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ABSTRACT

Heavily managed urban streams, agricul-
tural drainages, and least modified natural
streams are rarely analyzed within a single
framework, even though modern landscapes
include a mix of them. Urbanization, agri-
culture, deforestation, mining, and other in-
tensive land uses have dramatically altered
fluvial systems. Most existing stream clas-
sification frameworks were developed for
natural streams and rely only on natural
geomorphic attributes. The few that address
artificial streams focus exclusively on engi-
neered (artificial) characteristics and usually
address only a single land-use setting. As a re-
sult, these frameworks do not capture the full
diversity of stream conditions found in mixed
land-use watersheds that are influenced by
both natural processes and human interven-
tions. Recognizing this problem, our study
proposes a joint geomorphic classification
framework that collects and analyzes field
data that captures both engineering and geo-
morphic attributes of streams in mixed land-
use watersheds. We implemented this joint
framework in a prime example of a mixed
land-use watershed—the San Francisco Bay
Area, California, USA. We collected a data-
set for 164 stream sites. By using hierarchi-
cal cluster analysis on 92 variables computed
from the field data, we identified 12 regional
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stream types, including six artificial and six
natural ones. Our results demonstrate that
this joint framework differentiates unique
natural and artificial stream types in urban,
agricultural, and wilderness settings. It also
captures the subtle internal variability within
artificial and natural stream types. Field pho-
tograph interpretation corroborates statisti-
cal findings that the diverse variables effec-
tively represent real-world conditions of both
types. Overall, by blending natural character-
istics and the degree of human intervention,
our classification provides critical insights
that enhance our ability to understand river
behavior in heavily managed urbanized, agri-
cultural, and wilderness regions. It holds sig-
nificant promise for informing targeted resto-
ration and conservation strategies, ultimately
contributing to more effective river manage-
ment and sustainable watershed planning.

INTRODUCTION

Stream conditions vary widely within and
across watersheds, encompassing a mix of land
uses ranging from urban to agricultural to wil-
derness areas. The variability in stream condi-
tions are primarily a result of the effects of direct
or indirect human activities, often reflected in the
morphology and composition of streams (Flatley
et al., 2018; Castro and Thorne, 2019). Previ-
ous studies have broadly categorized streams
based on the extent of human intervention into
two main types: natural and artificial streams
(Wohl and Merritts, 2007). More research has
been done on the diversity of natural streams,
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including the extent to which they are distinct
from each other or subtle variations along a
gradient. Meanwhile, there are few studies of
the types of artificial streams, their diagnostic
variables, and how clustered or continuous sites
are in n-dimensional variable phase space (e.g.,
plotting width versus median grain size versus
degree of entrenchment versus bed slope versus
valley confinement, etc.). Therefore, to advance
the understanding of the functional differ-
ences within and between artificial and natural
streams in mixed land-use watersheds, this study
applied a standardized field protocol for natural
and artificial conditions to quantify reach-scale
characteristics and integrate results into a unified
stream classification, providing a novel and com-
prehensive framework for geomorphic analysis.

What Are Natural and Artificial Streams?

Natural streams are watercourses whose
planform, profile, banks, and bed materials are
produced and sustained by hydrogeomorphic
and biotic processes rather than determined by
engineered works (Rosgen, 1994; Montgom-
ery and Buffington, 1997; Brierley and Fryirs,
2013). At the reach scale, they typically exhibit
irregular morphologies (e.g., sinuous, meander-
ing, and braiding) and are composed of natural
sediments (e.g., sand, cobbles, and boulders).
Natural streams may be, and often are, impacted
by adjacent and catchment-scale human activi-
ties, but they exhibit resilience by adjusting their
geomorphic characteristics in a variety of ways
to maintain functional integrity (Wohl and Mer-
ritts, 2007; Pasternack, 2013).
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In contrast, artificial streams are channels
whose geometry, hydraulics, or stability are sub-
stantially set by design or ongoing maintenance,
typically for purposes such as flood control, irriga-
tion, or bank protection (Davenport et al., 2004).
Compared to natural streams, artificial streams
usually are less topographically complex, featur-
ing straightened channels and regularized cross-
sectional forms (e.g., trapezoidal or rectangular)
that remain consistent along their length (Flatley
et al., 2018). They also may have engineered
bed and/or bank materials (e.g., concrete, riprap,
gabions, or stitch piers). These morphological and
material differences result in artificial streams
exhibiting distinct hydrogeomorphic processes
and ecological functions at the reach scale (Sten-
fert Kroese et al., 2020). For example, artificially
straightening streams with impervious surfaces
tend to have a reduction of in-stream habitat and
decrease habitat diversity. Some artificial types
may be deposition dominated while others are
erosion dominated, given the same hydrological
and sediment supply regimes.

When working in regions and catchments
that have both natural and artificial streams,
challenging problems arise in developing a sys-
tematic approach to data collection and classi-
fication that works for all sites. One key issue
arises from the lack of presence of or inability
to identify process-based bankfull dimensions
in engineered, highly degraded streams (John-
son and Heil, 1996), dryland streams (Chin,
2022), or every 200 m of even ideal temperate
streams (Edwards et al., 2019). Thus, a suitable
framework is needed to capture representative
geomorphic characteristics of diverse streams in
a region without relying on all the assumptions
embedded in the bankfull-geometry paradigm.

Review of Geomorphic Reach-Scale Stream
Classifications

For decades, relying on attributes measured
at the reach scale, numerous geomorphic stream
reach classification schemes have been proposed
to describe and understand the diversity of chan-
nel forms across a landscape. To frame the new
research herein, we organize this history in terms
of three key issues: top-down versus bottom-up
approach, a lack of spanning natural and artifi-
cial types, and a lack of addressing the diversity
of artificial stream types.

Top-Down and Bottom-Up Approaches

One important conceptual distinction in these
schemes is between “top-down” and “bottom-
up” approaches (Wyrick and Pasternack, 2014;
Guillon et al., 2020; Woodworth and Pasternack,
2022). In a top-down (concept-driven) approach,
stream types are defined a priori based on the-
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ory or expert knowledge. In contrast, a bot-
tom-up (data-driven) approach defines stream
types inductively from observed data. Neither
approach is inherently more “process-based,” as
that outcome depends on what the classification
designer is cognizant of and what data is col-
lected. Thus, each approach has pros and cons;
both merit continued research. A brief synopsis
of the recent studies that have adopted geomor-
phic reach-scale stream classification, highlight-
ing whether they use a top-down or bottom-up
approach, whether they require field-based met-
rics, and their typical applicability to natural and/
or artificial streams, is given in Table 1.

The top-down classification process involves
stepping through a decision logic to determine
which stream type a particular reach belongs
to, often considering hydraulic and sedimentary
conditions, and sometimes envisioning mor-
phodynamic processes. For example, the River
Styles Framework classifies streams into expert-
defined types based on natural river character-
istics (constrained, meandering, etc.). Experts
identify these types in the field by examining the
valley context, planform, and geomorphic units
(Brierley and Fryirs, 2013). However, top-down
approaches inherently reflect the biases or limi-
tations of their predefined stream types, resulting
in unusual reaches that do not fit the expected
patterns and may be forced into a less-than-ideal
stream type.

In contrast, bottom-up approaches utilize
statistical techniques (e.g., cluster analysis) to
group reaches into stream types based on simi-
larity across multiple variables. For example,
Byrne et al. (2020a) applied a cluster analysis in
grouping natural rivers in the California coastal
region and named each stream type according
to the field-based metrics (e.g., bankfull width).
However, bottom-up approaches can only clas-
sify what is in the data, and in relative abundance
in the data, forcing users to gather as much data
as possible, which is constrained by time, bud-
get, and effort.

Lack of Spanning Natural and Artificial
Types

A second important conceptual distinction is
that no classifications span natural and artificial
stream types, despite the richness of geomorphic
stream reach classification frameworks avail-
able (Table 1). Most classification approaches
have been developed predominantly for natural
streams in relatively undisturbed environments,
often neglecting the engineered modifications
found in urban or suburban streams (e.g., Byrne
et al., 2020b). This results in artificial streams
being largely absent from reference datasets
used to build classifications. While some stud-
ies have been designed to focus exclusively on
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artificial streams by emphasizing the engineered
features in urban environments, such approaches
tend to overlook the intrinsic variability and
complex geomorphic processes that occur in nat-
ural stream systems to bring such insights into
the artificial realm (e.g., Davenport et al., 2004).
Consequently, there is a failure to accommodate
natural sediment flux and habitat functions in
class design, ultimately undermining both the
performance and ecological integration of artifi-
cial streams. In addition, although recent studies
have increasingly recognized artificial streams as
essential components of stream networks (Cas-
tro and Thorne, 2019; Buffington and Montgom-
ery, 2022), artificial streams are still classified in
avery simplified manner, often labeled simply as
“channelized” and treated as a separate category
without further geomorphic differentiation.

As categorically different as natural and arti-
ficial streams are, studies have documented how
their morphodynamic trajectories can change
them to take on features of the other. Urban
stream syndrome exemplifies pathways by
which natural streams develop attributes simi-
lar to artificial ones (Walsh et al., 2005), though
usually not with the same design lateral slopes
and artificial composition elements. Meanwhile,
some artificial streams may regain natural fea-
tures and processes over decades, yet that leg-
acy needs to be characterized to contextualize
site history and future potential. This has been
documented by post-project geomorphic adjust-
ments on the Provo River (Provo, Utah, USA;
Goetz, 2008) and tidal-process recovery at Dot-
son Family Marsh (Richmond, California, USA;
Bowen, 2012). It is also important to recognize
effects at the subreach scale wherein artificial
features (i.e., rock weirs, localized bank protec-
tion, bed sills, etc.) may significantly degrade
natural stream landforms and processes, while
natural features (e.g., beaver dams, sediment
deposits, proto meandering, etc.) may signifi-
cantly enhance those of artificial streams. For
example, inset floodplain benches in two-stage
agricultural ditches, engineered log jams in
wood-starved reaches, or beaver-dam analogs in
incised corridors have been shown to enhance
hydraulic and geomorphic functions and habitat
(Davis et al., 2015; Kalcic et al., 2018).

Lack of Diversity of Artificial Stream Types

A third important conceptual distinction is
that there may be significantly different types
of artificial channels depending on the land use.
Artificial channels in urban, suburban, cultivated
farmland, rangeland, wilderness, and mining set-
tings may be so different that they require mind-
ful differentiation. For example, drawing from
the study area in this article, lower Wildcat and
San Pablo Creeks, Contra Costa County, Califor-
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nia, illustrate hardened, entrenched designs and
subsequent levee-rehab and setback efforts for
urban flood-control corridors (Denninger, 2015).
In significant contrast to those, the streams east
of Vacaville, California, consist of small, trape-
zoidal agricultural drainage ditches experiencing
erosion that feed into large trapezoidal (some-
times bank-hardened) suburban drainage canals
experiencing deposition.

Study Purpose

The world’s river networks include a mix of
natural and artificial rivers, yet this dichotomy
has not been defined and quantified. As such,
there is a compelling need for a unified, reach-
scale framework that simultaneously collects
and integrates the geomorphic and engineered
features of streams in order to classify the full
diversity of stream conditions in mixed land-use
watersheds (Flatley et al., 2018). In this article,
we propose a joint natural/artificial, data-driven
geomorphic stream reach classification frame-
work by conceptualizing and using a set of
artificial-stream attributes related to the compo-
sition and shape of riverbed and riverbank, as
these influence hydraulic processes, sediment
transport, and channel stability (Miller and Craig
Kochel, 2013; Rinaldi et al., 2016). We also pro-
pose a modification of traditional natural-stream
attributes, by removing the requirement to mea-
sure “bankfull” dimensions that often are not
present at human-impacted reaches and outright
do not exist in artificial reaches, thereby making
a measurement system that is useable regardless
of the presence of bankfull conditions.

By integrating geomorphic and engineering
perspectives, we advance the science of river
classification to include coupled natural-human
systems, recognizing the interdependence
between natural processes and human activities
in shaping streams. The results obtained by the
joint classification framework can capture the
diversity of natural to artificial stream types,
providing new insights into how human inter-
ventions alter river form and process as well as
just how extensive such modifications have been
globally. In practice, it can improve regional
stream inventories, yielding the well-cited ben-
efits of stream classification for regional river
management when taking a systemic approach
(e.g., Everard and Powell, 2002). For example,
guiding restoration and nature-based solutions
requires moving beyond identifying natural ref-
erence conditions to also setting realistic targets
for artificial channels. To do that, it is first critical
to know what these artificial types are and what
the unique geomorphological processes and eco-
logical functions are for each type. Rather than
ending the debate on stream classification, we
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hope this study opens the way for an expansion
for basic scientific inquiry across natural and
artificial streams, which is sorely lacking.

MATERIALS AND METHODS
Study Area

Ranging from densely urbanized centers and
suburban developments to agricultural fields
and wilderness areas, the nine-county San Fran-
cisco Bay Area, California, represents a quint-
essential example of modern, mixed land-use
watersheds. It has a 2023 population of over
7.7 million people and average human densities
exceeding 1500 people per km? in core urban
counties (2023 U.S. Census; Metropolitan and
Micropolitan Statistical Areas Population Totals:
2020-2023: https://www.census.gov/data/tables
/time-series/demo/popest/2020s-total-metro-
and-micro-statistical-areas.html). According to
the 2019 National Land Cover Database, 42% of
the region’s surface area is mapped as developed,
13% as agriculture, and the remainder as forest,
shrubland, or open water. The developed share
was ~36% in the early 2000s (Multi-Resolution
Land Characteristics Consortium, https://www
.mrlc.gov/data [accessed July 2025]).

Located in the Mediterranean climate zone,
the San Francisco Bay Area experiences cool wet
winters and warm dry summers (Krugler et al.,
2025). Mean annual precipitation ranges from
roughly 250 mm in the rain-shadowed east bay to
over 2500 mm in the high-elevation headwaters,
with most rain falling between November and
March (Rahimi et al., 2020). The stream network
in the San Francisco Bay Area spans a diversity
of channel conditions, such as wild and natural in
the remote mountains and completely engineered
in the dense urban core. Urbanization, rangeland
and cultivated farmland agricultural practices,
historic mining and logging, wildfire, suburban
sprawl, and other cumulative catchment dynam-
ics collectively altered channel morphology and
sediment dynamics. Relatively few streams have
dams and flow regulation, but some do (e.g., San
Pablo Dam, Anderson Dam, and Conn Dam).
Many streams run dry in the summer, especially
in the southern and eastern subregions.

There is no preexisting, dedicated stream clas-
sification for the San Francisco Bay Area that
accounts for natural and artificial stream types
together. Lane et al. (2022) classified the natural
stream network in California into 62 regional
stream types and aggregated them into 10 state-
wide types. But this contraction goes too far
for use in the San Francisco Bay Area, and it
excludes artificial and anthropogenically altered
types. While not making a stream classification
per se, San Francisco Estuary Institute-Aquatic
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Science Center (2021) made a bed and bank
composition typology from 287 field sites in
Sonoma and Santa Clara counties.

To fill this gap in stream classification frame-
works, we conducted the experimental imple-
mentation of a new site-selection and stream
classification framework in the San Francisco
Bay Area. It was built on the National Hydrog-
raphy Data set Plus High Resolution (NHD-
PlusHR; 2022 National Geospatial Program
Standards and Specifications, https:/www.usgs
.gov/ngp-standards-and-specifications/hydrog-
raphy-standards-and-specifications [accessed
May 2024]), which was made using the High
Resolution (1:24,000-scale or better) National
Hydrography Data set, the nationally complete
Watershed Boundary Data set, and the 10 m 3D
Elevation Program data (Moore et al., 2019).
Following Byrne et al. (2020b), we divided the
stream network into 200 m intervals from net-
work tips and moving downstream. Finally, after
removing short residual intervals at tributary
junctions, 42,144 two-hundred-meter intervals
within a 13,344.91 km? catchment area were
extracted.

Site Selection

Site selection is essential for bottom-up river
classification to capture geomorphic diver-
sity spanning known types in a region as well
as stream types that are present but not recog-
nized yet (Lane et al., 2017). For this study, we
employed the novel site-selection framework of
Wang et al. (2025) developed as part of this proj-
ect. In brief, the framework involved three steps:
(1) initial field site selection via machine learn-
ing from prior datasets about stream conditions,
(2) selected field site accessibility evaluation and
observation, and (3) additional field site decision
and selection via an iterative learning process.
This approach allows users to efficiently allocate
limited resources by focusing on the essential
samples needed for classification. We prioritized
identifying and sampling previously unknown
or underrepresented stream types by iteratively
updating our list of potential field sites.

The field team surveyed 164 stream sites from
April to December of 2023 (Fig. 1). Because
much of the San Francisco Bay Area is privately
owned, some targeted sites were ultimately inac-
cessible for lack of permission to access them.
Nevertheless, substantial effort was made to
track down and sample the diversity of stream
conditions present within the sampling domain.

Field Observation Protocol

A novel field protocol was used that can be
applied consistently across natural to artificial
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Figure 1. Locations of 164 surveyed sites in the San Francisco Bay Area. Area is divided into counties with thicker black lines. Large white
areas are water bodies, estuarine marshes, or unchanneled agricultural and range lands.

streams, which can be summarized in five steps
(Table 2 and Fig. 2). The detail of each protocol
step is provided in Supplemental Material Text
S1,! including a supplementary video, a detailed
PDF presentation, and a set of digital field data-
sheets. Our field protocol generated a compre-
hensive dataset comprising both qualitative and
quantitative variables, which can be further pro-
cessed to derive an expanded set of classification
variables. For qualitative variables, such as left
and right riverbed toe, the field crew discusses
them together to come to an expert-based group
consensus. Subsequently, a quality assurance

ISupplemental Material. Additional figures and
tables that support and expand upon the methods,
results, and interpretations presented in the main text,
including a detailed field protocol (Text S1), Pearson
correlation analyses for the full set of surveyed
variables considered (Fig. S1), the distribution of
12 stream types for 164 field sites (Fig. S2), the
distribution of variables used in classification (Fig.
S3), decision rules for identifying artificial stream
types and natural stream types by using a number of
geomorphic attributes that have clear field meaning,
the process of identifying the optimal number of
clusters or stream types based on silhouette method
and expert-based heuristic refinement (Table S1),
and the median values of each variable used for
classification and interpretation in each stream type
(Table S2). Please visit https://doi.org/10.1130/GSAB
.S.31329154 to access the supplemental material;
contact editing @ geosociety.org with any questions.

procedure is undertaken in which the senior
geomorphologist and lead field scientist use the
numerous photos taken at each site and aerial
imagery to review every decision; they can also
discuss individual difficult sites with field crew
members to understand any context missed in
the photos and aerial images. Instead of obtain-
ing traditional cross-section variables based on
stream-gaging historical origins, such as a single
channel width or depth (e.g., active or bankfull
dimensions), this protocol obtains every width
and depth for every present lateral slope break at
each transect. It also enables subsequent calcula-
tion of lateral slopes for every landform at each
transect on each side of the stream relative to
the riverbed toe on the same side and calculation
of longitudinal slope at each persistent landform
lateral slope break.

Based on previous studies (Davenport et al.,
2001, 2004; Gurnell et al., 2007; Hohensinner
et al., 2018), we propose a new set of criteria
for identifying artificial streams (Table 3). Both
composition (com) and shape are assessed visu-
ally during the field survey. These are assessed
for both riverbanks and riverbeds, independently.
After all cases are reviewed in the quality control
procedure, edge cases are reviewed to establish
rules to guide decision-making.

Since bankfull dimensions cannot be col-
lected across all stream types, we replaced
the commonly used entrenchment variable of
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Rosgen (1994) with an absolute entrenchment
height measure. Absolute entrenchment is sen-
sible within a region, but height thresholds may
need to be adjusted between regions. For the
San Francisco Bay Area, we found two reason-
able thresholds. At each site, we visually assess
the vertical distance from the thalweg to the
valley-floor break in slope considering human
height and assign one of three classes: slightly
entrenched (<1.82 m, <6 U.S. ft), moderately
entrenched (1.82-3.64 m, 6-12 U.S. ft), or
highly entrenched (>3.64 m, >12 U.S. ft). The
protocol also collects quantitative entrenchment
values as the height between the thalweg and the
valley floor edge, for sites where that is present
(Section 2.4). Moreover, we distinguish this from
a measure of the relation between a channel and
its valley walls (i.e., confinement), recognizing
entrenchment as a geomorphic adjustment pro-
cess (e.g., Macklin et al. 2013) and confinement
as a valley-form constraint (Fryirs et al., 2016).

Not all protocol features are present at every
transect or site. Thus, some variables will not be
useable for classification, though they can still
be used for the characterization of individual
stream types. For example, if the field crew
consistently identifies bankfull dimensions in
a stream type, then those variables can be used
to help understand the type they are found in.
Overall, this new protocol yields a comprehen-
sive topographic dataset for river characteriza-
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TABLE 2. ESSENTIAL STEPS AND DATA COLLECTED IN THE NOVEL FIELD SURVEY PROTOCOL USED IN THIS STUDY

Protocol step

Descriptions

1. Conduct site assessment

Absolute degree of entrenchment, split channel presence/absence, bed and width undulation presence/absence, artificial channel

presence/absence and artificial bed/bank attributes (Table 3), inset deposit presence/absence, bankfull indicators presence/
absence, channel width and length, establishment of decision tree, and surveying technology decision (i.e., auto level, real-time
kinematic GPS, or total station).

2. Locate transects

Locate evenly spaced transects with abundance dependent on general site assessment. If present, locate pool trough and riffle

crest transects, widest and narrowest transects, and deepest and shallowest transects.

3. Survey transects (Fig. 2)

Minimum data requirement at each cross section is to measure coordinates of thalweg as well as left and right pairs on either side

of thalweg at riverbed toes and the river corridor-to-valley floor edge (VFE) slope break. When present, add left and right pairs
for all other lateral slope breaks up to the VFE, potentially including inset baseflow channel toes and tops, active or bankfull
channel tops, and all terrace toes and tops.

4. Measure riverbed sediment

Pebble count procedure with gravelometer at every equal-interval transect to measure 80 grains total, including visual estimate at

each transect of fraction <2 mm, fraction of bedrock/cement, and fraction of boulders >1 m diameter.

5. Collect photo documentation

A pair of photos at each equal-interval transect with upstream and downstream views. When and where possible, take photos

from higher vantage points. Photos used in quality control review procedure to evaluate decisions made for the qualitative,
expert-based variables (i.e., bank material, bank shape, bed material, and entrenchment levels) in the general site assessment.

tion and classification spanning artificial and
natural settings.

Stream Reach Variables

Whereas most reach classification frame-
works measure the classification variables
directly in the field, in our protocol we collect
many topo-bathymetric measurements in the
field and then subsequently produce variables
useful for classification and characterization,
without a priori decision as to which ones will
be best for what purpose. Although previous
research has identified key variables for natu-
ral streams (e.g., Schmitt et al., 2007), this new
protocol introduces variables that can also char-
acterize artificial streams. We extracted 92 vari-
ables measured from field surveys and added
one reach-scale valley-width variable. These
variables are grouped into five categories: (1)
channel morphometry variables, (2) grain-size
variables, (3) valley-floor variables, (4) engi-
neering variables documenting human modifica-
tions using shape and composition observations,
and (5) split-channel conditions.

Channel morphometry variables, including
the width and depth of each topographic loca-
tion along a cross section (e.g., riverbed toes,
thalweg, and valley floor edge), are determined
by calculating the mean of all survey transect
measurements for each topographic location
at each stream site. The coefficients of varia-
tion of width (CWV) and depth (CDV) of each
topographic location are calculated as the ratio
of standard deviation to mean variable values
across all surveyed transects. The lateral slopes
for all the available topographic locations rela-
tive to the riverbed on either side of the river are
calculated as the mean value of all survey tran-
sects on either side of the river. Additionally, the
longitudinal slopes of thalweg and riverbed toes
are calculated based on their elevations across
all survey transects. Site-scale slopes can be up
rather than down given complex subreach-scale
landforms and in-channel structures, and this dif-

ference from other protocols may enable greater
differentiation of stream types.

Grain-size variables that characterize sedi-
ment composition at each site are generated
based on recorded sediment counts within each
particle-size range defined by a gravelometer
and using the standard Wolman count method
(Wolman, 1954). They include raw counts of
each particle-size range and the percentages
of fine sediment (DPfines, <2 mm), coarse
sediment (DPcoarse, >2 mm and <1000 mm),
boulder (DPboulder, >1000 mm), and bed-
rock/cement (DPbedrock) of each surveyed site
(Bunte, 2001; Lane et al., 2022). Grain-size dis-
tributions of coarse sediments are further sum-
marized by the 16th (D16), 50th (D50), and 84th
(D84) percentiles at each stream site by using
the empirical cumulative distribution. Addition-
ally, we recorded sediment counts within each
particle-size range defined by a gravelometer,
considering that raw counts might be useful as
classifying or characterizing variables directly,
without processing into distribution metrics.

Valley-floor variables consist of qualitative,
absolute degree of entrenchment and reach-scale
valley width (VW). Entrenchment is directly
observed in the field and reviewed in the quality-
control procedure. Valley width of each stream
site is computed from a 10-m resolution digital
elevation model, first using the valley polygon
extraction algorithm of Koehl et al. (2024) and
then inputting that to the valley width calculation
algorithm of Byrne et al. (2020b).

Engineering variables include the composi-
tion and shape of the riverbank (Ba_com and Ba_
shape) and riverbed (Be_com and Be_shape),
with each variable coded as O for natural and 1
for artificial. These are visually determined by
the field crew on-site, photographed, and double
checked in photographs by senior experts later.

If the surveyed site has two or more channels
(i.e., “split”) within the survey length, the depth
of each topographic feature is calculated as the
mean depth of each split channel at a given tran-
sect, while the width of each topographic fea-
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ture is determined as the sum of the widths of all
split channels. A binary split condition variable
(Split) indicates whether a surveyed site contains
channel splits within the surveyed length.

Classification Variable Subset

While all variables can be useful for stream
type characterization, only a subset of 14 were
appropriate for classification (Table 4). First,
variables that were not measured among all sites
were removed. Previous studies have pointed
out that, when variables are available only for
a subset of sites, the resulting analysis may fail
to represent the full variability of the stream net-
work (Pasternack et al., 2018; Buffington and
Montgomery, 2022). Next, since using highly
correlated variables can lead to redundancy and
ignore the contribution of the other key variables
(Dormann et al., 2013), we calculated Pearson
correlations of all variables and used 0.6 as a
threshold to select low-correlation variables
(Figs. 3 and S1).

Classification and Validation

An unsupervised classification was performed
using Ward’s hierarchical clustering (Ward,
1963; Murtagh and Legendre, 2014), with sub-
sequent heuristic refinement. The “hclust” func-
tion from the “cluster” R package, utilizing the
“Ward.D2” method, was applied to perform
Ward’s hierarchical clustering (Maechler et al.,
2024). Following Kasprak et al. (2016), Grow-
er’s distance was adopted as a distance metric
due to its effectiveness for geomorphic datasets.
The silhouette method was used to determine
the initial optimal number of clusters (poten-
tial stream types) by identifying the number of
clusters that maximize the average silhouette
width (Shahapure and Nicholas, 2020). Expert-
based heuristic refinement, which emphasizes
balancing granularity and interpretability, was
then applied to ensure that the final number
of stream types reflects real-world differences
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Figure 2. Topographic surveying locations (e.g., active location, terrace, and outer valley floor edge) for each transect with some examples.
The labels indicate the abbreviation for each location used during the field survey, including the deepest point of the surveyed sites (TH) and
various terrace positions (e.g., LTr1To, RTr1To). More details are provided in the Supplementary Material (see text footnote 1).

while remaining consistent with the statistical
classification.

Although the clustering approach provides
natural groupings of the attributes into distinct
clusters, the interpretation of those identified
clusters as meaningful stream types needs fur-
ther analysis. Accordingly, the classification

result from the clustering approach was evalu-
ated, interpreted, and validated quantitatively
and qualitatively. First, the classification and
regression tree (CART) algorithm was applied as
a tool to check the reasonableness of classifica-
tion results and interpret each stream type based
on multiple variables, which is achieved by using
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the “rpart” package (De’ath and Fabricius, 2000;
Therneau et al., 2025). For example, the artificial
stream type should have at least one engineering
variable equal to 1 (i.e., “engineered”). Second,
cross-validation accuracy is a qualitative mea-
sure of the model to generalize to unseen data
(Wong and Yeh, 2020). The cross-validation
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TABLE 3. THE DEFINITION OF ARTIFICIAL SHAPE AND COMPOSITION FOR RIVERBANKS AND RIVERBEDS

Riverbank Riverbed Note

« If an artificial channel becomes incised over
many years, such that there is a new inset
naturalized channel within it, it is still an
artificial channel.

¢ If >50% of the stream length (or observed
cross sections) is determined to be artificial
in shape and/or composition, then the site is
classified as artificial shape/composition OR
if one whole side of the channel is artificial
in shape and/or composition, then it is
considered artificial shape/composition.

Artificial shape  Human-carved shape,
such as a trapezoid,
rectangle, or triangle.

Human-brought
materials, including
concrete, shotcrete
gabion structures,
riprap, streambank
revetments, wood
piers, fencing, and
SO on.

Human-carved shape, smooth with no longitudinal bed undulations.

Artificial
composition

Human-brought materials, such as shotcrete. If there is an artificial bed,
such as shotcrete and then sediment covers it, then the decision
comes down to thickness and mobility.

« If the deposition is so thick that the underlying artificial material is
now inconsequential and cannot be seen or cannot impact channel
dynamics, then it is a natural composition.

« If there is a thin veneer of sediment over artificial substrate and that
veneer can be expected to wash away during the next high flow, then
it is artificial composition.

TABLE 4. FOURTEEN VARIABLES USED FOR REGIONAL STREAM CLASSIFICATION, INCLUDING STATISTICS FOR EACH AMONG 164 STREAM SITES

Variable Description Min Max Median
Channel Be_width Cross-sectional width of riverbed toes 0.43 93.24 3.74
morphometry Be_depth Vertical distance from the riverbed toes to the thalweg (the deepest part of the channel) 0.02 4.07 0.23
variables Be_CWV Coefficient of variation of cross-sectional riverbed toe width 0.02 0.65 0.24
Be_CDV Coefficient of variation of cross-sectional riverbed toe depth 0.04 2.28 0.58
Slope_thalweg  The longitudinal slope of the thalweg (the deepest part of the channel) along the surveyed site —0.02 0.21 0
Grain-size DPcoarse The percentage of coarse sediment in the surveyed site 0 100 71.25
variables DPboulder The percentage of boulder in the surveyed site 0 46.25 0
S16 The total count of individual sediment particles with dimensions >300 mm and <1000 mm 0 20 0
observed at a surveyed site
Valley-floor Entrenched Entrenchment: high (3; >3.64 m), medium (2; 1.82-3.64 m), and low (1; <1.82 m) 1 3 2
variables VW The valley width of each 200-m interval 78 10,000 4501.7
Engineering Ba_shape The shape of riverbank—artificial (1) and natural (0) 0 1 0
variables Ba_com The composition of riverbank—artificial (1) and natural (0) 0 1 0
Be_com The composition of riverbed—artificial (1) and natural (0) 0 1 0
Split The presence (1) or absence (0) of a split condition (e.g., channel bifurcation or division) within 0 1 0

a surveyed site.

Note: Dimensional variables have units of meters.

accuracy above 75% is generally taken as evi-
dence of reliable model generalization (Lane
et al., 2017; Byrne et al., 2020a). Third, variable
importance scores, computed by tallying how
frequently each variable is used to split nodes
and weighting these counts by the corresponding
improvements in classification accuracy, ranked
the contributors. Moreover, the pairwise permu-
tational multivariate analysis of variance (pair-
wise PERMANOVA) is also applied within the
artificial and natural stream-type groups to test
whether each stream type within its own differs
significantly from the rest. It is a nonparamet-
ric, multivariate analysis of variance that evalu-
ates differences between stream types based on
a chosen distance metric (e.g., Euclidean) and
derives p-values by randomly permuting stream
types (Sutfin et al., 2014; Pyne et al., 2017). In
our study, we adopted a 95% confidence level
(p = 0.05) to determine whether each stream
type within the artificial and natural stream-type
groups differs significantly (Byrne et al., 2020b).

RESULTS
Stream Types

We obtained 12 stream types in the San Fran-
cisco Bay Area through hierarchical cluster anal-

ysis (Fig. 4; Table S1). The spatial distribution
of 12 stream types for the 164 surveyed sites is

shown in Figure S2. Based on the median value of
each variable (Table S2), we synthesized concise
textual descriptions, complemented by represen-
tative field photographs (Fig. 5). In addition, we
provided concise, plain-language decision rules
that distinguish between the 12 types (Fig. S4).
We also produced a set of “ID cards” describing
and illustrating each stream type as a supplemen-
tary material (i.e., S_IDCard.pdf) to help profes-
sionals and the public gain familiarity.

The resulting CART tree structure indicated
that the variables displayed at each node rep-
resented the best local split for that subset of
data (Fig. 4B). The primary variable, riverbank
shape, split the stream types into six natural
stream types (N1-N6) and six artificial stream
types (A1-A6). Among artificial stream types,
the composition of riverbank and riverbed, the
percentage of coarse sediments, the count of
particles that are >300 mm and <1000 mm, and
entrenchment level were important variables for
distinguishing artificial stream types. For natural
stream types, entrenchment level, valley width,
the percentage of coarse sediments and boulder,
and the longitudinal slope of the thalweg reflect
the differences among natural stream types.
Moreover, 10-fold cross-validation achieved an
overall accuracy of 82.9%, corroborating the
robustness of the classification. Variable impor-
tance scores showed that valley width, entrench-
ment, and percentage of coarse sediments were
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the top three contributors (Fig. 4C). Channel
morphometry variables, i.e., the coefficient of
variation of cross-sectional riverbed toe width,
and the longitudinal slope of the thalweg were
closely followed in importance.

Regardless of whether considered locally
(CART) or globally (variable importance), all of
the variables used in the classification process
contributed meaningfully to the final model out-
comes. For example, although riverbank shape
did not rank among the highest in the variable
importance metrics, its role as the primary split-
ting variable at the root node is key to organiz-
ing and partitioning the data. It divides the sur-
veyed sites into two primary groups, natural and
artificial stream types, and sets the stage for all
subsequent decisions in the model. Box plots
illustrating the distribution of each variable used
for classification in reach-scale artificial stream
types and natural stream types are shown in
Figure S3.

Differences Among Artificial Stream Types

The pairwise PERMANOVA results dem-
onstrated that artificial stream types showed
statistically significant differences among their
respective subgroups at the p < 0.05 threshold,
indicating clear geomorphic or compositional
distinctions within each stream type. The pair-
wise p-values for all stream-type comparisons
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Figure 3. Pearson correlation metrics of the final 14 variables selected for classification, with
all Pearson correlation values below 0.6. In the upper-right portion of the plot, correlations
are represented visually. Narrow and darker colors represented more highly correlated.
Positive correlations are blue, while negative correlations are red.

were <0.02, except for the comparisons involv-
ing Al versus A2with p-values of 0.03, which
are highly statistically significant. For A1 versus
A2, the riverbed and riverbank compositions
were the primary variables to divide them into
different groups (Fig. 4A). The relatively higher
p-value (0.03) for comparisons involving Al
versus A2 might reflect the intrinsic similarity in
these physical characteristics among the groups.

Engineering variables, grain-size variables,
valley-floor variables, and channel morphom-
etry variables exhibited significant differences
among artificial stream types at the p < 0.05
threshold generated by the analysis of variance
(Fig. 6). The composition of the riverbed and riv-
erbank served as the primary distinguishing fac-
tor (Fig. 6A). Most artificial streams displayed
middle (entrenched = 2) to high (entrenched =
3) levels of entrenchment and with large valley
width values. Coarse sediment metrics were the
primary grain-size variables in distinguishing
artificial stream types. Channel morphometry
variables showed less significant differences than
other variables’ groups. For example, A5 and A4
had similar distributions in the coefficients of

variation of riverbed toe depth (Fig. 6B). How-
ever, no individual artificial stream type showed
distinct distributions across all variables, and a
combination of different variable groups was
necessary to effectively differentiate them. For
example, A3 and A6 had the same compositions
of the riverbed and riverbank, but they showed
different distributions in coarse sediments and
entrenchment levels.

Differences Among Natural Stream Types

All natural stream types showed the same
statistically significant differences among their
respective subgroups at the p < 0.05 threshold
based on pairwise PERMANOVA results. This
uniform significance across all pairwise compar-
isons indicated that natural stream types showed
clear and robust differences in their geomorphic
characteristics.

We identified valley-floor variables, channel
morphometry variables, and grain-size vari-
ables as representative influential variables that
differentiate the stream types (Fig. 7). Among
them, entrenchment level was the primary dis-
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tinguishing factor, followed by valley width
(Fig. 7A). The distributions of entrenchment
and valley width were broadly dispersed, which
likely reflected the heterogeneous land-use pat-
terns across the watershed. The longitudinal
slope of the thalweg was the primary channel
morphometry variable in distinguishing natural
stream types, such as N1 might represent the
steep streams in remote areas. The coarse and
boulder sediment fractions were the primary
grains in distinguishing natural streams. More-
over, the distribution of valley width revealed
a clear separation within natural stream types;
that is, one group comprising N1, N3, and N4,
and another consisting of N2, N5, and N6. In
particular, channel morphometry variables and
grain-size variables displayed different distribu-
tions between these two groups, which appear
related to landscape position (with N1, N3, and
N4 being in steeper, smaller catchment posi-
tions) and the degree of human impacts associ-
ated with that positioning. For example, streams
with lower valley widths, low depth to bedrock,
and coarse sediment should be less impacted
by human activities. As a result, they showed
more uniform characteristics, such as N3 and
N4, which had similar distributions in channel
morphometry variables (e.g., riverbed toe width)
and grain-size variables (e.g., coarse sediments).

Stream Type Characterizations

Based on our expert understanding of the
stream types thus far, we have conceptualized
illustrative morphodynamic processes for each
stream type at event-to-interdecadal time scales
(Table 5), which helps to understand the thresh-
old differentiation between types rather than
considering the types as along a continuous gra-
dient of subtle differences. Some stream types
were observed to be dominated by erosional
morphodynamics (e.g., A3, N4, N6), while oth-
ers depositional morphodynamics (e.g., A4, AS,
N2). Meandering appears diagnostic of A2 and
NS, while knickpoint migration appears diag-
nostic of N1. While several stream types likely
experience flow convergence routing (e.g., A2,
N1, N3, N4, and N5), comparable results from
Nogueira et al. (2024) showed marked differ-
ences in how this processes manifests among
five natural, ephemeral southern California
stream types.

If in fact the conjectured process regimes are
different among stream types, then there should
be significant differences in their observable
conditions, and that is what this study found. All
computed variables were used for the interpreta-
tion of each stream type. Box plots and statis-
tical analyses showed that numerical values of
key variables differed by stream type (Figs. 6
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SRLE S o

Figure 4. (A) Hierarchical clustering by Ward’s algorithm analyses. (B) A classification tree constructed using the CART (classification and
regression tree) algorithm, where each node indicates the splitting variable and threshold; leaf nodes are labeled with final group identi-
fiers. (C) Variable importance ranking from the same model, showing that higher values indicate greater contribution to the classification.
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and 7). Beyond that, many other variables also
show significant differences (Table S2), even if
there is insufficient space herein to address all
of them in detail. As one example, a non-typical
variable quantified in this study was lateral bank
slope measured from the edge of a landform to
the riverbed toe. For streams that had observable
active or bankfull channel height indicators, the
lateral slopes of the active or bankfull stream-
banks were computed in radians for both sides
of the channel. Even artificial streams can have
active channel dimensions, making comparison
possible. Aggregating among artificial types
yielded a mean bank slope of 0.445 and for
natural types 0.784. This result makes sense on
a process basis, because artificial streambanks
are constructed to modest slopes for stability.
In contrast, natural streams have steeper lateral
slopes because of confinement and/or incision,
depending on the setting.

Besides quantitatively distinguishing stream
types, each stream type can be identified in
observable terms, such as bank shape, sedi-
ment, and entrenched levels from the qualita-
tive perspective (Fig. S4). For artificial streams,
the decision rule first distinguished bank form,
then bank composition and riverbed material,
followed by entrenchment and planform or bed
configuration (Fig. S4A). For example, AS is
present when banks are artificial, but the bed is
natural with fine sediment. A2 is present when
banks are artificial and the bed is natural with
coarse sediment. For natural streams, the deci-
sion rule first evaluates whether the valley is

20 30 40 50
Importance

highly confined with a steep channel containing
boulders and bed undulations (Fig. S4B). For
example, unconfined low-slope channels with
fine sediment map to N2, while confined ones
with coarse sediment map to N3. A decision tree
that trained users can implement quickly using
only visual observation is an important product
of this study, and in the San Francisco Bay Area,
it has subsequently identified stream types for
315 sites thus far.

DISCUSSION

Site Selection, Field Observation, and
Remote Sensing

Historically, site selection was not a major
methodological feature of river classification,
but with the increasing use of bottom-up classifi-
cation (Table 1), robust site selection is essential.
In this study, we employed the novel site selec-
tion framework developed by Wang et al. (2025)
that enabled us to observe 164 sites out of indi-
vidual 200 m stream intervals in the study area.
This sampling strategy was highly effective at
capturing diverse stream conditions (both known
and unknown), such that all classes show a major
break sufficient to define an additional level of
subtypes, if desired, although with less statisti-
cal robustness. Our robust classification with 12
different stream types spanning natural and arti-
ficial settings further confirmed that the integra-
tion of machine learning with human expertise in
empirical, sampling-based environmental stud-
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ies has the potential to greatly improve our abil-
ity to infer complex patterns and relationships
with limited resources.

As a heuristic evaluation of the sampling
strategy, the senior geomorphologist conducted
an extensive review of Google Earth imagery to
identify any potential stream types that may have
been overlooked during sampling. Not counting
deep, wide, tidal rivers that were intentionally
excluded, the only potential uncharacterized
stream type in the region was the mainstem Rus-
sian River (Sonoma and Mendocino counties,
California), which is a large, wide, dynamic river
that was not sampled because of logistical chal-
lenges. However, two sites on Arroyo Mocho
(Santa Clara County, California), the next largest
river of similar geomorphology, were sampled,
and the Russian River could be classified into the
resulting framework despite not being directly
observed. Using the qualitative decision tree
(Fig. S4), it classifies as N5, which is reasonable.

A field survey is crucial in observing artificial
modifications for a comprehensive understand-
ing of river processes and controls (Gurnell and
Hill, 2022). Previous studies have pointed out
that GIS and remote sensing datasets often fail
to capture the detailed engineering attributes
that define many modern streams (Gurnell et al.,
2016; Pyne et al., 2017; Williams et al., 2022). In
particular, artificial modifications may be subtle
or partially obscured in urban or agricultural
landscapes. For example, a trapezoidal stream
with partially naturalized banks might appear
“semi-natural” in aerial imagery but is, in fact,
constrained by hidden concrete slabs or embed-
ded riprap.

Artificial and Natural Streams
Classification

The proposed joint classification framework,
which integrates both engineering-driven and
geomorphic variables, has demonstrated a robust
capacity to capture the diversity of natural and
artificial streams with a single field observation
protocol, while revealing their underlying geo-
morphic complexity (Figs. 4 and 5). This dual
emphasis on engineered attributes (e.g., river-
bank and riverbed compositions) and geomor-
phic metrics (e.g., slope, riverbed toe depth, sedi-
ment size) allows for a comprehensive portrayal
of mixed land-use stream networks that recent
frameworks often overlook (Lane et al., 2017,
Pyne et al., 2017; McManamay et al., 2018;
Buffington and Montgomery, 2022).

Engineering attributes (e.g., riverbank materi-
als) set the broad types (artificial versus natural),
whereas geomorphic variables like slopes or sed-
iment size often refine these types into distinct
subtypes (Fig. 4). Notably, bankfull dimensions
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Stream Type Description Representative Photo
“Armored channel”. An artificial channel with concrete

Al
bed and banks.
“Bank-hardened river”. A steeper-sloped artificial

A2 channel with riprap and/or cement banks as well as a

riverbed of natural composition, including coarse
sediment, fallen riprap, and some natural boulders.

“Naturalizing canal”. A wider, deeply entrenched
artificial channel dug so that the banks are ambient
soil/sediment, and the bed has strong bed-elevation

A3 undulations with bed landforms composed of
predominantly coarse sediment - both features indicative
of coarse bedload transport and morpho dynamics during
floods.

Figure 5. Overview of identified
stream types, highlighting key
morphological characteristics
and representative field photo-
graphs. Names in quote marks
attempt to capture essential
features, but some sites in a
type may not match the name
well, given the lack of English
words to capture stream-type
conditions spanning valley and
channel features.

“Large canal”. A wider, deeper, deeply entrenched
A4 artificial channel dug so that the bed and banks are
ambient fine soil/sediment.

“Bank-hardened canal”. A gently to very gently sloped
artificial channel with riprap and/or cement banks as well
as a natural riverbed composed of fine sediment,
typically close to base level.

A5

“Ditch”. A gently sloped artificial channel with low to
moderate entrenchment that is dug so that the bed and

A6 banks are ambient fine soil/sediment. These include
water supply and drainage channels typically in
agricultural and suburban settings.

were not needed to obtain well-differentiated
natural stream types. This hierarchical classi-
fication illustrates the necessity of integrating
both engineering and geomorphic attributes in
a geomorphic classification framework. That is,
the engineering attributes dominate the initial

classification boundary due to its strong contrast
between human-modified and natural conditions,
while geomorphic variables are required to cap-
ture the inherent variability within these broader
groups. For example, in the CART output, engi-
neering attributes appear in the upper branches,
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driving the initial splits, whereas geomorphic
variables tend to occupy lower branches, further
obtaining detailed stream types (Fig. 4B). At the
same time, variable importance metrics reveal
that although engineering attributes are essen-
tial for identifying the overarching classification,
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“Headwater steep stream”. A very steep gravel to boulder
natural channel in a highly confined valley with little
entrenchment and strong undulations of bed elevation
and width.

N1

“Lowland/meadow small stream”, A low to modest
slope, fine-bedded natural channel flowing across an
unconfined valley floor with strong channel-floodplain
N2 connectivity (if a floodplain is present), fine sediment,
and strong undulations of bed elevation and width. May
have poorly-defined banks and emergent wetland
vegetation. May be flanked by gently rolling hills.

“Mountain stream”. A moderate sloped, gravel-bed
N3 natural channel in a confined valley with strong
undulations of bed elevation and width.

Figure 5. (Continued)

“Entrenched riffle-pool stream.” A moderate sloped,
deeply entrenched, gravel bed natural channel with

N4 undulations of bed elevation and width. Typically in a
partially confined valleys but also in unconfined ones.
May be entrenched to bedrock or have exposed bedrock.

“Valley floor riffle-pool stream”. An all-around average
gravel-bed natural channel with moderate entrenchment,

N5 and some bed-elevation undulation. Can occur in any
confinement but mostly in partially confined and
unconfined valleys.

“Large, entrenched lowland stream”. A low-slope, wide,
deep, deeply entrenched channel with strong bed
elevation undulations and flowing through a large
unconfined valley floor. Although this type has a gravel
bed, it also has a higher percentage (~27%) of fine
sediment associated with its lower slope and larger size
compared to N4. This type is the ultimate endmember of
urban stream syndrome.

N6

geomorphic variables contribute significantly
to the overall model performance by capturing
critical variations across all splits (Fig. 4C).
The classification constraints of artificial and
natural streams differ. For artificial streams, the
constraints might be predominantly influenced
by human intervention Although they still show

significant differences (i.e., p-value < 0.05),
the relatively higher p-value implies that while
geomorphic characteristics are similar among
these groups, minor discrepancies in engineering
modifications can sufficiently differentiate one
artificial stream type from another (Fig. 6). In
contrast, the classification of natural streams is
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predominantly governed by inherent geomorphic
processes (Fig. 7A). However, our joint clas-
sification framework also revealed that human
intervention can modify these processes, leading
to distinctly different geomorphic characteristics
(Figs. 5 and 7B). The contrasting patterns within
artificial and natural streams demonstrate the
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Figure 6. The top 10 geomor-
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valley floor width (Vfe_width); the percentage of boulder (DPboulder); the coefficients of
variation of riverbed toe width (Be_CWYV); and depth (Be_CDYV). The distribution of all
used variables can be found in Figure S3 (see text footnote 1).

importance of integrating both engineering and
geomorphic variables into a joint classification
framework.

The Potential of the Integrated Geomorphic
Reach Classification Framework

As environments change quickly under
human influence, effective river management
requires a comprehensive and flexible geo-
morphic reach-classification framework and
its translation into adaptive management policy
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(Palmer et al., 2014). Hobbs et al. (2009) dem-
onstrated that hybrid systems retain elements
of their historical/original character but now
exhibit compositions or functions outside the
bounds of past variability, rendering traditional
management policies ineffective. In recent
years, many streams have departed so far from
original conditions that conventional restoration
strategies are unrealistic, especially in a mixed
land-use watershed (Suding et al., 2015). In the
new classification presented herein, some natu-
ral classes were found to represent degraded
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conditions resulting from a variety of anthro-
pogenic impacts (e.g., adjacent land encroach-
ment, changes to water and sediment regimes,
and addition of localized artificial structures),
but they were still natural streams. Similarly,
some artificial streams were found to represent
enhanced eco-geomorphic conditions arising
from unchecked morphodynamics (e.g., fine
sediment deposition forming inset riverine
wetlands and proto meandering within coarse-
bedded canals). This identification allows
researchers and environmental managers to
notice possible new ecological functions and
informs the design of tailored restoration and
ecosystem-service policies, which is in line with
Eroés et al. (2023).

Management strategies should be tailored to
each stream type in order to optimize ecosys-
tem-service delivery, support biodiversity con-
servation, guide emergency engineering-permit
decisions, and meet other objectives (Higgs,
2003; Hobbs et al., 2009). For example, plan-
ners need to balance water-quality improve-
ments with restoring habitat connectivity (Erds
et al., 2023). In highly engineered urban chan-
nels, the initial priority may be flood control,
but efforts in helping reintroduce natural pro-
cesses and boost ecological function should be
considered (Trice, 2013). While agricultural

20

15

10

516

10000 | L

7500

5000 | |

2500

I_|_I

I
| | |

A3 A4
Stream Type

A1 A2 A5 A6

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B38776.1/7780816/b38776.pdf by Univ of California Davis Serials Dept user on 03 March 2026



Bridging natural and artificial streams for mixed watersheds

Top 10 Variable Significance

Figure 7. The top 10 geomorphic
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toe width (Be_CWYV); and riverbed toe width (Be_width). The distribution of all used vari-
ables can be found in Figure S3 (see text footnote 1).

canals and ditches are usually maintained for
their shape and low sinuosity, they have the sig-
nificant potential for habitat enhancement that is
often neglected (Vought and Lacoursiére, 2010;
Lenhart et al., 2018).

Our classification framework provides a com-
prehensive list of stream types with their gen-
eral attributes and the expected eco-geomorphic
processes that are likely important to each. This
framework is a strong foundation for spatial
planning, restoration prioritization, and envi-
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ronmental policy, and can be tuned to different
landscape conditions. That said, no classifica-
tion should be taken as dogma controlling final
design and implementation of local site projects
at a process-based scale. As part of taking a
site project from the planning phase to the final
design phase, general classification attributes
and expected eco-geomorphic processes should
be further investigated and refined through the
use of a design hypothesis testing framework
(e.g., Wheaton et al., 2004).

To substantiate the utility of the classification
for regional environmental planning and stew-
ardship, consider three examples. First, the N4
stream type (i.e., entrenched riffle-pool stream)
and its regional pattern of occurrence is imme-
diately recognizable as indicative of a serious
societal problem evident and addressable at the
planning scale. Deeply entrenched rivers are
well-accepted as an extremely difficult problem
to solve, especially where structures are built
right up to the banks (Darby and Simon, 1999).
After identifying this stream type, in 2025 we
performed a rapid reconnaissance of 81 N4
sites in the region to gain insights into the scope
and severity of the problem. We encountered
residential neighborhoods interwoven with N4
streams, with many valuable homes and proper-
ties at risk. For example, when we drove up to an
accessible stream site that turned out to be an N4
stream, we found that its bank was merely ~1 m
away from the fence line for a residential home
and property with a Zillow® estimated value of
US$2.75 million. The stream was narrow (~5 m
wide) and unusually entrenched (~10 m below
the valley floor), with a bank section visibly
eroding right up to the fence. The homeowner
was there and spoke at length about extensive
efforts by the opposite hillside landowner at
addressing runoff and erosion problems to little
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TABLE 5. CONJECTURED, ILLUSTRATIVE MORPHODYNAMIC PROCESSES FOR
EACH STREAM TYPE AT EVENT-TO-INTERDECADAL TIME SCALES

Stream type

Morphodynamic processes

A1 None

A2 Meandering, flow convergence routing, bed armoring dynamics

A3 Proto-meandering, incision, widening, bed armoring dynamics

A4 Bed aggradation, peat formation

A5 Bed aggradation or incision, depending on sediment supply regime

A6 Bed aggradation or incision, bank erosion

N1 Knickpoint migration, local scour, step-pool formation/rearrangement, flow convergence routing
N2 Peat formation

N3 Flow convergence routing, step-pool formation/rearrangement, processing of steep-hillslope

mass-wasting deposits, bed armoring dynamics, local scour and pool formation, large-

wood interactions

N4 Incision, widening, knickpoint migration, formation of inset landforms, flow convergence routing
N5 Flow convergence routing, meandering, avulsion, channel-floodplain dynamics
N6 Incision, widening, clogging of coarse bed with fines

avail. With this new classification, there is the
potential to obtain a regional map of N4 stream
types and then evaluate the seriousness of the
societal problem in terms of indicators, such as
the relative number of emergency permit filings
to address N4 streambank failures.

Second, the N2 stream type (i.e., lowland/
meadow small stream) is relatively remark-
able, because it includes intact low-energy
riverine wetlands, according to the hydrogeo-
morphic wetlands classification system (Smith
et al.,, 1995), integrated into long segments
of poorly defined channels. Where N2 chan-
nels are well-defined, the presence of cohesive
mud yields steeper lateral slopes than for other
natural stream types. Throughout the western
United States, extensive efforts are being made
at “meadow restoration” with low-tech process-
based restoration methods, whereas we found
an abundance of such systems in relatively
good condition spread throughout the region.
As a result, a sensible planning-level manage-
ment strategy could be implemented to prioritize
preservation of these N2 river segments against
urban expansion, which is a serious risk they
face under pressure from dire housing shortages.

Finally, the A3 stream type (i.e., natural-
izing canal) could be prioritized as a win-win
among agriculture and environmental commu-
nity groups if steps were taken to promote habi-
tat enhancements for Pacific salmonids while
retaining functioning as agricultural drainage.
For example, our crew observed two large dead
salmon while performing a subsequent high-
resolution topo-bathymetric survey of a natu-
ralizing ditch running through a dense urban
neighborhood in Contra Costa County. Perhaps
A3 streams could be further encouraged in their
proto meandering through mindful placement of
large wood or gravel benches.

Providing explicit context for each stream
type supports flexible use globally. We provide
decision rules that state observable conditions
distinguishing among artificial and natural
types in Figure S4 and a set of concise identi-
fication cards that describe and illustrate each

type with representative images and defining
attributes in the Supplemental Material. These
materials allow users to screen new reaches
with field-readable terms such as bank form and
material, degree of entrenchment, and bed con-
figuration, and they clarify how combinations
of attributes map to type labels. These types
can be applied as an initial hypothesis in other
watersheds, followed by a lightweight calibra-
tion step. For example, the Wang et al. (2025)
article on machine learning—guided field site
selection demonstrates how calculating uncer-
tainty among existing stream types can improve
the understanding of geomorphic characteristics
of streams.

CONCLUSION

In summary, our joint classification frame-
work effectively distinguishes the diversity of
stream conditions in mixed land-use watersheds
by integrating engineering variables (e.g., river-
bank and riverbed composition) with geomor-
phic characteristics (e.g., slope and sediment
size). This approach not only reveals significant
differences between artificial and natural stream
types but also uncovers the subtle internal vari-
ability within each category. Statistical analyses,
including pairwise PERMANOVA and CART,
have confirmed that these integrated variables
robustly differentiate the stream types, while
field photographs provide qualitative validation
by visually confirming expected morphologi-
cal features. Importantly, we move away from
reliance on bankfull-dependent metrics, allow-
ing the framework to accommodate reaches
where bankfull is ambiguous or non-diagnostic,
especially for fluvial geomorphology in human-
altered landscapes.

Our study addresses a critical gap in the basic
science of fluvial geomorphic classification, par-
ticularly in mixed land-use landscapes that are
subject to extensive human intervention. By cap-
turing both engineered modifications and natural
geomorphic dynamics, our approach provides a
more complete understanding of stream network
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variability. In the nine-county San Francisco Bay
Area, this framework distinguishes stream types
from fully artificial concrete channels to entirely
natural reaches, enabling restoration practi-
tioners and conservation agencies to prioritize
projects and allocate resources based on geo-
morphic and engineered characteristics of each
stream type. Similarly, we surmise that in highly
populated regions throughout the world where
watersheds span urban, suburban, agricultural,
and natural zones (e.g., Melbourne, Australia;
Valencia, Spain; Chengdu, China), this frame-
work can be applied to identify each reach’s
unique geomorphic and engineering attributes.
Consequently, this framework represents a
robust tool for river management, restoration
planning, and conservation strategies, ensuring
that interventions are specifically tailored to the
unique geomorphic and engineering realities of
each stream type.
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