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Abstract 47 

 Upgrading aging and undersized stream crossings (places where culverts and 48 
bridges intersect a stream) with replacements designed for aquatic organism passage can 49 
improve infrastructure resiliency, geomorphic stability, and maintenance costs. The goal of 50 
this work is to develop preliminary culvert designs that convey hydraulic design floods and 51 
meet the Massachusetts Stream Crossings Standards for select existing stream crossing 52 
sites across Massachusetts. We derive stream and infrastructure data from lidar and other 53 
geospatial datasets as input for one-dimensional hydraulic models. Culvert dimensions 54 
are iteratively increased until the structures can convey the hydraulic design flood flows 55 
with adequate freeboard. The approach was evaluated by comparing lidar-derived designs 56 
to designs produced with surveyed data at 30 stream crossings across Massachusetts. The 57 
automatable methodology was then applied to 343 stream crossing sites in the Housatonic 58 
River watershed in southwestern Massachusetts. For each stream crossing site, 59 
preliminary designs were developed to meet the Massachusetts Stream Crossing 60 
Standards and convey the 10-, 4-, 2-, and 1-percent annual exceedance probability flood 61 
flows. The U.S. Geological Survey StreamStats web application hosts the 3-sided box, 3-62 
sided arch, and pipe culvert preliminary designs. Provided supporting information includes 63 
site information, habitat quality assessments, and modeled water surface elevations. The 64 
publicly available preliminary designs can be used by municipalities, engineers, and others 65 
to evaluate design options, prioritize replacements, and analyze ecological benefits. These 66 
designs also may help municipalities pursue grant opportunities and estimate replacement 67 
costs prior to investing in field assessments and engineering design. 68 

 69 
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Introduction 72 

 There are over 37,000 miles of roads and 12,000 miles of streams within the state of 73 

Massachusetts, which intersect at an estimated 25,000 locations where stream crossings 74 

allow for the conveyance of vehicular traffic across streams (INDUS Corporation, 2013; 75 

Massachusetts Division of Local Services, 2026). Many of these culverts and small bridges 76 

are undersized and at the end of their design life (Massachusetts Culverts and Small 77 

Bridges Working Group for Senator Hinds and the Massachusetts Legislature, 2020). 78 

Undersized stream crossings can reduce habitat connectivity, disrupt sediment transport, 79 

and damage infrastructure and property (Castro, 2003; Levine, 2013; Makrakis et al., 2012; 80 

McEnroe, 2006; Moccetti et al., 2024; Perrin & Jhaveri, 2004). Effects of high flows on the 81 

natural and built environment at stream crossings could be further exacerbated by 82 

potential variability in flood magnitude and frequency due to climate change (Bjerklie & 83 

Sturtevant, 2018; Morsy et al., 2024; Olson et al., 2024; Wright et al., 2012) and land use 84 

change (Hopkins et al., 2015; Thompson et al., 2017). Replacement of undersized culverts 85 

with crossings designed for flood resiliency and habitat connectivity can also yield long-86 

term fiscal benefits (Gillespie et al., 2014; O’Shaughnessy et al., 2016). 87 

In Massachusetts, stream crossings are regulated by municipal, state, and federal 88 

agencies with interests in safety, transportation, and the environment. These agencies 89 

include municipal conservation commissions, the Massachusetts Department of 90 

Environmental Protection (MassDEP), Massachusetts Department of Transportation 91 

(MassDOT), the Federal Highway Administration (FHWA), and the U.S. Army Corps of 92 

Engineers (USACE). At a minimum, stream crossings should be designed to convey 93 

hydraulic design floods of selected annual exceedance probabilities (MassDOT, 2025a). To 94 

ensure that stream crossings are designed for resiliency and aquatic organism passage 95 

(AOP), the Massachusetts Stream Crossing Standards (MA SCS) were developed based on 96 

many of the U.S. Forest Service (USFS) principles of Stream Simulation (Massachusetts 97 

Division of Ecological Restoration [MA DER], 2012; USFS, 2008). The MA SCS describe six 98 

design standards:  99 



  

• Three-sided arch or box culverts are preferred.  100 

• Culverts should be embedded into the stream.  101 

• The crossing width should be at least 1.2 times the bankfull width. 102 

• The openness ratio (cross-sectional area divided by the culvert length) must 103 

be at least 0.82 feet (ft). 104 

• The substrate of the crossing should be natural and match the upstream and 105 

downstream substrates. 106 

• Water depth and velocities within the crossing should be comparable to 107 

those in the natural upstream and downstream channels. 108 

All new stream crossings are required to fully meet the MA SCS. Stream crossing 109 

replacement projects must be designed to the MA SCS to the maximum extent practicable 110 

(sections 310 CMR 10.53(8) and 310 CMR 10.24(10), MassDEP, 2017). The regulations state 111 

that replacement projects must evaluate the potential to comply with the MA SCS to the 112 

maximum extent practicable by considering site constraints, undesirable effects or risk, 113 

and the environmental benefit compared with cost. 114 

 In Massachusetts, various tools and methods have been developed to identify 115 

stream crossing sites, evaluate stream crossings, and prioritize their replacement. Many of 116 

these efforts described below have informed our approach. Following the damage to 117 

stream crossings in northwestern Massachusetts by tropical storm Irene, a vulnerability 118 

assessment of stream crossings to climate change was conducted in the Deerfield River 119 

Basin (Sturdevant Rees et al., 2018). Stream crossings were assessed for structural, 120 

geomorphic, and hydraulic risk of failure and results were made available through the 121 

interactive “Stream Crossing Explorer” tool. That effort led to the North Atlantic Aquatic 122 

Connectivity Collaborative (NAACC) developing tools to identify probable stream crossing 123 

locations and protocols for field assessments (NAACC, 2026). The NAACC public database 124 

of probable and surveyed stream crossings includes location data, structure details, 125 

stream characteristics, and images. Studies and initiatives to evaluate stream crossings 126 

have utilized the NAACC assessment protocols and database (Briccetti, 2025; Martin, 127 



  

2019; Sliger et al., 2024). For example, NAACC data are used in the National Aquatic 128 

Connectivity Collaborative Barrier Inventory & Prioritization tool to prioritize stream 129 

crossing improvements by network connectivity and watershed condition (National Aquatic 130 

Connectivity Collaborative, 2026).  131 

 Historically, stream crossings have been designed to convey flood events using 132 

methods including empirical flood-flow formulas, floods of record, and flood-frequency 133 

estimations to estimate peak flow hydrology (McEnroe, 2007; Schall et al., 2012). Design 134 

equations, such as the Talbot method and the FHWA inlet and outlet control equations 135 

allow for approximate hydraulic design of stream crossings (Schall et al., 2012; Talbot, 136 

1888). More complex hydraulic analysis and design of stream crossings, done through 137 

iterative water-surface profile computation with hydraulic modeling software, requires data 138 

defining the road surface profile, stream channel geometry, and crossing characteristics 139 

(Schall et al., 2012). Software applications can be used for this hydraulic analysis. One 140 

example is HY-8, a culvert analysis and design tool that implements FHWA approaches 141 

(FHWA, 2024). The tool also includes AOP and Stream Simulation modules. To facilitate the 142 

evaluation and design of culverts for fish passage, the USFS developed the FishXing 143 

software (USFS, 2012). The software allows for water-surface profile hydraulic modeling, 144 

with comparisons of outputs to organism capabilities for passage. One of the main 145 

applications of the USACE Hydrologic Engineering Center River Analysis System (HEC-RAS) 146 

software is water surface-profile hydraulic modeling (USACE, 2024). Water surface profiles 147 

are computed by solving the energy and momentum equations. Culverts are modeled in 148 

HEC-RAS by computing energy losses due to expansion, contraction, and movement 149 

through the culvert (Brunner, 2020).  150 

 The advances in methods described above along with the increasing availability of 151 

geospatial datasets allow for desktop assessments to more closely follow engineering 152 

design processes that typically rely on field-surveyed data. The improvement in quality and 153 

availability of high-resolution light detection and ranging (lidar) data is especially critical for 154 

flood risk analyses (Walters, 2025). For example, a study in Italy used high-resolution digital 155 

elevation models (DEM) and a road network dataset to assess the overtopping potential of 156 



  

stream crossings (Amaddii et al., 2026). Road elevations above the stream crossing were 157 

compared to the elevation of the riverbanks. The elevations were estimated using 158 

geographic information system (GIS) landform cluster analyses that allowed for application 159 

of this screening method to 230 stream crossings in the study area. Mainland 160 

Massachusetts has full coverage of Quality Level 1 lidar data as of November 2025 (U.S. 161 

Geological Survey, 2026). Stream connectivity and habitat quality geospatial datasets can 162 

provide additional context to the stream networks and circumjacent ecosystems of stream 163 

crossings (Massachusetts Department of Conservation and Recreation, 2009; MassDEP & 164 

University of Massachusetts Amherst, 2023; Massachusetts Division of Fisheries and 165 

Wildlife, 2022; Massachusetts Division of Fisheries and Wildlife & The Nature Conservancy, 166 

2026; Massachusetts Division of Marine Fisheries, 2023; USFS & Inter-agency Wild and 167 

Scenic River Council, 2022). 168 

Other studies have used geospatial datasets to estimate design flows for the 169 

hydraulic analyses of culverts (Greer et al., 2018; Kim et al., 2025; USFS, 2012). Flows are 170 

computed using methods such as U.S. Geological Survey (USGS) peak flow regional 171 

regression equations (USGS, 2019a), the Rational Method (Kuichling, 1889), and the 172 

Natural Resources Conservation Service (NRCS) Curve Number Method (NRCS, 2004). The 173 

Missouri Automated Culvert Analysis Tool was developed to assess the flood risks of 174 

culverts from lidar data using the NRCS Curve Number method and FHWA inlet and outlet 175 

control equations (Kim et al., 2025). The tool used GIS algorithms to derive streamlines and 176 

estimate culvert heights and over-topping elevations from lidar. In addition to evaluating 177 

existing stream crossings, hydraulic analyses that utilize geospatial datasets can also be 178 

used to develop stream crossing designs. A study in Tuscaloosa, Alabama used geospatial 179 

datasets, the Rational Method, and FHWA equations to develop pipe culvert designs at 10 180 

sites (Greer et al., 2018). The culvert designs produced with the tool and some user inputs 181 

were all larger than the existing culverts. Integrating GIS processes into hydraulic analyses 182 

increased the efficiency and replicability of the studies. The increasing availability of 183 

geospatial datasets and the successes of other culvert design tools have informed the 184 



  

development of our automatable and field-tested method to produce preliminary culvert 185 

designs across Massachusetts.  186 

Purpose and Scope 187 

The objectives of this study are to (1) leverage existing datasets and studies to 188 

characterize Massachusetts streams and stream crossings, (2) develop preliminary culvert 189 

designs that meet regulatory requirements, and (3) to make the culvert designs and 190 

supporting information publicly accessible. The presented methods are developed from a 191 

USGS and University of Massachusetts Amherst (UMass Amherst) feasibility analysis for 192 

the creation of a preliminary culvert design tool for Massachusetts (Bent et al., 2022). The 193 

approach was piloted at 16 stream crossings in the Squannacook River watershed, where 194 

field-surveyed and lidar-based hydraulic models of culvert designs were compared (Taylor 195 

et al., 2024). We use the term “preliminary” to describe the culvert designs to signify the 196 

limitations of the lidar-derived methodology and the necessity of subsequent field 197 

verification and engineering design. 198 

This paper describes the methodology for developing preliminary culvert designs 199 

from lidar. The development of lidar-derived preliminary culvert designs in a HUC-8 200 

watershed is described to illustrate how the tool will be applied statewide (McCallister et 201 

al., 2026). Finally, the methodology is evaluated by comparing lidar-derived intermediary 202 

data and resulting designs to field-survey data and designs at 30 sites across 203 

Massachusetts (Armstrong et al., 2026). 204 

Approach and Methods 205 

Our approach leverages existing geospatial datasets, regression equations, and an 206 

iterative hydraulic modeling process to produce preliminary stream crossing designs (fig. 207 

1). First, lidar data are used to derive road and stream features that are further attributed 208 

with basin characteristics. Regression equations are used to compute statistical peak 209 

flows and bankfull geometry. Next, cross sections are delineated to define the stream 210 

channel upstream and downstream of the structure. Design criteria are applied to 211 



  

hydraulic models built from the lidar-derived data, using HEC-RAS, version 6.6 (USACE, 212 

2024). Culvert sizes are iteratively increased until they convey their corresponding 213 

hydraulic design flows. The stream crossings are contextualized through the provision of 214 

habitat quality and stream connectivity restoration potential assessment data. Finally, 215 

preliminary designs that convey selected flood flows and meet the MA SCS are made 216 

available on USGS StreamStats (USGS, 2019b). These methods are also described in the 217 

data releases associated with this study (Armstrong et al., 2026; McCallister et al., 2026). 218 

The programmability of ArcGIS software (Esri, 2025) and HEC-RAS hydraulic modeling 219 

software could allow for the presented methods to be automated. 220 

  221 
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Figure 1. Flowchart of the methods for developing preliminary stream crossing designs 223 

using geospatial datasets and hydraulic modeling. The photograph with an asterisk is 224 

by Paul Nguyen, used with permission. MA SCS refers to the Massachusetts Stream 225 

Crossing Standards (MA DER, 2012). 226 

Processing geospatial datasets 227 

The first step is to derive hydrography from lidar in the vicinity of stream crossings. 228 

Stream crossing site locations are selected from the NAACC stream crossing database 229 

(NAACC, 2024). The stream crossing vector points are adjusted onto the crown of the road 230 

using a 1-meter (-m) lidar DEM raster (NOAA Office for Coastal Management Partners, 231 

2016; USGS, 2020). To delineate stream centerlines in the vicinity of stream crossings, we 232 

use a hydrological enforcement process of breaching digital flow dams, which refer to 233 

areas such as road embankments and dams that appear to block the stream in the DEM 234 

(Poppenga et al., 2010). The hydrologically enforced rasters are used to derive flow 235 

direction and flow accumulation raster datasets, which are then used to delineate stream 236 

centerlines. Drainage areas are delineated at stream crossing locations using the flow 237 

direction raster. The percentage of impervious area within the drainage area is calculated 238 

from National Land Cover Data (NLCD) raster data (Dewitz, 2023).  239 

Lidar-derived drainage areas are then used to filter out sites that are not well-suited 240 

for this approach. Stream crossings with drainage areas greater than 2 square miles are 241 

excluded from further processing due to our focus on small bridges and culverts. Stream 242 

crossings composed of 20 percent or greater impervious area are excluded from further 243 

processing because of limitations of the peak flow regional regression equations (Zarriello, 244 

2017). The equations were developed from streamgage basins with a median 245 

imperviousness of 1.6 percent, and only 12 of the 199 used streamgage basins had over 20 246 

percent impervious area (Zarriello, 2017). Additionally, the equations do not account for 247 

the complex interplay of imperviousness with other basin characteristics. Potential stream 248 

crossings identified through geospatial proximity analyses and manual reviews as 249 

 



  

waterbody equalizers, components of dams, buried stream segments, or structures 250 

serving other functions are also excluded. 251 

The MassDOT Road Inventory is a geospatial dataset that contains the locations and 252 

attribute information for all public and some private roadways in Massachusetts 253 

(MassDOT, 2025b). The inventory is used to identify stream crossing sites for exclusion and 254 

to assign hydraulic design flows to stream crossing sites. Sites on unnamed roads, trails, 255 

and railroads are excluded from further processing in this study but could be addressed in 256 

future work. The functional classification obtained from the inventory is used to assign the 257 

associated hydraulic design flow to the stream crossing site via Table 2.6.3-1 of the 258 

MassDOT Bridge Manual, reproduced in Table 1 (MassDOT, 2025b, 2025a).  259 

Table 1. Massachusetts Department of Transportation highway functional classification 260 

and associated hydraulic design flood flow (modified from (MassDOT, 2025a)). 261 

Highway Functional Classification 

Hydraulic Design 
Flood Flow (annual 

exceedance 
probability, in 

percent) 

Hydraulic Design 
Flood Flow 

(recurrence interval, 
in years) 

Interstate, or limited access 
highways 1 100 

Rural principal arterial 2 50 

Rural minor arterial 2 50 

Rural collector, major 4 25 

Rural collector, minor 10 10 

Rural local road 10 10 

Urban principal arterial 2 50 

Urban minor arterial street 4 25 

Urban collector street 10 10 

Urban local street 10 10 

Bike trail/shared use path 10 10 
 262 



  

Computing statistical peak flows and bankfull geometry 263 

 To compute peak flows at the selected stream crossing sites, basin characteristics 264 

are computed for each stream crossing’s drainage area. The explanatory variables used in 265 

the USGS peak flow regression equations for Massachusetts are drainage area, mean basin 266 

elevation, and percent basin storage (Zarriello, 2017). The datasets from the original USGS 267 

regression analysis are assembled, including land cover data and a 10-m DEM. The areal 268 

percentages of storage (water bodies and wetlands) are computed from the 2006 NLCD 269 

data (USGS, 2011). Mean basin elevations are computed from the 10-m DEM (USGS, 2011). 270 

Further, 10-, 4-, 2-, 1-, and 0.2-percent annual exceedance probability (AEP) flood flows are 271 

computed. 272 

 The Massachusetts bankfull geometry equations are used to define the stream 273 

channel upstream and downstream of each stream crossing (Bent & Waite, 2013). These 274 

equations relate bankfull width and mean depth to drainage area and mean basin slope. 275 

Mean basin slopes are computed from a slope raster derived from the 10-m DEM. The 276 

estimated bankfull width is then used to define the locations of left and right banks of the 277 

stream. The banklines are offset from the stream centerline at a distance of half of the 278 

bankfull width. 279 

Delineating cross sections and stream geometry 280 

 The stream crossing and stream channel are defined by cross sections in the 281 

hydraulic models. These cross-sections represent the road (deck), the upstream and 282 

downstream culvert openings (upstream face and downstream face, respectively), and 283 

upstream and downstream of the culvert (approach and exit, respectively). A relative 284 

extrema algorithm is used to find peaks and valleys along the stream centerline (Virtanen et 285 

al., 2020). The stream centerline elevation and stationing values are passed through a one-286 

dimensional Gaussian filter with a sigma kernel of six standard deviations to reduce noise 287 

in the stream centerline elevations. The resulting peak corresponds to the stationing of the 288 

road deck. The station of the closest valley, or local minima, upstream of the crossing site 289 

along the stream centerline is set as the station for the upstream face cross section. The 290 



  

closest valley downstream of the crossing is set as the station for the downstream face 291 

cross section. A profile view of the placement of cross sections along the stream centerline 292 

is shown in fig. 2a. The approach and exit cross section stations are placed two bankfull 293 

widths upstream of the upstream face and downstream of the downstream face, 294 

respectively.  295 

After the stationing of the cross sections is defined along the stream centerline, the 296 

cross sections are delineated. To delineate the cross sections, the 1-m DEM is used. The 297 

road deck cross section is extended along the road centerline. If the resulting road deck, or 298 

portion of it, has a downslope gradient, the road deck cross section is derived from the 299 

DEM without consideration of the road network. The approach, upstream face, 300 

downstream face, and exit cross sections are first extended to the left and right banklines, 301 

perpendicular to the stream centerline. The points that intersect with the banklines are the 302 

bank stations. The cross sections are then further extended perpendicular to DEM contour 303 

lines using least-cost path analyses until an elevation of 3 ft above the road deck is 304 

reached. Intersections within a cross section are resolved by iteratively removing vertices 305 

of the polyline nearest to the intersection until no intersections are present. Intersections 306 

with other cross sections are resolved by cutting the cross-section polyline at the 307 

intersecting segment and then extending the polyline in the same direction and extent as 308 

the adjacent cross section. Next, bankfull channel geometry is integrated into the 309 

approach, upstream face, downstream face, and exit cross sections. The channel 310 

geometry of the stream bottom is approximated as a trapezoid. At each cross section, the 311 

bankfull depth is subtracted from the minimum lidar elevation between the bank stations, 312 

as shown in fig. 2c. The resulting elevation is applied across the channel bottom, which has 313 

a width equivalent to half of the bankfull width. 314 

 315 
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 321 

Figure 2. (a) Stream profile showing cross section placement, (b) map view of cross 322 
sections on terrain, and (c) approach cross section geometry. BFW refers to bankfull 323 
width, BFD refers to bankfull mean depth, and XS refers to cross section. 324 

The stream crossing length and the downstream boundary condition are also 325 

derived from lidar. The length of the crossing is estimated by using an inflection point 326 

algorithm to determine the first inflection points (indicators of embankments) upstream 327 
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and downstream of the stream centerline smoothed with a one-dimensional Gaussian 328 

filter with a sigma kernel of three standard deviations (Harris et al., 2020). The normal 329 

depth slope of the stream centerline downstream of the culvert is computed from the 1-m 330 

DEM and used as the downstream boundary condition. At sites where the stream crossings 331 

may alter natural stream conditions, we compute the slope in a section of the stream 332 

entirely downstream of the modeled reach. The reach along which the slope is computed is 333 

terminated prior to hydroflattened areas. If the normal depth slope is computed to be less 334 

than 0.01 percent, the normal depth slope is set to 0.01 percent.  335 

Applying culvert design criteria 336 

At each stream crossing site, preliminary culvert designs are developed for 3-sided 337 

box, 3-sided arch, and pipe culvert types using HEC-RAS hydraulic models. For each of the 338 

three culvert types, the designs convey one of the four hydraulic design flows (10-, 4-, 2-, 339 

and 1-percent AEP flood flows) or meet the MA SCS, resulting in a total of 15 designs for 340 

each stream crossing site. A HEC-RAS project file is generated for each stream crossing 341 

site. Plan and geometry files are created from the cross-section and river-profile GIS 342 

outputs for each of the 15 designs. A flow file is populated with boundary conditions and 343 

the calculated peak flows for each stream crossing site. Output and run files are also 344 

generated when the model is run. 345 

Potential dimensions for the box, arch, and pipe culvert design types were chosen to 346 

represent commercially available pre-cast concrete sizes. The 3-sided box design sizes 347 

were sourced from the American Society for Testing and Material (ASTM) Standard C1577-348 

20, excluding any sizes that exceed a 4:1 culvert span to rise ratio to ensure structural 349 

integrity (ASTM International, 2022). Increases in box culvert spans are prioritized ahead of 350 

increases in culvert rises. The arch culvert design sizes are predefined in HEC-RAS 351 

(Brunner, 2020). Pipe culverts are sized at 0.5-ft diameter intervals, beginning at a diameter 352 

of 3.5 ft (American Concrete Pipe Association, 2022). Pipe culverts are also designed to be 353 

embedded with natural substrate to align with that standard of the MA SCS for all designs. 354 

Pipe culvert designs with diameters less than 8 ft are embedded with 2 ft of natural 355 



  

substrate, and all larger culverts have embedded depths equal to 25 percent of the culvert 356 

diameter. Minimum culvert spans (0.8 times bankfull width for the 10-percent AEP flood 357 

flow, 0.9 times bankfull width for the 4-percent AEP flood flow, and 1.0 times bankfull width 358 

for the 2- and the 1-percent AEP flood flow) are set for the hydraulic designs to minimize 359 

potential increases in stream velocity compared to natural flow conditions. 360 

Implementation of minimum culvert spans also contributes to the conservatism of the 361 

design approach. 362 

To run the steady-state hydraulic models, it is necessary to apply additional 363 

assumptions about stream characteristics and the culvert designs. A subcritical flow 364 

regime is assumed. The roughness coefficients (Manning’s n) values for all stream 365 

channels and overbanks are assumed to be 0.04 and 0.10, respectively (Arcement & 366 

Schneider, 1989; Bent & Waite, 2013; Coon, 1997). The culvert material is assumed as pre-367 

cast concrete, with a Manning’s n of 0.011 (Chow, 1959). A minimum of 1.5 ft of fill, or 368 

roadway surface above the culvert low chord, is included in all designs (MassDOT, 2017). 369 

Typical entrance and exit losses of 0.4 to 0.5 and 1.0, respectively, are applied (Brunner, 370 

2020). All stream crossings are assumed to be perpendicular to the channel. Ineffective 371 

flow areas are applied, assuming 1:1 contraction and expansion rates relative to the 372 

constriction of the culvert. 373 

For the culverts that are designed to meet the MA SCS, additional criteria are 374 

incorporated. The SCS designs require an openness ratio (the culvert cross-sectional area 375 

divided by the culvert length) of at least 0.82 ft. At minimum, culvert spans are set to 1.2 376 

times bankfull width. The MA SCS design dimensions are set to the minimum size that 377 

would meet the openness ratio and span requirements. The hydraulic models are run to 378 

determine the resulting water surfaces, freeboard, and velocities. Because these designs 379 

are intended to solely meet the MA SCS, no freeboard (vertical distance from the culvert 380 

crown to the modeled water surface) requirements are incorporated into the MA SCS 381 

designs. It is noted that most MA SCS designs convey hydraulic design flows with sufficient 382 

freeboard. 383 



  

Iterating culvert size to convey design flows 384 

For the culverts designed to convey hydraulic design flows, the dimensions of each 385 

culvert are increased until sufficient freeboard is provided at the inlet for the associated 386 

flood flow. A minimum of 1.0 ft of freeboard at the culvert inlet is required for culverts less 387 

than 10 ft in span that convey the 10-percent AEP flood flow. A minimum of 2.0 ft of 388 

freeboard is required for all other culvert designs. For box culvert designs, precedence is 389 

given to minimizing the height of the opening over minimizing cross-sectional area. At each 390 

size iteration, ineffective flow areas are added to the cross sections. If the elevation of the 391 

culvert low chord plus 1.5 ft of fill over the culvert exceeds the elevation of the road, the 392 

modeled road elevation is raised to accommodate the increase. It is assumed that the road 393 

would need to be raised as part of the culvert replacement project.  394 

Assessing habitat quality and stream restoration potential  395 

 Information on stream habitat quality and the potential connectivity benefits of 396 

adequately sized stream crossings can provide additional context to culvert design 397 

choices. The previous processing steps result in 15 preliminary designs for each stream 398 

crossing site, sized to either accommodate hydraulic design flows or meet the MA SCS. The 399 

resulting assessments could be used by practitioners to inform the extent to which the MA 400 

SCS are considered in stream crossing replacement projects.  401 

Habitat quality is assessed using published GIS layers that provide a general 402 

assessment of a stream’s habitat quality. The five GIS-based aquatic habitat criteria 403 

(BioMap Core Habitats and Critical Natural Landscapes, Coldwater Fisheries Resources, 404 

Areas of Critical Environmental Concern, Wild and Scenic Rivers, and Diadromous Fish 405 

Runs) are additionally available through the MassDEP culvert and bridge assessment tool 406 

(Massachusetts Department of Conservation and Recreation, 2009; MassDEP & UMass 407 

Amherst, 2023; Massachusetts Division of Fisheries and Wildlife & The Nature 408 

Conservancy, 2026; Massachusetts Division of Fisheries and Wildlife, 2022; 409 

Massachusetts Division of Marine Fisheries, 2023; USFS & Inter-agency Wild and Scenic 410 



  

River Council, 2022). At each stream crossing, the habitat quality criteria met at that 411 

segment of the stream are provided. 412 

 The importance of stream crossings to local aquatic connectivity was evaluated by 413 

the UMass Amherst Designing Critical Linkages team for the Massachusetts Conservation 414 

and Prioritization System (CAPS). An index of the improvement in ecological connectivity 415 

resulting from an upgrade of each stream crossing was developed (McGarigal et al., 2023). 416 

Data on the stream crossing sites were acquired from CAPS (UMass Amherst, Department 417 

of Environmental Conservation, 2023). Stream crossings on coldwater streams are defined 418 

in the dataset as coldwater critical linkages. All other stream crossings are defined as 419 

critical linkages. All critical linkages are ranked, and the percentiles are used to indicate the 420 

relative stream connectivity restoration potential.  421 

Providing preliminary designs on USGS StreamStats 422 

The preliminary culvert designs are served through USGS StreamStats—a map-423 

based web application that provides estimates of streamflow statistics and other analytical 424 

tools that can be used for water-resources planning, management, and engineering (Ries 425 

et al., 2017). Users can navigate to the Massachusetts study area where stream crossing 426 

sites can be selected. The application then displays a printable “Hydraulic Model Report,” 427 

which includes site information, basin characteristics, peak-flow statistics, and bankfull 428 

geometry statistics. The application also includes the stream habitat quality and stream 429 

connectivity restoration potential information and the associated hydraulic design flood for 430 

the road functional classification. Lastly, the 15 preliminary culvert designs are provided, 431 

including culvert dimensions, channel invert elevations, deck elevations, velocities, and 432 

water depths. The report also indicates the extent to which each of the 15 designs meet the 433 

MA SCS.  434 

 Users can download the delineated watershed of the stream crossing site in 435 

multiple geospatial formats, the report in a tabular CSV format, and a folder of HEC-RAS 436 

model files. The HEC-RAS folder includes the project, flow, geometry, output, plan, run 437 



  

files, and a summarizing ReadMe file, that encompass the inputs and outputs of the 438 

preliminary culvert designs.  439 

Results 440 

Application of the method to the Housatonic River watershed  441 

In the Housatonic River watershed, we developed preliminary culvert designs for 442 

343 existing stream crossing sites, including the culvert on Swamp Road over an unnamed 443 

tributary to Cone Brook in Richmond, MA (referred to in the NAACC database as 444 

xy4236095673353262). The locations of the 343 culverts including the Swamp Road culvert 445 

are shown in fig. 3. According to a 2019 NAACC survey, the existing stream crossing is a 446 

metal pipe culvert with a diameter that ranges from 4.6 to 5.1 ft (NAACC, 2024). The 447 

designs, hydraulic models, and supporting information are available in the accompanying 448 

USGS data release (McCallister et al., 2026). 449 



  

  450 

Figure 3. Locations of 343 studied stream crossing sites in the Housatonic River 451 

watershed, western Massachusetts, including the Swamp Road culvert in Richmond, 452 

MA (42.36106° N, -73.35323° W) (McCallister et al., 2026).  453 



  

Following the approach and methods and summarized in fig. 1, we present the 454 

steps taken to develop the preliminary culvert designs in the Housatonic River watershed 455 

and at the Swamp Road culvert. 456 

1. Processing geospatial datasets: In the Housatonic River watershed, there are 1,377 457 

potential stream crossings listed in the NAACC database. A total of 1,034 stream 458 

crossing sites were excluded from the analyses. Of those, 468 sites were excluded 459 

because their drainage areas were greater than 2 mi2. 464 sites were excluded 460 

because they were not found on an intersection of a named road and lidar-derived 461 

stream. 102 sites were removed because the crossing location is representative of 462 

buried sections of streams, waterbody equalizers, and dam-associated structures. 463 

The drainage areas of stream crossing sites modeled in the Housatonic River 464 

watershed ranged from 0.01 square miles to 1.99 square miles. The Swamp Road 465 

culvert had a delineated drainage area of 0.75 square miles, 2.2 percent of which 466 

was estimated to be impervious. Swamp Road has a “Major Collector” road 467 

functional classification, and as shown in table 1, the hydraulic design flow for the 468 

culvert would be the 4-percent AEP flood flow (MassDOT, 2025a). 469 

2. Computing statistical peak flows and bankfull geometry: Peak flows and bankfull 470 

geometry were computed from regression equations (Bent & Waite, 2013; Zarriello, 471 

2017). Computed peak flows for the 10-percent AEP flood flow ranged from 6 to 130 472 

cubic feet per second (ft3/s) in the watershed. Bankfull widths ranged from 2.7 to 24 473 

ft. Peak flows at the Swamp Road culvert ranged from a 10-percent AEP flood flow of 474 

61 ft3/s to a 0.2-percent AEP flood flow of 212 ft3/s. The hydraulic design flow (4-475 

percent AEP) was estimated to be 111 ft3/s. At the Swamp Road culvert, the 476 

unnamed stream’s bankfull width and bankfull mean depth were calculated to be 15 477 

ft and 0.95 ft, respectively.  478 

3. Delineating of cross sections and stream geometry: The approach, upstream face, 479 

downstream face, and exit cross-sections of the Swamp Road culvert were placed 480 

169 ft, 140 ft, 48 ft, and 17 ft upstream of the downstream end of the reach, 481 

respectively. Left and right bank lines were set 7.5 ft away from the centerline, 482 



  

resulting in bank stations being placed 15 ft apart at the four cross sections. The 483 

minimum elevation of the downstream face cross section is 1,004.8 ft above the 484 

North American Vertical Datum of 1988 (NAVD88). Subtracting the bankfull depth of 485 

0.95 ft results in a channel bottom elevation of 1003.9 ft NAVD88. The culvert was 486 

estimated to be 72.2 ft long by determining the distance between the points of 487 

inflection upstream and downstream of the crossing on the stream centerline. For 488 

the downstream boundary condition, the normal depth slope was computed as 489 

0.042 ft/ft. 490 

4. Applying culvert design criteria: A HEC-RAS project file, flow file, and 15 geometry 491 

files, plan files, output files, and run files were generated using GIS-derived data for 492 

the Swamp Road culvert and other stream crossings in the Housatonic River 493 

watershed. For each stream crossing site, design criteria were applied for the four 494 

hydraulic design flows and the MA SCS for each of the three culvert types. The 495 

minimum spans of the Swamp Road culvert designs were 12 ft, 13.5 ft, 15 ft, 15 ft, 496 

and 18 ft for the 10-, 4-, 2-, and 1-percent AEP flood flows, and the MA SCS, 497 

respectively. The MA SCS designs for the Swamp Road culvert were sized using the 498 

span and openness ratio requirements of the MA SCS. For example, the MA SCS box 499 

culvert design has a span of 18 ft and a rise of 6 ft, with an openness ratio of 1.5, (fig. 500 

4).  501 

  502 



  

 503 

Figure 4. (a) Photograph of existing 4.6 to 5.1-ft diameter pipe culvert, (b) 504 

photograph of existing pipe culvert with superimposed MA SCS box culvert 505 

design (McCallister et al., 2026; North Atlantic Aquatic Connectivity 506 

Collaborative, 2019). BFW refers to the estimated bankfull width. 507 

5. Iterating culvert size to convey design flows: For the hydraulic designs for the 508 

Swamp Road culvert site, the culvert dimensions were initially set to the minimum 509 

dimensions that met the span to bankfull width ratios. The hydraulic model was 510 

then run with the corresponding hydraulic design flows. The culvert dimensions 511 

were iteratively increased until the minimum freeboard requirement was met. For 512 

example, the minimum dimensions for the 4-percent AEP arch culvert design were 513 

set to a 14 ft span and 3 ft rise, which did not allow for 2 ft of freeboard. The 514 

dimensions were then increased to a 16 ft span by 3.53 ft rise, which again did not 515 

allow for 2 ft of freeboard. The dimensions were increased to a 20 ft span by 4.13 ft 516 

rise, which resulted in a modeled freeboard of 2.54 ft; this iteration was used for the 517 

final design for the 4-percent AEP arch culvert design.  518 

6. Assessing habitat quality and stream connectivity restoration potential: 23 stream 519 

crossings in the Housatonic River watershed met two or more habitat quality 520 

criteria. In terms of stream connectivity restoration potential, 35 stream crossings 521 

were determined to be within either the top five percent of critical linkages or the top 522 

10 percent of coldwater critical linkages. The unnamed stream through the Swamp 523 

(a) (b) 



  

Road is classified as a coldwater fisheries resource (Massachusetts Division of 524 

Fisheries and Wildlife, 2022). Although the stream is designated as a coldwater 525 

fisheries resource, the stream crossing did not meet the criteria for a coldwater 526 

critical linkage. For stream connectivity restoration potential, it was in the top 10 527 

percent of critical linkages.  528 

7. Providing preliminary designs on USGS StreamStats: Culvert designs for the Swamp 529 

Road culvert and the 342 other stream crossing sites were then made available on 530 

USGS StreamStats (USGS, 2019b). 531 

Comparison of lidar-derived designs to survey-derived designs 532 

To evaluate the efficacy of our approach, lidar-derived culvert designs were 533 

compared to survey-derived designs at 30 stream crossing sites across Massachusetts 534 

(Armstrong et al., 2026). Field surveys were conducted to collect existing stream crossing 535 

dimensions and elevation data upstream and downstream of the crossing. Survey-derived 536 

designs were generated using HEC-RAS hydraulic models and the same approach as the 537 

lidar-derived designs, except they were populated with the field-surveyed cross section, 538 

culvert length, and existing deck elevation data. The results and methodology used for 539 

surveying, development of survey data-derived designs, and lidar-derived designs are 540 

described in the associated data release (Armstrong et al., 2026). Lidar-derived and field-541 

surveyed input and output data at 30 stream crossings sites were analyzed to assess the 542 

performance of our methodology for developing preliminary culvert designs.   543 

 Lidar-derived elevations and culvert lengths were compared to survey data. As 544 

shown in fig. 5(a), lidar-derived approach cross section thalweg elevations were on average 545 

0.4 percent less than surveyed elevations. The mean absolute difference was 1.04 ft 546 

(Armstrong et al., 2026). Outliers of the lidar-derived approach elevations range from 2.8 547 

percent below to 1.6 percent above surveyed elevations. Lidar-derived culvert invert 548 

elevations were also on average 0.4 percent less than surveyed elevations. The mean 549 

absolute difference was 0.95 ft (Armstrong et al., 2026). Comparisons of the approach 550 

thalweg elevation and culvert inlet elevations indicate that most lidar-derived elevations 551 



  

are lower than elevations determined in the field. Culvert lengths derived from lidar were 552 

also compared to field-measured culvert lengths. On average, lidar-derived culvert lengths 553 

were 22 percent smaller than surveyed lengths. Differences ranged from 92 percent shorter 554 

to 36.4 percent longer than surveyed data. The mean absolute difference was 12.97 ft. 555 

Culvert lengths ranged from being underestimated by 45.50 ft to being overestimated by 556 

31.00 ft (Armstrong et al., 2026). It is expected that estimated culvert lengths vary from 557 

survey data more than channel elevations because culvert lengths are based on the 558 

difference along the stream centerline between two estimated locations. Differences in 559 

culvert length are likely attributable to the difficulty at some stream crossing sites of 560 

determining an inflection point in the stream channel profile at the downstream cross 561 

section from lidar. These inflection points likely represent embankments, so it is also 562 

possible that the lidar-derived culvert lengths are underestimated when culvert openings 563 

protrude out of the embankment. The underestimation of culvert length could result in 564 

decreased hydraulic resistance for stream crossings in outlet control flow conditions. This 565 

would result in lower water surface elevations and, consequently, smaller culvert designs. 566 

For inlet control flows, the length of the culvert is unlikely to affect water surface elevations 567 

and the resulting culvert designs. 568 

 569 



  

 570 

Figure 5. Boxplots of (a) percent difference of lidar-derived elevations from surveyed 571 

elevations and (b) percent difference of lidar-derived culvert length from surveyed 572 

culvert length at 30 sites across MA (Armstrong et al., 2026). Circles indicate 573 

datapoints, the “X” indicates the mean of the series, the box represents the 574 

interquartile range, the line across the box is the median, and the extent of the 575 

whiskers indicate 1.5 times the interquartile range.  576 

Culvert designs developed from lidar-derived data were compared to culvert 577 

designs derived from survey data.  Across all culvert designs, lidar-derived designs are on 578 

average 3.5 percent larger than those developed from survey data. As shown in fig. 6, the 579 

differences in design types range from a mean percent difference of 12.1 percent smaller to 580 

12.9 percent larger than designs developed from survey data. The box and arch culvert 581 

designs that meet the MA SCS were the only categories with negative mean percent 582 

differences. All lidar-derived MA SCS pipe culverts were identical to field data-derived 583 

designs, except for one culvert, which was 0.5 ft larger in diameter. Bankfull widths and 584 

peak flows are computed using the same methods for lidar-derived and survey data-585 
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derived approaches. The differences in MA SCS designs are therefore attributable to the 586 

underestimation of culvert lengths in the lidar-derived designs, which then leads to smaller 587 

cross-sectional areas needed to meet the MA SCS span ratio.  588 

In contrast, the culvert designs sized to convey specific flood flows are influenced 589 

by the placement and elevations of cross sections in addition to culvert length. The mean 590 

percent difference for designs intended to convey hydraulic design flows was zero percent 591 

or higher across all culvert types. Lidar-derived pipe culvert designs produced for both 592 

conveying hydraulic design flows were identical to field-based designs. Lidar-derived arch 593 

designs differ the most from designs developed from field survey data, which is likely 594 

attributable to fewer possible increments in design sizes when compared to the potential 595 

box and pipe sizes. This may contribute to the similarities observed in the resulting designs. 596 

Overall, the design culvert dimensions (cross-sectional area) derived from lidar data and 597 

survey data were similar, indicating that the methodology for producing preliminary culvert 598 

designs from a lidar-based method is effective and efficient. It also demonstrates that 599 

although some lidar-derived modeling input data such as culvert length can vary from field 600 

data, the method results in similar designs.  601 



  

 602 

Figure 6. Boxplot of the percent difference of culvert cross-sectional area of designs 603 

derived from lidar data to designs derived from survey data for 3 culvert types at 30 604 

sites across MA (Armstrong et al., 2026). SCS refers to designs intended to meet the 605 

Massachusetts Stream Crossing Standards. Circles indicate datapoints, the “X” 606 

indicates the mean of the series, the box represents the interquartile range, the line 607 

across the box at 0 percent for all designs is the median, and the extent of the 608 

whiskers indicate 1.5 times the interquartile range. 609 

 Hydraulic models were also developed for the existing stream crossings, using 610 

survey data and assessment data from the NAACC (Armstrong et al., 2026). When the 10-, 611 

4-, 2-, and 1- AEP flood flows were run, the road deck was overtopped at 9, 12, 18, and 19 of 612 

the 30 stream crossings. None of the existing culverts meet the MA SCS.  The spans of the 613 

existing culverts were all less than 1.2 times bankfull width. Three culverts met the 614 

openness ratio requirement of 0.82 ft. Few were 3-sided structures with natural stream 615 

bottoms or were closed bottom structures embedded with natural substrate.  616 
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Discussion 617 

The methodology can be used to evaluate thousands of stream crossings in a 618 

consistent, defensible, and reproducible manner. The public availability of preliminary 619 

designs could allow municipalities and practitioners to consider potential designs and 620 

facilitate grant applications prior to conducting design and engineering analyses. The 621 

availability and use of these designs could help prevent in-kind replacements of 622 

undersized culverts with identically sized culverts and thereby result in resilient and AOP-623 

friendly stream crossing replacement projects. For instance, according to the 2019 NAACC 624 

assessment, the condition of the Swamp Road culvert was characterized as “OK”. If the 625 

culvert were to be replaced to convey the 4% AEP hydraulic design flow, our preliminary 626 

culvert designs show that it would have to be 3.4 to 5.8 times larger in cross-sectional area 627 

than the existing culvert. If the replacement culvert were to meet the MA SCS, the 628 

crossing’s span would have to be widened to at least 18 ft to meet the span ratio 629 

requirements, almost 4 times as wide as the existing culvert. If the 30 stream crossings 630 

across Massachusetts used to assess the lidar-derived design method (Armstrong et al., 631 

2026) were to be replaced in-kind, the stream crossings would still not meet the MA SCS 632 

and many of those culverts would not be sufficiently sized to convey the hydraulic design 633 

flows.  634 

By providing preliminary designs of three different culvert types and five different 635 

sizing drivers, design professionals can evaluate potential options that may be appropriate 636 

given the site conditions of a stream crossing. For example, if site conditions, costs, or 637 

other considerations prevented large culvert spans, a pipe culvert may be appropriate; if 638 

raising the road deck is infeasible, a box with a higher span to rise ratio may be selected 639 

(Federal Emergency Management Agency, 2022). The provision of culvert designs that 640 

convey the four hydraulic design flows, regardless of the classification of the road, gives 641 

design professionals additional options to consider. To reduce risk of overtopping or culvert 642 

failure due to larger flood flows, practitioners could choose a culvert size that conveys a 643 

larger design flood than what is required. Practitioners could compare preliminary designs 644 



  

that convey the stream crossing’s hydraulic design flow to designs that meet the MA SCS. 645 

The additional context of the provided habitat quality and stream restoration potential 646 

connectivity information could inform decision-making about the extent to which 647 

implemented designs meet the MA SCS.  648 

There are, however, several limitations associated with the automatable lidar-649 

derived method. The preliminary culvert designs produced are intended for stream 650 

crossings less than 20 ft in width. Crossings with spans of 20 ft or greater are considered to 651 

be bridges (Commonwealth of Massachusetts, 2025) and require more rigorous design and 652 

permitting processes beyond the scope of a one-dimensional hydraulic model. Other 653 

limitations include hydraulic modeling assumptions and uncertainties in the regional 654 

regressions used to compute peak flows and bankfull geometry. 655 

 The preliminary culvert designs are developed with hydraulic models that use lidar 656 

data and do not represent all site-specific conditions in all cases. For instance, culvert 657 

skew (the degree to which the road is not perpendicular to the flow) are not incorporated 658 

into the model and may lead to underestimation of water surface elevations in the models. 659 

Hydraulic characteristics upstream and downstream of the modeled reaches are not 660 

defined in the model, which could result in water surface elevations higher or lower than 661 

modeled elevations. One-dimensional HEC-RAS models assume uniform flow and velocity 662 

distributions across the channel and can be less effective at representing more complex 663 

flows than two- and three-dimensional hydraulic models (Brunner, 2020). Standard values 664 

for hydraulic roughness coefficients are applied for all channel and overbank areas. The 665 

designs also do not encompass all engineering design considerations. For instance, to 666 

allow for AOP at low flows, an engineering design professional may consider inclusion of 667 

low-flow channels or other modifications.  668 

The regional regression equations used to compute peak flows have associated 669 

uncertainties and limitations (Zarriello, 2017). The drainage areas of stream crossing sites 670 

modeled in the Housatonic River watershed ranged from 0.01 mi2 to 1.99 mi2, with a mean 671 

of 0.57 mi2. To develop the peak flow regional regression equations, the minimum drainage 672 



  

area of streamgages used was 0.16 mi2, and only 16 percent of the streamgages had 673 

drainage areas less than 1.99 mi2. Confidence in computed peak flows for stream crossing 674 

sites with drainage areas less than 0.16 square miles have not been determined, which 675 

may contribute to lower or higher peak flows and under- or oversized preliminary culvert 676 

designs. Future analyses could consider evaluating designs that convey the upper and 677 

lower 90-percent prediction intervals for each hydraulic design flow. Stream crossing sites 678 

with drainage areas composed of over 20 percent impervious area are excluded from the 679 

tool because of limitations of the peak flow regional regression equations. The USGS is 680 

currently (2026) developing peak flow regression equations applicable to urban streams in 681 

Massachusetts and Rhode Island, which could be used to develop preliminary culvert 682 

designs in more urban areas. 683 

There is also associated uncertainty with the use of Massachusetts bankfull 684 

channel geometry regression equations (Bent & Waite, 2013). Of the 33 streamgage sites 685 

used to develop these equations, only one site (0.60 mi2) was within the range of drainage 686 

areas of the stream crossing sites studied in the Housatonic River watershed. The other 32 687 

streamgage sites ranged from 2.55 mi2 to 329 mi2. This could result in underestimation or 688 

overestimation in bankfull geometry. Bankfull width determines the minimum span 689 

required for culvert designs, so errors and uncertainties in bankfull geometry could result in 690 

under- or oversized designs.  691 

The provision of modeling files and the ability to adjust portions of the automatable 692 

approach help overcome some limitations of this methodology. The StreamStats web 693 

application allows users to download all HEC-RAS model files. If the user has additional 694 

knowledge of site conditions, the model files can be modified, and new designs can be 695 

developed. Increasing the resolution and accuracy of any of the input datasets or updating 696 

the regression equations with additional data would likely result in more accurate 697 

preliminary results, which could extend the utility of this work. The method could be 698 

modified to allow for application to unnamed roads, trails, and railroads.  699 

The method could also be adapted to non-stationarity in flood flow determinations. 700 

To better account for potential variability in peak flows due to climate change (Morsy et al., 701 



  

2024; Olson et al., 2024), future development of the tool could include additional 702 

preliminary culvert designs sized to accommodate future flood flows. Future peak flows 703 

could be modeled in the designs generated from the existing methodology to indicate 704 

changes in freeboard and conveyance capacity. Future peak flows could also be used to 705 

generate preliminary designs that could convey flood flows for the design life of the culvert. 706 

These potential features could easily be incorporated into the approach, which could 707 

extend the utility of the method and product, and perhaps provide a basis for analysis of 708 

societal costs associated with changing conditions and infrastructure improvements.  709 

Although the methodology presented here was developed for and calibrated to 710 

stream crossings in Massachusetts, the approach could be applied to other states or 711 

regions with study area-specific calibration and customization. Regression equations, 712 

design assumptions, and regulatory information could be modified to represent the new 713 

study area. Using this methodology in other areas could assist in the efficient development 714 

of preliminary culvert designs with greater flood resiliency and AOP for those communities. 715 

 Despite the limitations of the automatable lidar-derived method, its application 716 

demonstrates that the resulting designs are similar to those that come from field-derived 717 

data. The approach and methods presented here may be used to inform the development 718 

of preliminary designs at a large number of sites at a comparatively small cost in time and 719 

resources, as exemplified by the application to 343 sites in the Housatonic River 720 

watershed. The provision of preliminary culvert designs, the underlying hydraulic models, 721 

and supporting information to the public via USGS StreamStats could facilitate initial 722 

design, permitting, and cost estimations. If implemented, the designs could result in 723 

improvements to stream connectivity and resiliency that benefit both people and the 724 

environment.  725 

  726 
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