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Given the limited resources available for managing erosion hazards and addressing water quality impairment
along rivers, stakeholders engaged in water resource management would benefit from tools to identify those
river reaches most prone to adjustment and which disproportionately load sediment to receiving waters. The ex-
tent and rate of vertical and lateral channel adjustments in response to natural and human disturbances vary con-
siderably across space and time; and this complexity and nonlinearity introduce challenges for classification or
modeling of river reaches using conventional statistical techniques. The Self-Organizing Map (SOM) is a data-
driven computational tool with advantages for clustering or classifying multivariate observations and for explor-
atory data analysis and visualization of complex, nonlinear systems. We applied a SOM to cluster multivariate
stream geomorphic assessment data into reach-scale sediment process domains for 193 river reaches in
glacially-conditioned catchments of northeastern US using field- and GIS-derived hydraulic and geomorphic pa-
rameters. The reaches comprised a range of channel types from confined to unconfined, steep- to shallow-
gradient, mid-to-high order, and bedrock to alluvial channels. Fifteen variables were identified that meaningfully
separated reaches into seven sediment regimes, following a two-stage application of the SOM. A coarse-tune
SOM identified sediment regime classes at the supply-limited and transport-limited extremes of a continuum, in-
cluding bedrock channels and confined, steep-gradient reaches as well as braided, depositional channels at allu-
vial fan or delta settings. A second-stage, fine-tune SOM nuanced differences in sediment production and
transport for unconfined reaches with varying degrees of floodplain disconnection resulting from natural or
human stressors. This classification framework is transferable to other hydroclimatic regions, with consideration
of additional or alternate independent variables unique to those regions, and can provide valuable insights for
river management to promote flood resiliency, restore water quality and improve instream and riparian habitats.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

River reaches undergoing excessive rates of adjustment pose haz-
ards to infrastructure and public safety, and contribute to degraded
water quality and compromised instream and riparian habitats. In
glacially-conditioned mountainous areas, rivers have differing vulnera-
bilities to adjustment given their topographic setting, variable coupling
of hillslope and channel processes, and reworking of glaciogenic sedi-
ments (Church and Ryder, 1972; Ballantyne, 2002). The geologic and
glacial history have imparted longitudinal and lateral variations in val-
ley setting and network position, as well as discontinuities in channel
form and process (Rice and Church, 1998; Toone et al., 2014; Phillips
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and Desloges, 2014a) that influence the dynamics of sediment erosion,
transport and deposition (Nanson and Croke, 1992; Fryirs et al., 2007).
Human disturbances over the last 250 years have also altered patterns
of water and sediment routing through the landscape (Leopold, 1994;
Noe and Hupp, 2005; Walter and Merritts, 2008). As a consequence, riv-
ers have become laterally and vertically disconnected from their flood-
plains, leading to reduced floodplain storage and increased streambank
and channel erosion (Brierley and Fryirs, 2005; Kline and Cahoon,
2010).

Water resource managers need tools to identify river reaches most
prone to adjustment and which disproportionately load sediment to re-
ceiving waters. However, significant challenges exist for classification
and prediction, given the complexity of sediment dynamics. Patterns
of sediment flux and channel adjustment exhibit high variability across
spatial and temporal scales (Walling, 1983; Fryirs, 2013), as a function
of both watershed-level and reach-level processes that alter flow and
sediment inputs, as well as stream power and boundary resistance.
Many factors, including the geologic setting, climate, hydrology,


http://crossmark.crossref.org/dialog/?doi=10.1016/j.geomorph.2021.107684&domain=pdf
https://doi.org/10.1016/j.geomorph.2021.107684
mailto:Kristen.Underwood@uvm.edu
mailto:Donna.Rizzo@uvm.edu
mailto:Mandar.Dewoolkar@uvm.edu
https://doi.org/10.1016/j.geomorph.2021.107684
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/geomorph

K.L Underwood, D.M. Rizzo, M.M. Dewoolkar et al.

vegetation, and land use, combine in nonlinear ways to adjust reach-
scale channel dimensions, profile and planform over time (Benda and
Dunne, 1997; Fryirs, 2013). The present channel form is the manifesta-
tion of various channel-floodplain processes occurring in response to a
suite of natural and human disturbances over a range of flows (Pickup
and Rieger, 1979; Wohl, 2018). Rivers are integrating these myriad of
stressors overlapping in time and space, and may adjust to an external
stressor(s) in complex ways based on: the magnitude, intensity and du-
ration of the stressor; lag effects; intrinsic and extrinsic thresholds; self-
reinforcing or self-limiting feedbacks; and the presence of antecedent
conditions or contingencies (Bull, 1979; Chappell, 1983; Phillips, 2003;
Toone et al., 2014). Despite these complexities and the uncertain causal
factors, the present channel-floodplain form warrants classification to
communicate the associated consequences for flood erosion hazard,
water quality and ecological integrity. Classification is also useful for
highlighting reach sensitivity to future disturbances or to hydrologic re-
gime change that may be associated with projected increases in magni-
tude, frequency, and duration of extreme events (Collins, 2009; Guilbert
et al, 2014, 2015).

Various field assessment techniques help to classify river reaches in
terms of their stability or sensitivity to adjustment, following the as-
sumption that dominant adjustment process and degree of stability
may be inferred from observed channel form (Pfankuch, 1975;
Nanson and Croke, 1992; Rosgen, 1996; Montgomery and Buffington,
1997; Raven et al., 1998; Brierley and Fryirs, 2005; Rinaldi et al.,
2013). Insights gained from these assessments have led to the theory
that river networks comprise a longitudinal array of hydrogeomorphic
units of relatively uniform composition, structure, and function, or “pro-
cess domains” that differentially impact sediment connectivity
(Montgomery, 1999; Brardinoni and Hassan, 2007; Weekes et al.,
2012; Lisenby and Fryirs, 2016).

Parametric statistical methods have been employed to examine cor-
relations between dominant adjustment process and various geomor-
phic metrics, such as total or specific stream power (Bizzi and Lerner,
2013; Parker et al., 2014; Gartner et al., 2015; Lea and Legleiter, 2016;
Yochum et al., 2017); valley confinement (Thompson and Croke,
2013; Surian et al., 2016; Righini et al., 2017; Weber and Pasternack,
2017); and channel geometry (Buraas et al,, 2014). Geographic Informa-
tion Systems (GIS) and high-resolution digital elevation models have
enabled remotely-sensed metrics to augment field-based assessment.
Large, multi-parameter data sets help to examine interactions among
a suite of factors governing channel-floodplain form and process. Multi-
variate statistical techniques (e.g., principal components analysis, k-
means, discriminant analysis, logistic regression, and regression trees)
help with data reduction and unraveling the association of channel
and floodplain form with process (Flores et al., 2006; Brardinoni and
Hassan, 2007; Phillips and Desloges, 2014b; Livers and Wohl, 2015).
However, these methods are predicated on linear relationships between
variables, which often do not describe geomorphic data well. Moreover,
their application assumes the data are normally distributed, while geo-
morphic variables often do not reliably conform to a Gaussian
distribution.

Because sediment erosion, transport and deposition processes are a
manifestation of multiple factors and nonlinear interactions, Phillips
(2003) advocated for the application of nonparametric, computational
tools to model nonlinear, complex dynamics. Artificial neural networks
are well-suited for nonlinear processes, and handle nonparametric data
of varying types (e.g., continuous, ordinal, nominal) and scales. The Self-
Organizing Map (SOM) is one such neural network for clustering or
classification of multivariate observations (Kohonen, 2013). SOMs
have demonstrated superior performance over parametric methods
where data contain outliers or exhibit high variance (Mangiameli
et al,, 1996), and have particular advantages over other methods for
data visualization and interpretation (Alvarez-Guerra et al., 2008).
SOMs have been used to classify or cluster multivariate environmental
data, including instream species richness (Park et al., 2003), fish
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community distribution patterns (Stojkovica et al., 2013), lake chemis-
try data associated with harmful algal blooms (Pearce et al., 2011,
2013), and riverine habitats (Fytilis and Rizzo, 2013). Previous research
(Besaw et al., 2009) applied a SOM to reach-based geomorphic assess-
ment data to classify reach-level sensitivity, or the likelihood for chan-
nel adjustment (vertical or lateral adjustment) in response to natural
or human disturbance(s). However, the authors are not aware of the
SOM being applied to classify sediment regime of river reaches.

In this work, we use SOMs to characterize and predict the spatial
variation in fluvial sediment regimes. Consistent with Wohl et al.
(2015), we define a sediment regime as a pattern of “inputs and outputs
of mobile sediment from a length of channel and storage of sediment
within the channel and floodplain over a specified time interval”. The
research objectives are to: (1) apply the SOM to cluster commonly-
assessed stream geomorphic parameters and define a continuum of
sediment regimes, using catchments from the glacially-conditioned
northeastern United States as a test case; (2) assess this data-driven
clustering tool's ability to emulate the decision-making of stream geo-
morphic experts following an existing reach-scale classification of sedi-
ment regimes (Kline, 2010) with a goal to refine the classification and
enable future automation; and (3) illustrate the utility of the SOM for
data visualization and interpretation.

2. Study area

Our study comprises 193 river reaches located in six relatively unde-
veloped (<5.3%) catchments dispersed across the state of Vermont in
the northeastern United States (Fig. 1; Supplementary Table S1), and
chosen to represent a mix of biogeophysical regions (Stewart and
MacClintock, 1969). Study reaches range from 95 to 4724 m in length
with upstream drainage areas between 0.93 and 302 km? (Table S2).
This previously-glaciated landscape consists of a mix of deposits ranging
from glacial tills, glaciofluvial, and glaciolacustrine sediments and allu-
vial fans, deltas, and post-glacial stream terraces (Stewart and
MacClintock, 1969). The bedrock underlying these soil parent materials
generally consists of erosion-resistant crystalline and metamorphosed
rocks of the highlands (e.g., gneiss, phyllites, schist, schistose
greywacke, slate, granite) and less-erosion-resistant limestones and
dolostones in the valleys (Ratcliffe et al., 2011). Generally, bedrock
channels in the headwaters grade to mixed bedrock-alluvial and alluvial
channels in the lowlands. Where the river impinges upon hillslopes of
glacial till or high terraces of glacial origin (e.g., kame, delta, or lacus-
trine deposits), landsliding can contribute sediment and large woody
debris to the channel (Dethier et al., 2016).

Historically, European settlement and the associated deforestation
(Foster and Aber, 2004) generated high sediment yields from denuded
hillslopes, leading to renewed aggradation in many alluvial reaches
(Brakenridge et al., 1988; Bierman et al., 1997). Subsequent reforesta-
tion has reduced sediment yields, contributing to channel incision and
widening (Bierman, 2010; Schumm and Rea, 1995). Channelization,
berming, armoring, and diversion of rivers during development, have
locally disconnected river channels from the adjacent floodplains (Poff
et al., 1997; Kline and Cahoon, 2010). Dams were historically operated
at bedrock knick-points in the headwaters to power local mills
(Thompson and Sorenson, 2000); however, these small impoundments
were typically breached during flood events of the 19th and 20th cen-
tury. At present, four dams remain on the studied reaches, but have lim-
ited impoundments and operate in run-of-river mode. Thus,
longitudinal hydrologic connectivity is maintained, but these grade con-
trols may represent a sediment transport discontinuity to varying
degrees.

A humid temperate climate characterizes the region, with mean an-
nual precipitation ranging from over 1270 mm along the north-south
trending spine of the Green Mountains to a low of 813 mm in the Cham-
plain Valley (Randall, 1996). Spring and fall rains are common, and
saturation-excess overland flow conditions dominate during these



K.L Underwood, D.M. Rizzo, M.M. Dewoolkar et al.
73°W
|
45°N — (i

Legend

! Lake Champlain
—|— O study Area Catchments
Geophysical Regions
Champlain Valley (CV)
Northeastern Highlands (NEH)
Northern Green Mountains (NGM)

Southern VT Piedmont (SVP)
Taconic Mountains (TM)
Vermont Valley (VV)

Geomorphology 382 (2021) 107684

A

N

™

200
[ Tkm
Northern VT Piedmont (NVP) Map Drainage
Southern Green Mountains (SGM) Key Catchment Area (km?)
1 Lewis Creek 205
2 Little Otter Creek 149
3 New Haven River 303
4 Mettawee River 285
5 Battenkill River 139
6 Black River 386

Fig. 1. Location of study area watersheds across biogeophysical regions in Vermont.

months, leading to variable hydrologic source areas (Dunne and Black,
1970). A majority of the total annual flow in the studied rivers occurs
from snow- and ice-melt to late spring in a typical year, due to the oc-
currence of spring rains falling on saturated or frozen ground, melting
of the snow pack stored in higher elevations, and low evapotranspira-
tion rates prior to leafing of deciduous vegetation (Shanley and
Denner, 1999). The peak annual flow (1 to 1.5-year recurrence interval)
most often occurs during the spring months, although occasionally in
the fall or summer (USGS, 2018).

3. Methods

Research progressed in multiple phases: (1) assessments to gather
geomorphic and hydraulic variables; (2) assignment of sediment re-
gime classification; (3) exploratory data analysis; and (4) the applica-
tion and (5) training of a SOM clustering algorithm to replicate and
refine sediment regime classifications assigned by experts.

3.1. Assessment of geomorphic condition

Reach-scale geomorphic and hydraulic data were compiled from
existing remote-sensing resources and field-based assessment for 193
river reaches in six catchments (Fig. 1). Assessed reaches were located
along confined to unconfined, steep- to shallow-gradient, mid-to-high
order channels that ranged from bedrock to alluvial in nature
(Table S2, Fig. S1). Reaches affected by impoundments (artificial or
beaver-constructed) or wetland conditions were not included in assess-
ments. River reaches were assessed during a relatively quiescent period
(2004 through 2011) between significant flood events. The six study
area catchments were affected by an extreme event, a state-wide
flood of significance (recurrence interval ranging from 25 to 500+
years) in August 2011 during Tropical Storm Irene (USGS, 2018). Except
for three of the 193 reaches (1.6%), geomorphic data from our study
catchments were collected before this extreme event, and these three
reaches were located in catchment #3 (Fig. 1) where Tropical Storm
Irene generated only a 50-yr flood (VT Agency of Natural Resources,
2017).

Stream geomorphic assessments were conducted following proto-
cols (Kline et al., 2009) developed by the Vermont Agency of Natural Re-
sources relying on several resources (Wolman, 1954; Pfankuch, 1975;
Nanson and Croke, 1992; Harrelson et al., 1994; Rosgen, 1996;
Montgomery and Buffington, 1997; Knighton, 1998). These quality-
assured and peer-reviewed protocols (Besaw et al., 2009; Somerville
and Pruitt, 2004) have been developed and applied to classify river
reaches in terms of their dominant adjustment process, stage of channel
evolution, and sensitivity to future adjustment (Kline et al., 2009).
Reaches were defined as channel lengths of consistent confinement
ratio (confined, semiconfined or unconfined) within which other chan-
nel parameters (slope, sinuosity, and bedform) were generally similar -
a reach definition conforming to that employed by others (Frissell et al.,
1986; Brierley and Fryirs, 2005; Rinaldi et al.,, 2013; Surian et al., 2016).
Additionally, minimum reach lengths were generally greater than 20
times the bankfull width (Montgomery and Buffington, 1997). Follow-
ing initial identification through desk-top assessment of topographic
and photographic resources, reach delineations were confirmed
through direct observation, where sub-reaches of alternate slope or val-
ley confinement may not have been apparent at the typical scale
(1:24000) of remote-sensing resources used in this study. In some
cases, field assessment also defined sub-reaches marked by discontinu-
ities (e.g., bedrock grade controls or impoundments) or distinct differ-
ences in dominant substrate material or adjustment process (Kline
et al., 2009). For clarity of presentation, these sub-reaches are referred
to as reaches in this work. Various geomorphic and hydraulic metrics
were compiled for each reach (including List A in Table 1) using a com-
bination of remote-sensing and field-based assessment (see Supple-
mentary materials). Based on this information, each reach was
classified by stream type (Montgomery and Buffington, 1997; Rosgen,
1996), dominant style of vertical (degradation or aggradation) and/or
planform (widening, narrowing or lateral migration) adjustment, and
channel evolution model and stage (Schumm et al., 1984).

Additional variables were derived for this study to evaluate their ef-
fectiveness to describe sediment regimes and to cluster reaches of sim-
ilar character. Various methods for estimating stream power (Parker
et al, 2011, 2014) and tractive force (Andrews, 1983; Ferguson, 2005)
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Table 1
Geomorphologic and hydraulic variables used to classify sediment regime.
A B C Variable Description Units  Transformation
v v v Slope,S Channel slope [%] Log S?
v 7/ Valley Confinement, VC  Valley width/bankfull width [—] Log VC?
v v v Incision Ratio, IR Low-bank height/bankfull channel height [—] Log IR”
v 7/ Entrenchment Ratio, ER  Floodprone width/bankfull width [—] Log ER”
v v v Widthpg to Depthp, Bankfull width/mean bankfull depth [—] Log W/D®
ratio, W/D
v/ v v Median grain size Median grain size diameter from riffle or step pebble count, i.e., 50th percentile of the grain size distribution [mm] ,/p50°
diameter, D50
v v v Percent Armoring, pArm Length armoring normalized to reach length [%] Arcsin(sqrt
(pArm))”
v 7/ # Depositional Bars, Number of deposition bars normalized to reach length [#/km] \/nBars®
nBars
v v v #Flood Chutes, nFCs Number of flood chutes normalized to reach length [#/km] \/nFCs®
v Valley Confinement VC of subject reach/VC of upstream reach [—] Log VCrat®
Ratio, VCrat
v v Grain Size Distribution, ~ Range of two standard deviations around the median, computed as the 84th percentile minus the 16th [mm] Log D84-D16"
D84-D16 percentile of the grain size distribution
v v Specific Stream Power, Unit bed area stream power W Log SSP”
SSP m~—?]
v SSP Balance, SSPbal SSP of subject reach/SSP of upstream reach [—] Log SSP bal®
v Width ratio, Wrat Regime bankfull width/measured bankfull width [—] Wrat”
v Mean Depth ratio, Drat ~ Regime mean bankfull depth/measured mean bankfull depth [—1 Drat”

List A variables used to assign sediment regime following criteria in Table 2; List B were inputs to the Coarse SOM (n = 193).
List C were inputs to the Fine SOM (n = 154).

2 Normal distribution confirmed by Shapiro-Wilk test at oo = 0.05.

b Or by histogram/normal quantile plot.

were used, relying on regional hydraulic geometry relationships
(Jaquith and Kline, 2001, 2006) and pebble-count data from field assess-
ments to provide an indication of sediment transport capacity (Supple-

mentary text S1).

3.2. Assignment of sediment regime class

We assigned one of six sediment regime classes (Table 2, Fig. 2) to
each study reach to describe the present regime for transport of coarse
and fine (<63 pm) fluvial sediment based on a combination of

Table 2

geomorphic metrics and observations (Kline, 2010). The sediment re-
gime classes lie on a continuum from supply-limited to transport-
limited (Montgomery and Buffington, 1997); and classification focuses

on processes operating at a temporal scale of 1 to 2 years, since classifi-
cation metrics include dimensions (e.g., width, depth) relative to the

interval of 1.5 years, or Q1.5 (Leopold, 1994).

Geomorphic characteristics of sediment regime classes.

bankfull stage, defined as the discharge with an approximate recurrence

This classification scheme (Fig. 2) considers both the vertical and lat-
eral dimensions of sediment (dis)connectivity in the context of varying
degrees of channel confinement by valley walls (hillslope-channel

Class Transport (TR) Confined Source | Unconfined Fine Source and | Coarse Deposition (DEP)
and Transport Source and Transport/ Equilibriuny/ Fine
(CST) Transport Coarse Deposition
(UST) Deposition (CEFD)
(FSTCD)
[ColorKey |
Valley <6 <6 >4 >4 >4 >6
Confinement
Slope >2% >2% <4% <2% <2% < 2% typically;
>2% occasionally
Incision Ratio (IR) | < 1.3 >1.3 >1.3 >1.3 <13 <13
Entrenchment <14 >22 >22 >22 >22 >22
Ratio (+/-0.2) 1.4-2.2 (B) 1.4-2.2 (B) 1.4-2.2 (B)
Width/Depth <12(A,G) <12 (A, G) <30 >30 <30 >30
Ratio (+/- 2) >12 (B, F) >12 (B, F) <12 (B) > 12 (E);>40 (D) | <12 (E); <40(D) | (> 40, alluvial fan)
Common Channel | I, V 10, 0L, IV 0, 111 0, 10, IV ,
Evolution Stage
Rosgen (1996) A,B,G,F A,B G,F,B,E,C,Bc |E,C,Bc,F,D C,E,D C, D, Ca, Cb
Stream Type
Median Grain Size | bedrock, boulder, cobble, gravel, sand | cobble, gravel, cobble, gravel, cobble, gravel, cobble, gravel,
(D50) cobble, (occas. gravel) sand sand sand, silt (occas. boulder)
Common cascade, cascade, step-pool, | step-pool, plane | riffle-pool riffle-pool, dune- braided
Bedforms step-pool plane bed bed, riffle-pool ripple
Planform single-thread linear to | single-thread linear | single-thread single-thread single-thread, multiple-thread,
sinuous imparted by to sinuous imparted meandering, meandering braided
bedrock structure by bedrock or localized
encroachments bifurcations
Type Bedrock, mixed mixed mixed Alluvial alluvial alluvial

TChannel evolution stage after Schumm et al. (1984) - see Supplementary.
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Fig. 2. Schematic of typical cross section for six sediment regime classes. Horizontal blue line depicts water surface of Q, 5 discharge. Class abbreviations and color scheme are identified

in Table 2.

coupling in highly-confined to semi-confined settings) and the vertical-
lateral connectivity to floodplain (floodplain-channel coupling in un-
confined settings). Three of the six sediment regime classes describe
channels that are vertically connected - i.e., not degraded appreciably
below their floodplain (incision ratio [IR] < 1.3), although the floodplain
itself may be quite limited in areal extent (Fig. 2a); the other three clas-
ses are vertically-disconnected from the floodplain (IR > 1.3; Fig. 2b).
The timescale of degradation processes resulting in loss of floodplain
connection may be highly variable. Our assessment methods did not in-
clude a determination of incision timing beyond a subjective classifica-
tion of active, historic or post-glacial.

In order from minor to major degree of lateral adjustment,
representing bedrock-dominated to alluvial channel types, the three
vertically-connected sediment regime classes (Fig. 2a) are:

* Transport (TR) reaches are confined- to semi-confined by their valley
walls (VC < 6) and are supply-limited due to resistant channel bound-
aries and the relatively steep gradient (>2%). TR reaches are not con-
sidered a significant source of coarse and fine sediments due to the
high erosion resistance offered by the typical bedrock boundaries.
Planform is controlled by the underlying bedrock structure, and flood-
plain areas for sediment storage are typically limited and discontinu-
ous in areal extent (Wohl, 2010).

* Coarse Equilibrium and Fine Deposition (CEFD) reaches comprise self-
formed (fully mobile) alluvial channels located in unconfined valley
settings with low- to moderate-gradient (<2%; riffle-pool and dune-
ripple bedforms, occasionally plane bed). These channels are not in-
cised (IR < 1.3), and therefore deposit fine sediments (suspended
load) in their floodplains during floods of >2-5-year RI. A coarse-
sediment quasi-equilibrium condition is inferred from the condition
over time of no net change in meander belt width, profile and average
channel dimensions.

Deposition (DEP) reaches are generally unconfined (VC > 6) and of

lesser gradient (<2%) but may have moderate to steep slopes (2% to

6%), e.g., Rosgen Ca or Cb stream types. Often DEP reaches are located

immediately downstream of a steeper and more confined reach, and

therefore represent locations of increased deposition and lateral mi-

gration due to the decreased stream competence imparted by the

transition in valley topography (e.g., alluvial fans).

The remaining three classes (Table 2, Fig. 2b) represent channel
reaches that exhibit a moderate to major degree of floodplain discon-
nection (IR > 1.3), resulting from either natural or human-induced

conditions, or both. Consequently, the channel becomes entrenched
below an abandoned floodplain or terrace of glacial origin. Presented
in order of increasing degree of lateral adjustment:

* Confined Source and Transport (CST) reaches exist in semi-confined
to confined settings (higher degree of hillslope-channel coupling) of
moderate to steep gradient and have more erosion-prone boundary
conditions than TR reaches.

Unconfined Source and Transport (UST) reaches occupy partly con-
fined (by encroachment and channelization) to unconfined valley set-
tings of moderate to low gradient (<4%) and are characterized by a
moderate to high degree of vertical separation from the floodplain
(1.5 < IR < 4). By virtue of this incision, the sediment regime has
shifted from a deposition-dominated condition to a transport-
dominated condition (channel evolution stage II or early III). Width/
depth ratios are generally small but variable.

Fine Source and Transport and Coarse Deposition (FSTCD) reaches are
located in unconfined valley settings of low gradient (<2%) and are
moderately to substantially incised (IR > 1.3). They are dominated
by lateral adjustment processes including widening, planform adjust-
ment accompanied by aggradation, typically in channel evolution
stage III or IV.

Once reaches were classified into one of the above sediment re-
gimes, assessment variables were examined to discern which ones
had statistical power to differentiate between expert-assigned sediment
regime classes using One-way Analysis of Variance (ANOVA) followed
by Tukey Honest Significant Differences (HSD) tests between individual
group means. For those variables (or their transformations) that were
not normally distributed, nonparametric methods were applied
(Kruskal-Wallis).

3.3. Pre-processing input data for SOM training

Reach-scale geomorphic and hydraulic metrics were explored using
conventional statistical methods (e.g., Pearson or Spearman Rank corre-
lations and Principal Components Analysis [PCA]) to select the SOM in-
puts (Lists B and C in Table 1). Variables that were very closely
correlated to each other (i.e., Pearson correlation > 0.80) or which had
little power to explain variance by PCA were dropped as inputs to the
SOM. Data were also examined to help determine the appropriate
SOM lattice configuration and size. A PCA was run on transformed var-
iables, following the heuristic of Cereghino and Park (2009) that the
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Fig. 3. Architecture of Self-Organizing Map illustrating the competitive algorithm (after Kohonen, 2001). Weights of the best matching unit (BMU) and lattice nodes within a user-specified
neighborhood (N.) surrounding the BMU are updated to make them slightly closer to values of the input vector.

optimal lattice column-to-row ratio approximates the ratio of the first
two principal components. Statistical tests were performed in JMP (v.
12.0, SAS Institute, Cary, North Carolina).

3.4. Clustering algorithm

We clustered our reaches using an unsupervised algorithm - a Self-
Organizing Map (SOM; Kohonen, 2001); the data set has p observations
of n independent variables. The “unsupervised” descriptor means that
data were presented to the clustering algorithm without their expert-
assigned sediment regime classifications, and without a predetermined
number of outcome clusters (i.e., sediment regime classes). Like
conventional clustering techniques that are also data-driven (e.g., k-
means and unsupervised hierarchical clustering), the SOM will aggre-
gate p observations into k groups, each with internally similar values
for the n independent variables. However, certain features unique to
the SOM technique (described below) ensure that clustering proceeds
in a manner that is more robust to outliers, non-continuous data
types, and data that are not normally distributed (e.g., the latter two
conditions would violate underlying assumptions of traditional cluster-
ing techniques). Similar to traditional methods such as PCA, regression
trees, and logistic regression, the SOM is useful for reducing the dimen-
sionality of data and for selecting variables that strongly influence clus-
tering or classification (i.e., feature selection). Yet, the SOM has
advantages over these traditional methods for exploratory data analysis
and visualization (Eshghi et al., 2011).

The SOM reduces a multidimensional data space to a lower-
dimensional space, typically a 2-D plane or lattice having a number of
individual nodes, also called a Kohonen feature map (Kohonen, 2013).
The outcome of a converged lattice is such that observations introduced
to the SOM self-organize into “a kind of similarity diagram” (Kohonen,
2013) where similar observations will cluster and be mapped to a sim-
ilar location on the lattice/map. Each of the input variables may also be
viewed on the converged lattice in what is known as a “component
plane”, where values of the input variables can be observed with their
associated cluster.

Typically, the SOM input data are normalized so that variables of
higher magnitude do not overly dominate the clustering process. Our
variables were each range-normalized to a value between 0 and 1 be-
fore beginning SOM training (Alvarez-Guerra et al., 2008):

X;— min (x;)
normx;) = ——————~———.
max (x;)— min (x;)

A hexagonal lattice topology (Fig. 3) was selected, given the poten-
tial for conditional bias between input variables (Kohonen, 2001). At
the initial state of the lattice, each node is assigned a vector, m, of ran-
dom values (i.e., weights) ranging from 0 to 1; the vector length is
equal to the number of input variables, n. One of the p observations is
then selected at random from the data set, and its vector X of n variables
{Xp.1, Xp2, Xp,3, ... Xpn} is presented to the vector of weight values {m, ;,
My, My 3, My4, ... My,} in each lattice node, y. The distance, or dissimi-
larity, between the observation vector and each weight vector for each
lattice node (yy, Vo, ... Vy) is computed. Euclidean distance is commonly
used (Kohonen, 2013), and was also used in this study. The SOM uses a
competitive (“winner-takes-all”) algorithm to ensure that the selected
node has a weight vector that is most similar to the observation vector.
The weights of this Best Matching Unit (BMU), along with a user-
defined neighborhood of nodes (N.) around the BMU, are incrementally
adjusted to be more similar to the input vector. This user-defined neigh-
borhood of nodes is one of the features that distinguishes the SOM from
other more common methods of clustering, such as k-means (which
only updates weights of a single node).

The weights of the BMU and neighborhood units are adjusted grad-
ually by a distance that amounts to a small fraction of the total distance
between the input vector and each weight vector. This fractional dis-
tance is applied in accordance with a user-specified learning rate pa-
rameter. A next observation vector is then selected at random from
the data set and compared to the weight vectors of each lattice node;
a BMU is identified, and its weights and that of its neighbor nodes are
adjusted, as the process is repeated in each successive iteration. Com-
monly, both the size of the updating neighborhood and the learning
rate are decreased linearly with progressive iterations, moving from a
coarse to fine tuning process. Over multiple iterations, the lattice
weights are adjusted by smaller amounts and the algorithm converges
(self-organizes). At convergence, the adjusted weight vectors will
more closely reflect the input vectors and will be arranged across the
lattice such that similar stream reach observations are aggregated to-
gether. The distance (or dissimilarity) between weight vectors at con-
vergence is then examined to define clusters of nodes containing
similar weights. Several methods are available; often hierarchical clus-
tering is used (Vesanto and Alhoniemi, 2000) as was the case in this
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study. The SOM algorithm was implemented in the R programming lan-
guage (R Core Team, 2017) applying the “kohonen” package (Wehrens
and Buydens, 2007, v. 3.0.2 released 2017).

3.5. SOM computation, training and cluster validation

SOM training was performed in 900 iterations. The learning rate was
set initially at 0.05 and decreased linearly to 0.01. The neighborhood
size decreased linearly from a radius encompassing two-thirds of the
lattice, to a value of 0 at one-third of the iterations - at which point,
the algorithm was only updating the BMU (analogous to k-means
clustering).

For a given data set, several multi-iteration SOM runs were per-
formed utilizing lattices with varying configurations and numbers of
nodes. Column-to-row configurations were chosen to closely approxi-
mate the ratio of the first two principal components of the transformed
variables (Cereghino and Park, 2009). As an additional constraint, the
final grid size (Y nodes) approximated a value of 5/ following the heu-
ristic of Vesanto et al. (2000), yet did not exceed the number of input
variables. For each converged lattice configuration, clusters of similar
weights were identified using hierarchical clustering specifying k
groups, where k = {3, 4, ... 8}. We identified the “optimal” number of
clusters for a given input data set by examining cluster separation and
compactness of clusters to maximize a nonparametric F statistic
(Anderson, 2001), computed as the ratio of between-cluster to
within-cluster variance. At the same time, we identified the number
and configuration of lattice nodes with best resolution to achieve a
local minimization of quantization error (Kohonen, 2001; Cereghino
and Park, 2009). Calculation of the nonparametric F statistic was aided
by the “adonis” function in the “vegan” package in R (Oksanen et al.,
2017).

Clusters were also examined post hoc to further understand vari-
ables driving the clustering. For each input variable, the intra-cluster
mean (on a normalized scale) was plotted against the overall mean,
and the magnitude and direction relative to the overall mean were ex-
amined. While traditional statistical methods (see Section 3.2) largely
guided which geomorphic and hydraulic variables were used as inputs
to the SOM, these variable plots by cluster and the component plane
for each variable were examined to further refine a parsimonious list
of input variables.

4. Results

Our results are organized to first summarize the geomorphic condi-
tion of the 193 assessed reaches. We then describe the expert-assigned
sediment regime classes and review those geomorphic metrics with
most power to predict class membership. Finally, we summarize the
clustering outcomes from the SOM, performed in two stages, and high-
light the ability of this nonlinear algorithm to replicate expert-assigned
classifications.

4.1. Geomorphic condition

Bedforms most commonly encountered in the 193 study reaches in-
cluded step-pool, plane bed, riffle-pool and dune-ripple (Fig. 4a). Riffle-
pool and dune-ripple bedforms were associated with channel gradients
less than 2% in unconfined valley settings. Our data set included fewer
occurrences of bedrock, cascade and braided bedforms (Fig. 4b). In gen-
eral, the assessed reaches transitioned from confined headwaters to un-
confined downstream valley settings (Fig. S1). However, a stepped
longitudinal profile was evident for many streams due to the influence
of exposed bedrock knickpoints that typically coincided with valley
pinch points. Example longitudinal profiles of study area streams and
tributaries indicate the typical sequencing of stream types from up-
stream to downstream and the relative location of more macro-scale
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features including bedrock knick points and glacial and post-glacial
landforms including glaciolacustrine or glaciofluvial terraces and allu-
vial fans (Fig. 4c, d, e, f).

4.2. Sediment regime classification by experts

Sediment regimes assigned to the 193 study reaches by the investi-
gators included representatives from each of the six categories (Fig. 4b).
Thirty-five (18%) of the assessed reaches were in confined settings (TR,
CST), while the remaining reaches (158; 82%) were in
naturally-unconfined settings. The expert-assigned classifications
were occasionally somewhat subjective, particularly where classifica-
tion rules overlapped. Stream assessment protocols allow for some var-
iation in the threshold values of Entrenchment Ratio and Width/Depth
Ratio that define sediment regime classes. The threshold value for En-
trenchment Ratio can vary by 40.2 units, and the threshold value for
Width/Depth ratio can vary by £2 units (Table 2). Given the uncertainty
associated with channel-floodplain measurements, and the “scaling up”
of measurements collected at the cross-section scale to represent the
reach scale, a few reaches did not easily conform to all of the rules for
a given sediment regime class, and instead spanned two classes, requir-
ing domain experts to make a final determination of class membership.

4.2.1. Confined reaches

Valley confinement (VC; Fig. 5a) and Entrenchment Ratio (ER;
Fig. 5b) generally had power to distinguish confined reaches in TR and
CST classes from the unconfined sediment regimes (ANOVA/Tukey
HSD on log-transformed values, p < 0.05), with the exception that
their mean ER values were not significantly different from that of UST
reaches (p = 0.12 and p = 0.49, respectively). The confined reaches
(TR, CST) were generally found in steeper settings (>2%) and most
often in the case of TR were co-located with bedrock gorges
(e.g., Fig. 4e). However, a few reaches of gradient <2% were classified
in either TR (12 of 25) or CST (2 of 10) where bedrock boundary condi-
tions controlled the confinement at a mid-valley pinch point (i.e., VC
ratio less than 1, Fig. S2e). The Specific Stream Power balance (SSPy;)
distinguished TR reaches from the unconfined sediment regime classes
(ANOVA/Tukey HSD on log-transformed values, p < 0.0001). However,
means were not significantly different in pairwise comparisons be-
tween the other classes (p > 0.10; Fig. 5f).

CST reaches were themselves distinguished from TR reaches by Inci-
sion Ratio, which reflected a significantly higher degree of vertical dis-
connection for this class (p < 0.001) Additionally, SSPy, had some
power (p = 0.02) to distinguish CST from TR reaches. We infer that
both fine and coarse sediment fractions are exported through reaches
in these TR and CST classes. Elevated values of SSP (Fig. 5e) would sup-
port this interpretation, although it would take a flood event greater in
magnitude than the Q1.5 to exceed the critical SSP required to mobilize
the D85 particles or larger, as suggested by the SSPcr ratio (Fig. S2u).
Due to the somewhat incised status of CST reaches and more erodible
boundary conditions (i.e., not consistently bedrock), reaches in this
class can be a source as well as a transporter of coarse and fine sedi-
ments. Close-coupling to hillslopes can lead to lateral inputs of sediment
and large woody debris, but our CST reaches exhibited varying degrees
of valley confinement, and thus hillslope coupling (Fig. S2d), with some
but not all characterized by mass wasting from either glacial till or
glaciolacustrine sediment sources (Fig. 4c, d, e, f).

4.2.2. Unconfined reaches

Unconfined reaches in CEFD, UST and FSTCD classes had significantly
higher valley- to bankfull-width ratios than their confined reach coun-
terparts (Fig. 5a), and occupied lower-gradient valley settings
(Fig. S2g) that within our study area were underlain by a mix of
glaciolacustrine, glaciofluvial, post-glacial fluvial and glacial till parent
materials (Fig. 4). The VC ratio (subject reach to upstream reach VC)
was generally above 1 for these unconfined classes, reflecting the
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Fig. 4. Distribution of bedforms by: (a) slope - relative roughness plot; and (b) sediment regime class (n = 193). Braided (n = 3) bedrock (n = 10) and cascade (n = 2) bedforms omitted
from panel a. Column widths in panel b vary by sample size. Longitudinal profile of reach classifications for (c) Roaring Branch (Battenkill), (d) Fayville Branch (Battenkill), (e) Lewis Creek

and (f) Hollow Brook (Lewis). Map locations of these streams are included in Supplementary Fig. S1.

prevalence of increasing valley and channel widths with downstream
distance. However, some reaches had values below 1, indicative of lon-
gitudinal variability and discontinuities imparted by bedrock and glacial
deposits (Fig. S2e).

CEFD reaches were distinguished from UST and FSTCD reaches by
statistically-higher mean values for ER and lower values of IR (p <
0.001; Fig. 5b, c, respectively). These low-gradient reaches were well-
connected to their floodplains and characterized by finer-grained bed
sediments (Fig. S2h) that were generally well-sorted (i.e., low D84-
D16 differential, Fig. S2i). High values for the R;,/D84 ratio in CEFD
reaches reflect these smaller grain sizes, as well as the generally higher
hydraulic radius values characteristic of sinuous channels with dune-
ripple bedforms (Fig. 4a) that comprise a subset of reaches in this
class (Fig. 4b). Mean SSP values for the CEFD class were lower than

the UST or FSTCD classes (p < 0.001). The unconfined, well-connected
CEFD reaches exhibited a mean and median SSP of 41 and 34 W m 2, re-
spectively, with an interquartile range from 16 to 55 W m~2 (Fig. 5e).
The median and mean SSP,, values were below 1, suggesting
deposition-dominated conditions. For reaches in this CEFD class, we
infer quasi-equilibrium transport of coarse sediment from the condition
of near-regime values for channel dimensions (Fig. S2p, q) and meander
belt width (not presented). Fine-sediment (suspended load) deposition
in the connected floodplains is expected during overbank floods which
would correspond to a recurrence interval > 1.5 years due to the low in-
cision ratios (Fig. 5¢).

UST and FSTCD reaches on the other hand were vertically
disconnected from their floodplains (IR > 1.3; Fig. 5¢). Reaches in
both classes had statistically greater mean SSP values than CEFD reaches
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(p < 0.0001; Fig. 5e). Yet the two classes were distinguished from each
other by their W/D ratios (p < 0.0001; Fig. 5d), due to differences in
boundary resistance to erosion. UST reaches were more likely to have
artificial armoring (Fig. S2m) and exhibited greater percentages of chan-
nel straightening (Fig. S2y), associated with a higher degree of floodplain
encroachment by roads and development. Along with human-
constructed features (e.g., bank armoring or road embankments),
various natural features of these channels (e.g., presence of woody ripar-
ian buffers, cohesive channel bed and bank sediments, lateral exposures
of bedrock) may have also formed resistant channel-boundary condi-
tions. Where channel boundaries are not stabilized by armoring or
vegetation, we infer both fine and coarse sediment fractions are sourced
and exported through UST reaches due to enhanced stream bed and
bank scour imparted by the incised and entrenched cross section.

Due to lower boundary resistance, FSTCD reaches had significantly
higher width/depth ratios than UST (or CEFD) reaches (p < 0.0001;
Fig. 5d). FSTCD reaches were also characterized by a higher degree of
coarse sediment deposition than UST reaches (Fig. S2n), greater

numbers of flood chutes (Fig. S20) and riffle cross sections that were
wider and shallower than regime (Fig. S2p, q). We infer net deposition
of coarse sediments in these reaches due to reduced stream competence
in the wide and shallow cross section; yet, the incised and entrenched
status of that cross section relative to the surrounding floodplain
means that fine sediments will continue to be sourced from lateral
bank migration and transported to downstream reaches.

The DEP class had a small sample size in the studied reaches (n = 3;
1.6%), and therefore is not represented in Fig. 5; this is a typical
representation for this class in Vermont, based on field experience of
the investigators. One DEP reach was located at the transition from a
4th-order channel to a downstream reservoir delta; the remaining
two reaches were located in alluvial fan settings (e.g., Fig. 4c).

4.3. Clustering outcomes

To determine whether the above expert-assigned sediment regime
classes could be replicated by a data-driven, unsupervised clustering
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algorithm, we introduced a variety of geomorphic and hydraulic vari-
ables to the SOM, but withheld the above class assignments. A two-
stage implementation of clustering was warranted to control for differ-
ent scales of classification - essentially, a coarse-tuning SOM for all 193
reaches ranging in character from steep bedrock channels to alluvial
channels, followed by a fine-tuning SOM applied to the subset of 154
reaches comprising unconfined, low-gradient (<2%), self-formed allu-
vial channels. The coarse-tune SOM was trained using largely reach-
scale geomorphic variables, while the fine-tune SOM was trained by
adding cross-section-scale hydraulic variables that reflect stream com-
petence as affected by channel-floodplain configurations.

4.3.1. Coarse-tune SOM

The coarse-tune SOM was trained using List B of input variables
(Table 1). These input data self-organized into seven clusters, broadly
corresponding to our six sediment regime classifications (Table 2).
The multivariate input data for the 193 training reaches were reduced
to a two-dimensional 6 x 13 lattice for visualization (Fig. 6a). The
column-to-row ratio for this lattice (2.2) approximated the ratio (4.6/
1.9) of the first two principal components of the (transformed) input
data. The multivariate reach observations self-organized on the SOM
lattice during training, such that reaches with similar variable sets ag-
gregated together; and logical groupings of these observations were
partitioned into seven clusters. To illustrate an advantage of the SOM
over other multivariate statistical techniques for pattern visualization,
component planes for a select number of the SOM input variables are
provided in Fig. 6b (see also Fig. S3). Each input variable may be
superimposed on the converged SOM lattice to generate a “component
plane”, where the range-normalized values vary in magnitude across
the lattice. For example, reach observations that aggregated to Cluster
4 in the upper-left corner of the lattice, are characterized by high values
of slope relative to other observations, as illustrated by the warmer
tones in that region of the component plane for slope. These are also
vertically-stable reaches, as suggested by the low values (cool tones)
in the same region of the component plane for IR. Reach observations
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that aggregated to Cluster 7 of the SOM lattice are also vertically-
stable (low values for IR), but are characterized by low slope values,
and higher values than other reaches for VC and ER.

Bar plots of intra-cluster means (on a normalized scale) relative to
overall means for each parameter suggest which variables are impor-
tant in defining the sediment regime clusters (Fig. 7a). Two TR clusters
(4 and 5) comprised vertically-stable reaches confined by valley walls
(Fig. 7a). These reaches were characterized by steeper-than-average
slopes, greater-than-average SSP, and coarser bedload (dominated by
bedrockin each case). Cluster 5 reaches were distinguished from Cluster
4 by a high SSPy, value (>1; see Supplementary data). While this con-
dition might suggest the propensity for incision, the bedrock boundary
conditions would be expected to offer resistance in the present hydro-
logic regime. Therefore, in this data set (n = 193) and our study area
(which includes reaches from a range of topographic settings), SSPp.
is a variable with ability to discern bedrock-controlled knickpoints at a
transition from a lesser-gradient upstream reach.

At the opposite end of the sediment transport continuum,
representing transport-limited conditions, two clusters (6 and 7) in un-
confined settings were characterized by larger-than-average VC and ER
values (Fig. 7b). Cluster 6 (DEP) reaches comprise coarser-than-average
bedload and very high W/D ratios (braided channels). Cluster 7 (CEFD)
reaches, however, were distinguished by their lower-than-average W/D
ratios, lesser slopes and finer-grained bed material. These reaches were
further characterized by a marked transition to a much more open val-
ley setting compared to the upstream reach (i.e., high VC ratio). In our
study region, Cluster 7 reaches were located along the edge of post-
glacial Lake Vermont, a higher-stage pre-cursor to Lake Champlain
(Stewart and MacClintock, 1969), and channel boundaries were com-
posed of cohesive glaciolacustrine silts and silty-sands with varying per-
centages of clay (dune-ripple bedforms).

The remaining reach observations in this coarse-tune SOM aggre-
gated to three clusters of vertically-disconnected reaches in unconfined
settings (Fig. 7c). In general, Class 1 contained reaches associated with a
higher-than-average IR, lower-than-average ER and coarser-grained,

Incision Ratio
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Fig. 6. Coarse-tune SOM clustering of study area reaches, including (a) converged SOM lattice showing clusters; and (b) component planes for selected input variables, in which the color
scheme represents a “heat map” grading from low (cool blue tones) to high (warmer red tones) range-normalized values for each independent variable. Component planes for additional

variables are presented in Supplementary Fig. S2.
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Fig. 7. Coarse-tune SOM clustering of study area reaches, including (a) vertically-stable reaches in confined settings, Clusters 4 and 5; (b) vertically-stable reaches in unconfined settings,
Clusters 6 and 7; (c) vertically-disconnected reaches in unconfined settings, Clusters 1, 2 and 3 (n = number of reaches per cluster; y-axis represents range-normalized values);
(d) summary of expert-assigned sediment regimes by cluster. Color scheme of bar plots corresponds to cluster colors in Fig. 6a.

well-graded, bed material. Class 2 reaches, however, were much less in-
cised (on average), and exhibited higher ER values, lower slopes, and
finer-grained, well-sorted, bed materials. Variables including number
of depositional bars, number of flood chutes, percent armoring, and
SSP were useful in distinguishing between Clusters 1 and 2, as the clus-
ter means for these factors trended in opposite directions from the over-
all average.

To evaluate the utility of the coarse-tune SOM for partitioning
reaches into sediment regimes, we have summarized by cluster
(Fig. 7d) the sediment regime classifications assigned to reach observa-
tions in Section 4.2. We have also overlaid reach observation numbers
on the lattice nodes to which they clustered, color-coded by the

11

assigned sediment regime classification (Fig. 8). Based on 13 indepen-
dent variables (list Bin Table 1), the coarse-tune SOM was able to distin-
guish reasonably well between sediment regimes at the extremes of the
lateral-confinement continuum for vertically-stable reaches (Fig. 8a).
Clusters 4 and 5 are two variations of the TR regime, with the latter
representing local knickpoints. Cluster 6 contains the DEP reaches,
while Cluster 7 represents a subset of the CEFD classification comprised
of fine-grained, cohesive channel types. Thus, along the lattice-
horizontal dimension, the reach observations have self-organized into
a configuration that is suggestive of the continuum of reach types
from supply-limited to transport-limited (left to right in Fig. 8), as pro-
posed by Montgomery and Buffington (1997). Along the lattice-vertical
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dimension, an increasing gradient of vertical disconnection from the
floodplain is evident (Fig. 8b). An increasing degree of channel or catch-
ment stressors may also be suggested by the distribution of parameter
values that can be visualized on the component planes for IR, ER, per-
cent armoring, and numbers of depositional bars and flood chutes
(Fig. S3).

Reaches in Clusters 1 and 2, on the other hand, each have a mix of
expert-assigned sediment regimes (Fig. 7d), although the former is
dominantly represented by UST, and the latter by CEFD regimes. Thus,
governing variables used in the coarse-tune SOM may have only
moderate power to discern between sediment regimes, particularly in
the context of the full range of stream types from bedrock-cascade to
silt-dune-ripple channels. Therefore, a second fine-tune SOM was ap-
plied to cluster observations from only the unconfined, low-gradient
(<2%), self-formed alluvial channels.

4.3.2. Fine-tune SOM

The fine-tune SOM was trained on the subset of 154 reach observa-
tions consisting of both geomorphic and hydraulic input variables (list C
of Table 1). These reaches were unconfined, low-gradient (<2%) chan-
nels predominantly alluvial in nature, although characterized by the oc-
casional bedrock grade controls or valley pinch points. Multivariate (p
= 10) input data for the 154 training reaches were reduced to a two-
dimensional 6 x 12 lattice, with a column-to-row ratio (2.0) similar to
the ratio of the first two principal components of the (transformed)
input data (4.1/2.2). Non-transformed, but range-normalized, input
data mapped to three clusters (Fig. 9a) that are characterized by differ-
ent combinations of input variables (Fig. 9b).

The fine-tune SOM has closely replicated the expert-assigned sedi-
ment regimes (Fig. 9c), and performed better than the coarse-tune
SOM for these unconfined CEFD, UST and FSTCD classes. Variable plots
(Fig. 9b) illustrate that CEFD (Cluster 1) reaches were differentiated
from the other two classes, principally by their lower-than-average IR

(a)

)

Increased Stressors (encroachments, &
incision, armoring, sediment supply)
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(<1.3), and lower slopes and SSP. The FSTCD (Cluster 3) reaches were
discerned from their UST counterparts (Cluster 2), by elevated values
for width ratio and W/D ratio, a higher incidence of flood chutes, and
lower-than-average mean depth ratio, reflecting the “wide-and-shal-
low” nature of these channels. If the expert-assigned regimes are
taken as “correct”, the fine-tune SOM resulted in a correct classification
rate of 64%, overall, with slightly higher classification rates for UST and
CEFD classes (66% and 65%, respectively) than the FSTCD class (60%).

5. Discussion
5.1. SOM refinement of sediment regime classifications

Multivariate stream geomorphic assessment data for 193 Vermont
stream reaches self-organized into seven clusters (sediment regimes)
that broadly replicated and refined six classifications offered in a VT
Agency of Natural Resources River Corridor Planning Guide utilized for
river management (Kline, 2010). These sediment regimes are a function
of both geomorphic and hydraulic variables operating at the cross-
section scale (e.g., relative roughness, depth) and reach-scale
(e.g., valley confinement, slope). While these metrics are based largely
on observations of form, the assigned sediment regimes reflect the spa-
tial and temporal context of multiple historic and active processes that
have manifest the present channel and floodplain configuration
(Wohl, 2018). These sediment regime classes could be considered as
fluvial process domains of Montgomery (1999), or “spatially identifiable
areas characterized by distinct suites of geomorphic processes”, if we
extend this conceptual framework to define reach-scale patterns of sed-
iment sourcing, deposition and transport dynamics. Our sediment re-
gime classes are developed at a more granular scale than the process
domains (glacial vs. fluvial) of Livers and Wohl (2015) defined for a
study area undergoing active glaciation (Colorado Front Range of
western US). Our study reaches are lower in elevation and would all

Sediment Regime Class

[C] TR Transport
[] ¢ST  Confined Source & Transport
[Tl UST  Unconfined Source & Transport

B FSTCD Fine Source & Transport / Coarse Deposition
[ ceFp cCoarse Equilibrium / Fine Deposition
M pep Deposition

Transport-limited

Fig. 8. Reach observation numbers (color-coded by expert-assigned sediment transport regime - see key above) plotted to SOM to visualize where observations clustered on the

coarse-tune SOM.
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Fig. 9. Fine-tune SOM clustering of study area reaches, including (a) converged SOM lattice; (b) variable bar plots by cluster; and (c) reach observation numbers plotted to lattice, color-

coded by expert-assigned sediment transport regime.

be classified as fluvial, but are influenced by former glacial activity. Mul-
tiple bedforms can occur in a given sediment regime (Fig. 4b). Down-
stream sequencing of these sediment regime classes and their
associated bedforms is variable and influenced in part by the spatial
and temporal context of macro-scale, glaciogenic landforms as well as
periodic bedrock exposures that create a stepped longitudinal profile
(Fig. 4c, d, e, f). In this sense, our results are consistent with findings
from a mountainous region of coastal British Columbia with a similar
glacial legacy. Brardinoni and Hassan (2007) applied multivariate dis-
criminant analysis paired with PCA to channel and floodplain metrics
for classification of process domains, and identified a variation on the
idealized downstream continuum of stream types after Montgomery
and Buffington (1997), related to the presence of glaciogenic landforms
and varying degrees of hillslope-channel coupling. Their study consid-
ered relatively high-relief, undeveloped catchments of consistent land
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use. In contrast, our lower-relief study catchments comprise a greater
range of developed and agricultural uses (Table S1). Thus, the fluvial
geomorphic condition of our Vermont reaches also reflects the impacts
of historic and active channel and floodplain encroachments and distur-
bances (i.e., channelization, dredging, armoring, berming, gullying)
superimposed on inherited glacial landform effects.

Our sediment regimes comprise the full continuum of stream types
proposed for mountain systems by Montgomery and Buffington
(1997), excluding colluvial channels. Our results extend this frame-
work, by considering the vertical disconnection of a channel from its
floodplain resulting from a variety of natural and human disturbances.
Similarly, Phillips and Desloges (2014b) identified channel entrench-
ment as a factor contributing to within-class variability among uncon-
fined, alluvial channel types from a glacially-conditioned setting in
southern Ontario. Channel incision in our study area may have occurred
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over post-glacial to historic time frames during base-level lowering
upon draining of high-elevation post-glacial lakes (Stewart and
MacClintock, 1969) or as a result of human stressors channel
manipulation (Kline and Cahoon, 2010), sediment-starved conditions
downstream of historic mill dams (Magilligan et al., 2008) or
watershed-scale stressors such as increased runoff from urbanization
or deforestation (Booth, 1990). For several reaches, we inferred a com-
plex history of degradation, with active or historic incision overprinted
on post-glacial incision. Regardless of the cause, the present channel
form and degree of vertical disconnection imparts varying sensitivities
to future adjustment, and influences fine and coarse sediment produc-
tion, transport and deposition.

Our nonlinear clustering algorithm appears reasonably robust to
these complex and multivariate interactions and was able to identify
unique sediment regimes for reaches comprising a range of channel
types from confined to unconfined, steep- to shallow-gradient, mid-
to-high order, and bedrock to alluvial channels types. To resolve differ-
ences between sediment regime classes, application of the SOM in two
stages was required, each incorporating unique combinations of hy-
draulic and geomorphic variables. The coarse-tune SOM identified sed-
iment regime classes at the supply-limited and transport-limited
extremes of the continuum. Bedrock channels and confined, steep-
gradient reaches were identified as transport-dominated reaches (TR).
At the supply-dominated extreme, braided, depositional channels
(DEP) were identified at alluvial fan or delta settings. The coarse-tune
SOM also identified the unique case of an alluvial fan head trench
(Schumm, 2005) that likely formed under post-glacial times related to
base-level lowering as proglacial lakes impounding downstream
reaches were drained (DeSimone, 2000).

CST reaches were less well defined by the coarse-tune SOM which
may reflect the variable degrees of hillslope coupling noted in our
reaches, consistent with findings of Brardinoni and Hassan (2006,
2007) in formerly-glaciated coastal British Columbia. This finding may
also reflect temporal variability in sourcing of materials and the impor-
tance of episodic inputs from extreme events that recur on an interval
exceeding the Q1.5 scale of our sediment regime. Evidence from the re-
gion (including some of the study area catchments) suggests that mass
wasting processes from our coupled hillslopes (where they exist) may
be most significant during low-frequency, high-magnitude flows
(Dethier et al., 2016).

The second-stage, fine-tune SOM nuanced differences in sediment
sourcing and transport for the alluvial, unconfined reaches, although it
required sub-setting of the data to only the unconfined reaches and
slight modification of input variables. In this sense, the SOM is similar
to traditional statistical techniques used to cluster fluvial process re-
gimes, where optimal performance requires pre-filtering by consistent
land cover/land use (e.g., Brardinoni and Hassan, 2007) or valley setting.
For example, Phillips and Desloges (2014b) used k-means clustering,
PCA, and discriminant analysis of geomorphic parameters to identify
four channel-floodplain types. Their analysis was constrained to low-
gradient, single-thread channels in unconfined settings, corresponding
generally to C3, C4, E5, and E6 stream types of Rosgen (1996).

The relatively low mean and median SSP (41 and 34 W m 2, respec-
tively) characterizing the vertically-connected and quasi-equilibrium
state CEFD reaches of our study area are similar to stability thresholds
identified by others in humid temperate regions. For catchments in
the United Kingdom, Bizzi and Lerner (2013) identified an
unconfined-channel stability threshold of 34 W m~?2 separating
erosion-dominated reaches from those in a quasi-equilibrium state.
Brookes (1987) identified a similar threshold at 35 W m~2 marking a
transition between erosion-dominated and deposition-dominated
channels for study areas in Denmark and the United Kingdom. Our
vertically-disconnected UST and FSTCD reaches exhibited SSP values
in an interquartile range that exceeded this stability threshold, although
this variable had limited power to distinguish between these two clas-
ses. It is important to note that our SSP values were generated from
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regional hydraulic geometry relationships and would not necessarily re-
flect the influence of channel-floodplain manipulations that have
persisted for UST reaches; rather, elevated SSP values would largely re-
flect the steeper gradients of the UST and FSTCD reaches as compared to
CEFD reaches.

5.2. SOM advantages for addressing uncertainty in sediment regime
classifications

Uncertainty will arise when attempting to classify the complex, non-
linear dynamics of fluvial sediment regimes from large sets of indepen-
dent variables, particularly when rule sets or models are inadequate to
define threshold effects or multivariate interactions. Since there are no
sharp boundaries (“edges”) between sediment regimes, these classifica-
tions reflect a continuum of change, both temporally and spatially. The
nonlinear, unsupervised SOM has particular advantages over conven-
tional and linear statistical techniques for addressing these uncer-
tainties and highlighting the potential influence of variable spatial and
temporal scales of assessment. The hierarchical nature of spatial scales
in a catchment suggests that the channel-floodplain geometry mea-
sured at a cross section scale can be relied upon to infer processes char-
acteristic of the reach scale (Frissell et al., 1986), provided the reach
length is appropriately delineated to reflect relatively homogeneous
characteristics. In this study, cross-section locations were chosen to be
representative of the reach and not influenced by localized sources of
instability, such as stream crossings. However, subjectivity in this choice
may have introduced bias, and it is possible that select geomorphic or
hydraulic parameters obtained at the cross section may reflect pro-
cesses operating at a more granular scale than is characteristic of the
reach as a whole (Lea and Legleiter, 2016). For example, channel aggra-
dation upstream of large woody debris might locally skew the D50 or
D84 minus D16 values captured at a cross section.

In this study, executing the SOM in two stages helped to address un-
certainty introduced by different spatial scales of classification for our
broad range of stream types (bedrock-cascade to silt-dune-ripple).
Coarse SOM results for the lumped range of stream types, and List B
input variables, indicate that certain sediment regimes are more pre-
dictable (e.g., TR, DEP), while remaining regimes have more uncer-
tainty. The latter group may represent reaches closer to thresholds
and “more vulnerable to small perturbations” (Phillips, 2003). Using
only the subset of reach data from unconfined settings
(i.e., controlling for valley confinement and slope), the fine-tune SOM
and a slightly different set of input variables (List C) were better able
to differentiate between sediment regime classes.

Another source of uncertainty reflected the temporal context of our
classifications. Varying states of recovery from past disturbance may
have introduced error in both our expert classifications and SOM clus-
tering outcomes. It is likely that some reaches are in transition between
sediment regimes as the channel evolves in response to past floods and
other natural and human disturbance(s), and therefore may have been
mis-classified. By plotting the color-coded expert-assigned reach obser-
vations directly on the converged lattice of an SOM (Figs. 8b and 9c),
these “outliers” (i.e., mis-classified reach observations) could be readily
identified. Notably, they were often positioned at the boundaries, or
transitions, between clusters.

A third source of uncertainty in our sediment regime classifications
represents an opportunity for future research. Classical studies have
identified relatively frequent, moderate recurrence-interval flow events
as the dominant discharge important in governing channel-floodplain
form and transporting a majority of the sediment from the watershed
(Wolman and Miller, 1960). More recent studies suggest that a wider
range of recurrence interval floods are important in governing channel
form and sediment flux (Lenzi et al., 2006; Downs et al., 2016). Particu-
larly in bedrock-controlled headwaters, extreme events play a more
dominant role in shaping the channel and transporting sediment
(Wolman and Gerson, 1978; Lenzi et al., 2006). While the metrics in
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our sediment regime classification (e.g., W/D ratio, IR, SSP) are derived
for bankfull (Q1.5) stage, and the sediment classifications constitute
the continuum of regimes characteristic of higher-frequency, low- to
moderate-magnitude discharge (Q2 to Q50), we recognize that extreme
events (>Q50) can exert significant controls on channel and floodplain
response - both in terms of the event itself, and by influencing channel
change through post-flood recovery phases (Wolman and Gerson,
1978). Extreme events have legacy impacts on channel adjustment
that can persist long after the event by altering boundary conditions in-
cluding valley slopes, source sediment volumes, landscape and
streambank vegetation conditions, and instream large woody debris
densities (Dethier et al., 2016). The current sediment regime may be a
manifestation of recovery from a past extreme event, more so than
characteristic of the bankfull-flow regime (Dethier et al., 2016). To
some degree, the different outcomes of our coarse-tune versus fine-
tune SOMs may have been reflecting these contrasting temporal and
spatial contexts for reach-scale sediment production, transport and de-
position, but more study would be needed.

5.3. SOM advantages for visualization

The SOM and its component planes have advantages over traditional
statistical methods when visualizing the multivariate features that in-
teract in nonlinear ways to manifest in a given sediment regime. The re-
duction of multi-dimensional data to a two-dimensional lattice
(e.g., Figs. 8b and 9c) simplified the data analysis, and component
planes (Figs. 6b and S2) and bar plots (Figs. 7b-d and 9b) provided in-
sight into which variable (or combinations of variables) may be a
governing factor(s) in any particular cluster (i.e., sediment regime).

By applying a space-for-time substitution, the converged lattice also
represents a kind of process domain space (Montgomery, 1999) that
can help visualize the transition of a channel reach from one sediment
regime to another as it progresses through channel evolution stages
(Fig. 10). For example, consider a low-gradient, gravel-dominated,
riffle-pool reach with good connection to its floodplain (i.e., IR < 1.3) -
all conditions that suggest a quasi-equilibrium state (channel evolution
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stage I) characterized by a CEFD sediment regime. If this reach was sub-
jected to channelization and dredging that lead to channel incision (IR >
1.3) and floodplain disconnection, it would move to stage II, character-
ized by UST and FSTCD regimes (Fig. 10a and c). The individual compo-
nent planes for IR and W/D ratio demonstrate monotonic trends in the
lattice-vertical and lattice-horizontal dimensions that are consistent
with this idea. The pre-disturbance reach would plot near the top-
center of the lattice. Upon dredging, this same reach would shift verti-
cally downward and right on the lattice to areas characterized by higher
IR values. With subsequent widening, this reach would move lattice-left
to a region typified by higher W/D ratios (and greater numbers of depo-
sitional bars; Fig. S2). As channel widening reduces stream competence
leading to progressive aggradation, this reach might transition to a more
transport-limited state - moving further lattice-left and -up toward a
region characterized by increasing numbers of depositional bars and
lower W/D ratio. Finally, with progressive channel-narrowing, the
channel may return to a quasi-equilibrium state (stage V) and return
once again to the top-center of the lattice. Thus, the SOM lattice provides
a way to explicitly consider and “map” the trajectory of shifting geomor-
phic process domains with time.

5.4. Management implications

Classifying the current sediment regime of river reaches is of value
for water resource managers to highlight the potential for impacts to
property, water quality and habitat, and to inform prioritization
schemes for allocation of limited resources (Brierley and Fryirs, 2005;
Kline and Cahoon, 2010; Thorp et al., 2013). Vertically-disconnected
reaches have greater propensity for vertical and lateral channel adjust-
ments with the potential to impact adjacent built infrastructure. In con-
fined settings of the glacially-conditioned Northeastern US, roads, rail
berms, bridges and culverts are commonly located within narrow,
steep river valleys. In Vermont, this transportation infrastructure is
commonly located adjacent to vertically-disconnected CST reaches
and is at enhanced risk of damage during moderate to extreme events
(Anderson et al., 2017). In unconfined reaches, varying degrees of
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vertical disconnection from the floodplain would subject a channel to
increased magnitudes of SSP, particularly during low-frequency flood
events, with implications for enhanced erosion. Fig. 11 is based on a
case of contiguous reaches in the Mad River watershed in central Ver-
mont, where reach A (UST) has been subjected to historic dredging,
channel straightening and berming to the extent that it has become dis-
connected from the floodplain (IR = 2.6). While a nearby downstream
reach of similar drainage area (reach B; CEFD) and valley slope and con-
finement remained relatively unmodified and well connected to the
floodplain (IR = 1.0). A range of storm flows was simulated using a
1D hydraulic model for a regional flood study (Dubois and King, Inc.,
2017), and main channel SSP was computed as the product of average
shear stress and average velocity. At the 2.3-year RI peak discharge,
the relative difference in channel SSP between reaches A and B is largely
the result of differing channel configurations. In the entrenched cross
section (reach A), a steeper slope (from historic channel straightening
practices) and slightly greater hydraulic radius (more efficient cross
section) minimizes friction (due to smaller wetted perimeter) leading
to higher velocities and greater SSP. For the range of flows above a
2.3-year RI, however, the channel relationship to floodplain becomes
most important. Since modeled flood flows of all stages above Q2.3
were able to access the floodplain in the non-entrenched reach B, the
channel-bed SSP has much lower magnitude across the array of peak
flows than the entrenched cross section of reach A. Conversely, given
the degree of incision and entrenchment at reach A, SSP continues to
rise steadily until overtopping of the bank occurs somewhere between
a Q100 and Q500 flood peak. Magnitudes of SSP at the reach A cross sec-
tion greatly exceed the 300 W m~2 value suggested by Magilligan
(1992) as a threshold for major channel adjustment. Fig. 11 illustrates
the enhanced potential of incised and entrenched (i.e., UST) channels
to serve as a source of sediment to downstream reaches.

CEFD reaches that are well-connected with the floodplain can be pri-
oritized for corridor protection strategies in municipal or regional plan-
ning and zoning to maintain their floodplain storage function. On the
other hand, FSTCD reaches that are presently disconnected from the
floodplain may be prioritized for conservation easements to curtail
river management and allow the unfolding channel evolution process
to create new floodplain as an “attenuation asset” (Kline, 2010). Partic-
ularly, where such reaches are located upstream of developed areas
with a greater degree of channel encroachment, they may be targeted
for protection and worthy of public investment for the attenuation of
flood peaks and associated reduction in flooding hazards to down-
stream communities (Kline and Cahoon, 2010; Watson et al., 2016).

In the northeastern US, where magnitude, frequency and intensity of
extreme storm events are projected to increase (Guilbert et al., 2014),
vertically-disconnected channels will have an enhanced potential to
serve as a source of sediment to downstream reaches. CST reaches are
vulnerable to increased fine sediment export under extreme events
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Fig. 11. Channel-bed SSP estimated for a range of modeled return interval storms in
contiguous reaches of the Mad River, VT with differing channel configurations (IR, ER).
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where these channels impinge upon hillslopes and high terraces com-
prised of glaciolacustrine or glacial till deposits (Yellen et al., 2014;
Dethier et al., 2016). Since, the trajectory of SSP rise with storm recur-
rence interval is much steeper for incised and entrenched UST and
FSTCD reaches, it can be inferred that they will have greater potential
to export sediment than CEFD reaches. Coarse sediment will have the
potential to aggrade and drive lateral adjustments and avulsions in
downstream reaches, while fine sediments will be carried to receiving
waters and further degrade water quality.

To address water quality concerns on a river network scale, this sed-
iment regime classification approach could be used to identify reaches
that are disproportionately responsible for loading of coarse and fine
sediments. For example, streambank erosion has been identified as a
source of phosphorus contributing to harmful algal blooms in Lake
Champlain in the northwestern region of Vermont (Isles et al., 2015).
In the Total Maximum Daily Load plan, estimates of phosphorus loading
from streambanks are based on the dominant reach-based channel evo-
lution stage at a HUC 12 scale (USEPA, 2016). Our algorithm could be
used to refine estimates of streambank sediment loading at a more
granular scale to identify “hot spots” (McClain et al.,, 2003) and to opti-
mize best management practices for the reduction of sediment and nu-
trient loading.

6. Conclusions

Multivariate stream geomorphic assessment data have been clus-
tered into sediment process domains that constitute net sources or
sinks of coarse and fine sediment on a mean annual temporal scale
(i.e., Q1.5 discharge) using a two-stage Self-Organizing Map (SOM).
The iterative process of streamlining input parameters and training
the SOM identified a parsimonious set of geomorphic and hydraulic var-
iables that meaningfully separated reaches into these sediment regimes.
Our results illustrate the importance of landscape controls including
bedrock knickpoints and glaciogenic landforms in governing down-
stream trends in sediment regime, as well as the impacts of channel-
floodplain encroachments and modifications that have been
superimposed on these inherited glacial landform effects.

While this classification scheme has been applied to characterize
sediment process domains in the glacially-conditioned and mountain-
ous areas of northeastern US, the framework is transferable to other re-
gions (utilizing additional or alternate independent variables). The
geomorphic and hydraulic variables used to cluster the studied reaches
were similar to parameters commonly inventoried during assessment
protocols in widespread. As channels evolve over time in response to
stressors or management practices, these data-driven, nonparametric
clustering tools can be quite easily updated with new assessment re-
sults, supporting an adaptive approach to river corridor management
that offers data visualization capabilities.

To our knowledge, this current study is the first application of a neu-
ral network to examine geomorphic data for a range of stream types and
to classify a reach-based sediment regime that explains the nature of the
adjustment (vertical, lateral) within the trajectory of channel evolution.
Our results extend the supply-limited to transport-limited continuum
of reach types suggested by Montgomery and Buffington (1997),
through the additional dimension of a channel's increasing degree of
vertical disconnection from the floodplain that can result from a variety
of natural and human disturbances. Through its effect on channel
stream power, this vertical-lateral connectivity condition can influence
the sediment transport regime in channels and has implications for in-
undation and erosion flooding hazards, as well as water quality and eco-
logical integrity in the active river corridor.

Future work will explore automation of this algorithm, and variable
weighting of input parameters informed by a panel of domain experts.
Linking this algorithm to existing stream geomorphic assessment data
in a GIS will enable model predictions statewide and the analysis for po-
tential autocorrelation of sediment regimes with distance along stream
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networks. The anticipated framework will facilitate scenario testing to
evaluate how sediment transport regimes of a given reach (or river net-
work) might shift in the event of future channel and floodplain manip-
ulation or restoration, or in response to regional changes in climate. The
GIS framework could also be used to forecast estimates of channel ad-
justment to optimize best management practices for the reduction of
sediment and nutrient loading from streambanks.
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