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Abstract We present a new hydro-morphological
index of diversity (HMID), a tool aimed for use in
river engineering projects and firstly developed at
gravel-bed streams in Switzerland, but intended for a
broader use. We carried out field work with extensive
hydraulic and geomorphic data collection, conducted
correlation analysis with hydro-morphological vari-
ables, formulated the HMID, and analyzed the corre-
lation between HMID and a visual habitat assessment
method. The HMID is calculated by means of the
coefficient of variation of the hydraulic variables flow
velocity and water depth, which have been demon-
strated to sufficiently represent the hydro-morpholog-
ical heterogeneity of alpine gravel-bed stream reaches.
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Based on numerical modeling, the HMID can be
calculated easily for a comparison of different alter-
natives in river engineering projects and thus achieves
predictive power for design decisions. HMID can be
applied at a reach-related scale in engineering pro-
grams involving geomorphic measures that aim at the
enhancement of habitat heterogeneity of a stream.
However, the application of HMID has to be inte-
grated with evaluations of the long-term streambed
evolvements that are considered at a catchment scale
and strongly related to the sediment regime of the
stream under study.
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Introduction

Riverine landscapes are acknowledged hotspots of
biodiversity (Allan & Castillo, 2007) that not just fulfill
a number of important ecological functions, but are
also of high relevance at economic and social scales.
However, extensive anthropogenic exploitation of
streams for water use and waste disposal, altered land
use in their watersheds, as well as modification of
stream morphology using traditional engineering
methods, exerts a multitude of pressures on stream
ecosystems. In particular, river channelization has
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pronounced negative effects on river biota, while
frequently failing to reach the initial goal of flood
protection. The resulting major degradation of many
streams today poses a significant threat to stream
ecosystem health and stability (Malmqvist & Rundle,
2002; Jungwirth et al., 2003; Vorosmarty et al., 2010).

Policy makers have recognized the need for both
sustainable flood protection management and the
recovery of lost biodiversity in streams. In the
European Union, the Flood Risks Directive (FRD),
on the one hand, indicates a clear paradigm shift by
defining flood risk management plans with a view of
giving rivers more space by considering the mainte-
nance and restoration of floodplains (European Com-
mission, 2007). On the other hand, the Water
Framework Directive (WFD) urges member states to
protect, enhance, and restore all surface water bodies,
with the aim of achieving good ecological status
(European Commission, 2000). A comprehensive
vision of these two landmark directives implies that
in today’s river engineering projects, not only must
flood protection measures be designed in a proper way,
but also that the potential for ecological improvement
should be identified and appropriate measures defined
to best obtain this target.

As homogenization of physical habitat is widely
assumed to be the most significant threat to river
biodiversity and ecosystem functioning (Allan &
Castillo, 2007), rehabilitation of hydromorphological
diversity, in combination with flood protection mea-
sures, is now one of the key topics in the field of river
restoration. Hence, the impacts of habitat degradation
on river biota are receiving increasing attention
(Vaughan et al., 2009; Armanini et al., 2010; Dunbar
et al., 2010), whereas the majority of river restoration
projects are conducted under the assumption that
restoring physical habitat will increase biodiversity
(Miller et al., 2009). However, the knowledge for the
planning of hydromorphological measures in an
appropriate way to enhance the ecological potential
of a stream reach still offers large room for
improvement.

Therefore, adequate and easy-to-use tools are
needed to design projects in a way to provide the best
possible potential for ecological recovery. The hydro-
morphological index of diversity (HMID) offers such
a tool, aiming at filling a gap in the row of already
available methodologies applied at different stages
of restoration projects: from assessing the initial
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condition of a degraded stream to planning the
measures most adequate for the system and finally
evaluating the success of the conducted restoration
(see Fig. 1).

A vast number of methods are in use in different
countries to assess the ecomorphological status of
streams (Table 1). These methods are based on a
variety of abiotic variables, typically characterizing
both geomorphic (usually including channel, bank,
and floodplain) and hydraulic properties of a reach.
Frequently applying standardized multimetric indices,
they allow the highly multivariate nature of riverine
physical habitat to be assessed, quantified, and sum-
marized in a simplified manner (Dunbar et al., 2010).
Often, the variables are classified using practically
oriented techniques such as visual assessment and
overall estimation, rather than quantitative techniques
(Parsons et al., 2002a). Indices based on such quali-
tative assessment have no predictive ability, their
objective being to assess the present physical status of
a stream. These assessment methods are also applied
to evaluate the hydromorphological success of reha-
bilitation measures by comparing the physical status
before and after project execution (e.g., Woolsey et al.,
2007).

At the design stage of river engineering projects,
the step after the assessment of the initial stream
condition and where a—strictly perceived—hypothet-
ical target is identified, a “guiding image” (Kern,
1992; Jungwirth et al., 2002), is normally formulated
describing a dynamic, ecologically healthy river that
could exist at a given site (Palmer et al., 2005). The
guiding image should consider the range of key system
variables and recognize human-induced changes to the
system (Jungwirth et al., 2002) in order to define a
potential for restoration that realistically can be
achieved. However, a guiding image represents
primarily a conceptual and therefore rather qualitative
framework upon which the project outlines, and is
frequently oriented by a reference condition with the
focus on an achievable geomorphic form, can be
defined, and rehabilitation measures put into practice
(Jungwirth et al., 2003).

In lotic research, many efforts have been put into
the development of predictive methods aimed at
modeling freshwater biota response to modification
of the hydrologic regime. Hydraulic-habitat models,
e.g., PHABSIM (Bovee et al., 1998), CASIMIR (Jorde
et al., 2000), or MesoHabSim (Parasiewicz, 2001),
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Fig. 1 Reach-related process flow diagram of thematic and
temporal actions in river restoration with indication of methods
and tools currently applied. Note that PHABSIM here stands for
hydraulic-habitat simulation tools that are casually used also for
the same purpose as HMID. River habitat survey (RHS), rapid
bioassessment protocol (RBP), and modular stepwise procedure

(MSP) are shown as examples for visual habitat assessment.
Lotic Invertebrate Index for Flow Evaluation (LIFE) stands for
methods aiming at a comprehensive vision integrating hydro-
logic and morphological traits. In basic success control,
invertebrate diversity is often examined; more comprehensive
methods provide up to 49 indicators (Woolsey et al., 2007)

Table 1 Selection of methods for ecomorphological assessment in use in different countries

Country Denomination

References

UK River habitat survey (RHS)
Switzerland Modular stepwise procedure (MSP)

Raven et al. (2000)
BUWAL (1998)

Germany Overview survey (large rivers) resp. On-site survey (small and LAWA (1999, 2000a, b); Fleischhacker & Kern
medium rivers) (2002)

Austria Austrian habitat survey Muhar et al. (2000)

France Systemes d’évaluation de la qualité physique (SEQ) Agences de I’Eau & Ministére de

I’Environnement (1998)

Sweden Riparian, Channel and Environmental Inventory Petersen (1992)

Italy Index of Fluvial Functioning (IFF) Siligardi et al. (2000)

Australia Australian River Assessment System (AUSRIVAS) Parsons et al. (2002a, b)

USA Qualitative Habitat Evaluation Index (QHEI) Rankin (1995)

USA Rapid bioassessment protocols (RBP) Barbour et al. (1999)

are mostly used (Conallin et al., 2010) when anthro-
pogenic changes in flow regime (e.g., hydropower,
water abstraction) are suspected to affect biota (Gib-
bins & Acornley, 2000). At the base of these methods
lie species-specific preference curves in relation to
single habitat-related factors such as flow velocity,
water depth, substrate, or near-bed conditions

(Statzner et al., 1991; Schmedtje, 1996; Jowett, 1997;
Lamouroux et al.,, 1998; Zappia & Hayes, 1998;
Armstrong et al., 2003; Lamouroux & Jowett, 2005).
By calculating suitability indexes for target species
under different scenarios of flow management, eco-
logically acceptable instream flow allocations can be
negotiated and prescribed. These hydraulic-habitat
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models also are applied when modifications of
morphological conditions and not the change in flow
regime are the key measures planned (Boavida et al.,
2011). These models are rather time consuming and
their predictive power is strongly dependent on the
use of appropriate preference curves (Conallin et al.,
2010). Some further developments, such as the Lotic-
Invertebrate Index for Flow Evaluation LIFE
(Extence et al., 1999; Dunbar et al., 2010), make an
attempt to deliver an integrated vision of hydrologic
and morphological modifications. However, these
methods are focused primarily on the hydrology of
streams and are therefore best applicable for studies of
altered flow regimes (Monk et al., 2008; Buffagni
et al., 2009; Armanini et al., 2010).

The intention of the presented HMID is not to
replace already proven approaches and methods. As it
will be demonstrated, the approach is distinguished
from other methods by the following characteristics:

(i) As a predictive tool, it can be used during the
design stage to evaluate and compare the effects
on habitat heterogeneity of different river engi-
neering project alternatives, whereas ecomorpho-
logical assessment methods have been developed
to appraise a physically existing status;

(i) Itallows a quantitative statement concerning the
improvement of the physical heterogeneity of
project alternatives and can therefore be a
valuable supplement for the execution of mea-
sures defined within the framework of a qual-
itative guiding image;

(iii) Its focus is on geomorphic measures aimed at
enhancing physical diversity in contrast to
hydraulic-habitat models that prevalently eval-
uate anthropogenic changes of the flow regime
in order to allocate instream flow;

(iv) In contrast to habitat simulation models, which
are often complex and time consuming, HMID,
if based on numerical modeling, is straightfor-
ward and delivers clear quantitative statements,
while requiring rather low effort.

Many researchers have stressed the importance of
variance for ecological processes (Palmer et al., 1997).
A growing body of research suggests that spatial
complexity of the channel and river corridor is critical
for ecosystem integrity at different scales (Thoms,
2006; Elosegi et al., 2010) and that the diversity and
productivity of stream food webs are related to habitat
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heterogeneity (Negishi & Richardson, 2003). The
riverine ecosystem synthesis concept (RES, Thorp
et al., 2006) predicts that biodiversity, system metab-
olism, and many other functional processes are
enhanced by habitat complexity and that biocomplex-
ity should be greater in functional process zones that
are more hydrogeomorphically complex than in sim-
pler river segments (Thorp et al., 2010).

The HMID described here was developed for river
restoration projects in which increasing variance of the
hydromorphological mosaic framework for spatial
complexity is a key target. We conducted an extensive
field campaign on three pre-alpine gravel-bed rivers in
Switzerland, and analyzed correlations between hy-
dromorphological variables. We also tested if the
HMID approach and other visual ecomorphological
assessment methods lead to similar results at the same
study sites.

Methods
Site selection and description

We selected three Swiss pre-alpine streams for
collecting data to develop the HMID (Fig. 2; Table 2).
Buenz, Venoge, and Sense are gravel-bed alluvial
streams characterized by a pluvial to nivo-pluvial
hydrologic regime. The hydrologic regime of all study
streams is mostly unaltered. The exception is a minor
water withdrawal at the Venoge upstream of the V1
site. Also, a small run-of-the-river hydropower station,
situated downstream of the B1 site in the Buenz, with a
length of the residual reach of around 100 m, causes
occasional unnatural fluctuations of discharge due to
flushing of the reservoir on an average of once per
year. A high variability of morphological conditions is
present along each stream, ranging from braided, near-
natural meandering or straight to partially or totally
channelized as well as to partially restored reaches.

The River Buenz is a 3rd order pre-alpine river with
a catchment area of 111 km? that flows into the River
Aare (Rhine drainage). It was channelized to a
different extent along most of its length in the 1930s
and flows mainly through agricultural areas. Several
restoration projects have been conducted at the Buenz
in the last two decades.

The River Venoge is a 3rd order river with a
catchment area of 238 km? and flows directly into the
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Fig. 2 Location of the study rivers in Switzerland

Lake Geneva (Rhone drainage). In its headwaters, the
Venoge flows through relatively steep agricultural
areas, being a naturally straight channel. Along the
middle course, crossing a highly urbanized and
industrialized area, it has been channelized to a high
degree, whereas in its downstream part it runs as a
meandering river through a flat alluvial forest.

The River Sense is a 4th order river draining a
catchment area of 432 km? and is a tributary of the
River Saane (Rhine drainage). For most of its length,
the river flows through landscape intensively used for
agriculture, with the exception of its headwaters which
are characterized by rather untouched mountainous
surroundings where forests occupy the lower areas,
alpine pastures the middle belt, and high-alpine land
the highest zones. For its prevailing part, the Sense is
unregulated: River engineering works are almost
absent along about 23 km of the total 35 km of its
main stem length. Moreover, the riparian corridor
provides a home to the longest alluvial forest
conserved in the country. Of the investigated streams,
the River Sense was thus the least affected by human-
induced stressors.

Field measurement of hydromorphological
variables

We selected sites of contrasting morphology for
hydromorphological measurements at each stream
(Figs. 3,4). We carried out data collection in 2008 and
2009 at predefined transects during mean flow stages.
The distance between the transects was between 5 and
100 m depending on site morphology (Table 2). We
chose the location of the transects to comprise all the
hydromorphological units present at a site; thus, the
total number of transects, with a minimum of 7 and a
maximum of 19, varied depending on the degree of
alteration of each site. Spacing between survey points
along each transect was in the range between 50 and
200 cm. By collecting a large number of data records
along each transect and thus avoiding a bias effect due
to a slight spacing variation between data points, we
insured that the hydro-morphological stream environ-
ment could be described in a statistically representa-
tive manner. At each survey point, we measured water
depth and mean flow velocity. The latter was obtained
by measuring the velocity at six-tenths of depth using
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Table 2 Study site characteristics at the rivers Buenz, Venoge, and Sense

River Buenz Bl B2 B3 B4
Morphological identification Restored, previously Channelized Natural, gently Braided, emerged
channelized meandering after a flood
Elevation (m) 407 387 384 373
Gradient (%) 0.15 0.3 0.75 1.5
Site length (m) 140 55 115 150
No. of transects 10 7 12 15
Mean spacing between transects (m) 16 10 11
Surveyed points 177 66 209 436
Survey discharge (m*/s) 0.68 0.84 0.84 0.98
Survey specific discharge (I/s, km?) 7.5 7.5 7.5 7.5
River Venoge V1 V2 V3 V4
Morphological identification Naturally straight Channelized Channelized Naturally
meandering
Elevation (m) 621 465 440 395
Gradient (%) NA NA NA NA
Site length (m) 60 40 80 120
No. of transects 12 8 8 12
Mean spacing between transects (m) 5 5 10 10
Surveyed points 112 152 113 167
Survey discharge (m%/s) 0.69 241 2.69 3.99
Survey specific discharge (I/s, km?) 19.0 19.0 19.0 19.0
River Sense S1 S2 S3 S4 S5
Morphological identification Naturally Naturally Naturally Partially Channelized
braided meandering braided, trained,
in a gorge right bank rip-rap on
protected right bank
Elevation (m) 827 760 646 558 531
Gradient (%) 1.8 1.3 1.2 0.5 0.7
Site length (m) 1850 770 620 685 940
No. of transects 19 17 19 14 14
Mean spacing between transects (m) 100 48 25 53 72
Surveyed points 310 202 249 135 216
Number of grains recorded for pebble count 2472 1450 1743 938 1512
Mean number of grains per transect 130 85 92 67 108
Mean D5y (mm) 53 65 50 66 54
Mean wetted width (m) 21.2 16.1 24.8 15.6 249
Mean bankfull width (m) 127.3 65.6 103.4 40.9 29.0
Survey discharge (m?/s) 2.30 293 3.19 5.65 5.81
Survey specific discharge (I/s, km?) 19.5 19.5 18.2 17.6 16.3

either an acoustic Doppler velocity meter (SonTek
FlowTracker Handheld ADV) or an electromagnetic
flow meter (Ott Nautilus Flow Sensor C2000).
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Moreover, further data collection was conducted at
the Sense. Bed substrate sampling along each transect
was carried out according to the pebble count method
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Fig. 4 Examples of the study sites. Left Channelized study site at the river Buenz (B2). Right Braided and morphologically pristine

study site at the river Sense (S1)

(Wolman, 1954). It was conducted along both the
wetted and non-wetted parts of each transect using the
heel-to-toe walk (Bunte & Abt, 2001) with footstep
distances at around 70-120 cm. The randomness of
particle selection was maintained by picking up the
particles from beneath the tip of the boot, while
looking away. The total number of recorded substrate
grains was in the range of 940-2,470 per site with a
mean number of grains along each transect varying
between 67 and 130 (Table 2). Along each transect of
the river Sense, we conducted a detailed topographic
survey over the whole river bed comprising the banks,
using either a theodolite or a first order GPS station
that allowed determination of river bed elevation,
wetted width, and width at bankfull depth. The

topographic survey was completed by recording the
thalweg profile. The time needed to collect the data for
a single site varied, for a team of 4 persons, between
1.5 and 2.5 days, depending on the complexity of the
site.

For each survey point at the Sense, we calcu-
lated Reynolds and Froude numbers that have been
used in other studies as descriptors in preference
curves for fishes (Heede & Rinne, 1991; Bisson
et al., 1998; Bates, 2000) as well as bottom shear
stress (see Appendix—electronic supplementary
material for the formulae) which represents near-
bed conditions considered a key hydraulic factor
for river benthos (Minshall, 1984; Statzner et al.,
1988).
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Preliminary work: correlation analysis
of hydromorphological data for selecting variables
for HMID

Selected point-related and reach-related metrics

Physical descriptors of the abiotic environment in
riverine landscapes are highly interdependent and
characterized by complex and not yet fully understood
cross-correlations and confounding effects at different
spatial scales (Graham, 2003). However, it is known
that channel form and flow are inseparably associated
(Elosegi et al., 2010) and that a combination of these
two factors produces the physical habitat for instream
biota (Maddock, 1999). Based on data from the river
Sense, we conducted statistical analyses with R 2.11.1
(R Development Core Team, 2010) to test for
correlations between hydraulic and geomorphic vari-
ables and reduce their number to a minimum sufficient
to describe the reach condition in terms of hydromor-
phology. The HMID was then formulated by combin-
ing the identified key variables that best describe the
hydromorphological condition of a given site.

For the correlation analysis, various metrics were
considered at two different levels. The first one,
henceforth denoted as point-related, concerned corre-
lation analysis of variables measured or calculated for
single survey points. This approach was applied to the
hydraulic variables flow velocity, water depth, shear
stress, and Froude and Reynolds number. The second
level, referred to as reach-related, was applied for
hydraulic and geomorphic variables that express
overall diversity at a reach scale (for calculated values,
see table in Appendix—electronic supplementary
material). For describing the reach-related spatial
diversity of flow velocity, water depth, and substrate
characteristics, we used the coefficient of variation
(CV = standard deviation g/mean u). CV adjusts the
sample variance by the mean and thus is a better
comparative measure of variability than variance
alone (Schneider, 1994). The statistical parameters
i, a, and CV of flow velocity, water depth, and grain
size distribution were calculated from a single dataset
per site and per variable, whereby the data recorded
along the transects were pooled.

The reach-related spatial diversity of geomorphic
conditions was determined on the longitudinal axis by
analyzing the thalweg profile (thalweg diversity,
TWD) and on the transversal axis along the transects
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(cross-section diversity, CSD). We expected that in a
more natural reach, slopes along the thalweg profile
will vary strongly due to the presence of riffle-pool
sequences and thus result in higher TWD, whereas in a
channelized reach, the slope along the thalweg profile
is relatively uniform. TWD was determined by
calculating for each survey point the height difference
between the real point height and the theoretic height
calculated as if the slope from the thalweg differential
immediately upstream remained equal (see McCor-
mick, 1994; Beck, 1998). Then, the absolute values of
the single height differences were summed and
normalized through division by the total length of
the thalweg profile (see Appendix—electronic sup-
plementary material for formulae). CSD of each study
site was calculated similarly to TWD. The height
differences between the recorded points along the
transects were summed up and normalized by dividing
this sum by the total length of the considered part of
the transect. CSD was calculated related to the active
streambed, omitting the banks as they, in some cases,
were strongly artificial and therefore the calculation
would have been distorted.

An additional geomorphic measure was introduced
by calculating the mean ratio between the wetted
width at mean flow and bankfull flow. At discharges
below bankfull, in unregulated gravel-bed streams, the
parafluvial zone of the streambed is usually wetted
only partially as this area is also occupied by gravel
bars with varying heights. The parafluvial zone is
almost entirely wetted only at discharges close to
bankfull, except for the islands with standing trees that
are flooded on average every 20-30 years (Gurnell
et al., 2001; Gostner et al., 2010). In contrast, at
channelized streams, the wetted width only differs
slightly at mean flow and bankfull flow. Therefore, we
also hypothesized that the ratio between wetted width
at mean flow and bankfull flow could be representative
of the hydro-morphological variability of a stream
reach.

Correlations of selected hydraulic and geomorphic
metrics

In point-related analysis, the correlation between flow
velocity and water depth was found to be weak. High
velocities, in fact, could be found at both low water
depth (e.g., in riffles) and in medium to high water
depth areas (e.g., runs). Low flow velocities, on the
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Table 3 Correlation matrix of point-related metrics

Table 4 Correlation matrix of reach-related metrics

d v T Fr Re
Water depth (d) 1.00
Flow velocity (v) 045 1.00
Shear stress (1) 0.14 084 1.00

Froude number (Fr) 013 089 092 1.00
Reynolds number (Re) 0.74 0.84 0.56 0.54 1.00

Indicates r-values from Pearson product momentum correlation
with significant results (P < 0.05, n = 1102) in bold

other hand, were generally present not only in areas
with high water depth (e.g., pools), but also in shallow
backwater zones. Complex hydraulic variables such as
shear stress, Froude number, and Reynolds number
incorporate flow velocity and water depth and are
therefore sufficiently represented by the latter two (as
was confirmed by point-related correlation analysis,
Table 3).

Reach-related analysis revealed strong correlation
between diversity of bed sediment and flow velocity
(Table 4): The substrate mosaic was much more
heterogeneous at natural sites than at channelized
sites. Thus, there we found fine sediments in areas with
a relatively low flow, e.g., in the wake zone of
vegetation, large woody debris, or boulder clusters, or
at different locations in pools. In contrast, cobbles of
large diameter were associated with riffle zones. At
channelized sites, diversity of flow velocity was low,
heterogeneity of sediments was reduced, and clay and
silt were absent. Furthermore, a strong correlation was
found between hydraulic diversity and geomorphic
diversity expressed as CSD or TWD (Table 4). CV of
flow velocity showed a strong and significant corre-
lation to each of the applied geomorphic metrics.
Water depth diversity behaved similarly, although
showing somewhat weaker correlations with the other
variables than flow velocity. Moreover, the correlation
within geomorphic measures was also high.

Finally, streams with a high geomorphic and
hydraulic diversity were characterized by a low ratio
between wetted width during mean flow stage and
wetted width at bankfull low—an indication of the
importance of active parafluvial zones. This metric
was also significantly correlated with the diversity of
flow velocity (Table 4).

Consequently, based on correlation analysis, the
heterogeneity of flow velocity and water depth was

CVv CVvd CVs CSD TWD Bw/
Bbf

CV flow 1.00
velocity
(CVv)
CV water 0.91 1.00
depth
(CVd)
CV 0.96 0.98 1.00
substrate
(CVs)
Cross- 0.94 0.82 0.90 1.00
section
diversity
(CSD)

Thalweg 093 076 0.87 098 1.00
diversity
(TWD)

H(Byetted! -0.92 -076 —0.87 —0.98 -—0.99 1.00

B bankfull)
(Bw/Bbf)

Indicates r-values from Pearson product momentum correlation
with significant results (P < 0.05, n = 5) in bold. Note that
CSD is the cross-section diversity related to that part of the
transect belonging to the active river bed, including gravel
bars, islands, secondary channels without flowing water, but
excluding river banks

identified to be sufficient for detecting the overall
degree of hydromorphological heterogeneity in a
given stream reach.

Formulation of HMID

We based the HMID on the coefficient of variation CV
of flow velocity and water depth. Partial diversity V(i)
of each variable was expressed as:

V(i) =(1+CV,) = (1 +%)

The HMID of a site was formulated by multiplying
the partial diversity of the hydraulic variables flow
velocity (v) and water depth (d) as

HMIDg;. = I1V(i)* = V(v)* - V(d)*

o\’ oa\’
(5 ()
Wy, Ha
Using squared values of partial diversity and multi-

plication of squared values of partial diversity instead of
building the sum (Schleiss, 2005) spreads out the range
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of the HMID values and thus makes the index more
sensitive to smaller differences in hydromorphology.

Comparison of HMID with a habitat assessment
method

We compared HMID to rapid bioassessment protocols
(RBP; Plafkin et al., 1989; Barbour et al., 1999). RBP
is a visually based habitat assessment that evaluates
the structure of the physical river habitat (Barbour
et al., 1999). It includes 10 variables that characterize
stream habitat at the micro- and mesohabitat scale
(embeddedness, epifaunal substrate cover, velocity
and depth regime, sediment deposition, frequency of
riffles) as well as at the reach scale (channel flow
status, channel alteration). Further factors, such as
riparian and bank structure, that influence these micro-
and macroscale features are also assessed (Barbour &
Stribling, 1991; Barbour et al., 1999). At each site,
individual parameters are rated according to a contin-
uum of scores that represent optimal, sub-optimal,
marginal, or poor conditions, and that range between a
1 and 20. A total score out of a maximum score of 200
is obtained for each site and is used to assess the
quality of instream and riparian habitat at a stream
reach (Parsons et al., 2002b).

Results
Hydraulic variability

The range of flow velocities and water depths was
narrow in channelized sites (B2, V2, C3, S5). Mean
flow velocity in these sites was remarkably higher than
in more natural sites with runs being the prevalent
habitat (Fig. 5). The range of flow velocities and water
depths was widest at sites with natural morphology
(B3,B4,V1,V4,8S1,S2, and S3), where a large variety
of habitats from riffles, runs, and glides to pools as
well as backwater areas were present.

Hydraulic variability was generally lower in chan-
nelized sites (B2, V2, V3, and S5) than in less modified
ones (Table 5). In fact, within each stream, the
coefficient of variation CV was always lowest in
channelized sites. In restored sites (B1) or in partially
channelized sites (S4), CV was somewhat higher,
whereas the highest CV was found in the most natural
sites (B3, B4, V1, V4, S1, S2, and S3). To summarize,
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we found CV values for water depth to be in the range
of 0.2-0.5 for channelized sites and in the range of
0.6-0.7 for natural sites, whereas CV for flow velocity
was usually higher, ranging between 0.2 and 0.6 for
channelized and 0.7-1.1 for natural sites. The differ-
ence of CV between flow velocity and water depth was
the highest at less modified sites, with a maximum
ratio of almost 2 at the most natural sites. However, at
channelized sites, CV of water depth occasionally was
higher than CV of flow velocity.

HMID value range

The observed variability patterns were reflected in
HMID values. In all streams, the channelized sites
(B2, V2, V3, and S5) showed the lowest HMID
(Table 5). Partially trained or restored sites (e.g., S4
and B1) had a higher HMID than respective channeli-
zed sites. Highest values for HMID were obtained for
river sites with a natural physical environment, as
found at B3, B4, V1, V3, S1, S2, and S3.

Overall, HMID values spanned a range of values
from 2 to 12 in the studied reaches, higher HMID
values corresponding to higher hydromorphological
heterogeneity. Overall, the following categories, gen-
erally valid for gravel-bed rivers, could be defined
according to ranges in HMID values:

(1) Low (HMID < 5)——channelized and morpho-
logically heavily altered sites with uniform
cross-sections and longitudinal slope. The theo-
retic lowest HMID value of 1 would be obtained
by a completely regular channel without any
variability in the hydraulic variables (¢ = 0),
whereas an HMID close to 5 corresponds to a
channelized river with minor geomorphic
patches as, for example, a thalweg line contin-
uously shifting between the two bank toes.

(2) Medium (5 < HMID < 9)—stream sites at the
lower end of this range were less severely
modified than those of the previous category,
but still showing a limited variability of hydrau-
lic units (V4, B1). In these sites, the variability of
hydraulic units was present to a certain extent,
but hydromorphological patches typical to an
intact natural state were not developed yet. At the
upper end of this range, we found sites that in
hydromorphological terms were approaching
sites with natural morphology (V1, S3).
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Fig. 5 Boxplots of flow velocity and water depth for the investigated sites at the rivers Buenz, Venoge, and Sense

(3) High (HMID > 9)—morphologically pristine
sites where gravel-bed streams fully develop
their spatial dynamics, showing the complete
range of hydraulic habitats (B3, B4, S1, and S2).
For river engineering projects, these sites could
be classified as reference sites. We suggest that
HMID values in this range should be taken as a
guiding measure for geomorphic restyling of pre-
alpine gravel-bed rivers.

Correlation with RBP

We found a strong correlation between the HMID and
RBP in each of the study rivers (R2 = 0.91-0.98;
Fig. 6a). Analysis of pooled normalized values for all
three rivers also showed a high correlation between the
two indices (R* = 0.86, P = 5.6 x 107%; Fig. 6b).

Discussion

While identifying a gap in the range of existing
planning tools for river restoration projects, we offer a

solution presenting a hydro-morphological index that
could fill it. We described the steps of development of
the HMID and the conducted analyses to test its
performance and validity. The intent of this develop-
ment project was to provide the practitioner with a
simple-to-use and straightforward tool to be applied in
river engineering projects.

Hydraulic variables: representative descriptors
of stream condition

Correlation analyses of data, recorded in preliminary
field surveys assessing a range of geomorphic and
hydraulic variables at both the point- and reach-level,
lead us to the conclusion that most of these variables
are strongly correlated. The diversity of all variables
decreased with the level of reach channelization and,
interestingly, the direction (longitudinal or transver-
sal) in which geomorphic diversity was considered did
not play an important role. Altogether, we conclude
that at the considered spatial scale, most geomorphic
and hydraulic variables are highly correlated and the
hydro-morphological variability of a stream reach can
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Table 5 Mean value (u), standard deviation (o), coefficient of
variation (CV), and partial diversity (V) of flow velocity (v) and
water depth (d) as well as HMID values at the study sites

River Buenz B1 B2 B3 B4
v (m/s)
I 0.20 0.56 0.32 0.37
a 0.15 0.21 0.35 0.34
CvV 0.75 0.38 1.09 0.92
V(v) 1.75 1.38 2.09 1.92
d (m)
I 0.46 0.34 0.38 0.18
a 0.22 0.06 0.26 0.11
CvV 0.48 0.18 0.68 0.61
V(d) 1.48 1.18 1.68 1.61
HMID 6.69 2.62 12.43 9.56
River Venoge A\ | V2 V3 V4
v (m/s)
In 0.45 0.79 0.77 0.57
G 0.38 0.16 0.31 0.34
CvV 0.84 0.20 0.40 0.60
V(v) 1.84 1.20 1.40 1.60
d (m)
u 0.30 0.32 0.44 0.49
a 0.16 0.08 0.14 0.26
CvV 0.53 0.25 0.32 0.53
V(d) 1.53 1.25 1.32 1.53
HMID 8.00 2.26 342 5.97
River Sense S1 S2 S3 S4 S5
V (m/s)
I 0.44 0.56 0.39 0.72 0.71
o 0.41 0.45 0.27 0.42 0.29
CvV 0.93 0.80 0.69 0.58 0.41
V(v) 1.93 1.80 1.69 1.58 1.41
d (m)
I 0.20 0.32 0.31 0.46 0.31
G 0.13 0.22 0.18 0.22 0.15
CvV 0.65 0.69 0.58 0.48 0.48
V(d) 1.65 1.69 1.58 1.48 1.48
HMID 10.16 9.26 7.16 5.48 4.37

be reliably quantified using a strongly reduced number
of variables.

Elsewhere, it has already been argued, in fact, that
morphology accurately reflects the range of flows that
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move through the channel (Emery et al., 2003) and can
be used as a surrogate of the flow condition in a stream
(Bartley & Rutherford, 2005). In other studies,
hydraulic variables were defined as a result of the
interplay between flow and morphology (Maddock,
1999) and were thus stated to characterize the
hydromorphological template of a stream at an
ecologically relevant scale (Wallis et al., 2010). In
concordance with the latter, we think that focusing
directly on hydraulic variables in lieu of studying
morphological characteristics of a stream is a valid
approach as hydraulic variables reflect not only the
hydrologic framework of a stream, but also its
geomorphic template. Furthermore, complex hydrau-
lic variables are closely correlated with basic variables
such as flow velocity and water depth. Therefore, we
prefer to base the description of the hydromorpholog-
ical template on the latter as they are easier to measure,
calculate, and interpret.

The HMID approach: using variance to describe
diversity

The proposed HMID uses the coefficient of variation
CV as a measure of diversity of hydraulic variables.
CV is a useful measure in statistics (Rossi et al., 1992)
and was found earlier to be an appropriate metric for
investigation of hydromorphological diversity. The
patterns found by Jahnig et al. (2008) showed that CV
was generally higher at multiple-channel than at
single-channel reaches, and CV for flow velocity
was higher than CV for water depth, being in a similar
range to the results of our study (Table 5). Other
studies (Simonson et al., 1994; Negishi & Richardson,
2003) also used the CV to evaluate diversity of
hydraulic variables, for example, stating that CV of
flow velocity was twice as high as for other variables
(see Simonson et al., 1994).

Our results supported these findings. The range of
values found for CV of flow velocity and depth was
similar to those reported by Jihnig et al. (2008). We
also found a higher CV of flow velocity at natural sites,
whereas at more modified sites, the difference of CV
for flow velocity and water depth mostly became
smaller. Overall, our study confirmed the sensitivity of
CV of hydraulic variables to hydromorphological
diversity patterns and we felt confident to develop the
HMID based on this statistical metric.
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Application of HMID

By comparing the HMID with a visual assessment
metric (RBP), we showed that the proposed HMID is
able to reliably classify hydromorphological hetero-
geneity of a stream reach. Despite fundamentally
different approaches behind the two measures, the
correlation with RBP was strong. This correlation with
a widely applied metric supports the validity of HMID,
but does not mean that the two indices can substitute
each other as HMID and RBP were developed for
different applications and differ in some important
characteristics. In contrast to the HMID, which is
based on predictable statistical parameters of hydrau-
lic variables, the RBP, acquired with visual assess-
ment methods, while being appropriate as a method
for evaluation of the present stream condition, cannot
be used as a predictive tool.

The possibility of being used as a predictive tool to
evaluate geomorphic measures in river engineering
projects from an ecomorphological perspective is the
key added value of HMID. Our index is particularly
suitable for an application within the framework of
river basin management plans that aim at both
sustainable flood protection and enhancement of
ecological status. In such projects, two-dimensional
(2D) numerical models have become a standard for
engineers to evaluate flood protection works (see e.g.,
River2D, Steffler & Blackburn, 2002; Basement, Fach
etal., 2006-2011). If elaborated in a thorough manner,
numerical models are able to represent the physical
reality in a more reliable way than field measurements.
Field measurements correspond to a single snapshot in

HMID normalized

Relation of the HMID to visual habitat assessment metric (RBP)

time and are traditionally characterized by the one-
dimensionality of measurements because they are
carried out along transects and are affected by operator
variability (Wallis et al., 2010).

Numerical 2D models do not view the stream as a
number of transects, but rather as a continuum
(Ghanem et al., 1996) represented by a digital terrain
model that is defined upon a topographic field survey
containing information about altitude and roughness.
In projects where a 2D model has been implemented, a
very small surplus of time is needed to calculate the
HMID for different project alternatives in order to
determine the design alternative preferable from an
ecomorphological point of view. The procedure to
determine the HMID based on numerical modeling
would start with running a steady 2D simulation with
the topography of the project alternatives and the mean
flow as input. Mean flow is usually defined based upon
a flow duration curve specific for the study site. From
the model output, the values of flow velocities and
water depth for each grid cell of the modeling domain
would be read out, then the statistical parameters p and
o for the pooled dataset would be computed, and
finally the HMID for the site calculated. For an
engineer with expertise in application of 2D models,
the time needed to determine the HMID for a project
alternative would be no more than a few hours.

Constraints and caveats
The HMID was developed to characterize river

segments at the reach scale—the scale at which river
rehabilitation measures are typically designed and
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implemented (Brierley & Fryirs, 2005). We expect it
to be of great assistance for the design of rehabilitation
projects as it offers a quantitative evaluation tool of
different project alternatives and can thus complement
the guiding image concept which usually has its focus
on qualitative statements. However, what happens at
the reach scale is also influenced by larger scale
processes (Thoms, 2006). For designing ecologically
successful restoration projects, the use of reach scale
tools like HMID that provide high habitat heteroge-
neity does not substitute the consideration of processes
at the catchment and ecoregion scales (Palmer et al.,
2005; Brierley & Fryirs, 2008; Fryirs & Brierley,
2008).

In particular, to obtain a dynamic equilibrium
(Elosegi et al., 2010) with a capacity of self-adjust-
ment must be a priority in stream restoration. In
streams with an occurrence of periodical disturbances,
represented by channel avulsion processes with habitat
turnover during bankfull flow, the chance of reestab-
lishing and maintaining a healthy biotic river com-
munity is high (Arscott et al., 2002). Therefore, in
addition to assessments and predictions at the reach
scale, for which the HMID can be a valuable tool, it is
essential to consider catchment processes with regard
to hydrologic regime, sediment supply, and transport
(Kondolf et al., 2001, 2007). For example, a lack of
sediment input from upstream may lead to an incision
of the streambed where after some time, habitat
heterogeneity will be impoverished again. If, in
contrast, sediment yield is excessive or contains a
high percentage of fines, the risk that key habitats will
be siltated is high. The highest capacity of self-
adjustment and long-term stability of habitat hetero-
geneity is expected in streams with an equilibrated
sediment load. In such cases, channel avulsion events
merely modify the design geometry, while preserving
the variability of hydraulic variables and thus habitat
heterogeneity at similar pre- and post events.

Furthermore, it should be kept in mind that physical
heterogeneity alone, even in streams characterized by
a dynamic equilibrium, does not make a healthy river.
Numerous studies in the last decade (Larson et al.,
2001; Negishi & Richardson, 2003; Moerke et al.,
2004; Lepori et al., 2005; Jiahnig et al., 2009, 2010;
Palmer et al., 2010) demonstrated that only restoring
physical heterogeneity might be insufficient for
recovering biotic quality. Reported failures could be
attributed to other factors (such as chemical pollution
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or lack of catchment-scale connectivity), thereby
overriding the effects of hydromorphological diver-
sity. As a consequence, when habitat enhancement is a
goal of restoration projects, the presence and extent of
other potential stressors must also be ascertained from
the beginning to prevent the project failure from an
ecological point of view.

Generality of HMID and outlook

The HMID was developed for pre-alpine gravel-bed
streams characterized by a large grain size and
relatively steep slopes. However, improvement of
spatial variability to offer a variety of habitats is a
common principle in river rehabilitation that is valid
for different river types. Thus, we expect that the
HMID could also be applied for a much wider range of
cases, although thresholds as described in the results
between different classes might be different for other
river types.

The described development of the HMID was based
on spatial diversity measures obtained from field
surveys at mean flow that represent a single snapshot
in the year. The interaction between spatial variability
and temporal dynamism is crucial for aquatic ecosys-
tems; therefore, it is important to investigate conditions
not only at mean flow stages, but also at low flows or
higher flows with a reduced exceedence probability. In
principle, it can be assumed that habitat diversity is less
sensitive to flow changes in natural than in channelized
reaches. As long as bottleneck conditions are absent,
natural reaches usually maintain a greater habitat
diversity even at low flow conditions. A further study is
being carried out presently to enlighten this topic,
thereby giving the index further descriptive and
predictive power. Moreover, future activities will
include the elaboration of application guidelines for
the HMID in order to move from the research arena into
practical application (see Dunbar et al., 2010). Alto-
gether, we think that the HMID can become a valuable
tool for predicting the change in local hydromorphol-
ogy for different engineering scenarios. It will, how-
ever, need to be integrated with predictions for other
catchment-scale morphological and biotic processes
when the goal is improving the biotic quality.
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