)
among the tested approaches. We estimated most veloc-
ities up to 1.0 m/s (3.4 ft/s) through BDAs based on the
do nothing approach. Some velocities exceeding 1.5 m/s
(5 ft/s) seemed possible through select BDAs yet highly
unlikely under the flow applied to the restored conditions
simulations.

Although geometry adjustments (approach 7) and
inline weirs (approach 3) both produced similar inunda-
tion extents that reasonably reproduced site conditions,
the inline weir approach performed best at modeling max-
imum velocities through the BDA structures. Improved
performance for approach 3 could have been due to the
inclusion of the weir equation, which helps compute flow
going over the BDAs and maintains better model stability
compared to the geometry adjustment (approach 7).

In the geometry adjustment (approach 2), maximum
velocities spiked over 1.4 m/s (>4.5 ft/s) in some locations
and dropped to 0 m/s in other locations because of discon-
tinuity in water surface elevations at some BDAs. When
the roughness adjustment approach was combined with the
geometry adjustment (approach 7), maximum velocities
through BDAs were generally less than 1 m/s (3 ft/s). This
shows the utility of the increased roughness layer to help
refine local hydraulics. Even with roughness adjustments,
the water surface elevations still showed some discontinui-
ties along the thalweg longitudinal profile, which resulted in
velocities dropping to 0 m/s across some of the BDA struc-
tures. This would not be the best approach for situations for
modeling efforts that seek to use hydraulic modeling for
design guidance on BDA structural stability, orientation or
configuration of the structures, since velocities and shear
stress are not well reported through the structures.

Although vertical posts (approach 9) and porosity
(approach 6) resulted in lower inundation extent, particularly
throughout the floodplain at the primary beaver pond and
lodge, the local hydraulics through the BDAs reasonably
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Fig 5. Photos A and B, corresponding to the selected approaches featured in Table 6. Images courtesy of Ecometrics.

replicated expected restored conditions. Similar to improve-
ments in the geometry adjustment approach with the addi-
tion of the roughness adjustment (approach 7), the vertical
posts also showed improved maximum velocity results
when combined with the roughness adjustment (approach 9,
Table 6 and Figure 5). For example, at one BDA structure,
the velocities using the vertical post approach exceeded 1.6
m/s (exceeding expected velocities), but when combined
with the roughness adjustment, velocities through the struc-
ture decreased to a more reasonable 1.0 m/s.

4.2.3. User Experience and Considerations for
Selected Approaches

Simulations using inline weirs developed model instabil-
ity, particularly at closely spaced BDAs, so we eliminated
several BDAs (<10% of total BDAs modeled) from this
approach to improve model stability for this effort. The
inline weir approach still produced some of the greatest
inundation extents and the highest WSEs across all observed
edge of water survey points; the elimination of several weirs
did not significantly compromise the ability to compare gen-
eral trends across the selected modeling approaches.

The geometry and weir approaches required similar
levels of effort to build, but the geometry approach used
a finer mesh at the BDAs (5-ft cell spacing) to capture
terrain modifications. The vertical posts required even
greater resolution to represent detailed terrain features,
using a 1.5-ft cell spacing at each of the circular terrain
modifications representing the BDAs, and smaller simu-
lation time step of 0.3 s (compared to 0.5 s for the geom-
etry adjustment approach). Despite these refinements,
computation times remained comparable. On the other
hand, the geometry and weir combined (approach 8)
resulted in a 12-fold increase in computation time. For
this approach, we aligned all inline weir breaklines along
the downstream edge of the BDA crest to accurately cap-
ture tail water elevations. We applied the weir equation to
all BDA structures, but results indicated that some BDAs

were more submerged than the plunging conditions we
assumed. For these submerged BDAs, it is recommended
to use the Normal 2D Equation, which computes flow
using standard open-channel hydraulic relationships,
rather than relying on the weir equation.

Roughness adjustments were the easiest to apply
and modify, but this approach still poorly replicated
site conditions. Porosity showed excellent flexibility for
project evolution and reasonably replicated site condi-
tions; however, physically realistic values for porosity
and flow drag parameters are needed for this tool to be a
viable approach. Additionally, porosity results are highly
sensitive to mesh refinement and the porosity param-
eter. Results looked more like the do nothing approach
(approach 1) when 10-ft cell spacing geometry was
applied, therefore a 5-ft cell size at the BDAs was opti-
mal for using porosity. When we tried decreasing poros-
ity from 0.3 to 0.1, we noted immediate model instability
(leading to a 0.19 ft WSE error at a repeat cell and longer
computation times), despite decreasing the time step
from 0.5 s to 0.2 s, respectively. To represent evolving
site conditions, geometry adjustments and inline weirs
can be modified more easily than to vertical posts, which
require more effort to edit the parameters and reposition
within the model domain.

4.2.4. Recommendations for Thompson Creek and
Towaliga River

Based on results from RnT, the Thompson Creek site
would be well-suited for representing all 18 features as
vertical posts with roughness adjustments. BDAs should
be modeled with lower porosity — achieved by increas-
ing post radius or adding more posts — to simulate their
impoundment effect. The other roughness features not
intended to pond water can be modeled using this same
approach with relatively higher porosity by decreasing
post radius or adding fewer posts. Cost estimates for this
project report 100, 8-ft pine posts and 329, 10-ft pine
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posts required for constructing these features, so fewer
than 500 structures would require less effort to set up
in modeling space than the 2,600 required for the RnT
site. The repetitive but useful “copy and paste” feature
in HEC-RAS significantly facilitates the addition of
shapes and would make this a relatively simple effort
for an experienced modeler. Because there are 18 struc-
tures (fewer than RnT), and the channel and floodplain
may not evolve as rapidly as the RnT site did due to bea-
ver activity, the vertical post approach could assist with
design configuration and analysis, as well as with future
conditions scenarios, with a reasonable level of effort.
If it is still desired to explore “worst-case” ponding for
upstream concerns of the bridge, road, and fire depart-
ment property, it is recommended that all BDA struc-
tures are represented as inline weirs, and the roughness
features are represented as vertical posts with increased
roughness adjustments (Manning’s). Future phases of
floodplain structures adjacent to the 2021 project might
consider using this same approach for either 1D or 2D
models. In HEC-RAS, the 1D model does not provide
the same terrain modifications capabilities as the 2D
model in RasMapper; however, the effect of the vertical
posts can be approximated by adding a series of closely
spaced, horizontally aligned permanent ineffective flow
areas (Stout et al. 2017). Any future phases of in-chan-
nel work upstream of the road would be best served with
a 2D model, due to more infrastructure and higher risk
within the upstream reach of Thompson Creek.

With beaver already within the Towaliga River pro-
ject area, the proposed mitigation site would also be well-
suited for a 2D hydraulic model that represents a larger
range of potential site evolution scenarios, and models
the BDAs as inline weirs during early design phases (con-
ceptual and 30% — 60% design level) and as vertical posts
in later design phases (60% — 100% design level). This
approach would enable the design team to broadly con-
sider scenarios where beaver may interact with the design,
using what is known about the length and height of exist-
ing beaver dams, and how project objectives related to
mitigation credits might be met over time. These simu-
lations would use weirs that would be easy to create and
adjust in initial modeling phases. Then, as BDA stability
analysis is required, the proposed BDAs can be modeled
as vertical posts, to refine designs based on the expected
shear stress and velocities through each structure.

5. Discussion

We present 2 main outcomes in this subject-area review,
both of which aim to improve the intelligent application for
applying hydraulic modeling to BDA projects.

The first outcome is a decision-support tool that
prompts the user to consider a wide variety of primary con-
siderations of BDA design and how hydraulic modeling
may be a tool for defending concerns or enhancing project
benefits. Numerous studies reference the suite of scenarios
for when modeling may benefit BDA design: to understand
flooding extent (Pitcairn 2023), downstream hydraulics
and hydrology (Senior et al. 2022; Muhawenimana et al.
2023), and dynamic beaver-landscape evolution (Green
and Westbrook 2009; Nyssen et al. 2011; Karran et al.
2018; Stout et al. 2017). However, the accelerated inter-
est in and use of BDAs as a restoration approach have the
potential to outpace research on how to best represent these
dynamic structures in hydraulic models (Pilliod et al. 2018;
Lautz et al. 2019). Moreover, it is important for practition-
ers to firmly recognize hydraulic modeling limitations.
Because BDASs can alter groundwater storage and subsur-
face flow paths, restoration outcomes may extend beyond
reach-scale hydraulics, and hydraulic modeling alone can-
not fully predict geomorphic responses such as sediment
transport and channel adjustment (Pollock et al. 2014;
Nash et al. 2018; Bobst et al. 2022). The decision-support
tool encourages practitioners to consider these limitations,
as well, when evaluating whether or how modeling should
be applied.

The second outcome of this subject-area review is
preliminary guidance for the representation of BDAs in
existing hydraulic models through multi-criteria evalua-
tions (Table 7). We scored approaches based on their effec-
tiveness for each criterion using insights from the case
study, with scores intended for relative comparison rather
than absolute evaluation. The selected approaches differ
in their effectiveness to represent site conditions, accom-
modate possible future scenarios (e.g., beaver colonization
of the BDAs), support design and permitting, and ensure
user-friendliness (e.g., run times, model stability).

Two approaches stand out as the most robust and per-
form reasonably well over all criteria: vertical posts with
roughness adjustments, and inline weirs. Vertical posts
with roughness adjustments generally showed the most
accurate hydraulic complexity through the BDA structures,
as well as reasonable inundation extents for site condi-
tions. We struggled to develop this approach efficiently in
the current modeling interface, but as terrain modification
tools improve, this approach could become a more stream-
lined and adjustable option. It may especially excel in sites
where designers are concerned about sediment aggradation
behind a dam. Sediment could be represented as a geome-
try adjustment through a longer extended triangular prism,
with vertical posts on top of the added obstruction. A sensi-
tivity analysis could be performed by changing the height
of the geometry adjustment “wedge” behind the dam to
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mimic possible future sediment aggradation rates over
time: low (e.g., 1.8 cm per year, [Dunn et al. 2024]) to high
(0.47 m per year for highly incised and responsive systems,
[Pollock et al. 2007]).

The inline weir approach is a strong competitor to the
vertical posts approach because it can represent BDAs as
they become less porous and as the site might evolve in
response to beaver activity. Additionally, the weir equa-
tion provides better computational stability when repre-
senting flow over BDAs, and emerging research suggests
that weir-based formulations can effectively reproduce
observed hydraulic behavior in some cases (Hart et al.
2025). However, BDAs are dynamic, porous structures
with hydraulic properties that can vary both seasonally
and through time. Therefore, the recommendation to use
the inline weir approach should be viewed as a robust
modeling abstraction that captures dominant hydraulic
responses, rather than as evidence that BDAs function as
engineered weirs. This distinction emphasizes the need
for caution when interpreting model representations as
physically equivalent to the systems they are intended to
simulate. In summary, both the vertical posts with added
roughness, as well as the inline weir, are approaches that
warrant strong consideration when matching design intent
with available modeling features, amid current modeling
capabilities, particularly in HEC-RAS.

While there is a suite of hydraulic, hydrologic, eco-
nomic and ecologic benefits from beaver-managed land-
scapes, many hydraulic models, including HEC-RAS,
fall short in capturing all these benefits. The unsteady 2D
HEC-RAS models built for the case study did not account
for the movement of sediment, vertical velocities, hypor-
heic exchange flows, or groundwater movement. Still,
HEC-RAS is well acknowledged as a standard tool for
design and permitting of BDAs, and the HEC-RAS mod-
els in the case study served their purposes for developing
initial modeling guidance. This modeling effort demon-
strates the utility of biannual high-resolution orthophotos
and the DSM elevations for monitoring key components
of a BDA project, particularly as beaver recolonize the
site. We identified crest heights and dam lengths using
the 2024 DSM elevations to develop the restored con-
ditions model. Rapid monitoring processes, such as the
capture of orthophotos and DSMs using drones, can be
considered highly useful tools for adaptive management
and monitoring of BDA projects going forward.

Additionally, this modeling effort identifies how local
hydraulics vary based on the flow intensity experienced by
the structure under analysis. For example, BDAs experi-
encing higher flows in the main channel showed maximum
WSEs that were closer in range for the different approaches
modeled, compared to beaver dams experiencing lower

flow intensities in the floodplain. This result is related to
the inundation extents that vary across the different mod-
eled approaches, since the approaches performed more
similarly closer to the main channel and, as the distance
from the main channel increased, the ponding effects from
each model approach changed. The do nothing approach
and the roughness adjustment approach had the least flood-
plain inundation, while the approaches using geometry
adjustments and inline weir techniques (approaches 2, 3, 7,
and 8) had the highest floodplain inundation (even overes-
timating WSE in several locations). Conversely, velocities
were more similar for structures in the floodplain than for
the BDASs in the main channel, but all approaches generally
showed lower velocities upstream of each structure and
higher velocities through or just downstream of the struc-
ture, which is representative of velocity patterns through
BDAs and beaver dams. Finally, shear stresses were more
similar among structures in the floodplain compared to
BDAs in the main channel. Shear stress is a function of
flow velocity as well as Manning’s n (used to compute the
drag coefficient in HEC-RAS), so all the approaches using
roughness adjustments (approaches 4, 7, 8, and 9) resulted
in shear stress that occasionally spiked near the structures.
Shear stress is highly sensitive to roughness values, which
is a good example that supports our general decision for
selecting physically realistic values for all parameters (e.g.,
avoiding unrealistically high Manning’s n values).

In reality, the contribution of BDAs to the overall
hydraulic roughness of the reach changes depending on
river stage and other dynamic sources of roughness, such
as floodplain vegetation (Bledsoe et al. 2011). Roughness
values for the BDAs and floodplain landcover were not
varied in the case study to isolate variability across the
approaches representing BDAs. For this same reason, no
combinations of approaches were explored within a sin-
gle structure or across the project site (i.e., one approach
was applied to every structure in the site at a time). Further
modeling guidance should consider the dynamic rough-
ness partitioning of a BDA project area over time, espe-
cially in cases where beavers colonize a site. Additionally,
when building the computational mesh for a 2D model, an
infinitely small cell resolution applied for all approaches
could reflect the highest level of model complexity, but
a higher resolution requires shorter time steps, resulting
in significantly longer run times. Therefore, a compro-
mise is required between cell resolution and practicality.
Accordingly, cell resolution was varied among the differ-
ent approaches based on the needed level of detail.

Additional research is needed to develop more com-
prehensive modeling guidance for BDA designs. Key
research needs and possible future directions for mode-
ling BDAs include:
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1. Explore regional testing of the decision-support
tool to assess suitability, identify opportunities
for refinement, and determine additional tools
needed to address processes — such as ground-
water dynamics and sediment transport— that
hydraulic models alone cannot capture.

2. Explore additional approaches not explored in
this research scope. Some notable approaches
include ineffective flow areas in 1D HEC-
RAS, as well as alternative terrain modifica-
tion shapes or inline weirs with culverts in 2D
HEC-RAS.

3. Although only 2024 restored conditions at
Rough and Tumbling Creek were modeled for
the case study, future modeling efforts might
explore modeling the same complex through
time to identify the changes in reasonable val-
ues for parameters through time (e.g., porosity,
dam geometry changes after beaver coloniza-
tion). Guidance and basis for parameterization
should be verified in field, when possible.

4. Analyze failure mechanisms in field designs,
including scour and buoyancy, to better under-
stand how, where, and when BDAs of different
configurations tend to mobilize.

5. Collect discharge, velocity, and channel geom-
etry data at future sites to understand typical
velocity and roughness ranges through BDAs
or beaver dams, both in main channels and
across floodplains.

6. Conclusion

Our 2 main objectives of this subject-area review were to
develop a practical decision-support tool that helps prac-
titioners identify situations where hydraulic modeling
may benefit BDA project design, and to provide initial
hydraulic modeling guidance on how to reasonably rep-
resent BDAs in the model space. The use of 3 case stud-
ies demonstrated the utility of the decision-support tool
and provided real projects to test and propose selected
approaches to represent BDAs in hydraulic models.

We tested and evaluated 9 methods to represent BDAs
in a 2D hydraulic model of a BDA project that was recol-
onized by beaver to simulate conditions 3 years post-con-
struction. Results demonstrated the variability in strengths
and limitations of each approach: The evaluation identified
major concerns with the roughness approach alone and
showed clear advantages for modeling BDAs using verti-
cal posts or inline weirs. Our findings fulfill an important
first step toward developing guidance for when hydraulic
modeling is recommended to support BDA design. We
offer the following recommendations as best practices

and guidance for representing BDAs in hydraulic models:

1. Optimal modeling approaches for represent-
ing BDAs vary with the scale of interest, but
the guiding principle is the approach that best
reflects physical reality. If the BDA’s form and
function resemble newly installed vertical posts,
consider using approach 9 first; if the struc-
ture(s) behave more like a weir, try approach
3 first. Best practice may incorporate several
different approaches throughout a BDA project
site, depending on the design intent, function of
the BDAs, and plausible range of site evolution.

2. A roughness adjustment using physically based
values (e.g., not n=10) should not be used as the
only approach for representing BDAs. However,
when combined with other approaches, we
observed roughness adjustments to be more rep-
resentative of restored site conditions, leading
to enhanced model performance, particularly in
capturing local hydraulics around the BDAs.

3. Conducting a sensitivity analysis of the param-
eters used to build each approach helps iden-
tify general trends and communicate modeling
uncertainties.

4. Uncertainties in model input parameteriza-
tions, in addition to the limitations of the
selected approach(es) to represent BDAs and/
or beaver dams, should be well-documented.

The best BDA-modeling guidance is centered on
a solid understanding of the range of modeled features
available to the user, and the strengths and limitations
(and sensitivity) of each approach. The challenge is pair-
ing the modeling intent with the best approach or set of
approaches available.

Supplementary Material

The online version of this article contains a link to sup-
plementary material that includes: Figure S1: Site map
of 2021 Thompson Creek BDA project showing as-built
locations of 18 restoration features, including a mixture
of BDA-type stuctures and non-ponding roughness struc-
tures.; Figure S2: Thompson Creek during high flow;
Figure S3 Site map of proposed Towaliga River BDA
project showing locations of existing beaver activity and
proposed BDA implementation; Figure S4 Representative
channel cross sections of Towaliga River at the BDA pro-
ject site; Figure S5 Existing beaver dams near Towaliga
River mitigation site; Figure S6 General steps for devel-
oping the decision-support tool for assessing when and
why to model a BDA project.
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	1. Introduction
	1. Introduction
	Beaver dam analogs (BDAs) are widely recognized as a viable approach to restoring degraded streams and enhancing beaver (Castor canadensis, Castor fiber) habitat across North America and Western Europe (Pollock et al. 2023). BDAs are permeable, low-head, temporary structures, built with natural materials and intended to mimic beaver dams and promote beaver activity (Wheaton et al. 2019; Pollock et al. 2023). As a type of process-based restoration (PBR) treatment, the implementation of BDAs aims to restore c
	-
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	-

	While hydraulic modeling can be applied to BDA designs for a variety of reasons, the lower technology (“low-tech”) intention of this PBR approach generally involves less prescriptive engineered design and heavy construction equipment, and more field-fit design and hand-building (Wheaton et al. 2019). Thoughtful site selection and the appropriate level of design analysis largely determine whether a BDA project will meet its objectives. As infrastructure and working lands increasingly intersect with potential
	-
	-
	-
	-
	-
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	Although more regionally specific guidance on site suitability is needed at the reach scale, some models offer hydrogeomorphic-based capacity estimates for riverscapes to support beaver at the landscape scale (Macfarlane et al. 2017; Dittbrenner et al. 2018; Graham et al. 2020). High rates of BDA implementation without careful consideration of site selection or long-term adaptive management may reduce their effectiveness and limit the restoration benefits they can provide (Bernhardt et al. 2005; Pilliod et 
	-

	One example of this is a series of conservation efforts that led to a beaver resurgence in an urbanized stretch of Fanno Creek in Beaverton, Oregon, United States. By 2020, 5 beaver dams within a one-mile stretch accentuated seasonal flooding to overtop the highly trafficked Fanno Creek Bike Trail, leaving thick mud on the trail and many frustrated bikers and walkers once high water receded (BikePortland 2020).
	-

	Another example is a BDA project on Mill Creek in the Nancy Creek Watershed in Atlanta, Georgia, United States. In this highly urbanized watershed, BDAs aimed to accelerate streambank evolution through channel widening that promotes floodplain reconnection over time. After implementation, the creek flanked some structures, resulting in BDA mobilization, limited backwater effects, and less channel widening than anticipated (Smith 2025).
	-
	-
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	These examples highlight the need for practitioners to better anticipate how BDAs and subsequent beaver activity interact with local geomorphic and built environments. 
	To improve BDA implementation and better couple science with practice, practitioners have expressed demand for clear, practical guidance on recognizing when hydraulic modeling may offer value in the design process, indicating that the applied practitioner community supports the development of such guidance and would use tools that inform BDA design decisions. When modeling is necessary for a BDA design, modelers have also voiced the need for practical strategies to represent these dynamic and complex featur
	-
	-
	-
	-
	-
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	While the benefits and applications of beaver restoration are well-documented and highly desirable, a significant gap remains in understanding how to recognize when hydraulic modeling may benefit BDA design and how to reasonably represent beaver dams and BDAs in hydraulic models. To support practitioners navigating these design contexts, this research addresses 2 main objectives:  
	-
	-

	1. 
	1. 
	1. 
	1. 

	Develop a practical decision-support tool that helps practitioners identify situations where hydraulic modeling may benefit stream restoration projects proposing BDA features.
	-
	-


	2. 
	2. 
	2. 

	Provide practical guidance for incorporating BDAs into existing hydraulic models, including strategies and parameter adjustments to simulate how BDAs, and subsequent beaver activity, affect channel conditions over time. 
	-
	-



	Three case studies are used to illustrate the utility of the decision-support tool and demonstrate the applicability of the modeling strategies evaluated.
	2. Case Study Sites
	This subject-area review includes 3 sites distributed across distinct geographic regions of the United States: Rough and Tumbling Creek, Colorado; Thompson Creek, Washington; and Towaliga River, Georgia (Figure 1).
	-

	2.1. Rough and Tumbling Creek, Colorado, United States
	In 2021, 36 structures (15 BDAs and 21 post-assisted log structures, or PALS) were installed on a 700-m stretch of Rough and Tumbling Creek (RnT), about 18 km southwest of Fairplay, Colorado (Figure 2). The project site lies 2.7 km upstream of the South Fork South Platte River confluence and drains 60.3 km of the Buffalo Peaks Wilderness. At an elevation of 2950 m, this subalpine headwater stream has low sediment input, a snowmelt peak around June, and low flow around October (M. Beardsley, Ecometrics, pers
	2
	-
	-
	-
	-
	-
	-

	2.2. Thompson Creek, Washington, United States
	Thompson Creek (TC), the second BDA site, is a primary tributary and the only surface water connection to Newman Lake in Spokane County, Washington. (Figure S1). The project site drains an area of 31.3 km and the watershed has ongoing logging operations, off-road vehicle use, and agricultural practices that contribute a significant amount of sediment and total phosphorus (TP) into TC (Whiley & Merrill 2007). The downstream-most reach of TC was straightened and dredged for agricultural purposes, resulting in
	-
	2
	-
	-

	The TC BDA design required limited permitting because Newman Lake does not have a direct surface water connection to Spokane River, per the Clean Water Act. However, the project did have to consider the Spokane County Flood Damage Protection Ordinance (SCFDPO), which indicated that the base flood elevation must be maintained within Thompson Creek and not impact the upstream bridge and fire station infrastructure. A one-dimensional (1D) hydraulic model was used to finalize the design location and characteris
	-
	-
	-
	-

	2.3. Towaliga River, Georgia, United States
	The third BDA project, in design phase as of June 2025, occupies a headwater reach of the Towaliga River in Henry County, Georgia, just northwest of Hampton (Figure S3). The site has a drainage area of just 5.7 km and lies within predominately open pastureland, immediately downstream of a major paved county road (Wynn Drive). A 14.3-m (47-ft) culvert crossing under Wynn Drive traps sediment and wood at its upstream inlet and measures 0.9 m of channel incision at its downstream outlet.
	2
	 
	-

	BDAs are proposed downstream of the culvert crossing, where the existing channel bottom is incised 1.4 m – 1.8 m below the historic floodplain (Figure S4). Field assessments indicated an active beaver complex just upstream of the project site. One beaver dam is 12 m upstream of the Wynn Drive culverts, while a series of 5 additional dams begin 94 m downstream of the culverts. The dams range from 0.6 – 0.9 m (2 ft –3 ft) high, measured from the upstream channel bottom, and are comprised mostly of logs, stick
	-
	-
	-
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	-

	3. Methods
	3.1. Decision-Support Tool for BDA Modeling
	Practitioners use hydraulic modeling to explore a variety of ecosystem functions and services associated with BDAs; however, modeling requires data, time, resources, and technical expertise, and many BDA projects do not require hydraulic modeling to achieve their goals. Several frameworks exist for evaluating hazards associated with large wood in streams (Wohl et al. 2016) and for guiding management of beaver recolonization (Wohl et al. 2019; City of Portland Environmental Services 2024; Kinas et al. 2024),
	-
	-

	Hydraulic modeling can help practitioners understand both the potential risks and potential benefits of a proposed BDA design. Potential risks that modeling can illuminate include maximum backwater extents, soil saturation thresholds, changes in groundwater and storage dynamics, dam mobilization or breaching, and upstream channel widening or aggradation (Pollock et al. 2014; Bouwes et al. 2016; Nash et al. 2018; Neumayer et al. 2020; Scamardo and Wohl 2020; Bobst et al. 2022). Potential benefits that modeli
	-
	-
	-
	-
	-
	-

	We performed a literature review on the design intent of BDAs and the current state of hydraulic modeling relevant to BDAs, natural beaver dams, and large wood structures, recognizing that few BDA-specific modeling studies currently exist. Next, we engaged stakeholders selected for their experience in BDA research, design, restoration practice, permitting, land stewardship, or their connection to BDA projects through professional networks or private landownership. The final stakeholder group included 41 ind
	-
	-
	-
	-
	-

	Expert judgment, through technical review sessions and additional conversations with both repeat and new stakeholders, guided multiple iterations of analysis and refinement of the decision-support tool. The overall development process intentionally incorporated a broad range of perspectives and potential considerations in early stages, increasing the tool’s complexity, followed by successive rounds focused on simplifying and clarifying the tool so it will provide practical cues rather than rigid criteria. A
	-
	-
	-

	3.2. Hydraulic Modeling of BDAs
	3.2. Hydraulic Modeling of BDAs

	The hydraulic modeling effort aimed to develop initial modeling guidance for how to reasonably represent BDAs in a hydraulic model, including scenarios in which beaver recolonize a BDA site. Therefore, we tested various model features to represent BDAs, evaluated how each approach performed, and presented initial modeling guidance based on insights gained through the modeling exercise. 
	3.2.1. Site Selection
	The Rough and Tumbling (RnT) Creek site features a robust pre- and post-project monitoring dataset and demonstrated rapid landscape evolution following beaver recolonization. Insights from the RnT hydraulic modeling informed recommendations for the Thompson Creek and Towaliga River BDA projects. Following BDA project implementation in 2021 (Section 2.1), beavers recolonized the site during winter of that year, likely migrating from upstream, as indicated by several degraded and breached dams in the upstream
	-
	-
	-

	Previous modeling efforts have explored beaver occupancy upstream or downstream of project sites through giving equal attention to reaches with and without beaver to compare the resulting hydraulic and hydrologic effects (Majerova et al. 2015; Stout et al. 2017). In this case study, we included the upstream beaver complex at the RnT site in the modeling domain to account for its impact on downstream hydraulics within the project site, but we did not make it the primary focus. Preliminary modeling of pre-pro
	-
	-
	-

	3.2.2. Data Collection
	A comprehensive dataset for the RnT project, spanning from 2017 to 2024, includes repeat 1-inch resolution orthophoto mosaics and digital surface models (DSMs) from biannual or annual drone flights beginning in 2020, hourly water level data from loggers installed in 2021, photo points from 2021 onwards, GPS surveys of surface water extents and beaver dam extents (2017, 2020 – 2024), and 5 valley-spanning GPS transects from a site survey on 18 June 2024. We selected 18 June 2024 as the reference date for mod
	-
	-

	We obtained the most recent LiDAR dataset for the site, acquired between 2018 and 2019, as a 1 m-resolution digital elevation model (DEM) from the Colorado Water Conservation Board (CWCB), and the U.S. Geological Survey’s 2020 National Land Cover Database (NLCD) at 30-m resolution from the Multi-Resolution Land Characteristics Consortium (MRLC) viewer. Although the 2019 LiDAR does not capture bathymetry, we retained the unedited terrain because survey data for the full complex were unavailable and water dep
	-

	After refinement of the NLDC dataset within the project area, we assigned roughness values to the land cover zones (Table 2) based off published values (Yochum et al. 2014) and aerial imagery. We verified these values during field observations in May 2025.
	-

	3.2.3. Hydrology
	RnT is an ungaged system; therefore, we selected the South Fork South Platte (SF South Platte, Gage SFKANTCO05) gage near Antero as the most suitable reference for scaling RnT hydrology due to similar geology, precipitation, and overland flow characteristics. This gage is located approximately 11 km downstream of the project site and 140 m lower in elevation. Although the gage on SF South Platte lies in an unconfined valley with disconnected hillslopes (South Park), compared to the project site’s confined v
	-

	In June, flow in high-elevation subalpine streams in the Rocky Mountains is generally snowmelt-dominated and transitioning towards baseflow. We scaled the recorded 24-hr hydrograph at 15-min intervals for 18 June 2024 by drainage area (Equation 1), assuming a coefficient of c = 1 to reflect near-linear scaling of discharge with drainage area under spatially distributed snowmelt conditions to approximate a hydrograph for modeling restored conditions at RnT (Table 3). Using this scaled hydrograph, we created 
	-
	-
	-
	-
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	Equation 1 shows the relationship between drainage area, A, and discharge, Q.
	Historical climate records from the National Centers for Environmental Information (NCEI) monitoring station USS0006K43S indicate 0.25 cm (0.1 in) of precipitation on 18 June 2024, with no precipitation recorded during the preceding week. These observations suggest that flows at the project site on the reference date were likely not significantly influenced by recent rainfall, and that the project site could be reasonably scaled by the selected downstream gage without additional adjustment for baseflow diff
	-
	-
	-
	-

	3.2.4. Model Development
	We developed a 2-dimensional (2D) unsteady hydraulic model for RnT using the U.S. Army Corps of Engineers Hydrologic Engineering Center’s River Analysis System (HEC-RAS) version 6.6 (2024). HEC-RAS 2D uses a finite-volume computational mesh to represent the terrain. The model built for restored conditions included 25 dams all within the project area, 11 of which were beaver-modified BDAs. 
	-
	-

	Restored conditions feature structural complexity and variability in each beaver dam and BDA throughout the model domain, but to isolate the effects of different modeling approaches, we chose to test one model representation at a time. For example, to test inline weirs, we applied inline weirs as a uniform approach to represent all dams. This simplification enabled direct comparison between modeling approaches while acknowledging dam complexity is not fully represented throughout the model domain. 
	-
	-
	-

	We delineated the model domain extent laterally by tracing mountain ridgelines and longitudinally extended upstream and downstream to minimize boundary effects, situating domain limits to avoid influences from beaver complexes or any tributary junctions that could impact boundary conditions. We set the nominal grid resolution to 100 ft x 100 ft, with a rectangular refinement region (20 ft x 20 ft) spanning the valley floor to encompass the upstream beaver complex and project site. We refined the mesh furthe
	-

	Boundary conditions included inlet discharge flow hydrograph (see Hydrology) and outlet normal depth slope. We set the downstream boundary condition friction slope to 0.0128 ft/ft. This reasonably represented the valley gradient across the entire model domain, as well as beyond the downstream boundary, despite localized patchy and dynamic variability due to beaver activity throughout the entire RnT valley. 
	-

	We conducted a series of preliminary simulations to inform selection of key computational parameters, including mesh size, computational time step, and equations for solving 2D unsteady flow routing. Preliminary simulations began with coarser mesh sizes (50 ft) along the thalweg breakline outside of the 20-ft refinement region and iteratively incorporated finer detail, down to 5-ft cell sizes, to evaluate changes in water surface elevation (WSE). This test produced limited differences in WSE, especially wit
	-
	-
	-
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	where C is Courant number, V is the wave speed (ft/s), t is the time step, and x is the distance step (cell size). For the Diffusion-Wave Equations (DWE), C ≤2 (maximum C = 5 ), and for Shallow Water Equations (SWE), C ≤1 (maximum C = 3).
	 

	We initially varied the time step based on using the DWE equation set. After multiple iterations, and as model complexity increased, we selected a time step of 1 s as optimal for all simulations, satisfying velocities generally ranging from 0 ft/s to 4 ft/s across grid sizes ranging from 1 sq ft to 10 sq ft along the thalweg and 20 sq ft in the refinement region. Upon analysis of output hydrographs of the same simulations solved with both DWE and SWE, we observed that both approaches produced approximately 
	-
	-
	-
	-
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	3.2.5. Model Runs
	After a comprehensive literature review and engagement with practitioners, we selected 9 approaches for representing BDAs to test: 1) do nothing, 2) geometry adjustments, 3) inline weirs, 4) roughness adjustments, 5) vertical posts, 6) porosity, 7) geometry adjustments with roughness adjustments, 8) geometry adjustments with roughness adjustments plus inline weirs at level grade, and 9) vertical posts with roughness adjustments (Table 4). Overall, approaches 2, 3, and 4 tested representations already common
	-
	 
	-
	-

	• 
	• 
	• 
	• 

	Approach 1 provided a baseline for the implications of not representing BDAs.

	• 
	• 
	• 

	Approaches 2 and 3 tested the efficacy of treating BDAs as impermeable low-head dams: berms burned into the terrain (approach 2) and uncontrolled overflow weirs (approach 3), typically used to model emergency spillways. Despite real BDAs having various flow paths, we wanted to understand if non-porous physical blockage could effectively represent BDAs, or if “intra-structure” porosity is an important characteristic to capture.  
	-
	-
	-


	• 
	• 
	• 

	Approach 4 tested whether a physically realistic increase in Manning’s n could reasonably represent site conditions for the BDA complex. Increasing roughness is widely used to model restoration features but it is non-physical and model results can be highly sensitive to n values. Because field-based estimates for roughness associated with BDAs are limited, we used an empirical Manning’s n relationship developed for large wood in streams (Addy and Wilkinson 2019). We wanted to understand if flow resistance a
	-
	-


	• 
	• 
	• 

	Approach 5 explored a less-commonly used “circle” terrain modification, typically used for modeling bridge piers in HEC-RAS. The RnT model required over 2,600 vertical posts to represent all BDAs. We wanted to see if the time cost was worth the benefits of this approach. The small vertical posts created opportunities for more interstitial flow paths, so we wanted to understand the influence the shape of physical blockage has on modeling results of BDAs. 
	-
	-


	• 
	• 
	• 

	Approach 6 explored a new HEC-RAS feature, the Porosity and Flow Drag Layer, released in version 6.6 (2024). This layer allows a user to apply sub-grid obstruction volumes to the model domain using porosity, drag coefficients, and height parameters. We set a linear drag coefficient of 0 s and a quadratic drag coefficient of 0.5 ft, because inertial forces dominated the modeled flow conditions, however parameterization should be further explored. All regions outside of these 6-ft wide polygons were set to 0-
	-
	-
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	-1
	-
	 
	-


	• 
	• 
	• 

	Approach 7 tested a combination of a non-porous physical blockage (approach 2), with flow resistance from increased Manning’s n (Approach 4). We wanted to understand if this combination improved representation of BDAs by accounting for both physical blockage and flow resistance.
	-
	-


	• 
	• 
	• 

	Approach 8 tested if the weir equation can assist in computing the terrain modifications of approach 2. After running approach 2, we noticed higher computational errors at repeat cells near BDA crestlines. Because of this, we tried centering weirs on the downstream edge of all BDA crestlines to see if the weir equation would improve computations, hopefully resulting in decreased errors and/or faster run times.
	-
	-


	• 
	• 
	• 

	Approach 9 tested another combination of a different non-porous physical blockage (approach 5), with flow resist ance from increased Manning’s n (Approach 4), for the same reasons as Approach 7.


	3.2.6. Criteria for Evaluation
	This initial modeling guidance aims to support BDA projects across a range of design objectives, hydrogeography, beaver activity, and project goals and requirements. The proposed criteria reflect this purpose.
	-
	-

	The selected structural representations of BDAs were evaluated based on how they each performed under the following preliminary criteria:
	• 
	• 
	• 
	• 

	Reasonably representative of overall site conditions

	• 
	• 
	• 

	Adjustable to plausible futures and site evolution(e.g., beaver colonization)
	 


	• 
	• 
	• 

	Informative for design and permitting

	• 
	• 
	• 

	User-friendly


	Three criteria were developed at the outset, with additional factors identified during the RnT site modeling process. First, results should reasonably reproduce the observed WSEs, general inundation extents, and expected velocities through the project site. We evaluated each approach based on its ability to represent the full range of flow states through a dam (Ronnquist and Westbrook 2021; Aguirre et al. 2024). Evaluation of approaches also considered the level of effort required to adjust the model for fu
	-
	-
	-
	-

	4. Results
	4.1. Decision-Support Tool
	4.1. Decision-Support Tool

	4.1.1. Presentation of the Proposed Tool
	The proposed decision-support tool (Figure 3) serves as a first step toward helping practitioners identify situations where hydraulic modeling may add value to a BDA project. The tool assumes that a stream restoration project has already identified a site considered suitable for BDA implementation. While existing guidance documents (Wheaton et al. 2019; Pollock et al. 2023), discuss factors influencing BDA site selection, they highlight that ongoing research is needed to better define site suitability and e
	-
	-
	-
	-
	-
	-
	-

	The decision-support tool concludes with the 4 possible outcomes: modeling recommended, modeling needed to address specific risks, other assessment recommended, and no modeling recommended. For example, modeling is recommended when saturated water conditions may affect upstream assets, and in such a case, modeling should focus on upstream water surface elevations and consider conservative or high-risk scenarios. If the tool recommends modeling, the user is encouraged to weigh time, resources, available data
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	4.1.2. Tool Demonstration
	Applying the decision-support tree to the RnT site indicates that hydraulic modeling is not recommended, even though RnT serves as an excellent demonstration site for testing modeling approaches. As a user works downward through the tree, the RnT project site has an upstream dirt road crossing; however, this crossing is fairly low-use and low-risk and the potential consequences of flooding are minimal, making hydraulic analysis a low-value investment. There are also no major concerns downstream toward the S
	-
	-
	-
	-
	-
	-

	When applying the decision-support tool to Thompson Creek, the flooding of infrastructure (the bridge, road, or fire department property) is highlighted as a key consideration. The decision tool indicates that hydraulic modeling may add value by helping manage risks, meet permitting requirements, and refine BDA design choices. Newman Lake Road bridge is 350 m upstream of the first BDA structure built in 2021, and the Newman Lake Fire department property borders the flat open floodplain delta where this proj
	-
	-
	-

	Finally, applying the decision-support tool to the Towaliga River site highlights upstream infrastructure considerations and the permitting and monitoring requirements of the mitigation program. Therefore, the decision-support tool indicates that hydraulic modeling can meaningfully support project objectives. It also highlights the need to consider future conditions of this site due to the signs of existing beaver within the project extent. Possible beaver colonization and management of the BDAs could likel
	-
	-
	-
	-

	4.2. Hydraulic Modeling Approaches
	The 9 approaches exhibited varying performance across multiple criteria and highlighted significant benefits for representing BDAs as vertical posts or inline weirs, under current model capabilities. Of the 9 approaches tested, 4 were identified as preferred approaches due to their stronger performance across the evaluation criteria (Table 5). Approaches 1 and 4 were ineffective at representing site conditions, while approaches 2 and 5 required roughness adjustments to be effective, making approaches 7 (ref
	-
	-
	-

	4.2.1. Inundation Extents and Water Surface Elevations at the Site-Scale
	 

	Of the 4 preferred approaches, the porosity (approach 6) yielded the inundation extent that most underestimated actual inundation across the project site, at the tested value of 0.3 for porosity. The combination approach of vertical posts with added roughness adjustments (approach 9) yielded much improved floodplain inundation. Still, this inundation slightly underrepresented observed conditions. Inline weirs and geometry adjustments (approaches 3 and 7, respectively) produced similar inundation extents tha
	-

	Although the evolution of restored conditions prior to 2024 were not modeled, 2022 – 2023 aerial imagery shows that inundation looked more similar to the inundation results from approaches using vertical posts (approach 9) and porosity (approach 6). In this way, if a model is intended to anticipate inundation extents as a site evolves with beaver, it may be useful to model using 2 methods to bracket a range of possible site evolutions over diverse temporal scales. In the case of RnT, vertical posts (approac
	-
	-

	WSE results consistently showed the greatest variability among approaches at ponding locations just upstream of the BDA structures. The inline weirs (approach 3) and porosity (approach 6) produced continuous WSE profiles along the approximate thalweg longitudinal profile, but geometry adjustments (approach 7) and vertical posts (approach 9) showed discontinuous steps in the WSE profiles across the BDAs. This outcome reflects how the model computes WSE: using the physical modifications for the vertical posts
	-
	-
	and vertical posts. This is important to note if a continu
	-
	ous WSE or velocity profile is a desired modeling output, 
	or if there are questions about local BDA hydraulics when 
	applying terrain modification approaches (i.e., vertical 
	posts or geometry adjustments). 

	Sensitivity testing of weir coefficients (
	Sensitivity testing of weir coefficients (
	C
	 = 2.6 and 
	C
	 = 3.1). showed very minor differences in WSEs and 
	velocity profiles throughout the project site reach. For 
	 
	C
	 = 2.6, WSEs were generally 0.003 m – 0.01 m higher 
	than for 
	C
	 = 3.1, particularly in areas of ponding upstream 
	of BDA structures. For 
	C 
	= 2.6, velocities were about 0.03 
	m/s – 0.09 m/s slower than for 
	C
	 
	= 3.1, particularly just 
	downstream of BDAs where velocities are higher. 

	We compared modeled WSE to observed WSE, con
	We compared modeled WSE to observed WSE, con
	-
	sisting of recorded WSE points from the 18 June 2024 
	survey and selected water level loggers. These compari
	-
	sons generally corroborate inundation extent trends. The 
	inline weir, approach 3, overestimated WSE at observed 
	locations by an average of 0.18 m, while porosity and 
	geometry adjustments (approach 7) tended to overesti
	-
	mate WSE at observed locations, with modeled values 
	averaging 0.10 m higher. Vertical posts (approach 9) 
	modeled WSE 0.09 m higher than observed, which is the 
	preferred approach that modeled WSE closest to observed 
	data under the modeled flow conditions. Because flow 
	data uses approximate discharge rather than an observed 
	flow, these comparisons do not serve to validate the 
	model. Instead, the comparison analysis identifies gen
	-
	eral trends across the preferred BDA approaches to rec
	-
	ommend modeling schemes.

	4.2.2. Hydraulic Velocities and Flow Variability 
	4.2.2. Hydraulic Velocities and Flow Variability 
	 
	 at the individual BDA

	the tested approaches. We estimated most velocities up to 1.0 m/s (3.4 ft/s) through BDAs based on the do nothing approach. Some velocities exceeding 1.5 m/s (5 ft/s) seemed possible through select BDAs yet highly unlikely under the flow applied to the restored conditions simulations. 
	Approach 1 does not represent any BDAs and was there
	-
	fore assumed to approximate the upper bound of all pos
	-
	sible velocities at the site. Because no observed velocity 
	measurements were available, we used results from 
	approach 1 as a reference for identifying plausible veloc
	-
	ity ranges at BDAs under site conditions. Similar to the 
	use of water surface observations, the objective was not 
	to determine exact expected velocities but rather to estab
	-
	lish reasonable bounds and identify potential outliers 
	(i.e., unrealistically high velocities from model artifacts) 
	among 
	-
	 

	Although geometry adjustments (approach 7) and inline weirs (approach 3) both produced similar inundation extents that reasonably reproduced site conditions, the inline weir approach performed best at modeling maximum velocities through the BDA structures. Improved performance for approach 3 could have been due to the inclusion of the weir equation, which helps compute flow going over the BDAs and maintains better model stability compared to the geometry adjustment (approach 7). 
	-
	-

	In the geometry adjustment (approach 2), maximum velocities spiked over 1.4 m/s (>4.5 ft/s) in some locations and dropped to 0 m/s in other locations because of discontinuity in water surface elevations at some BDAs. When the roughness adjustment approach was combined with the geometry adjustment (approach 7), maximum velocities through BDAs were generally less than 1 m/s (3 ft/s). This shows the utility of the increased roughness layer to help refine local hydraulics. Even with roughness adjustments, the w
	-
	-
	-

	Although vertical posts (approach 9) and porosity (approach 6) resulted in lower inundation extent, particularly throughout the floodplain at the primary beaver pond and lodge, the local hydraulics through the BDAs reasonably replicated expected restored conditions. Similar to improvements in the geometry adjustment approach with the addition of the roughness adjustment (approach 7), the vertical posts also showed improved maximum velocity results when combined with the roughness adjustment (approach 9, Tab
	-
	-
	-

	4.2.3.  User Experience and Considerations for Selected Approaches
	Simulations using inline weirs developed model instability, particularly at closely spaced BDAs, so we eliminated several BDAs (<10% of total BDAs modeled) from this approach to improve model stability for this effort. The inline weir approach still produced some of the greatest inundation extents and the highest WSEs across all observed edge of water survey points; the elimination of several weirs did not significantly compromise the ability to compare general trends across the selected modeling approaches
	-
	-

	The geometry and weir approaches required similar levels of effort to build, but the geometry approach used a finer mesh at the BDAs (5-ft cell spacing) to capture terrain modifications. The vertical posts required even greater resolution to represent detailed terrain features, using a 1.5-ft cell spacing at each of the circular terrain modifications representing the BDAs, and smaller simulation time step of 0.3 s (compared to 0.5 s for the geometry adjustment approach). Despite these refinements, computati
	-
	-
	-

	Roughness adjustments were the easiest to apply and modify, but this approach still poorly replicated site conditions. Porosity showed excellent flexibility for project evolution and reasonably replicated site conditions; however, physically realistic values for porosity and flow drag parameters are needed for this tool to be a viable approach. Additionally, porosity results are highly sensitive to mesh refinement and the porosity parameter. Results looked more like the do nothing approach (approach 1) when
	-
	-
	-
	-

	4.2.4. Recommendations for Thompson Creek and Towaliga River 
	Based on results from RnT, the Thompson Creek site would be well-suited for representing all 18 features as vertical posts with roughness adjustments. BDAs should be modeled with lower porosity — achieved by increasing post radius or adding more posts — to simulate their impoundment effect. The other roughness features not intended to pond water can be modeled using this same approach with relatively higher porosity by decreasing post radius or adding fewer posts. Cost estimates for this project report 100,
	-
	-
	-
	-
	-
	-

	With beaver already within the Towaliga River project area, the proposed mitigation site would also be well-suited for a 2D hydraulic model that represents a larger range of potential site evolution scenarios, and models the BDAs as inline weirs during early design phases (conceptual and 30% – 60% design level) and as vertical posts in later design phases (60% – 100% design level). This approach would enable the design team to broadly consider scenarios where beaver may interact with the design, using what 
	-
	-
	-
	-
	-

	5. Discussion
	We present 2 main outcomes in this subject-area review, both of which aim to improve the intelligent application for applying hydraulic modeling to BDA projects.
	The first outcome is a decision-support tool that prompts the user to consider a wide variety of primary considerations of BDA design and how hydraulic modeling may be a tool for defending concerns or enhancing project benefits. Numerous studies reference the suite of scenarios for when modeling may benefit BDA design: to understand flooding extent (Pitcairn 2023), downstream hydraulics and hydrology (Senior et al. 2022; Muhawenimana et al. 2023), and dynamic beaver-landscape evolution (Green and Westbrook 
	-
	-
	-
	-
	-

	The second outcome of this subject-area review is preliminary guidance for the representation of BDAs in existing hydraulic models through multi-criteria evaluations (Table 7). We scored approaches based on their effectiveness for each criterion using insights from the case study, with scores intended for relative comparison rather than absolute evaluation. The selected approaches differ in their effectiveness to represent site conditions, accommodate possible future scenarios (e.g., beaver colonization of 
	-
	-
	-

	Two approaches stand out as the most robust and perform reasonably well over all criteria: vertical posts with roughness adjustments, and inline weirs. Vertical posts with roughness adjustments generally showed the most accurate hydraulic complexity through the BDA structures, as well as reasonable inundation extents for site conditions. We struggled to develop this approach efficiently in the current modeling interface, but as terrain modification tools improve, this approach could become a more streamline
	-
	-
	-
	-
	-

	The inline weir approach is a strong competitor to the vertical posts approach because it can represent BDAs as they become less porous and as the site might evolve in response to beaver activity. Additionally, the weir equation provides better computational stability when representing flow over BDAs, and emerging research suggests that weir-based formulations can effectively reproduce observed hydraulic behavior in some cases (Hart et al. 2025).  However, BDAs are dynamic, porous structures with hydraulic 
	-
	-

	While there is a suite of hydraulic, hydrologic, economic and ecologic benefits from beaver-managed landscapes, many hydraulic models, including HEC-RAS, fall short in capturing all these benefits. The unsteady 2D HEC-RAS models built for the case study did not account for the movement of sediment, vertical velocities, hyporheic exchange flows, or groundwater movement. Still, HEC-RAS is well acknowledged as a standard tool for design and permitting of BDAs, and the HEC-RAS models in the case study served th
	-
	-
	-
	-
	-
	-

	Additionally, this modeling effort identifies how local hydraulics vary based on the flow intensity experienced by the structure under analysis. For example, BDAs experiencing higher flows in the main channel showed maximum WSEs that were closer in range for the different approaches modeled, compared to beaver dams experiencing lower flow intensities in the floodplain. This result is related to the inundation extents that vary across the different modeled approaches, since the approaches performed more simi
	-
	-
	-
	-
	-

	In reality, the contribution of BDAs to the overall hydraulic roughness of the reach changes depending on river stage and other dynamic sources of roughness, such as floodplain vegetation (Bledsoe et al. 2011). Roughness values for the BDAs and floodplain landcover were not varied in the case study to isolate variability across the approaches representing BDAs. For this same reason, no combinations of approaches were explored within a single structure or across the project site (i.e., one approach was appli
	-
	-
	-
	-
	-

	Additional research is needed to develop more comprehensive modeling guidance for BDA designs. Key research needs and possible future directions for modeling BDAs include:
	-
	-

	1. Explore regional testing of the decision-support tool to assess suitability, identify opportunities for refinement, and determine additional tools needed to address processes — such as groundwater dynamics and sediment transport— that hydraulic models alone cannot capture. 
	-
	 

	2. Explore additional approaches not explored in this research scope. Some notable approaches include ineffective flow areas in 1D HEC-RAS, as well as alternative terrain modification shapes or inline weirs with culverts in 2D HEC-RAS. 
	-

	3. Although only 2024 restored conditions at Rough and Tumbling Creek were modeled for the case study, future modeling efforts might explore modeling the same complex through time to identify the changes in reasonable values for parameters through time (e.g., porosity, dam geometry changes after beaver colonization). Guidance and basis for parameterization should be verified in field, when possible.
	-
	-

	4. Analyze failure mechanisms in field designs, including scour and buoyancy, to better understand how, where, and when BDAs of different configurations tend to mobilize. 
	-

	5. Collect discharge, velocity, and channel geometry data at future sites to understand typical velocity and roughness ranges through BDAs or beaver dams, both in main channels and across floodplains.
	-

	6. Conclusion
	Our 2 main objectives of this subject-area review were to develop a practical decision-support tool that helps practitioners identify situations where hydraulic modeling may benefit BDA project design, and to provide initial hydraulic modeling guidance on how to reasonably represent BDAs in the model space. The use of 3 case studies demonstrated the utility of the decision-support tool and provided real projects to test and propose selected approaches to represent BDAs in hydraulic models. 
	-
	-
	-

	We tested and evaluated 9 methods to represent BDAs in a 2D hydraulic model of a BDA project that was recolonized by beaver to simulate conditions 3 years post-construction. Results demonstrated the variability in strengths and limitations of each approach: The evaluation identified major concerns with the roughness approach alone and showed clear advantages for modeling BDAs using vertical posts or inline weirs. Our findings fulfill an important first step toward developing guidance for when hydraulic mode
	-
	-
	-
	 

	1. Optimal modeling approaches for representing BDAs vary with the scale of interest, but the guiding principle is the approach that best reflects physical reality. If the BDA’s form and function resemble newly installed vertical posts, consider using approach 9 first; if the structure(s) behave more like a weir, try approach 3 first. Best practice may incorporate several different approaches throughout a BDA project site, depending on the design intent, function of the BDAs, and plausible range of site evo
	-
	-

	2. A roughness adjustment using physically based values (e.g., not n = 10) should not be used as the only approach for representing BDAs. However, when combined with other approaches, we observed roughness adjustments to be more representative of restored site conditions, leading to enhanced model performance, particularly in capturing local hydraulics around the BDAs. 
	-

	3. Conducting a sensitivity analysis of the parameters used to build each approach helps identify general trends and communicate modeling uncertainties. 
	-
	-

	4. Uncertainties in model input parameterizations, in addition to the limitations of the selected approach(es) to represent BDAs and/or beaver dams, should be well-documented.
	-
	 

	The best BDA-modeling guidance is centered on a solid understanding of the range of modeled features available to the user, and the strengths and limitations (and sensitivity) of each approach. The challenge is pairing the modeling intent with the best approach or set of approaches available.
	-

	Supplementary Material
	The online version of this article contains a link to supplementary material that includes: Figure S1: Site map of 2021 Thompson Creek BDA project showing as-built locations of 18 restoration features, including a mixture of BDA-type stuctures and non-ponding roughness structures.; Figure S2: Thompson Creek during high flow; Figure S3 Site map of proposed Towaliga River BDA project showing locations of existing beaver activity and proposed BDA implementation; Figure S4 Representative channel cross sections 
	-
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	Project Photo 1 Rough and Tumbling Creek photo point showing a 3-year beaver dam analog (BDA) evolution as beaver recolonize the project reach. Images courtesy of EcoMetrics.
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	Project Photo 2 Aerial imagery of the Rough and Tumbling Creek project site (stream flow going left to right, North arrow at upper right) showing October 2020 conditions before the BDA project with an active upstream beaver complex, compared to June 2024 conditions (3 years after project implementation) with extensive beaver recolonization throughout the project reach and some abandonment and breaching of dams in the upstream beaver complex. Images courtesy of EcoMetrics.
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	Fig. 1. Geographical locations of selected case study sites.
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	Fig. 2. Site map of 2021 Rough and Tumbling Creek BDA project showing as-built locations of 36 restoration features, including a mixture of beaver dam analogs and post-assisted log structures. Black arrows indicate flow direction from southeast to north-northeast.
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	Potential Criteria
	Potential Criteria
	Potential Criteria
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	Metrics
	Metrics



	Managing risks 
	Managing risks 
	Managing risks 
	Managing risks 


	Maximum ponded extent
	Maximum ponded extent
	Maximum ponded extent


	Distance to upstream concern
	Distance to upstream concern
	Distance to upstream concern



	Dam mobilization or breach
	Dam mobilization or breach
	Dam mobilization or breach
	Dam mobilization or breach


	Distance to downstream concern
	Distance to downstream concern
	Distance to downstream concern



	Design intent for BDA stability 
	Design intent for BDA stability 
	Design intent for BDA stability 
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	(Wheaton et al. 2019; Pollock et al. 2023) 
	(Wheaton et al. 2019; Pollock et al. 2023) 


	Structural stability, channel evolution 
	Structural stability, channel evolution 
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	stage (Cluer and Thorne, 2014)



	Required reporting 
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	Recolonization/translocation potential
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	Headcut migration upstream 
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	Headcut migration upstream 
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	Sediment or wood delivery 
	Sediment or wood delivery 
	Sediment or wood delivery 
	Sediment or wood delivery 
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	Design refinement
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	Design of each structure
	Design of each structure
	Design of each structure


	Yes/No
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	Landscape restoration gaps (Beaver Institute 2025)
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	Flow adjustment device (Lisle 2003)
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	Yes/No
	Yes/No
	Yes/No



	Future site suitability
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	Anticipated hydrology
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	Sediment and/or wood supply to site
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	Land Cover
	Land Cover
	Land Cover
	Land Cover
	Land Cover
	Land Cover
	Land Cover


	Manning’s 
	Manning’s 
	Manning’s 
	n



	Shrub-Scrub
	Shrub-Scrub
	Shrub-Scrub
	Shrub-Scrub


	0.14
	0.14
	0.14



	Emergent Herbaceous Wetlands
	Emergent Herbaceous Wetlands
	Emergent Herbaceous Wetlands
	Emergent Herbaceous Wetlands


	0.095
	0.095
	0.095



	Woody Wetlands
	Woody Wetlands
	Woody Wetlands
	Woody Wetlands


	0.11
	0.11
	0.11



	Evergreen Forest
	Evergreen Forest
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	Evergreen Forest


	0.15
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	Deciduous Forest
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	Deciduous Forest


	0.15
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	Developed – Open Space
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	0.035
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	Developed – Low Intensity
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	0.04
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	Mixed Forest
	Mixed Forest
	Mixed Forest
	Mixed Forest
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	Grassland-Herbaceous
	Grassland-Herbaceous
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	Grassland-Herbaceous


	0.04
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	0.04



	Channel
	Channel
	Channel
	Channel


	0.06
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	_No_paragraph_style_
	Table
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	Drainage 
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	Peak Q (cms)
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	Peak Q (cms)



	Gage
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	Gage
	Gage


	km
	km
	km
	2


	2024 Restored 
	2024 Restored 
	2024 Restored 
	 
	Conditions



	SFKANTCO05
	SFKANTCO05
	SFKANTCO05
	SFKANTCO05


	226.1
	226.1
	226.1


	4.53
	4.53
	4.53



	RnT Project Site
	RnT Project Site
	RnT Project Site
	RnT Project Site


	60.3
	60.3
	60.3


	1.21*
	1.21*
	1.21*






	*Assumes an exponent, c = 1 (Equation 1). Peak Q could be 
	*Assumes an exponent, c = 1 (Equation 1). Peak Q could be 
	*Assumes an exponent, c = 1 (Equation 1). Peak Q could be 
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	Table 4 A summary of the 9 modeling approaches for representing BDAs, with photos of what the modeled feature looks like in HEC-RAS Mapper and a description of how each approach was constructed in the 2D mesh.
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	Notes:
	Notes:
	Notes:
	 
	a
	Tested a range of recommended weir coefficients (Brunner 2025b).
	 
	b
	Based on a positive relationship of roughness to channel slope normalized by drainage area for naturally occuring large wood features  
	 
	(Addy and Wilkinson 2019)
	 
	c
	This is a starting point; other studies have tested more conservative porosities (10%) for natural beaver dams (Shultz 2025).
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	Fig. 3. Decision-support tool for identifying situations where hydraulic modeling may benefit a BDA design project.
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	Table 5 Performance summary of hydraulic modeling approaches based on evaluation criteria. Gray columns denote the approach is not preferred and therefore is not emphasized in analysis of results.
	Table 5 Performance summary of hydraulic modeling approaches based on evaluation criteria. Gray columns denote the approach is not preferred and therefore is not emphasized in analysis of results.

	Story
	_No_paragraph_style_
	Table
	TR
	Approach 1
	Approach 1
	Approach 1


	Approach 2
	Approach 2
	Approach 2


	Approach 3
	Approach 3
	Approach 3


	Approach 4
	Approach 4
	Approach 4


	Approach 5
	Approach 5
	Approach 5


	Approach 6
	Approach 6
	Approach 6


	Approach 7
	Approach 7
	Approach 7


	Approach 8
	Approach 8
	Approach 8


	Approach 9
	Approach 9
	Approach 9



	Do Nothing
	Do Nothing
	Do Nothing
	Do Nothing


	Geometry 
	Geometry 
	Geometry 
	adjustment


	Inline weirs
	Inline weirs
	Inline weirs


	Roughness 
	Roughness 
	Roughness 
	adjustment


	Vertical 
	Vertical 
	Vertical 
	Posts


	Porosity
	Porosity
	Porosity


	Approaches
	Approaches
	Approaches
	 
	2 + 4


	7+
	7+
	7+
	 
	Inline 
	 
	Weirs


	Approaches 
	Approaches 
	Approaches 
	 
	4 + 5



	Preferred 
	Preferred 
	Preferred 
	Preferred 
	approach?


	No
	No
	No


	No
	No
	No


	Yes
	Yes
	Yes


	No
	No
	No


	No
	No
	No


	Yes
	Yes
	Yes


	Yes
	Yes
	Yes


	No
	No
	No


	Yes
	Yes
	Yes



	Reasoning 
	Reasoning 
	Reasoning 
	Reasoning 
	for inclu
	-
	sion or ex
	-
	clusion as 
	preferred 
	approach


	Ineffective 
	Ineffective 
	Ineffective 
	in represent
	-
	ing BDAs


	Approach 7 
	Approach 7 
	Approach 7 
	 
	is better


	Efficient 
	Efficient 
	Efficient 
	setup; 
	matches site 
	inundation


	Little 
	Little 
	Little 
	improve
	-
	ment over 
	Approach 1


	Approach 9 
	Approach 9 
	Approach 9 
	 
	is better


	Compu
	Compu
	Compu
	-
	tationally 
	efficient; 
	reasonable 
	hydraulics


	Stable and 
	Stable and 
	Stable and 
	matches site 
	inundation


	No im
	No im
	No im
	-
	provement 
	over Ap
	-
	proach 2


	Captures 
	Captures 
	Captures 
	hydraulic 
	variability



	Criteria 1:
	Criteria 1:
	Criteria 1:
	Criteria 1:
	 
	Reasonably 
	represen
	-
	tative of 
	overall site 
	conditions


	Ineffective
	Ineffective
	Ineffective


	Effective at 
	Effective at 
	Effective at 
	site scale; 
	ineffective 
	at local 
	scale


	Effective
	Effective
	Effective


	Ineffective
	Ineffective
	Ineffective


	Somewhat 
	Somewhat 
	Somewhat 
	effective


	Moderately 
	Moderately 
	Moderately 
	effective


	Effective
	Effective
	Effective


	Moderately 
	Moderately 
	Moderately 
	effective


	Moderately 
	Moderately 
	Moderately 
	Effective



	Criteria 2:
	Criteria 2:
	Criteria 2:
	Criteria 2:
	 
	Adjustable 
	to plausible 
	futures 
	 
	and site 
	 
	evolution 


	Ineffective
	Ineffective
	Ineffective


	Effective
	Effective
	Effective


	Moderately
	Moderately
	Moderately
	 
	effective


	Ineffective
	Ineffective
	Ineffective


	Moderately 
	Moderately 
	Moderately 
	effective


	Somewhat 
	Somewhat 
	Somewhat 
	effective


	Effective
	Effective
	Effective


	Effective
	Effective
	Effective


	Moderately 
	Moderately 
	Moderately 
	Effective



	Criteria 3:
	Criteria 3:
	Criteria 3:
	Criteria 3:
	 
	Informa
	-
	tive for 
	design and 
	permitting


	Ineffective
	Ineffective
	Ineffective


	Moderately 
	Moderately 
	Moderately 
	effective


	Effective
	Effective
	Effective


	Ineffective
	Ineffective
	Ineffective


	Somewhat 
	Somewhat 
	Somewhat 
	effective


	Somewhat 
	Somewhat 
	Somewhat 
	effective


	Moderately
	Moderately
	Moderately
	 
	effective


	Effective
	Effective
	Effective


	Effective
	Effective
	Effective



	Criteria 4:
	Criteria 4:
	Criteria 4:
	Criteria 4:
	 

	User-
	User-
	friendly


	Effective
	Effective
	Effective


	Somewhat 
	Somewhat 
	Somewhat 
	effective


	Somewhat 
	Somewhat 
	Somewhat 
	effective


	Effective
	Effective
	Effective


	Somewhat 
	Somewhat 
	Somewhat 
	effective


	Effective
	Effective
	Effective


	Somewhat 
	Somewhat 
	Somewhat 
	effective


	Ineffective
	Ineffective
	Ineffective


	Somewhat 
	Somewhat 
	Somewhat 
	effective






	Figure
	Fig. 4. Inundation extents for all modeled approaches. Black arrows indicate flow direction from southeast to north-northeast. Original aerial imagery courtesy of Ecometrics.
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	Table 6 Summary of selected approaches illustrating local velocities through 2 selected BDAs (as shown in Figure 5), showing how the vertical posts best represent the hydraulic heterogeneity of velocity patterns through the dams.
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	Key: Ineffective = darkest gray, Somewhat effective = lighter gray, Moderately effective = light gray, Highly effective = lightest gray/white.
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	a
	Seep flow: water flowing beneath the dam structure, as in spring-fed dams, lower head usually and very limited surface water transmissivity
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	Excluding spatial location (lat, long) of structure and mesh development (i.e., assumes locations and level of mesh resolution is already determined)








