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a  b  s  t  r  a  c  t

River  monitoring  and  assessment  programs  are  important  tools  to  quantify  the  condition  of river ecosys-
tems,  identify  deficits,  and  provide  preliminary  indication  of how  to improve  them.  But,  they  are  limited
in  delivering  comparable  assessment  results  across  national  or transnational  borders,  aggregating  site-
specific  assessments  into  broader  scale  assessments,  and  supporting  river  management  decisions.  We
present  a multi-criteria  decision  analysis  approach  for improving  the  comparability  of  ecological  assess-
ment  methods  of different  origin  and  for combining  these  assessments  into  a  joint  procedure.  The
approach  consists  of  seven  consecutive  steps.  The  most  central  ones  concern  the hierarchical  alloca-
tion  of ecological  assessment  endpoints,  and  the  harmonization  of  the  scoring  procedure  of  attributes
(ecological  indicators  or assets)  to  a common  scale  from  0 to 1. We  demonstrate  the  approach  integrating
iver management
ulti-criteria decision analysis

three  programs  developed  to  assess  the  hydromorphological  river  condition  in  Switzerland,  Germany,
and  the  USA.  In  our example,  the  integrated  assessment  produces  comparable  results  for  the whole  range
from natural  to  impacted  rivers,  while  data  continuity  with  original  assessments  was  maintained.  Our
approach  provides  a common  assessment  standard  due  to the  definition  of  the  minimum  amount  of
information  required,  is  flexible  regarding  measurement  and  assessment  endpoints,  and  bridges  the  gap
between  river  quality  assessment  and  management.
. Introduction

In response to the poor condition of river ecosystems and the
ncreasing risk of losing services that humans receive from them
Vörösmarty et al., 2010), water protection laws have been imple-

ented globally (e.g., US Clean Water Act; European Commission,
000; Swiss Water Law). These policies aim to evaluate the ecolo-
ical status of freshwater ecosystems, to identify causes of poor
iver condition, and regulate the achievement of good river qual-
ty. To gather the necessary information, local, state, and national
nvironmental agencies conduct ecological river assessments
orldwide by applying a variety of monitoring programs (e.g.,
undi et al., 2000; Hughes et al., 2000; Verdonschot, 2000; Bunn
t al., 2010). Such monitoring and assessment programs are

aluable tools to document trends, detect deficits, and provide
reliminary indications on how to improve the surveyed sys-
ems. However, as they often differ substantially in the choice of
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ecological indices, the scales of interest, and how the indices are
used to assess ecological conditions, the assessments are often not
directly comparable (Raven et al., 2002; Feio et al., 2009; Cao and
Hawkins, 2011; Birk et al., 2012a).

Comparability is a critical issue in the realm of bioassessment
causing ongoing discussions on how to achieve it (e.g., Ghetti and
Bonazzi, 1977; Diamond et al., 2012; Monaghan and Soares, 2012).
We argue that comparability of ecological assessment in general
is important due to several regulatory, cost, and management rea-
sons. First, national and transnational legislation, e.g., the Water
Framework Directive (Birk and Hering, 2006; Erba et al., 2009)
increasingly requires comparability of river assessments used by
member states (Solimini et al., 2009). In these cases, no elaborate
and costly a posteriori intercalibration exercises (e.g., Heiskanen
et al., 2004; Birk and Hering, 2006) would be needed if an assess-
ment approach produced directly comparable results. Second, the
integration of monitoring data collected with various programs
could greatly strengthen local and state programs, reduce duplica-
tion of sampling effort, and provide databases for the development
of indices if that data were comparable (e.g., Astin, 2006; Cao
and Hawkins, 2011). Third, comparable assessments are essential

for providing data continuity in long-term monitoring programs
(Cao and Hawkins, 2011), and for aggregating site-specific assess-
ments into broader scale assessments (e.g., Buffagni et al., 2007).
Last, existing monitoring and assessment programs are often not
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Fig. 1. Example of a possible assessment hierarchy with good ecological river qual-
ity  as the main goal, the higher-level assessment endpoints, and the lower-level
assessment endpoints with their corresponding attributes (indicators) at the lowest
level, including examples of scoring functions to translate each attribute’s individual
measurement (e.g., discrete attribute states, continuous ranges (e.g., %), or quality
classes) and corresponding scoring onto a scale between 0 and 1. Note that the
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evaluation index of the Ohio Environmental Protection Agency
ndpoints are abbreviated by the field of assessment (e.g., the label physical quality
eans good physical quality).

ncorporated into a conceptual management agenda (Beechie et al.,
010; but see Bunn et al., 2010). Data comparability, however, is a
ey prerequisite to efficiently plan for conservation or management
easures.
Multi-criteria decision analysis (MCDA; specifically multi-

ttribute value theory, MAVT; see e.g., Keeney and Raiffa, 1976;
eeney, 1982; Clemen, 1996; Eisenführ et al., 2010) offers methods

o standardize ecological assessments and integrate endpoints
rom different programs in an approach that can further be used to
upport river management decisions (Klauer et al., 2006; Reichert
t al., 2007; Corsair et al., 2009). Thereby, objectives, which can be
sed synonymously to assessment endpoints in the common river
ssessment terminology (Table 1), are arranged hierarchically into
ifferent levels. The different levels culminate in the overall objec-
ive or goal (Table 1), for instance the good ecological quality of the
iver (Fig. 1). The lowest, most explicit level of endpoints is assessed
ith one or several attributes (often also called ecological indica-

ors or assets, Table 1). To harmonize the assessments of the lowest
evel endpoints, the attribute-specific scorings are translated onto a
ommon scale (from 0 to 1) and displayed as a mathematical func-
ion of the attributes: the common scale between 0 and 1 is given
n the y-axis, and the different states (or levels) the attribute can
dopt on the x-axis (e.g., discrete states, continuous ranges (e.g., %),
r quality classes; Fig. 1). Such a function must be formulated as a
easurable value function in the terminology of MAVT (Dyer and

arin, 1979; Eisenführ et al., 2010), but we refer to it as the scoring
unction to adjust to a terminology more familiar in applied ecol-
gy and river management (Table 1). The higher level endpoints
re, finally, assessed from bottom-up: the scores from the lower

evels are mathematically aggregated to the next-higher level, etc.

In this study, we used MAVT methods to develop a new
ssessment approach that is capable of integrating ecological
icators 32 (2013) 264– 275 265

assessments from different programs to produce comparable
assessment results. First, we describe seven principle steps toward
the new approach (Fig. 2). Each step is illustrated with a real world
example – the integration of three existing hydromorphological
assessment programs from the USA, Switzerland, and Germany.
Second, we apply the new approach to assess the hydromorpho-
logical condition of a target river system in Switzerland. Third,
we compare the original assessments of the three programs with
the results obtained with the new approach to evaluate its perfor-
mance. After a critical discussion, we conclude the study with the
definition of six main advantages of our approach and its signifi-
cance for river management.

2. Methods

2.1. Step 1: choose the assessment programs you want to
compare or integrate

River assessment and monitoring programs are usually com-
posed of a set of protocols dealing with different aspects of river
quality (Bundi et al., 2000; Hawkins et al., 2008; Bunn et al., 2010).
In the decision analysis terminology, these aspects correspond to
sub-objectives that contribute to the overall objective of achieving a
good ecological status of the river. With the new approach, biologi-
cal, physico-chemical, and/or morphological aspects of river quality
can be integrated depending on the main goal of the assessment. To
demonstrate the approach, we combine three hydromorphological
river assessments programs developed in Switzerland, Germany,
and the United States (but other programs could have been chosen
just as well).

2.1.1. Swiss modular concept for stream assessment (SMC)
In Switzerland, the SMC  (Bundi et al., 2000; http://www.

modul-stufen-konzept.ch) has been introduced to assess the ful-
fillment of the guidelines of the Water Protection Law of 1991 and
the Water Protection Order of 1999. It consists of separate methods
addressing different assessment fields. One of them assesses the
morphological structure of rivers at two levels, a coarse overview
survey at a regional scale and a more detailed survey at the scale
of small sub-catchments. The goal of the overview survey com-
prises an assessment of the morphological quality of rivers in a
wider region (BAFU, 1998). Only selected attributes are measured
and evaluated to keep the sampling effort and costs low. The more
detailed survey assesses the hydromorphological condition based
on eleven attributes (BAFU, 2006). These belong to three categories
suited to assess the condition of the riverbed structure, riparian
zone, and longitudinal connectivity of river sections. For this study,
we used the assessment based on information gathered in the more
detailed survey. To facilitate the comparison of assessments with
other programs, we averaged the quality of the riverbed structure,
the riparian zone, and the longitudinal connectivity to an overall
score (Supplementary Fig. 1A).

2.1.2. US rapid bioassessment protocol (RBP)
In the USA, the Clean Water Act established in 1977 led

to the development of a wide range of assessment programs
resulting in quantitative protocols e.g., by the U.S. Geological Sur-
vey (Fitzpatrick et al., 1998), the U.S. Forest Service/U.S. Bureau of
Land Management (Gallo, 2002), or the U.S. Environmental Protec-
tion Agency (USEPA) (Stoddard et al., 2005, 2006). Besides these
cost- and time-consuming assessments, less laborious rapid physi-
cal habitat protocols have been established: the qualitative habitat
(Ranking, 1989, 2006), USEPA’s RBP (Plafkin et al., 1989; Barbour
et al., 1999), or the more recent river visual assessment protocol
of the Natural Resource Conservation Service (NRCS, 1998, 2009).

http://www.modul-stufen-konzept.ch/
http://www.modul-stufen-konzept.ch/
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Table 1
Definition of different terminologies used in the realms of multi-attribute value theory (MAVT) and traditional river assessment. In this article, we used the river assessment
terminology.

MAVT River assessment

Overall objective: overall goal to be achieved. Goal: target to meet, defined by the legislation, ecologists, and/or the
general public (e.g., Boulton, 1999; Barbour et al., 2000).

Sub-objectives: each sub-objective covers an important aspect of the
objective at the higher level; all sub-objectives associated with the
same higher level objective cover all relevant aspects.

Assessment endpoint: explicit expression of the actual environmental
values that are to be protected (USEPA, 1992, 1997, 1998).

Attribute: measurable system property to assess the degree of
fulfillment of a sub-objective; all attributes together must make an
assessment of the degree of fulfillment of all (sub-)objectives
possible.

Attribute, indicator, asset: measurement endpoint to evaluate health
of a system (economic, physical, biological, human) (Burger, 2006; see
also Heink and Kowarik (2010) for further definitions).
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Value  function: description of the degree of fulfillment of the
corresponding objective as a function of associated attributes on a
common scale from 0 to 1.

ince all three qualitative indices are highly correlated (Hughes
t al., 2010), we included the low-cost RBP. It can be applied to
iffle-run prevalent rivers in moderate to high altitude with coarse
ed sediments (i.e., high gradient rivers), or to glide-pool prevalent
ivers in lowlands with fine bed sediments (i.e., low gradient rivers).
oth approaches assess ten attributes, which are aggregated in one
tep to assess hydromorphology (Supplementary Fig. 1B).

.1.3. Survey of the German working group of the federal states
n water issues (LAWA)

Two standard methods are available for river habitat survey in
ermany suggested by the German working group of the federal
tates on water issues (LAWA): a field survey for small to medium-
ized rivers (LAWA, 2000) and an overview survey for larger rivers
LAWA, 2002; Weiss et al., 2008). To be comparable with the Swiss

ethod, which was developed for small to medium sized rivers,
e chose to work with the LAWA field survey (LAWA). The sur-
ey investigates 26 attributes, which are grouped into six main
ategories. These include development of the river course, lon-
itudinal profile, riverbed structure, cross-sectional profile, bank
tructure, and riparian surroundings. The six categories are further

Step 
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Step 2
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you want to compare or integrate

Harmonize 

individual methods

Fig. 2. The seven steps necessary to integrate existing assessment pro
Scoring function: description of the degree of fulfillment of the
corresponding endpoint as a function of associated attributes
(indicators, assets) on a common scale from 0 to 1.

aggregated into valuations of the riverbed, riverbank, and sur-
rounding landscape, which finally culminate in the valuation of the
hydromorphological condition (Supplementary Fig. 1C).

2.2. Step 2: compile information from the chosen programs

The assessment approach presented here combines elements
from existing programs to ensure assessment continuity and effec-
tiveness, as monitoring data are often comprehensive and already
available on a large spatial scale. Hence, to get an overview of the
program-specific elements that will finally be integrated in the
new approach, we disassembled the three programs and extracted
information regarding attributes, assessment endpoints, scoring
procedures and aggregation schemes (Table 2).

2.3. Step 3: standardize the scoring of the original endpoints to a
common scale from 0 to 1
We  transformed the program-specific scorings, i.e., the quality
of an attribute or indicator which may  be measured in any unit (e.g.
%, m,  or in classes) to a common assessment or value scale from
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grams into the new approach to make their results comparable.
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Table 2
Summarized information on existing river assessment programs that were integrated into the new approach developed in this paper: SMC  (Switzerland), LAWA (Germany),
and  RBP (USA). LAWA’s seven quality classes can be converted into five classes: 1 and 2 become quality class 1, and 6 and 7 become quality class 5.

Assessment characteristics SMC LAWA RBP

Structure Hierarchical Hierarchical Hierarchical
Number of hierarchical levels 3 4 2
Aggregation technique Arithmetic mean and minimum Arithmetic mean and minimum Arithmetic mean
Pre-defined stream typology No Yes: 7 river types, 2 width classes Yes: high and low order rivers
Scoring type 5 quality classes: 7 quality classes: 4 quality classes:

1  = high 1 = natural 1 = high
2  = good 2 = slightly modified 2 = good
3  = moderate 3 = moderately mod. 3 = fair
4  = poor 4 = considerably mod. 4 = poor
5  = bad 5 = heavily mod.

6 = very heavily mod.
7  =
Ne
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Reference condition Near-natural 

 to 1. We  define this common scale in the sense that the same
ifferences in scores of an indicator represent the same degree of

mprovement (Dyer and Sarin, 1979; Eisenführ et al., 2010). This
eans that an improvement from 0.1 to 0.3, or an improvement

rom 0.6 to 0.8 are of the same value. Additionally, we  assume
hat the degree of improvement from one indicator level to the
ext or from one quality class to the next higher is the same, if
n explicit statement of the meaning of discrete indicator levels or
uality classes is missing in original protocols.

We used two different procedures to harmonize the
ndividual assessments: one for continuously measured attributes,
nd another for discretely measured ones. Whenever possible,
e prefer to use continuously defined attributes (ideally with

n assessment of the measurement uncertainty) as this avoids
nnecessary inaccuracy due to rounding errors. The RBP-attribute
rea of stable substrates,  for instance, is continuously measured. It
an adopt four continuous attribute ranges from 0 to 10%, 10–30%,
0–50%, and 50–100% that are assessed with the RBP-quality
lasses natural (quality class 1), good (2), fair (3), and bad quality
4), respectively. To construct a scoring function for such continu-
us attributes, first, the continuous attribute ranges are mapped on
he x-axis (Fig. 3A). Then the number of program-specific quality
lasses is represented as equally long intervals on the y-axis unless
therwise specified by the assessment program. In the case of the
BP-attribute area of stable substrates,  the y-axis is divided into four

ntervals of 0.25 length (Fig. 3A). Thereby, the different intervals
epresent the four RBP-quality classes: 0–0.25 the bad, 0.25–0.5
he fair, 0.5–0.75 the good, and 0.75–1 the high one. Finally, the
oints at the class boundaries are connected by a piecewise linear
unction.

An example for a discretely measured attribute is the LAWA
ttribute profile depth. It can adopt five attribute states: very flat, flat,
oderately flat, deep, and very deep. LAWA assigns five of the total

even possible quality classes to assess these categories as natural
or quality class 1), slightly modified (2), considerably modified (4),
ery heavily modified (6), and artificial (7). The quality classes moder-
tely modified (quality class 3) and heavily modified (5) are not used
n this case, as the attribute can only adopt five categories. To con-
truct the scoring function for such a discrete attribute, we  assume
qual spacing of scores if the method description does not give spe-
ific hints for another interpretation. First, the attribute states are
gain mapped on the x-axis (Fig. 3B). For each of these attributes’
tates, we define a discrete score on the common scale between 0
nd 1 (y-axis). We  assume that the best state corresponds to 1, and
he worst to 0. To define the scores for the remaining states, we

ivide the interval between 0 and 1 into a number of equally long

ntervals, depending on how many states remain. In our example of
he LAWA attribute profile depth, the states very flat, flat, moderately
at, deep, and very deep are mapped on the x-axis (Fig. 3B). Then,
 artificial
ar-natural (Leitbildzustand) Optimal condition to support biology

the state very flat is associated with 1, and very deep with 0. Scores
for the remaining three states are calculated as 0.25 (deep), 0.5
(moderately flat), and 0.75 (flat). To finally check whether the con-
structed function corresponds with the original assessment of the
attribute, we represent the program-specific quality classes on the
common scale on the y-axis (as done for the continuous attribute).
This results in seven equally long intervals (Fig. 3B). If the calcu-
lated, discrete scores lie in between the range of the corresponding
quality classes, the scoring function can be accepted. E.g., the dis-
crete score (0.25) calculated for the attribute state deep should be
located within the interval representing its original quality class 6
(very heavily modified) etc.

The scoring of all SMC- and LAWA-attributes was standardized
according to the discrete procedure (Supplementary Figs. 2 and 3).
RBP-attributes were either discrete or continuous (Supplementary
Fig. 4).

After translating all assessment endpoints that directly depend
on the attributes, the original aggregation schemes can be used to
finalize the harmonization of the individual assessment methods
(e.g., SMC, LAWA, RBP). Although these methods now use a common
scale, assessing a river reach with each of them (Fig. 2) may lead
to different results. Finding the reasons for such differences, e.g.
procedure-specific differences in attributes or in the definition of
reference conditions, is very much facilitated when the methods
are already harmonized.

2.4. Step 4: arrange original attributes and assign them
hierarchically to the new endpoints

In addition to facilitate the comparison of individual assess-
ment methods (see step 3), our approach can be used to merge
harmonized methods into a single hierarchical structure of a joint
assessment procedure. Structuring assessed river characteristics
that culminate in the main goal good ecological river quality (Fig. 1)
in a hierarchical way  in the first place has several advantages:
Hierarchies make it easier to (1) concretize assessment endpoints
at lower levels, (2) facilitate the evaluation of their completeness,
(3) increase the transparency of the assessed river characteristics,
their aggregation structure and weights and (4) make deficiencies
more obvious.

Together, all three programs resulted in a total of 49
attributes (ecological indicators). We grouped similar attributes
into sets that could be associated with 16 lowest-level
assessment endpoints. For example, the attributes width
variability from the SMC  and LAWA were associated with the

endpoint stream width variability,  and sinuosity factor, channel
sinuosity, and channel alteration (from LAWA and RBP) with
sinuosity (Fig. 4). These lowest level endpoints were then again
hierarchically grouped and associated with higher-level endpoints.
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re  shown on the y-axis on the right-hand side.

n our example, we associated stream width variability with the
igher-level endpoints channel geometry, sinuosity, channel profile,
nd channel structures (Fig. 4). This process finally led to a hier-
rchy with attributes, three levels of assessment endpoints, and

 main goal. Due to the combination of the different programs,
ome endpoints were associated with more than one attribute.
ince in practice one attribute should be sufficient to assess the
orresponding endpoint, it will not be necessary to include mon-
toring data of all 49 attributes: Endpoints can either be assessed
y implementing monitoring data for the attributes of just one
rogram or by combining attributes from different programs.
epending on which attribute data are available, the weights of

ome hierarchical branches may  need to be adjusted (explained in
ection 2.6). In any case, while one attribute is sufficient, but may
ometimes be a rather coarse measure, integrating monitoring data
f more attributes solidifies the assessment results and decreases
heir uncertainty.

Although this data flexibility is beneficial, we  have to ensure
he quality of the assessment. Therefore, we identified a minimal,

anageable subset of information needed to perform the assess-
ent (Boulton, 1999). We  defined all assessment endpoints at the

rst hierarchical level to be mandatory, i.e., channel structure, flow
eatures, longitudinal connectivity, river banks, and surrounding land-
capes (Fig. 4). Each of them represents an important aspect of
iver hydromorphology. At the next lower level, mandatory and
ptional endpoints were defined. We  decided to define endpoints
o be optional when they are partly covered by their partner end-
oints at the same level. In this case, even if they are not included in
he assessment we would not lose too much information. Finally, to

aximize the flexibility of our approach, all endpoints at the third
ierarchical level were defined to be optional (Fig. 4). However, at

east one endpoint associated with a mandatory one at a higher
evel must be available to perform the assessment.

.5. Step 5: check compatibility of very similar attributes that
ssess the same endpoints

Whenever very similar attributes from different programs are
rouped to assess the same endpoint, we have to check whether
hey are compatible. To guarantee adequate intercalibration of the
veraged assessments, they need to lead to similar results, i.e., have
imilar scoring functions. For instance, the endpoint width vari-

bility could be assessed with either the attribute width variability
rom the SMC  or the one from LAWA, as the standardization of
his endpoint in both protocols led to similar scoring functions. The
ame applied to the endpoint structure building riverbed features:
ion of the continuous assessment of the RBP-attribute area of stable substrates, and
the program-specific number of quality classes (four for RBP and seven for LAWA),

as the scoring functions of the LAWA attribute number of structure
building riverbed features and the SMC  attribute number of struc-
ture building elements were very similar, scores could be averaged.
All other attributes arranged in groups were not similar enough to
cause an intercalibration problem. Differences in scoring functions
of very similar assessment endpoints from different programs may
emerge, when the original assessments were calibrated according
to different reference conditions. Most stream assessments com-
pare a test stream with a natural reference stream. When natural or
pristine reference streams are lacking, assessment strategies often
use a desired, pursued, or near-natural condition (Verdonschot,
2000; Table 2).

2.6. Step 6: define an aggregation technique for each level of the
assessment hierarchy

Assessments for lower level endpoints are merged hierarchi-
cally to scores of endpoints at the next higher level. In existing
assessment programs, this aggregation step is often done by
weighted or un-weighted averaging (arithmetic mean, additive
aggregation). When translated into scoring functions, this is for-
mulated as (e.g., Eisenführ et al., 2010)

vadd =
n∑

i=1

wivi (1)

where vi is the score of the assessment endpoint i, wi is the cor-
responding weight (all weights are normalized to sum up to 1),
and vadd is the aggregated score of the endpoint at the next higher
level. We illustrate this with the simple example of two  end-
points and an un-weighted mean (both are equally important, i.e.,
weights wi = 0.5): To evaluate the bank vegetation (Fig. 4), one end-
point might be assessed to have a rather bad value (e.g., vegetation
types has a value of v1 = 0.2), while the other is in a rather good
state (e.g., area covered by native vegetation has a value of v2 = 0.7).
The aggregated assessment for bank vegetation then results in
a medium value of vadd = 0.45 (0.5 × 0.2 + 0.5 × 0.7). This example
immediately shows a possible drawback of additive aggregation,
namely that a group of endpoints with high scores can compen-
sate a low score of another endpoint unless this endpoint has a
high weight. This property is useful if the aggregation serves pri-
marily the purpose of averaging out assessment errors of similar
endpoints. However, this property is undesired if the endpoints

cover complementary aspects. To avoid this problem, some assess-
ment programs use a minimum aggregation technique. Thereby,
the score of the higher level endpoint equals the minimum of
the scores of the lower endpoints (i.e., the score at the higher
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ig. 4. Suggested hierarchy for the main goal good river hydromorphology with thre
f  the hierarchy is based on three existing river assessment programs from Switzerl
n  attribute is assessed discretely, the number of states the attribute can adopt app

evel can never be better than the worst score at the next lower
evel of the hierarchy; in our example, the aggregated score could
ever be higher than the low score of 0.2 for vegetation types). This

ggregation technique, however, leads to the undesirable result
hat an improvement of any endpoint except the one with the
owest score will not translate into an improved scoring. Thus,
ivers are possibly assessed worse than appropriate. Additionally,
ls of assessment endpoints and associated attributes (indicators). The construction
MC), the USA (RBP), and Germany (LAWA). Mandatory endpoints appear in gray. If

 brackets.

as attributes are usually assessed with a certain error, the minimum
approach also tends to misclassification the more attributes are
included (Heiskanen et al., 2004). Another aggregation possibility is

the weighted geometric mean (Cobb–Douglas aggregation scheme;
Cobb and Douglas, 1928; Varian, 2010) or mixtures of these three
techniques as a compromise between additive and minimum
aggregation.
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with 0.067 in the original SMC  (Supplementary Fig. 1A). The higher
Fig. 5. Map  of the four studied river sections in Switzerland.

To map  the aggregation schemes of the original programs,
e applied additive aggregation with equal weights (Eq. (1);
ith wi = 1/n; arithmetic mean) to all levels of the new, integral
ierarchy. In case of missing data, only endpoints for which data
ere available were aggregated. However, for the future, we rec-

mmend applying a mixed technique that combines additive,
inimum, and weighted geometric mean. In a recent river assess-
ent study, most experts opted for such a compromise aggregation,
hich circumvents some of the problems described above. It is,

f course, also possible to assign different weights to different
ttributes or endpoints if they are considered more important than
thers. Correct weighting procedures are heavily discussed in the
AVT literature and the elicitation of weights from experts is

ot trivial (see e.g., Poyhönen and Hämäläinen, 2001; Morton and
asolo, 2009).

While the harmonization of the individual assessment
ethods (step 3) is done including the original, individual aggre-

ation schemes, merging different harmonized methods (steps
–6) may  require compromising about aggregation structure and
eighting schemes. Assessment results obtained with an individ-
al method or the merged procedure on the same quality data may
herefore differ. Such differences should be analyzed and weighting
chemes adapted if required.

.7. Step 7: apply monitoring data to calculate scores of the
ssessment endpoints

To evaluate the performance of the new approach, we sam-
led four hydromorphologically distinct 100 m long river sections
long two lowland rivers within the Greifensee catchment, 20 km
outheast of Zurich on the Swiss plateau (Fig. 5). The four sections
omprised (1) a free flowing stretch along the Bluntschibach with

 mostly natural (forested) riparian zone, (2) a channelized, clear-
ut section bordered on each bank by agricultural land along the
luntschibach, (3) a channelized section with a constrained riparian
one and little riparian cover along the Aabach, and (4) a free flow-
ng stretch along the Aabach with near-natural riparian cover, but

 constrained riparian zone. Along each section, all attributes from

he SMC, LAWA, and RBP programs were surveyed according to the
riginal protocols (lowland rivers’ protocol for LAWA-attributes,
ow gradient rivers’ protocol for RBP-attributes).
icators 32 (2013) 264– 275

2.8. Evaluation of the new approach

Attribute data were used to calculate the hydromorphologi-
cal condition of all four river sections applying (i) assessments
from the three original programs (SMC, LAWA, RBP), (ii) the new
approach with only SMC-, only LAWA-, or only RBP-attributes,
and (iii) the new approach including all attributes from the three
original programs. Comparing (i) and (ii) allowed us to evaluate
whether, and if so how, the harmonization and integration of the
different attributes and endpoints changed the results obtained
with the original programs. In principle, a deviation from original
assessments is undesirable as the new approach should provide
results consistent with previous ones. Contrasting (i) and (iii)
revealed the consequences and prospects of integrating the original
programs into a single approach.

Assessments of the original programs (i) were calculated
manually (Table 2) and reported as quality classes. To calculate the
assessments with the new approach (ii and iii), we  implemented all
scoring functions, and the aggregation techniques in an R-package
“utility” (Reichert et al., 2013; http://www.r-project.org). Results
are reported as scores between 0 and 1, and corresponding color-
coded quality classes: blue for scores between 1 and 0.8, green
(0.8–0.6), yellow (0.6–0.4), orange (0.4–0.2), and red for scores
between 0.2 and 0. The R-package can be downloaded at no charge,
which should promote its application by practitioners.

3. Results

3.1. Results from the original programs

The hydromorphological condition of the four river sections,
assessed with the original programs, covered the entire range from
high (=best possible condition) to bad (=worst possible condition)
with the SMC  and RBP (quality classes 1–5 and 1–4, respectively)
(Table 3A and B; see Supplementary Table 1 for complete assess-
ment details). With the LAWA (quality classes 2–5), it covered
the range from good (=second best condition) to bad (=worst
possible condition) (Table 3C). Hence, the assessments were com-
parable except that the LAWA evaluated the condition of river
section 1 to be good instead of high as the RBP and SMC  did. The
discrepancy in these evaluation patterns arose because LAWA does
not use the width to evaluate the riparian zone, but only vegetation
types, utilization types, and artificial structures within it. The only
near-natural vegetation and the minor utilization along section 1,
which both were not part of the original SMC  and RBP programs,
explained the worse assessment applying LAWA. However, the
natural extension of the riparian zone led to high assessments with
the SMC  and RBP.

3.2. Results from the new approach including program-specific
attributes separately

Eleven out of 12 assessments calculated with the new approach
including only SMC-, only LAWA-, or only RBP-attributes were the
same as calculated with the original programs (Table 3D–F). An
exception was section 3. While the original SMC assessed it with
a quality class of 3 (Table 3A), the new approach with only SMC-
attributes attributed a class 2 (Table 3D). The reason for this was
that, in the new approach, the high score of the endpoint foot of
slope modification contributed to the overall hydromorphological
condition with a weight of 0.25 (Supplementary Fig. 5), but only
weight came about because of the changed assessment structure in
concert with the un-weighted, additive aggregation. Additionally to
the discrepancy in endpoints’ weights, the original SMC  averaged

http://www.r-project.org/
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Table 3
Hydromorphological assessments of the four river sections calculated with the original programs (A) SMC, (B) LAWA, (C) RBP, and the new approach including (D–F) only
specific attributes of one program each, and (G) all attributes. Assessments are given in quality classes. LAWA’s seven quality classes are converted into five classes: 1 and 2
become quality class 1, and 6 and 7 become quality class 5 (see main text). Continuous scores on a common scale between 0 and 1, calculated with the new approach, are
added  in brackets.

River section 1 2 3 4 Quality classes: high to bad

(A) SMC  1 5 3 2 1–5
(B)  LAWA 2 5 3 2 1–5
(C)  RBP 1 4 3 2 1–4
(D)  New approach, SMC-attributes 1 (0.91) 5 (0.11) 2 (0.69) 2 (0.80) 1 (1)–5 (0)
(E)  New approach, LAWA-attributes 2 (0.63) 5 (0.17) 3 (0.46) 2 (0.70) 1 (1)–5 (0)
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(F)  New approach, RBP-attributes 1 (0.86) 4 (0.19
(G)  New approach, all attributes 2 (0.73) 5 (0.20

oot of slope modification with three additional endpoints to the next
igher level. These were of worse quality, and therewith diluted the
igh quality of the foot of slope along river section 3. Hence, this

s an example of possible problems associated with the use of an
dditive aggregation technique for a larger number of attributes:
t can result in a loss of information provided by one of the single
ttributes (be it better or worse) compared with the others.

.3. Results from the new approach including all attributes

The new approach including all attributes from the different
rograms assessed the four river sections with scores from 0.20
o 0.73, where 0 is the worst and 1 the best-possible case (shown
xemplarily for section 1 in Fig. 6, and for sections 2–4 in the Sup-
lementary Fig. 6) and corresponding quality classes from good to
ad (quality classes 2–5, where 1 is the worst- and 5 is the best-
ossible case, Table 3G). These results mirrored the assessments
alculated with the original programs. An exception was  river sec-
ion 1, which was assessed one quality class worse with the new
pproach than with the original SMC  and RBP (but corresponded
o the LAWA assessment). This difference arose from the merging
f attributes as explained in the previous paragraphs, resulting in a
orse assessment of the riparian zone (compared to the SMC  and
BP) and the longitudinal connectivity (compared to the SMC).

. Discussion

Current river assessment efforts are extremely valuable. How-
ver, ongoing difficulties e.g., when making comprehensive
ssessments on large spatial scales, or informing river manage-
ent to plan for ecosystem recovery indicate that these programs

re often insufficient (but see Bunn et al., 2010). Along the
ultinational Danube River, for instance, river catchment manage-
ent is coordinated, but mostly relies on quality data evaluated

ccording to different national assessment methods (Birk et al.,
012b). Hence, the resulting quality classifications are not com-
arable among adjoining countries, and have to be harmonized in

 costly and laborious intercalibration exercise (Heiskanen et al.,
004), before they can inform multinational river management
rojects.

Here, we present a new approach which accounts for these
roblems. We  have developed a step-by-step guide on how to
tructure existing assessment programs in a hierarchical way,
nd standardize attribute-specific scoring judgements to a com-
on  scale. This allows harmonizing assessments from different

rograms, and integrating them into a single assessment. By fol-
owing the seven steps developed in this study, we exemplarily

armonized and integrated three existing hydromorphological
ssessment programs from the USA, Germany, and Switzerland,
nd assessed four river sections with different morphological
onditions. The application demonstrated that our approach is
3 (0.47) 2 (0.53) 1 (1)–4 (0)
3 (0.49) 2 (0.69) 1 (1)–5 (0)

practicable, effective, accurate, and effective, all of which are impor-
tant characteristics of river assessment strategies (Boulton, 1999).

4.1. Practicability

Structuring assessment endpoints of the three original pro-
grams hierarchically before integrating them into the new
approach enhanced the visualization of attributes, endpoints,
aggregation structures, and weights of attributes and endpoints.
This visualization helped to identify elements from existing pro-
grams, which we  wanted to include or improve in the new
approach. The original SMC  program, for instance, does not cul-
minate in a quantification of the overall hydromorphological
condition. Rather, riverbed structure, riparian zone, and longitudinal
connectivity are only assessed individually (BAFU, 2006; Supple-
mentary Fig. 1). However, with the new approach it was  possible to
aggregate these individual assessments into an overall score. It can
be very useful to have such an aggregated assessment measure, e.g.,
to communicate assessment results to non-experts. For instance,
the Australian Ecosystem Health Monitoring Program produces,
among more detailed assessment results, single quality scores for
each river catchment (EHMP, 2008). These scores are presented to
policy makers in a public event providing transparent reporting
to the public about regional river conditions (Bunn et al., 2010).
As Fig. 6 demonstrates, our approach enables an aggregation into
such an overall score without loosing information regarding the
condition of endpoints at lower hierarchical levels. Information at
these levels is crucial to help interpreting probable causes of deficits
knowing that some attributes respond more closely to different
impacts than others (Bunn et al., 2010).

The hierarchical structure also helped comparing weights of
original endpoints with weights assigned to endpoints in the new
approach. A transparent communication of these weights is espe-
cially important in the new approach, as its flexible character allows
including new or excluding unwanted attributes and endpoints.
This process may  modify some of the weights if they are not defined
per se (see Section 4.2 for further explanations). Flexible assess-
ment strategies will become more important in the future when
more recent environmental problems, such as invasive species
(Hermoso and Clavero, 2012) need to be added as additional end-
points to existing river assessment. Further, they will facilitate
replacing original attributes with more complex ones which will
soon be accessible due to recent technological advances (Boulton,
1999). In any case, whenever elements within an assessment
change, the endpoints’ weights have to be adjusted accordingly.
This can quite easily be done when endpoints and their weights
are displayed and structured hierarchically as suggested in our
approach.
Finally, aggregating the endpoints into several hierarchical
levels prevented the ‘dilution’ of the impact of single attributes
or endpoints in the new approach. In contrast, the original RBP
averages ten endpoints into the overall hydromorphological
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Fig. 6. Quality assessment calculated with the new approach including all attributes from the three original assessment programs (RBP, SMC, and LAWA) exemplarily shown
for  river section 1. The numbers above the boxes show 1) the scores on a common scale from 0 (worst possible condition) to 1 (best-possible condition), calculated with the
new  approach, and 2) the weights for the higher level endpoints. Scores were further separated into colored quality classes. RBPl = RBP-attributes for low gradient streams,
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ondition (Plafkin et al., 1989; Barbour et al., 1999). This property is
seful to offset assessment errors of similar endpoints (Schuwirth
t al., 2012). However, if some of these endpoints are comple-
entary, it may  be more reasonable to use a multi-level approach

ssigning complementary endpoints to separate, higher level end-
oints.

.2. Accuracy and effectiveness

The new approach produced assessment results that reflected
iver conditions quantified with the original programs. This is
mportant to provide data continuity when switching between
he original and the new assessment strategy. Causes for devia-
ions in the results could be explained by the changes made in
he assessment structures (from the programs’ original structures
o the integrated one), and consequential changes in attributes’
eights. The three original assessments average scores of the lower

evel endpoints to higher level endpoints or to the main goal with-
ut specifying weights for single endpoints explicitly (Bundi et al.,
000; Plafkin et al., 1989; LAWA, 2000, 2002; Table 2). This strategy
ields to attributes’ or endpoints’ weights which are not defined per
e, but depend on the number of aggregated elements and hierar-
hical levels (Poyhönen and Hämäläinen, 2001). For instance, each
f ten averaged attributes receive half the weight compared to a
ase where only five attributes are averaged to the final score, if
hey are located on the same level. When more levels are included,
eights are assigned top-down from the main goal (which has a
eight of 1) to the attributes: In this case the weights of the end-
oints that quantify the main goal are defined by the goal’s weight
1) divided by the number of endpoints. Each of these weights is
hen divided by the number of the next lower level endpoints and
o forth (Supplementary Fig. 1A–C). To mirror original weights in
he integrated assessment, we could therefore adjust the hierarchi-
al assessment structure. If this does not lead to the desired effect,
e could also use weighted averaging instead of just average scores,

nd assign specific weights to individual elements.
Combining the three original programs into an integral assess-

ent led to an assessment that covered a wide range of
orphological river characteristics, some of which were very sim-

lar, others were complementary. In theory, such a strategy should
ead to more precise assessment results as it considers all indicators
f a wide range of programs. Additionally, due to the averaging of
imilar indicators from several programs, it leads to more robust
esults. But how much the assessment accuracy increases, and
hether river assessment in general would benefit from it, has to be

nvestigated in the future. In any case with the new approach, prac-
itioners have more flexibility in the choice of attributes to evaluate.

oreover, organizations with higher budgets, which collect more
ata, can use all data for their assessment. Finally, due to the fact
hat the integral assessment approach is built on original programs
t is highly effective: attributes can further be collected, processed,
nd assessed according to the original protocols.

.3. Limits and challenges

Despite the approach’s transparency and high flexibility
escribed above, there are some limits and challenges that should
e considered. First, only protocols that calibrate the assessment
f their endpoints to the same benchmark, typically sites in nat-
ral or least-disturbed conditions (Hawkins et al., 2010) can be
erged directly. If programs use different reference conditions for

he best (or worst) state, the scoring functions need to be harmo-

ized by adjusting the range of the y-axis of the scoring function.
econd, merging a lot of programs can make the approach confus-
ngly complex. The optimal number, however, can not be defined
er se but may  depend on the complexity of the single programs
icators 32 (2013) 264– 275 273

comprising the number of attributes, endpoints, hierarchical lev-
els and the variety of applied aggregation schemes. Third, the
elicitation of new scoring functions can be very time-consuming
(Schuwirth et al., 2012). Such elicitations become necessary if we
want to include new attributes or assessments for river types that
are not already described in the original protocol (Verdonschot,
2006). However, this difficulty is not specific to our approach:
adjusting original assessment programs to new river types or
including new attributes is difficult and time-consuming in any
case. Fourth, our approach can only be as accurate and detailed
as the description of the original protocol it is based on. If for
instance it does not clearly define whether the steps among dif-
ferent quality classes signify an equal improvement in quality, we
need assumptions to harmonize the assessments. Further, assess-
ments using multimetric indices (Stoddard et al., 2008) or modeled
expected conditions that are compared to observed ones (e.g., RIV-
PACS (Clarke et al., 2003), AusRivAS (Parsons et al., 2002, 2003))
could be harmonized, but the multiple information the models
or indices aggregate are difficult to represent in detail with our
approach. Finally, as so far most assessment programs apply dis-
crete quality classes, working with continuous assessment scores
may  be unfamiliar at first.

5. Conclusions and implications for river management

From the experience gained through our case study, we  synthe-
sized six main advantages of the new approach:

1. Harmonizing original assessments facilitates the direct com-
parison of individual assessment methods and allows their
combination into a single procedure that produces comparable
results.

2. The development of a hierarchical assessment structure
increases the transparency of the assessed river characteristics
and facilitates the visualization of deficiencies.

3. The possibility of defining mandatory and optional endpoints
prevents assessments based on inappropriately sparse data sets,
at the same time promoting flexibility if more data become
available. Including more information improves the significance
of the results.

4. Assessments in the form of continuous scores on a common scale
between 0 and 1 facilitate the direct comparison of different
results. Additional color-coded quality classes simplify a quick
identification of deficits, and facilitate communicating results for
different purposes (e.g., action implementation versus informa-
tion) or to different parties (e.g., experts versus politicians).

5. Any aspect of river quality assessment can be harmonized and
integrated: e.g., macroinvertebrate indices, water quality mea-
surements, or a combination of them, depending on the main
goal of the assessment. When more programs and therewith
more attributes are considered, the new approach becomes more
holistic, but also more complex (e.g., the objectives hierarchy).
However, because of the structured approach and the visualiza-
tion, the gist of the results can easily be captured.

6. Using existing assessment programs as a source for input data is
wise: it is cost-effective, and data are often comprehensive and
available on a large spatial scale.

Besides river assessment, river management decisions such as
rehabilitation prioritization involve an assessment process, namely
the evaluation of the predicted outcomes of measures (Prato, 2003;

Reichert et al., 2007; Steel et al., 2008; Hermoso and Clavero,
2012). To facilitate decision making in these cases, river quality
assessment should be an integral component of river management
(Nichols and Williams, 2006; Bunn et al., 2010). Our  approach offers
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uch an integration: instead of measured attribute data, predictions
f how attributes respond to potential rehabilitation measures can
e used to calculate the expected future river condition on the con-
inuous, common scale between 0 and 1. The alternative measures
an then be prioritized according to this score. The management
ecision is supported by this ranking, but at least as much by the

nsights gained through the structured results of the assessment
rocedure.
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