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1 | MOTIVATION: MAKING GEOMORPHIC
HETEROGENEITY ASSESSMENTS

MEANINGFUL

Sustainable river corridor restoration and management integrally
depend on the assessment and monitoring of geomorphic processes
(Hiers, Jackson, Hobbs, Bernhardt, & Valentine, 2016; Palmer

Scott Shahverdian*” |

Rebecca Flitcroft® | Ellen Wohl?

Abstract

Spatial and temporal heterogeneity, or messiness, is a broadly desirable characteristic
of river corridors and an indicator of many of the geomorphic processes that sustain
fluvial ecosystems. However, quantifying geomorphic heterogeneity is complicated
by a lack of consistent metrics, classification schemas for dividing the river corridor
into the patches that form the basis for those metrics, and guidance on interpreting
metrics. Drawing from both geomorphic and landscape ecology concepts, we offer
ideas and guidance intended to help investigators, from researchers to restoration
practitioners, more effectively and reliably use heterogeneity to describe river corri-
dor processes and characteristics. We define geomorphic heterogeneity both spa-
tially and temporally. Spatially, heterogeneity can be described by diversity, or the
evenness and richness of geomorphic units, and spatial configuration, or the arrange-
ment and shape of geomorphic units. Temporally, heterogeneity can be described by
turnover rate, or the rate of change of geomorphic units. Interpretation of heteroge-
neity metrics depends integrally on the definition of the geomorphic unit schema on
which metrics are based. Contextual information, such as measurements of process
space (i.e., how much room a river has to move), disturbance frequency, and geomor-
phic trajectory, can also be key to interpreting measurements of heterogeneity. Geo-
morphic applications of heterogeneity require carefully defined geomorphic unit
schemas that reflect processes and characteristics of interest, robust metrics of het-
erogeneity whose meaning is appropriate to the question at hand, and interpretation
of those metrics based on the context of expected geomorphic processes and the

disturbance regime.
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et al, 2005). Geomorphic heterogeneity provides a framework to
facilitate such assessment. Geomorphic heterogeneity is the spatial
and temporal variability of geomorphic units. Geomorphic units are
patches of the landscape classified by morphology, substrate, vegeta-
tion type, and/or other characteristics relevant to the ecogeomorphic
processes that reshape the landscape, namely the fluxes of water,

sediment, and wood, all mediated by biological activity. Heterogeneity
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is both the foundation of and response to many of the physical, chem-
ical, and ecological functions river corridors require and provide
(Wohl, 2016).

Interconnected patches defined by geomorphic units can reflect
physical, chemical, and biological characteristics across multiple scales
depending on analysis objectives. The abundance of data and compu-
tational tools for assessing geomorphic heterogeneity make it decep-
tively easy to link heterogeneity metrics to ecosystem complexity and
resilience. Spatial heterogeneity, commonly measured as the diversity
of geomorphic units (e.g., Williams et al., 2020; Wohl & Iskin, 2019;
Whyrick & Pasternack, 2014), is often measured for its own sake, with
the argument that higher diversity in geomorphic units will increase
the physical capacity to support biodiversity. Although overall hetero-
geneity of channels and river corridors can indicate their capacity to
support local biodiversity (Amoros & Bornette, 2002), more can be
gained from targeted applications of various geomorphic heterogene-
ity metrics to describe specific processes of interest. Whereas geo-
morphic applications of heterogeneity have thus far focused primarily
on diversity, heterogeneity metrics derived by landscape ecologists
can also describe geomorphic unit spatial configuration, and when
geomorphic units are mapped through time, their turnover can indi-
cate temporal heterogeneity. This paper discusses how geomorphic
practice can benefit from lessons learned from both landscape ecol-
ogy and the authors' experience applying these methods.

Generally, it is most feasible to measure river corridor form to
infer geomorphic processes because direct measurement of those
processes (e.g., sediment flux sampling, repeat channel topographic
measurements) tends to be costly. For instance, the abundance of
habitat-providing geomorphic units can indicate whether a restoration
project has created targeted habitat but does not adequately reflect
the processes that could sustain such habitat. A measurement of geo-
morphic forms that would indicate whether geomorphic processes will
sustain habitat would need to directly indicate the magnitude of those
processes. Geomorphic processes, or the movement of water, sedi-
ment, and wood in conjunction with the actions of biota, create and
maintain river corridor heterogeneity (Castro & Thorne, 2019; Collins,
Montgomery, Fetherston, & Abbe, 2012; Gurnell, Tockner, Edwards, &
Petts, 2005; Williams et al., 2020; Wohl & Iskin, 2019; Yarnell,
Mount, & Larsen, 2006). As such, geomorphic heterogeneity provides
a framework for inferring causal links between form-based geomor-
phic metrics and geomorphic processes for a given river style
(e.g., Constantine, Dunne, Ahmed, Legleiter, & Lazarus, 2014; Kasprak,
Caster, Bangen, & Sankey, 2017).

This conceptual discussion paper presents guidelines and ideas
for how to quantify and interpret riverine geomorphic heterogeneity.
Heterogeneity has long been recognized as a useful framework for
understanding and describing river corridor ecology, (Cooper, Bar-
muta, Sarnelle, Kratz, & Diehl, 1997; Er6s & Lowe, 2019;
1998; 2002; Ward, Tockner, Arscott, &
Claret, 2002), but has not been developed as thoroughly for use in

Gustafson, Poole,
geomorphic applications. As such, this paper aims to: (a) provide guid-
ance to those interested in using geomorphic heterogeneity as a tool

to quantify geomorphic processes and forms and (b) spur further

thought and inquiry into the use of heterogeneity as a framework for
geomorphic investigations.

We focus primarily on patch-based heterogeneity metrics, or
those parameterized by the abundance and spatial configuration of
geomorphic unit classes that occupy discrete portions of the land-
scape, as opposed to those parameterized by continuous metrics
(e.g., elevation; McGarigal, Tagil, & Cushman, 2009; Scown, Thoms, &
De Jager, 2015). A patch-based framework can be directly applied to
assemblages of geomorphic units that have direct relevance to geo-

morphic processes (Fryirs & Brierley, 2021).

2 | DEFINING A GEOMORPHIC UNIT
SCHEMA

As river corridors are reshaped by the erosion and deposition of sedi-
ment and large wood and the dynamics of biological communities
(Castro & Thorne, 2019), they develop a mosaic of patches defined by
their landform classification (e.g., pool, bar), substrate (e.g., gravel,
bedrock, soil, wood), and/or vegetation characteristics (e.g., canopy
height, moisture tolerance, species assemblage, etc.), which we define
as geomorphic units. A geomorphic unit schema is a collection of geo-
morphic units and their definitions specific to a given riverscape and
analysis objectives. Geomorphic units can vary in size and definition
depending on the forms and processes of interest, for instance, from a
patch of fine sediment covering a square meter to an oxbow lake cov-
ering a square kilometer. The spatial scale of the geomorphic unit
schema should be appropriate for the processes or characteristics of
interest and will set the spatial scale over which heterogeneity can
feasibly be assessed. When defined by both physical and biological
characteristics, geomorphic (or, ecogeomorphic) units can reflect the
interplay of geomorphic (e.g., erosion and deposition of sediment) and
biotic processes (e.g., vegetation succession, salmon redd building)
that define the eco-geomorphology of a river corridor (Johnson
etal, 2019).

The definition of geomorphic units, or the geomorphic unit
schema, is key to creating targeted geomorphic heterogeneity metrics.
A river corridor can be classified by multiple geomorphic unit schemas,
depending on the processes that shape the system (Brierley &
Fryirs, 2000; Brierley, Reid, Fryirs, & Trahan, 2010), questions of inter-
est, and the feasibility of measurements. Geomorphic unit schemas
have been developed to help standardize definitions of geomorphic
unit classes (Belletti et al., 2017; Wheaton et al., 2015; Wyrick, Sen-
ter, & Pasternack, 2014), but for the purposes of geomorphic hetero-
geneity, it is necessary only to develop a geomorphic unit schema that
will represent the relevant geomorphic processes at a site (similar to
selecting appropriate geoindicators for monitoring; Brierley
et al,, 2010).

The multi-channel, forested North Fork Teanaway River provides
an example of how the same heterogeneity metric can be used with
two different geomorphic unit schemas in the same location to
address different objectives (Figure 1). A schema focused on the bank-

full channel designed to indicate hydraulic heterogeneity (e.g., to
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FIGURE 1 The North Fork
Teanaway River, WA, USA shows
how different geomorphic unit
schemas produce different
degrees of heterogeneity, even
over the same area and using the
same metric. Diversity indices
computed for the same area will
produce different values based on
a hydraulic heterogeneity-focused
schema (a) versus a wood storage
capacity-focused schema (b), and
those values are not meaningfully
comparable [Color figure can be
viewed at wileyonlinelibrary.com]
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reflect hydraulic complexity beneficial to fishes; Matheson, Thoms, &
Reid, 2017; Naman, Rosenfeld, Jordison, Kuzyk, & Eaton, 2020) might
consist of chutes, pools, glides, bars, runs, and riffles. High diversity
(e.g., Simpson's diversity index, a measure of how many different units
are present and how evenly distributed they are) of these units would
likely reflect high hydraulic heterogeneity. Another channel-focused
schema designed to indicate the capacity for wood storage might con-
sist more simply of deep channel (pools and chutes lumped together),
shallow channel (glides, bars, runs, and riffles all lumped together), and
vegetated bars. The high diversity of this simpler, three-unit schema
would indicate a more even mix of landforms that tend to trap wood
and those that tend to transport wood, and thus a higher wood stor-
age capacity (i.e., enough space to get wood to trapping sites balanced
with sufficient trapping sites to store that wood; Okitsu, lwasaki,
Kyuka, & Shimizu, 2021; Scott & Wohl, 2018). Both schemas produce
diversity values for the channel, and although these values are similar
(both close to 88% of maximum diversity), they indicate completely

different processes and are not meaningfully comparable.

3 | SPATIAL GEOMORPHIC
HETEROGENEITY

The design of metrics to describe riverine forms and processes is lim-
ited only by the imagination, and this is especially true in the case of
heterogeneity metrics, particularly when considering the array of

[ T

riffle
" run
. backwater §

shallow
channel ¢
vegetated
bar

geomorphic unit schemas that could be used to parameterize such
metrics. Heterogeneity metrics have unique descriptive power in cer-
tain cases. An example is the ability of a river corridor to trap wood.
Investigations of wood load variability and wood deposition patterns
indicate that river corridors with a mix of landforms that transport
wood and those that trap wood tend to accumulate the highest wood
loads (Okitsu et al., 2021; Ruiz-Villanueva, Wyzga, Hajdukiewicz, &
Stoffel, 2016; Scott & Wohl, 2018). How would one measure the
degree to which geomorphic units are mixed together, as well as their
spatial arrangement? Traditional metrics like channel width, slope, or
even surface roughness are insufficient, but heterogeneity metrics
provide descriptors aptly suited to this task, specifically the evenness
and subdivision of landform patches.

Here, we discuss a few classes of metrics that we have found use-
ful in investigating geomorphic processes. We refer readers to sum-
maries of landscape pattern metrics from ecology for more detailed
information (Magurran, 2021; McGarigal, 2012).

3.1 | Measuring geomorphic unit diversity

Diversity measures both richness (total number of classes) and even-
ness (relative abundance of classes). If richness varies between sites of
interest, diversity can be normalized by maximum diversity to describe
evenness alone. Diversity is commonly measured using either the
Shannon or Simpson diversity index. Shannon's diversity index is more
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sensitive to rare classes and more heavily weights richness, whereas

Simpson's diversity index is less sensitive to rare classes, more heavily
weights evenness, and can be readily interpreted as the probability of
two randomly placed points landing in different geomorphic units
(Nagendra, 2002; Somerfield, Clarke, & Warwick, 2008).

Diversity metrics are useful when the evenness or number of geo-
morphic unit classes reflects processes of interest. For example, a high
evenness of canopy heights (i.e., even area covered by low, medium,
and high canopy) on young floodplains might indicate the prevalence
of ongoing vegetation succession. Comparing canopy height evenness
over time to flow or sediment flux could indicate whether either of
those factors is limiting vegetation succession (e.g., a lack of cotton-
wood recruitment due to flow regulation; Braatne, Jamieson, Gill, &
Rood, 2007). Alternatively, the richness of in-channel geomorphic
units (e.g., pools and bars of varying origin, further subdivided by sur-
face grain size) could indicate the effectiveness of in-channel struc-
tures like wood and patches of vegetation at producing more variable
sediment erosion and deposition patterns, assuming that greater
hydraulic variability caused by wood and vegetation would result in a
greater variety of geomorphic units (Fryirs & Brierley, 2021). Finally,
the diversity (i.e., both richness and evenness) of floodplain geomor-
phic units (e.g., scroll bars, oxbow lakes, relict channels, all further clas-
sified by vegetation community) could reflect the variability and
relative dominance of processes like avulsion and channel migration in

reshaping the river corridor (Slingerland & Smith, 2004).

3.2 | Measuring the spatial configuration of
geomorphic units

Diversity (i.e., richness and evenness) does not account for the spatial
configuration, or arrangement, of geomorphic units. As such, diversity
may not indicate overall complexity. This means that in some cases,
diversity metrics will need to be supplemented with spatial configura-
tion metrics (Figure 2).

There are many ways to describe the spatial configuration, rang-

ing from metrics of patch type interspersion to metrics of patch shape

FIGURE 2 Two hypothetical
landscapes with identical
evenness (50 blue/darker
squares, 50 green/lighter
squares), but very different
spatial configuration [Color figure
can be viewed at
wileyonlinelibrary.com]

or contrast between patches (McGarigal, 2012). Many spatial configu-
ration metrics correlate (Frazier & Kedron, 2017), meaning that an
investigator must choose between multiple potentially suitable met-
rics for a given application(for more details, see literature from land-
scape ecology, e.g., Gustafson, 2019; McGarigal, 2012). The aspects
of spatial configuration that tend to be geomorphically relevant
include subdivision, or the degree to which the riverscape is broken
up (e.g., by multiple channels or patches of vegetation; Figure 3a,b),
geomorphic unit edge density (e.g., bank complexity; Figure 3c,d), and
aggregation or dispersion, or the degree to which specific geomorphic
units are clumped together versus spread out across the river corridor
(e.g., wood stored as individual pieces versus large jams; Figure 3e,f).
Figure 3 demonstrates high versus low values of each of these types
of spatial configurations with multiple metrics for each. Many metrics
are redundant, as Figure 3 demonstrates, so it is important to choose
one that is well-suited for site conditions, the question of interest,
and available data.

Spatial configuration can be measured at the patch (e.g., the
shape of a single patch, like a pool), class (e.g., the isolation of a partic-
ular geomorphic unit type, like all pools), or landscape level (e.g., the
subdivision of multiple geomorphic unit types, like all in-channel units)
(McGarigal, 2012). However, most geomorphic applications will likely
focus on the class or landscape level.

Class level spatial configuration metrics are useful when individual
geomorphic unit classes indicate important characteristics. For
instance, the patch density of vegetated islands (i.e., the number of
islands per unit area) is a suitable measurement of channel node or
bifurcation density. The edge density (i.e., edge length per unit area or
unit centerline length) of channels can indicate bank planform rough-
ness (Figure 3c,d). The aggregation (or isolation) of wood can indicate
patterns of wood transport and deposition, such as jam formation ver-
sus deposition of dispersed pieces (Figure 3e,f).

Landscape-level spatial configuration metrics (i.e., those com-
puted across multiple geomorphic unit classes) can be a proxy for
characteristics that can be difficult to directly measure. For instance, if
lacking quantitative bathymetric data, one could use aerial imagery to

map the channel using a geomorphic unit schema defined by units
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WA\), and class-level subdivision of wood (d and e; Snoqualmie River, WA). Multiple metrics show differences in spatial configuration between
contrasting reaches, all with slightly differing utility and interpretation [Color figure can be viewed at wileyonlinelibrary.com]

with varying relative elevations (e.g., pools, chutes, riffles, and bars, in
order of increasing relative elevation). The subdivision or edge density
of those units could indicate variability in channel bed elevation and

resulting hydraulic roughness.

4 | TEMPORAL GEOMORPHIC
HETEROGENEITY

Geomorphic heterogeneity includes both spatial and temporal compo-
nents. While spatial heterogeneity describes variability in geomorphic
units from one place to another, temporal heterogeneity describes

variability in geomorphic units through time in a single place.

Temporal heterogeneity is simply the rate at which geomorphic units
change, or turnover, from one unit to another.

Some degree of disturbance and turnover of geomorphic units is
usually a prerequisite for sustained spatial heterogeneity, as distur-
bances rearrange geomorphic units (Rice, Stoffel, Turowski, &
Wolf, 2012; Townsend, 1989) and the riverine habitat mosaic
(Arscott, Tockner, van der Nat, & Ward, 2002; Stanford, Lorang, &
Hauer, 2005; Ward et al., 2002; Willig & Presley, 2018). Rivers that
lack either driving forces (e.g., geomorphically effective flows) or
forms (e.g., wood that increases roughness) that generate disturbance
and turnover of geomorphic units tend towards a more homogenous
state (flow regulation is a good example; Gendaszek, Magirl, &
Czuba, 2012; Graf, 2006). However, constant, high-magnitude
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disturbance is not necessary to sustain a heterogeneous character—
different river systems (e.g., monsoon-dominated versus snowmelt-
dominated) and different portions within a river system (e.g., channel
versus floodplain) will require different turnover rates, or different dis-
turbance regimes, to sustain different aspects of spatial
heterogeneity.

Although one-time alterations, perhaps due to river restoration
(e.g., Stoffers et al, 2020) or unusually high-magnitude flows
(e.g., Gendaszek et al., 2012), can generate high spatial heterogeneity,
estimating turnover rate can help determine whether those short-
term gains are likely to be sustained, or whether an alternative state
has been reached (Livers, Wohl, Jackson, & Sutfin, 2018; Phillips &
Van Dyke, 2016). For example, comparing post-restoration to pre-
restoration turnover rate could indicate restoration effects on the
overall erodibility of the valley bottom. The turnover rate might indi-
cate whether that restoration simply made the landscape more het-
erogeneous or has reactivated the processes needed to sustain that

heterogeneity.

41 | Measuring temporal heterogeneity

Temporal heterogeneity can be expressed as a turnover rate (change
per unit time) or its reciprocal, turnover time (time required for the
entire landscape or portion of the landscape to change), both typically
derived from many observations of change. Temporal heterogeneity
can be calculated at the level of individual landforms, analogous to
class level spatial heterogeneity metrics (e.g., floodplain turnover; Bee-
chie, Liermann, Pollock, Baker, & Davies, 2006; O'Connor, Jones, &
Haluska, 2003) or for entire areas, analogous to landscape level spatial
heterogeneity metrics (e.g., the turnover rate of all in-channel land-
forms). It is important to note that different portions of the river corri-
dor may be expected to change at different rates, so measuring
temporal heterogeneity over the entire river corridor may be mislead-
ing, whereas measuring it separately, for instance, for active channels
versus floodplain surfaces versus terraces, may better represent the
real propensity of the landscape to change.

Regardless of spatial scale, the interpretation of temporal hetero-
geneity metrics depends strongly on the definition of geomorphic
units. In a meandering river, for instance, a geomorphic unit schema
defined only by channel and floodplain units may have a longer aver-
age turnover time than one defined by low flow wetted channel, bars,
early successional floodplain, and late successional floodplain. The for-
mer schema may change only infrequently, during moderate to large
floods, whereas the latter schema may reflect more frequent changes,
such as vegetation succession or sediment transport during more fre-
quent floods.

Two pieces of contextual information are required to unbiasedly
assess temporal heterogeneity: observation frequency and distur-
bance frequency. Observation frequency dictates the maximum
detectable turnover rate, as geomorphic units cannot be observed to
change more times than there are observations. Observations should

be timed appropriately to the frequency with which geomorphic units

are expected to change. For example, observations every 5 years will
only provide a minimum estimate—likely a dramatic underestimate—of
the turnover rate of fast-changing geomorphic units, like grain-size
patches in a gravel-bed river. Disturbance frequency, or the frequency
of events that can change geomorphic units, sets the expectation for
maximum potential temporal heterogeneity. A system with very low
in-channel geomorphic unit turnover rate might be behaving just as
expected if there have been no geomorphically effective flows in the
period of measurement, but that same turnover rate over a period of
multiple major floods would likely indicate a channel boundary that is
very resistant to change, assuming observations were timed appropri-
ately. Dating of floodplain strata or the use of historical imagery can
be effective ways of extending the period over which temporal het-
erogeneity is measured, which can be key to measuring turnover rates
for slow-changing geomorphic units. It stands to reason that normaliz-
ing turnover rate by dividing it by disturbance frequency can be a use-
ful way of comparing across sites with similar geomorphic processes
but differing rates of those processes (e.g., different flow regimes).

5 | CONTEXTUALIZING GEOMORPHIC
HETEROGENEITY

Geomorphic heterogeneity metrics pair well with descriptors of pro-
cess space, utilization of process space, and geomorphic trajectory.
Confinement, or process space (sensu Ciotti, Mckee, Pope, Kondolf, &
Pollock, 2021) describes the proportion of the valley bottom over
which fluvial processes are active (e.g., the proportion of the valley
bottom occupied by channels and floodplains). Process space utiliza-
tion is the degree to which the river is actively reshaping the space
available to it (e.g., the proportion of the channel and floodplain area
occupied by channels either at a given time or cumulatively over a
period of time). Rivers with greater process space can exhibit higher
lateral connectivity, lower longitudinal connectivity, and higher spatial
heterogeneity (Choné & Biron, 2016; Fotherby, 2009; Williams
et al., 2020; Wohl & Iskin, 2019; Wohl, Lininger, & Scott, 2018).
Because process space can regulate spatial heterogeneity, it can help
to measure process space to aid in interpreting either spatial or tem-
poral variability in heterogeneity metrics.

Although measurements of process space can identify constraints
on the river corridor, measurements of process space utilization, or
the degree to which the river is actively reshaping its fluvial process
space, can identify deficiencies in the ingredients necessary to
reshape the available space (e.g., flow, wood, sediment, etc.). Process
space utilization can be measured by the proportion of the channel
and floodplain area occupied by channels either at a given time or
cumulatively over a period of time. Temporally, process space utiliza-
tion can be measured as the turnover rate of the fluvial process space.
Process space utilization can indicate the effects of different magni-
tudes of forcings (e.g., various flood magnitudes or durations), provide
key context for observed temporal heterogeneity, or highlight hot-
spots of change that have caused changes in landscape scale spatial

heterogeneity.



WILEY_L_?

SCOTT ET AL.
TABLE 1  Aspects of heterogeneity and their meaning in a geomorphic context
Typical application
Heterogeneity aspect level Meaning

Spatial heterogeneity

Diversity (richness and/or Landscape

evenness)

Richness describes how many unique geomorphic unit types exist in an area

Evenness describes the relative abundance of each unit type, with low evenness

indicating that some units take up most of the landscape, and high evenness
indicating that most units take up the same proportion of the landscape

Spatial configuration Class or landscape

Describes the geometry and arrangement of individual or groups of geomorphic

unit types, including, but not limited to, their subdivision, edge density, and
aggregation

Temporal heterogeneity Class or landscape

Finally, geomorphic trajectory (Fryirs, Brierley, & Erskine, 2012;
Mould & Fryirs, 2018; Surian, Ziliani, Comiti, Lenzi, & Mao, 2009),
especially the trajectory of spatial heterogeneity metrics, can indicate
whether the geomorphic processes that sustain heterogeneity are
indeed active. If geomorphic heterogeneity is being sustained or
increasing through time and the metrics used to infer geomorphic het-
erogeneity adequately reflect active geomorphic processes, then it
stands to reason that geomorphic processes are active or even

increasing in magnitude or rate.

6 | SUMMARY RECOMMENDATIONS FOR
APPLYING GEOMORPHIC HETEROGENEITY

Here, we have discussed how metrics of spatial and temporal hetero-
geneity can represent geomorphic processes and characteristics.
Table 1 summarizes the aspects of heterogeneity discussed above and
their meaning.

In conclusion, we suggest eight considerations when evaluating
geomorphic heterogeneity in river corridors:

There is no single degree of geomorphic heterogeneity that
defines a well-functioning river corridor Geomorphic heterogeneity
expectations (or, for restoration, goals) will differ depending on active
geomorphic processes, process space, disturbance regime, the metrics
and geomorphic unit schema being applied, and what people value
about a river corridor.

Carefully design geomorphic unit schemas to address specific
objectives To evaluate a specific process, consider what components
of the river corridor that process tends to alter, and how to define
those components in a way that is relevant to that process.

Select heterogeneity metrics that will describe the characteris-
tics of geomorphic unit assemblages that relate to specific objectives
Different metrics are sensitive to different characteristics, such as
spatial configuration, evenness, or turnover. Choose metrics that con-
ceptually represent characteristics of interest, then check that they
match qualitative observations across a range of possible conditions.

Interpret spatial heterogeneity metrics in the context of poten-
tial heterogeneity, fluvial process space, and the processes that drive

geomorphic change Measurements of spatial heterogeneity should

Describes the rate at which geomorphic units change, or turnover rate

usually be contextualized by expectations about the maximum level of
heterogeneity a river corridor might be expected to achieve, based on
available fluvial process space, flows of water, wood, and sediment,
and ecological function.

Use multiple metrics to achieve more holistic descriptions of
heterogeneity For instance, evenness and subdivision metrics can
together describe overall valley bottom heterogeneity better than
either metric alone.

Set expectations for heterogeneity that are specific to the sys-
tem in question Applying the same geomorphic unit schema across
rivers with very different characteristics and active processes may
yield misleading comparisons unless the schemas and metrics applied
are comparable. It may be more appropriate to compare heterogeneity
metrics based on unique geomorphic unit schemas specific to each
river system, but that reflect analogous processes.

Frame expectations of heterogeneity based on scale Landform
spacing is scale-dependent (e.g., pool-riffle spacing depends on chan-
nel width; Gregory, Gurnell, Hill, & Tooth, 1994), meaning that so too
are heterogeneity metrics that describe them (e.g., compare the nar-
row versus wide channels in Figure 1). Similarly, measurements of
turnover rate depend on the observation interval relative to distur-
bance frequency. Varying spatial or temporal scales will produce dif-
ferent and potentially incomparable heterogeneity metrics.

Provide context for spatial heterogeneity using temporal hetero-
geneity Although spatial heterogeneity alone can be useful, it may
produce misleading conclusions without the context that comes from
evaluating turnover rate. This is especially important when the sus-
tainability of a heterogeneous state is in question.

Geomorphic heterogeneity, or the spatial and temporal variability
in geomorphic units, is a useful tool that allows investigators to infer
geomorphic processes and quantify characteristics hypothesized to
regulate those processes. By applying the concepts discussed here,
we hope that investigators can continue to develop novel and effec-
tive applications of geomorphic heterogeneity to improve our ability
to describe river forms and processes.
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