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Freshwater ecosystems are increasingly under threat as they are confronted with multiple anthropogenic impair-
ments. This calls for comprehensive management strategies to counteract, or even prevent, long-term impacts on
habitats and their biodiversity, as well as on their ecological functions and services. The basis for the efficient
management and effective conservation of any ecosystem is sufficient knowledge on the state of the system
and its response to external influence factors. In freshwater ecosystems, state information is currently drawn
from ecological assessments at the reach or site scale. While these assessments are essential, they are not suffi-
cient to assess the expected outcome of different river restoration strategies, because they do not account for im-
portant characteristics of the whole river network, such as habitat connectivity or headwater reachability. This is
of particular importance for the spatial prioritization of restoration measures. River restoration could be sup-
ported best by integrative catchment-scale ecological assessments that are sensitive to the spatial arrangement
of river reaches and barriers. Assessments at this scale are of increasing interest to environmental managers
and conservation practitioners to prioritize restoration measures or to locate areas worth protecting. We present
an approach based on decision support methods that integrates abiotic and biotic ecological assessments at the
reach-scale and aggregates them spatially to describe the ecological state of entire catchments. This aggregation
is based on spatial criteria that represent important ecological catchment properties, such as fish migration po-
tential, resilience, fragmentation and habitat diversity in a spatially explicit way. We identify the most promising
assessment criteria from different alternatives based on theoretical considerations and a comparison with biolog-
ical indicators. Potential applications are discussed, particularly for supporting the strategic, long-term planning

and spatial prioritization of restoration measures.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Multiple methods have been implemented to assess freshwater eco-
systems in different regions of the world (Buss et al., 2015; Ghetti, 1980;
Metcalfe, 1989). Some aim at determining the quality of the water in
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streams and rivers, while others focus on the ecological state (i.e. integ-
rity) of river reaches and their ability to sustain biodiversity. All have in
common that they seek to determine the current state of the ecosystem,
as to set a baseline against which past or future states can be compared
to. This supports the identification of management alternatives to
amend or overcome current impairments.

Most freshwater ecosystem assessment methods evaluate local (i.e.
sampling site) or reach-wide (i.e. short river segment) properties of riv-
ers, with a focus on water quality, hydromorphology or biota, often in-
cluding both aquatic and riparian habitats (e.g. Kamp et al., 2007;
Wernersson et al., 2015). Such assessments are useful to detect possible
deficits stemming from the local surroundings and may even help iden-
tifying additional or alternative sources of impairment elsewhere in the
catchment (Hynes, 1975). Land-use in the upstream subcatchment, for
instance has a strong effect on water chemistry (Johnson et al.,, 1997),
local habitats and freshwater biodiversity (Allan, 2004; Kuemmerlen
et al., 2014). Reach-scale freshwater assessments are an important
tool regularly implemented to test for compliance with laws, both in
the European Union (2000) and elsewhere (e.g. Switzerland; Bundi
et al., 2000).

For the purpose of prioritizing river restoration measures, particu-
larly in the process of systematic long-term environmental planning,
reach-scale freshwater assessments are, however, not sufficient unless
placed in the context of the river network. The assessment of single
reaches does not allow evaluating the potential benefit of joint restora-
tion measures at different locations of the same river system. For exam-
ple, if several longitudinal migration impediments (e.g. weirs) are
removed jointly in a river system, individual assessments of the success
of these measures will not be meaningful if the longitudinal connectiv-
ity between them and the rest of the stream network is not taken into
account as well (Lake et al., 2007). Therefore, freshwater ecosystem as-
sessments should ideally account for network properties, such as habi-
tat fragmentation and size, as well as connectivity. Moreover, the
overall success of river restoration measures has been linked to biotic
and abiotic conditions of the nearby stream network (Stoll et al.,
2014), as well as the upstream subcatchment (Sundermann et al.,
2011; Tonkin et al., 2014). Also, recolonization processes (Brederveld
etal., 2011) and how these interact with the structure of river networks
(e.g. Altermatt et al., 2013; Grant et al., 2007), play an important role for
the dispersal and distribution of freshwater biodiversity, and need to be
taken into account when assessing river restoration success. In sum-
mary, spatially-explicit approaches that consider the arrangement of
impaired and unimpaired reaches, as well as instream barriers, are nec-
essary for an effective, long-term management of ecosystems. In the
case of freshwater ecosystems, the catchment scale has been identified
and implemented as the fundamental unit of ecosystem management
(European Union, 2000) and conservation planning (Saunders et al.,
2002). Throughout this publication, we use the term catchment to de-
scribe any hydrological unit such as river basins, drainage areas or wa-
tersheds, regardless of their size.

Catchment-scale assessments enable the optimization of ecological
restoration efforts, by facilitating the prioritization of restoration mea-
sures. This is of utmost importance, as funding may be a limiting factor
and maximum efficiency desirable. Also, trade-offs between environ-
mental goals and societal needs frequently need to be evaluated, as to
find a balance between the respective stakeholders (e.g. restoration of
ariver reach vs. production of hydropower). In this context, the possibil-
ity to construct different strategies and scenarios can be of great value to
find a consensus solution. This is highly relevant in a European context
and elsewhere, as large stretches of rivers are currently being restored
to improve their ecological state and to allow the longitudinal move-
ment of species. Switzerland, in particular, has committed to restore
25% of all river reaches currently in a bad morphological state until
2090 (Goggel, 2012).

Beyond river restoration, there is an increasing need for assessing
the ecological state of entire catchments. On the one hand, there is a

general interest in the conservation of freshwater ecosystems
(Hermoso et al., 2012; Howard et al., 2018), as undisturbed catchments
become rare and suitable habitats for many species disappear (Dudgeon
et al,, 2006; Malmgqvist and Rundle, 2002). On the other hand, ecosys-
tem functions and services delivered by freshwater ecosystems attract
attention as valuable assets which are at risk and require active manage-
ment (Flotemersch et al., 2016; Culhane et al., in review; Teixeira et al.,
in review). Research on these topics necessarily implies an analysis at
the catchment scale and leads to management strategies designed and
implemented from a catchment-wide perspective (Saunders et al.,
2002).

Despite the advantages, not many ecological assessment methods
have been put forward to evaluate the ecological state of entire catch-
ments. Existing approaches rely primarily on either remote sensing
(e.g.land use) or measured environmental data (e.g. river morphology),
or a combination of both (Foerster et al., 2017; Hill et al., 2017; Huang
et al., 2010; Paukert et al.,, 2011; Thornbrugh et al.,, 2018). While these
data sources provide properties of the stream network, which are of ut-
most importance to the freshwater ecosystem, none of the existing
catchment assessments takes into account the spatial arrangement of
these properties, in the context of the catchment to be analyzed. For in-
stance, the significance of the particular position of a culverted reach or
a tall barrier in the stream network is not trivial. A single one of these
structures is sufficient to significantly disrupt multiple ecosystem pro-
cesses and, in consequence, some of its functions and services.

We present a method for an integrative assessment of the ecological
state of entire catchments. It builds on individual, ecological assess-
ments of single reaches, as well as on barriers to longitudinal move-
ment. Due to limited data availability, the reach-scale integrative
assessment in our case study is estimated from river morphology, nutri-
ent and micropollutant (i.e. anthropogenic chemical compounds at low
concentrations; sensu Schwarzenbach et al., 2006) concentrations in a
spatially explicit way. This setup is needed to complement the reach-
scale assessment by a catchment-wide assessment which reflects the
hierarchical structure of the stream network, and is intended to account
for key ecological processes. The main application targeted here, is to as-
sist in the spatial prioritization of river restoration at the catchment
scale, in coordination with other management activities (e.g. improving
water quality).

As the assessment is intended to be used in the context of deci-
sion making in river management, we formulate the “assessment
scores” as it is done in multi-attribute value theory by a “value func-
tion” that characterizes the “degree of fulfillment” of the goal of
“achieving a good ecological state” as a function of system attributes
(on a scale from 0 to 1 or 0 to 100%; Dyer and Sarin, 1979; Keeney,
1996; Reichert et al., 2015). This multi-criteria decision support
method facilitates the incorporation of scientific knowledge to sup-
port decision makers in finding and evaluating suitable management
alternatives.

The approach presented here is based on, and significantly ex-
tends the one introduced by Reichert et al. (2015), which was exem-
plified for the Monchaltdorfer Aa catchment, one of four catchments
used here for development and illustration of the suggested ap-
proach. In the present study, we also build on different existing as-
sessment modules of the Swiss Modular Concept for Stream
Assessment (SMC; Bundi et al., 2000; Hiitte and Niederhauser,
1998). However, compared to Reichert et al. (2015), we extend the
method in several aspects: a) in addition to morphology and nutrient
concentration, we also consider micropollutant concentration for the
assessment of individual river reaches (see Section 2.3.3); b) we in-
troduce spatial criteria for further ecological principles and test var-
ious versions to quantify them (see Sections 2.4.4 and 2.4.5); c) we
apply the method to three additional, larger catchments; and d) we
use indices of biological condition for benthic macroinvertebrates
and fish for comparison with the reach and catchment scale ecolog-
ical state assessments.
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2. Material and methods
2.1. Study region

The study region is located in the Swiss Plateau, one of four biogeo-
graphical regions identified for the country (FOEN, 2001). This region is
encompassed by the Alps in the south-east and the Jura Mountains in
the north-west, and has a mostly flat to hilly topography with elevations
between 250 and 1300 m.a.s.l. The favorable landscape is one of the
major reasons this area concentrates most of the country's population,
as well as most of its agricultural, industrial and service activities.

We focus on the catchments of four rivers in the Swiss Plateau, dis-
tributed relatively evenly on a southwest to northeast extent: the
Broye, the Suhre, the Toess and the Ménchaltdorfer Aa. The three former
rivers were selected because they have large catchment areas that lie
mostly within the Swiss Plateau (Fig. 1). The latter river was selected
as it had been used as an illustrating example in the aforementioned
study (Reichert et al., 2015). Their catchments areas range from approx.
50 to over 850 km? and are part of the Rhine River basin, discharging to
the North Sea.

2.2. Data collection

Information for this study was drawn from different data sources
and various monitoring programs. Land use data, political boundaries
and river networks were provided by the Swiss Federal Office of Topog-
raphy (swisstopo, 2016). Data on the biogeographical regions (FOEN,
2001) and river morphology (FOEN, 2016) were delivered by the Fed-
eral Office for the Environment (FOEN). The biological and chemical
monitoring data were obtained from the federal monitoring programs
NAWA (FOEN, 2013; Kunz et al,, 2016), BDM (BDM Coordination
Office, 2009) and NADUF (Jakob et al., 2002), as well as from monitoring
programs conducted by the environmental agencies of the cantons of
Ziirich, Aargau, Luzern, Fribourg and Vaud. Data collection followed
standard procedures according to the respective SMC modules for nutri-
ents (Liechti, 2010), fish (Schager and Peter, 2004) and benthic

macroinvertebrates (Stucki, 2010). The macroinvertebrate data from
the BDM and NAWA programs were accessed through the MIDAT data-
base (http://www.cscf.ch/cscf/de/home/wissenschaftliche-aktivitaten/
makrozoobenthos/datenbanken-midat.html, last accessed 13 July
2017). From the benthic macroinvertebrate monitoring data, we used
two indices: the Swiss stream macroinvertebrate index (IBCH; Stucki,
2010) and the species at risk index for pesticides (SPEAR; Liess and
Ohe, 2005).

2.3. Reach scale evaluation

The evaluation of the ecological state at the reach scale was based on
the SMC (Bundi et al., 1998), which includes assessment modules for bi-
ological components (macroinvertebrates, fish, aquatic macrophytes,
diatoms), as well as abiotic components (morphology, hydrology, nutri-
ents, micropollutants; Fig. 2). The original assessment modules provide
results in five discrete quality classes (in the case of morphology four
classes), similar to the Water Framework Directive (European Union,
2000; Table 1).

To derive an overall assessment of the ecological state at the reach
scale, in a way that can be easily integrated in a decision support process
for management, we translated the existing assessment modules into so
called “value functions” based on multi-attribute value theory (e.g.
Fig. 3; see Langhans et al., 2013). To this end, we first grouped the orig-
inal assessment modules into an objectives hierarchy, were each assess-
ment module represents one of the sub-objectives (Fig. 2). We then
translated the outcome of the assessment modules into numerical
values between 0 and 1, which quantify the degree of fulfillment of
the management objective (i.e. to which degree the management goal
is met). Here, 0 means 0% fulfillment of the objective, which corre-
sponds to the worst case scenario for Swiss rivers. Analogously, 1
means 100% fulfillment of the objective, which corresponds to reference
conditions that describe the natural (or near-natural) state. Further-
more, we assume that the five quality classes are evenly distributed
across the value scale between 0 and 1 (Table 1; see Supplementary ma-
terial Fig. A1 for an example).

Catchment
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Fig. 1. Location of the Swiss Plateau within Switzerland and Europe (inset; ESRI© Esri Data world), with the catchments of the rivers Broye, Suhre, Ménchaltdorfer Aa and Toess (swisstopo,

2016).
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Fig. 2. Objectives hierarchy to describe the ecological state at the reach scale. Each of the
lowest level objectives (boxes at the right) is related to an assessment module from the
Swiss Modular Concept for Stream Assessment (SMC). Dashed boxes represent sub-
objectives (i.e. assessment modules) for which data were available and which were
included in this study.

In the following, we distinguish between “good” reaches that fulfill
the requirements and “bad” reaches that do not fulfill the requirements
(note that the threshold between “good” and “bad” is at a value of 0.6;
Table 1). The values of the assessment modules were then hierarchically
aggregated to an assessment of the physical, chemical, biological state
and ecological state (Fig. 2), as described below. In this study, we used
three of the reach-scale assessment modules only (morphology, nutri-
ents and micropollutants; Fig. 2), for which we were able to get or esti-
mate reach-scale assessments for every reach in the stream network of
all four catchments (as described below). The value function for the ob-
jectives hierarchy was implemented in R (R Core Team, 2017) using the
R packages utility (Reichert et al., 2013) and ecoval (https://CRAN.R-
project.org/package=ecoval).

2.3.1. Morphological state

The standardized morphological assessment has been carried out in
much of the stream network of Switzerland, covering all rivers of order
3 and above and using the morphology module of the SMC (Hiitte and
Niederhauser, 1998). In some areas (e.g. Canton of Zurich), also smaller
streams have been surveyed. The assessment is composed of 13 mor-
phological properties of a river channel, that describe the width variabil-
ity, modification of the riverbed, modification of embankments and
condition of the riparian strips. These properties are aggregated to an
overall morphological assessment (Hiitte and Niederhauser, 1998)
and translated into a value function following the method described
by Langhans et al. (2013). For small order streams, where river mor-
phology data were missing, we assumed a high morphological state as
headwaters are often in near-natural, wooded areas. In the case of miss-
ing data on culverts for a specific reach, an absence of culverts was
assigned.

Table 1
Color-coded quality classes of the original assessment modules and their translation to a
continuous value scale between 0 and 1.

Quality class Value scale Legal requirements
0-<0.2
0.2-<04 Not fulfilled
04<08
0.6-<0.8
Fulfilled
0.8-1

0.8
|

value
04 05 0.6

0.2

|

0.0

T

0 K 50 100 150 200
UIAR

Fig. 3. Value function for the micropollutant state.

2.3.2. Nutrient state

The nutrient assessment is based on the nutrient module of the SMC
(Liechti, 2010), which evaluates the chemical state regarding ortho-
phosphate (PO,), nitrate (NO3), nitrite (NO,), ammonium (NH4) and
dissolved organic carbon (DOC; see Supplementary material Fig. A2).
Additional optional nutrient parameters are total phosphorus (TP),
total filtered phosphorus (TP filt.), total nitrogen (TN), total organic car-
bon (TOC) and biochemical oxygen demand (BODs). The assessment of
the single parameters was translated into a value function and then ag-
gregated using equal weights for each water quality parameter and an
additive-minimum aggregation with equal contributions of the mini-
mum and the arithmetic mean (Langhans et al., 2014).

Because the nutrient assessment was available for only some sites
and not for every reach in the catchment, we developed a simple linear
regression model to estimate the nutrient assessment for every reach
based on land-use data and the fraction of treated wastewater (propor-
tion of arable land, fraction of wastewater treatment plant effluents in
river discharge volume and number of livestock units in the catchment;
see Supplementary material A3). The model fitted with these variables
had shown the highest explanatory power among all candidate models
with all possible combinations of 91 candidate explanatory variables re-
lated to anthropogenic land use. The explanatory variables were ex-
tracted from various Swiss datasets (FOEN, 2014; FSO, 2008;
swisstopo, 2010; swisstopo, 2016) and processed in ArcGIS (ESRI,
Redlands, CA, 2016), as well as R (R Core Team, 2017).

The model assumed a linear effect of nutrient accumulation across
the landscape from agriculture, cattle farming and disposal of treated
wastewater. Preliminarily, we tested whether models calibrated for
the entire Swiss Plateau and fitted to the individual catchments per-
formed worse than those calibrated for and fitted to the individual
catchments (see Supplementary material Fig. A3). The difference in
model performance was negligible, which supported calibrating the
model for the prediction of the nutrient state on all available data of
the Swiss Plateau (mean correlation coefficient between observed and
predicted nutrients for the four catchments = 0.579; correlation coeffi-
cient between observed and predicted nutrients for the Swiss Plateau =
0.648). Calibrating a single model for all catchments assures more trans-
parency for replication and facilitates expanding the scope of this ap-
proach to other catchments in the Swiss Plateau not yet considered
here. We extracted the coefficients from this model and applied them
to predict the nutrient assessment for all stream reaches of the four


https://CRAN.R-project.org/package=ecoval
https://CRAN.R-project.org/package=ecoval

M. Kuemmerlen et al. / Science of the Total Environment 650 (2019) 1613-1627 1617

catchments. Due to GIS processing, some reaches lacked the land-use
data necessary for nutrient concentration prediction, in which case
data from the next downstream reach were used.

2.3.3. Micropollutant state

A micropollutant module for the SMC is currently under develop-
ment and sufficient micropollutant data are not yet available for catch-
ment scale assessments. Therefore, an index based on estimated
pesticide application rates by land use type (UIAR; Vermeiren et al.,
submitted) was used as a rough proxy for the micropollutant state,
which quantifies the proportion of different crops in the catchment
weighted by their average yearly number of crop-specific insecticide
applications (Spycher et al., 2015) as well as micropollutant contribu-
tions from urban sources based on the urban area in the catchment
(see Supplementary material A4). To translate the UIAR into a

micropollutant assessment, we chose as value function the equationv =

ﬂfﬁ based on the reasoning that the assessment should get worse
with increasing UIAR and using the median UIAR of the reaches in the
four catchments at the Swiss plateau as half-saturation constant K to as-
sure that a bad state is reached within a typical range of values (Fig. 3;
AWEL, 2012), because its known that intense agriculture and urban
areas can lead to a bad micropollutant state in the Swiss Plateau. The
proxy used here should be replaced by the SMC micropollutant assess-
ment as soon as it becomes available.

Also in this case, some reaches lacked the land-use data necessary
for the estimation of the micropollutant assessment due to GIS process-
ing, in which cases data were drawn either from the next downstream
reach if it contained the required data, or alternatively, from the up-
stream subcatchment (defined as portion of the catchment upstream
of the reach or site of interest).

2.3.4. Aggregation of sub-objectives at reach scale

To quantify the degree of fulfillment of the higher-level objectives
(physical, chemical, biological and ecological state, Fig. 2), the numerical
values of the corresponding sub-objectives had to be aggregated. This
can be done by different ways of averaging, while different aggregation
methods have different properties (Langhans et al., 2014). The weighted
arithmetic mean (also called additive aggregation) is the most com-
monly used aggregation method in the field of multi criteria decision
support. However, it allows a compensation of a bad value of one sub-
objective with a high value of another sub-objective, which does not
seem appropriate for the aggregation of complementary sub-
objectives in ecological assessments. For this reason, the minimum ag-
gregation is often applied in ecological assessments (also called worst-
case or one out-all out principle). However, this has the often undesired
property, that it is only sensitive to changes in the worst of the aggre-
gated values. A recent study confirmed that river managers favor a com-
promise between these two extremes (Haag et al., in press). We
therefore applied the so-called additive-minimum aggregation, where
an average of both methods is taken. We chose equal weights for the dif-
ferent sub-objectives and an equal contribution of the minimum and
the arithmetic mean. The result is a reach-scale assessment of the eco-
logical state of every reach in the stream network, reflecting the condi-
tions given by river morphology, as well as its estimated nutrient and
micropollutant concentrations (Fig. 4).

2.4. Spatial criteria for catchment scale evaluation

To prioritize restoration and find optimal trade-offs between conser-
vation, restoration, and utilization (e.g. for hydropower production) of
freshwater ecosystems, we need an ecological valuation at the catch-
ment scale that builds on the reach-scale ecological valuation and de-
scribes how the spatial arrangement of reaches in various ecological
states affects the ecological state of the entire catchment. To this end,
we developed an objective hierarchy (see Fig. 5) composed of five

sub-objectives at the intermediate level, each one representing a differ-
ent approach to summarize the assessment of all reaches, which can be
linked to an ecological principle. These objectives represent important
goals in achieving a good ecological state of a river system. These
goals, or objectives, are also highly relevant to the Swiss river restora-
tion program and to catchment management initiatives in general
(Goggel, 2012; Konitzer et al., 2012). Aggregated into the highest level
objective (Fig. 5, left side), the sub-objectives help to describe the eco-
logical state of the catchment, by considering the ecological state of
each reach, as well as their spatial arrangement in the stream network.
Moreover, some of the objectives consider the existence of natural and
artificial migration barriers (e.g. drops and weirs) and their location in
the stream network. Because they are all spatially explicit, in the follow-
ing we refer to them as spatial criteria. For each of them, we propose a
measurable attribute to quantify the fulfillment of the objective and,
in a second step, define how the fulfillment of the objective depends
on the attribute level. We used the R package rivernet (https://CRAN.
R-project.org/package=ecoval) to read, analyze and plot the spatially
explicit data of individual reaches and nodes, as well as their properties
(e.g. river morphology, presence of a barrier) in a stream network con-
text representing each one of the four catchments taken into account in
this study. Subsequently, the R package utility (Reichert et al., 2013),
was used to evaluate the value functions and plot the objectives
hierarchies.

The five spatial criteria outlined below represent a range of different
ecological properties and catchment possesses: a) the mean ecological
state, b) the longitudinal connectivity, c¢) the resilience potential,
d) the network fragmentation, and e) the habitat diversity. These spatial
criteria are not an exhaustive list, as there are many alternative possibil-
ities of aggregating and representing ecologically relevant information
for an entire catchment. Further, each spatial criterion described here
can be implemented using one, or more properties of the river reaches,
in different combinations (see four examples in Fig. 5). Several such ver-
sions (n = 32; see list in Table 3) are tested for some of the spatial
criteria presented here in order to identify the most appropriate one
for the aggregation at the catchment scale. The spatial criteria and
their versions were conceived from a combination of both the objectives
pursued by the Swiss river restoration initiative and data availability. All
suggested criteria had to fulfill the condition that any implemented res-
toration measure improving the state of a single reach (regardless of its
length) or removing an artificial barrier, would not deteriorate the eco-
logical state of the entire catchment (not even minimally). In addition,
each restoration of a reach or removal of an artificial barrier had to im-
prove the overall ecological state (small measures only minimally).
Also, the overall ecological state had to reach a value of one if all reaches
had an ecological state of value one (high ecological state) and there are
no artificial barriers, or a value close to zero if all reaches are in a bad
state and/or there are many artificial barriers.

For each of the above-mentioned criteria, we propose different im-
plementation alternatives and quantify them with attributes that usu-
ally have a range from zero to one. Each of these attributes has
subsequently to be transformed into a value (again from zero to one)
that represents the degree of fulfillment of the ecological objective to
be quantified with the attribute. The development of such value func-
tions is usually done in a joint effort of scientists and stakeholders, as
it was the case for the reach-scale assessment. As our spatial criteria
are new, there is not sufficient experience available to derive such a
value function. For this reason, we often use linear value functions
that are preliminary approximations to value functions that may be re-
fined later, if the suggested approach is implemented in practice.

24.1. Good ecological state of river reaches

In the context of a landscape, the basic ecological unit of freshwater
ecosystems is the catchment (Hynes, 1975). Hence, the fate of these
ecosystems, their resources (i.e. water) and their biodiversity, is defined
by the properties of the catchment (Allan, 2004; Baron et al., 2002). One
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Fig. 4. Stream network of a subcatchment of the Monchaltorfer Aa, showing reach scale assessments for the morphological, nutrient, micropollutant and ecological state.

fundamental management objective is a good ecological state of all
reaches in the catchment, independent of their spatial arrangement.
Thus, the mean (i.e. average) state across all reaches and the fraction
of reaches in good state are two complementary ways of quantifying
this objective.

area they offer is proportional to their width, which increases with
stream order, but which is not considered here explicitly.

Therefore, the fulfillment of the objective “good mean state of
reaches” vyes can be measured by the weighted mean ecological state
of the reaches ayes, which can be calculated as

24.1.1. Good mean state of reaches. We suggest aggregating the ecologi-

cal assessment of all the reaches in the catchment through a weighted Z l;0iVEs i

average. Weights are assigned to each reach in terms of their length [Ty E—

and stream order (Strahler, 1957). The purpose of weighting by stream Z lio;

order is to increase the relative importance of reaches with high stream i

order because: these are proportionally underrepresented in a river net-

work in terms of stream network length; b) they play an important role where [; is the length, o; the stream order and vgs ; the ecological state of
in connecting river sections of smaller stream order; and c) the habitat reach i.
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Fig. 5. Objectives hierarchy for the ecological assessment at the catchment scale.

As mentioned above, for our preliminary assessment, we assume a
linear dependence of the value for the objective “good mean state of
reaches” vyes on the attribute ayes with vyes = ayes (See Fig. 6, upper
left panel for an example).

2.4.1.2. Many reaches in good state. This sub-objective was inspired by
freshwater policies regulating the ecological state of rivers in
European countries (Bundi et al., 2000; European Union, 2000). Accord-
ing to these policies, legal thresholds generally have to be met in all river
reaches and restoration measures have to be implemented where rivers
are not in a good ecological state (classes bad, poor & moderate), with
the exception of some socioeconomic or environmental constraints
(e.g. groundwater recharge zone, presence of infrastructure, presence
of endangered species population etc.). We therefore quantify the sub-
objective “many reaches in good state” vggs by measuring the fraction
of the river network that is in a good ecological state, args, where the
river sections are again weighted by their length and stream order

> li0yes i
i
ps = =7
>l
i

where [; is the length, o; the stream order of reach i, and ygs ; is O if the
ecological state of reach i is <0.6 (see Table 1 and related text for the jus-
tification of this threshold) and 1 otherwise.

Again, we assume a linear dependence of the value for the objective
“many reaches in good state” vgs on the attribute args with Vegs = args.

2.4.2. Near-natural fish migration potential
Longitudinal connectivity is an inherent property of freshwater eco-
systems that plays an important role in structuring biotic communities

(Cooper etal.,2017; Liermann et al., 2012), as well as in many ecological
processes (e.g. migration, dispersal; Malmqvist, 2002). When this con-
nectivity is interrupted, the biotic and abiotic conditions of the catch-
ment can change significantly, in extreme cases even leading to
speciation events (e.g. Gravena et al., 2015). However, many instream
structures in non-mountainous regions are man-made and continue to
be built in most river systems, with the consequence of partially, or
even completely interrupting the natural connectivity of the stream
network. The interruption of migration pathways through artificial bar-
riers is a serious threat to species with this reproduction strategy and
has been shown to cause genetic variation in migrating fish populations
above and below such barriers (Limburg and Waldman, 2009; Wofford
et al,, 2005).

A catchment in a good ecological state should have a longitudinal
connectivity as close as possible to the natural state. We propose quan-
tifying the fulfillment of the objective “near-natural fish migration po-
tential” vgyp With several sub-objectives that a) consider different
(groups of) fish species, which are important in the catchment to be
assessed and may differ regarding their migration abilities, and
b) either quantify the fraction of reachable headwaters from the catch-
ment outlet, or the fraction of reachable upstream habitats, irrespective
of whether they are considered headwaters or not.

The fraction of reachable headwaters aggy; can be calculated as

where ngy is the number of headwaters that are reachable from the
catchment outlet in the assessed state and nygy is the number of head-
waters that would be reachable from the catchment outlet under natu-
ral conditions. With this formulation, natural barriers to fish migration
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Fig. 6. A subcatchment of the Ménchaltorfer Aa with mapped properties of the stream network used to illustrate some of the spatial criteria for a catchment-scale assessment. Numbers

indicate values of fulfillment of the objective on a scale from 0 to 1.

are taken into account. We define “headwaters” by stream order, oy,
which can be adapted to the fish species as described below.

Similarly, the fraction of reachable upstream habitats aggy can be cal-
culated as

Iry
ArRy = —lNRU

where Iy is the length of the stream network that is reachable from the
catchment outlet and Iygy is the length of the stream network that
would be reachable from the catchment outlet under natural conditions.

We explored several versions to define impediments to fish migra-
tion: a) transverse barriers with a height larger than a critical threshold
hegry, b) culverts which are longer than a critical distance dggyc, and

c) reaches in bad ecological state (e.g. due to low water quality or bad
morphology), if they are longer than a critical distance dggys. In addition,
we considered a combination of a) and b), as well as of a), b) and c) (see
full list of versions in Table 3). All parameters mentioned above have to
be adapted to the (groups of) fish species that are considered in the sub-
objectives (Fig. 6).

For our case study, we distinguish between trout and other fish,
which are considered to have a lower ability to overcome barriers
than trout. For the critical height, hgy, we chose 50 cm for trout and
10 cm for other fish. For the critical distance of culverts and reaches in
bad state we chose 50 m for all fish species. For the definition of “head-
waters” by stream order, oy, we chose a stream order of 2. We assume a
linear dependence of the value for the sub-objectives for “near-natural
fish migration potential” on the attributes aggy with veyp = aggy (see
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comment at the end of the introduction to Section 2.4, and Fig. 6, upper
left panel for an illustration).

2.4.3. Resilience supporting habitats

Short-term disturbances are common in natural systems and are one
of the processes that help regulate ecological dynamics in river systems
(McCluney et al., 2014; Resh et al., 1988). However, human activities
can cause serious additional disturbances, which can lead to local ex-
tinctions of vulnerable organisms. Examples are activities such as local
pollution events, hydropower generation that lead to direct effects on
hydrological conditions, or carbon dioxide emissions that affect hydro-
logical conditions via climate change. To assure the resilience of vulner-
able freshwater biodiversity to any type of disturbance, refugia are likely
to play an important role (Bisson et al,, 2009). We assume that the resil-
ience of ecosystems increases with the size of river fragments of adja-
cent stream reaches that are in a good ecological state, due to a larger
probability of providing refugia to self-sustaining populations, which
can act as sources for recolonization elsewhere in a catchment.

The fulfillment of the objective “resilience supporting habitats” vgsy
can be measured by the adjacency of good habitats a,y, which can be
calculated as

ZLljgood
7 rjgood
1
—1
P

k

apH =

where [ go0q is the length of the stream fragment j that is in a good state
(defined as adjacent reaches that are in a good state) and rj, gooq is the
ranking of these stream fragments by length (the largest fragment has
rank 1, the second largest rank 2, etc.). Similarly, I, is the length of the
stream fragment k under natural conditions and ry is the ranking of
these stream fragments by length. Similar to the fish migration poten-
tial, we explored several versions that differ in the way these fragments
are considered to be divided from each other (through reaches in a bad
ecological state, culverts, artificial barriers, and combinations of these,
with parameters to be adapted to the organism group, see
Section 2.4.2). For the versions where just reaches in bad ecological
state or culverts are considered, under natural conditions, the whole
river network would consist of just one single “fragment” with the
total length of the river network. However, in versions that consider
fragmentation by barriers, we account for natural barriers that divide
the river network into multiple fragments also under natural conditions.
In these versions we cannot just divide by the total length of the river
network in the equation given above but use the adjacency under natu-
ral conditions as benchmark.

The eight versions considered in the previous spatial criterion (near-
natural fish migration potential) were applied here, along with the
same parameters. We assume a linear dependence of the value for the
objective “resilience supporting habitats” vgsy on the attribute asy
with vgsy = aay (see comment at the end of the introduction to
Section 2.4, and Fig. 6, lower left panel for an example).

2.4.4. Low network fragmentation

Dispersal between suitable habitats in a catchment is crucial to re-
colonize reaches that have been impacted by natural (e.g. flooding) or
anthropogenic disturbances (e.g. chemical spills, Lake, 2000), with the
probability of successful recolonization being strongly related to the dis-
persal distance (Wiens, 2002). For the success of river restoration ef-
forts, dispersal distance has been proven to be a crucial aspect, as the
presence of upstream source populations has been suggested to lie
within 5 km, ideally 1 km (Sundermann et al., 2011; Tonkin et al.,
2014). To quantify the objective of low network fragmentation, we
use a similar mathematical formulation as for the criterion resilience
supporting habitats, measuring the fulfillment of the objective “low

network fragmentation” vy g by the distance of fragment isolation app.
For this purpose, we changed the critical distance drzys from 50 m to
2000 m, while keeping the critical height hgzy and the critical distance
drrue s in previous criteria. The critical distance can be changed de-
pending on the management objective or organism group being
studied.

Also for this spatial criterion, we applied the same eight versions
from the two previous spatial criteria (near-natural fish migration po-
tential & resilience supporting habitats). We again assume a linear de-
pendence of the value for the objective “low network fragmentation”
vinr ON the attribute apg, with ving = app (see comment at the end of
the introduction to Section 2.4).

24.5. Near-natural habitat diversity

Catchments are characterized by the unique mosaic of habitats they
are composed of (Thorp et al.,, 2006). This habitat diversity is at least
partially responsible for the biodiversity found in the catchment, the
functions it performs and the services it offers (McCluney et al., 2014).
The higher the habitat diversity in a catchment, the higher the total
number of species to be expected (Cardinale et al., 2002). As a proxy
for different freshwater habitats, we use the Swiss river typology,
based on topographical, geological and climatic conditions (Schaffner
et al,, 2013) assuming that different river types offer different habitats.
We propose to measure the fulfillment of the objective “near-natural
habitat diversity” vyp by calculating the mean of the river-type specific
fractions of river lengths in a good ecological state

aRTF = 1i b so0d

n P lt
where n is the number of different river types represented in the catch-
ment, l; go0a is the total length of river reaches of river type t which are in
a good or high ecological state and [, is the total length of river reaches of
river type t.

We assume linear dependence of the value for the objective “near-
natural habitat diversity” vyp on the attribute agyr with vyp = dagrr
(see comment at the end of the introduction to Section 2.4, and Fig. 6,
lower right panel for an example).

2.4.6. Aggregation of sub-objectives at the catchment scale

To obtain the ecological state of the entire catchment, the spatial
criteria and the selected versions are aggregated into an overall assess-
ment (Fig. 5). Similar to the aggregation of modules on the reach scale,
we use an additive-minimum aggregation with equal weights of the
sub-objectives and an equal contribution of the arithmetic mean and
the minimum. However, these weights can be modified if, for a specific
management question in a given catchment, the different sub-
objectives have different importance.

2.5. Data analysis

We compared the reach scale evaluations of morphology, nutrients
and micropollutants, the aggregated chemical state and the aggregated
ecological state based on these three modules with three biotic indices,
two based on stream macroinvertebrates: the Swiss stream macroin-
vertebrate index (IBCH; Stucki, 2010), as well as the species at risk
index for pesticides (SPEAR; Liess and Ohe, 2005); and the SMC assess-
ment for fish (Schager and Peter, 2004). Biological data were available
only for some of the reaches (stream macroinvertebrates between 182
and 154 sites; fish 23 sites) and in some cases, data were available
from multiple monitoring events, in which case the index values were
averaged. The comparison was intended to explore at the reach scale,
whether the ecological state assessment based on abiotic factors is
reflected in the biological assessments. We calculated Spearman's corre-
lation coefficients for complete observation pairs. Furthermore, linear
regression models were fitted with the biotic indices as the response
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variables and the reach scale assessments mentioned above as the ex-
planatory variables; the coefficient of determination (R?), the test sig-
nificance (p-value), the slope and the intercept were extracted.

Furthermore, we compared the three selected biotic indices to the
ecological state assessment for selected subcatchments, implementing
the same tests and extracting the same data as for the reach scale.
Here we refer to subcatchments as smaller hydrological units within
the four assessed catchments, which are defined by sites of interest at
their outlet (e.g. a biological sampling site). The spatial criterion ‘near-
natural fish migration potential’ was compared to the fish index, as it
is most relevant for this taxonomic group. All other criteria were com-
pared to the IBCH index as it had the most sites and data available and
was intended to reflect morphological and chemical impairments. In
cases where subcatchments contained more than one monitoring site,
we averaged the indices. Indices from repeated monitoring events
were averaged as well, if present. The objective of the catchment scale
comparison was to explore if the different versions of the spatial criteria
differ in regard to their relation to the biotic indices to support the selec-
tion of some of them. For this comparison we computed catchment
scale assessments for different subcatchments. Subcatchments were
chosen following two different strategies: a) manually selected
subcatchments of relatively similar size (n = 42; M. Aa = 6, Broye =
12, Suhre = 9, Toess = 15), for which we had at least one monitoring
data point; b) subcatchments upstream of each of the 182 stream mac-
roinvertebrate monitoring sites (M. Aa = 8, Broye = 93, Suhre = 45,
Toess = 36; some sites with repeated observations).

We derive a recommendation for a selection of the versions for each
of the spatial criteria based on expert opinion and on their comparison
to the biotic indices. Basis for the recommendations were the suitability
of each variant to match the ecological principle it was expected to
represent and low redundancy with other spatial criteria. If results
from statistical results were available, the recommendation was
complemented based on: a) the significance of the test (p-value);
b) the level to which variance was explained by each model (R?); and
c) the direction of the effect (slope).

All versions chosen to represent each spatial criterion were corre-
lated against each other (Spearman's correlation) based on the manu-
ally selected subcatchments and those defined by monitoring sites.
The goal was to identify possible redundancy or complementarity be-
tween the versions. All further statistical analyses were done using the
R Base Package (R Core Team, 2017).

Finally, we evaluated the ecological state of the four study catch-
ments based on the chosen versions for each spatial criteria and

Table 2
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compare the assessments for the entire catchment, as well as of each
spatial criterion.

3. Results and discussion
3.1. Reach scale evaluation

Reach-scale assessments of the ecological state showed significant
and positive correlations with the two macroinvertebrate indices
(Table 2). The IBCH index was significantly correlated with the chemical
assessments (chemical, micropollutant, and nutrient state) in the same
reach where the macroinvertebrates were sampled and to a lesser de-
gree with the ecological state based on morphology, nutrients and
micropollutants (Table 2). The IBCH was not correlated with the mor-
phological state. For the SPEAR index all correlations were significant,
but the correlation was markedly stronger for the chemical state and
its components, nutrients and micropollutants, than for morphology.
For the SMC assessment for fish we found no significant correlation
(but note the low sample size).

3.2. Catchment scale evaluation

Manually selected subcatchments were more homogeneous in
terms of river network length (min. = 17.2 km, mean = 64.9 km,
max. = 309.9 km) than subcatchments defined by biotic monitoring
sites (min. = 0.1 km, mean = 96.0 km, max. = 924.2 km).

Out of all the versions of the spatial criterion ‘near-natural fish mi-
gration potential’, we found one of them to be significantly correlated
with the SMC fish assessment in the manually chosen subcatchments:
‘many reachable headwaters: other fish’ (Tables 3, A2, but note the
low sample sizes). Both sub-objectives of the spatial criterion ‘good
mean ecological state’ have a similar strong and positive correlation to
the IBCH index. For the spatial criterion ‘resilience supporting habitats’,
several versions showed significant correlation with the IBCH, particu-
larly those that only considered reaches in bad state as separating ele-
ments or those that considered reaches in bad state in combination
with barriers. Also for the spatial criterion ‘low network fragmentation’,
the versions based on the reaches with bad state alone and in combina-
tion with barriers, showed a significant correlation with the IBCH. The
spatial criterion ‘near-natural habitat diversity’ was significantly corre-
lated to the IBCH index. A similar picture is seen when comparing the bi-
otic indices with the evaluation of the subcatchments delineated by
biotic monitoring sites (Table A2). In this comparison the same versions

Statistics on the relationship between three biotic indices (IBCH, SPEAR, fish assessment) and reach scale estimates of abiotic assessments (morphology, nutrients, micropollutants) and
aggregated assessments for higher levels of the objectives hierarchy (chemical and ecological state, grey color). Significant correlations (p-value < 0.05) are highlighted in bold.

Biotic index ob?::;:es n Correlation R2 V;L e Slope | Intercept
Ecological state 193 0.397 0.131 | 0.000 | 5.72 9.83
Mean IBCH Chemical state 193 0.583 0.316 0.000 | 10.22 7.51
(stream Morphology 154 0.155 0.011 | 0.054 | 1.07 12.23
macroinvertebrates) [\ + ients 192| 0472 |0237 | 0000 |12.65| 585
Micropollutants 193 0.513 0.249 | 0.000 | 5.68 9.58
Ecological state 193 0.560 0.282 0.000 | 35.79 23.92
Mean SPEAR Chemical state 193 0.702 0.469 0.000 | 53.04 15.30
-(stream Morphology 154 0.293 0.087 0.000 | 13.04 34.69
macroinvertebrates)  I'y ttients 192| 0620 |0.365| 0000 |66.94 | 5091
Micropollutants 193 0.629 0.383 0.000 | 30.08 25.69
Ecological state 23 0.099 0.014 | 0.654 1.07 1.33
Chemical state 23 -0.044 0.019 0.843 | -0.89 2.08

Mean Fish stream

assessment Morphology 22 -0.220 0.028 0.325 | -0.83 1.87
Nutrients 23 -0.343 0.138 0.109 | -4.02 3.96
Micropollutants 23 0.027 0.013 0.902 | -0.52 191
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Table 3

Statistical test results on the relationship between one of two biotic indices (IBCH or fish assessment) and catchment scale assessments of five objectives and their different sub-objectives
(versions), at 42 selected subcatchments of the Toess, Monchaltdorfer Aa, Suhre and Broye catchments. Recommended versions for each criterion are shown with grey background, sig-

nificant correlations (p-value < 0.05) in bold font.

Bioti N
. lotic Objective Sub-Objective Version n r R? p Slope | Intercept
index value
Many reachable headwaters: all fish Ecological state 11 | NA | NA NA NA NA
Many reachable headwaters: all fish Culverts 11 {0.22|0.03| 0.523 | 0.64 1.43
Many reachable headwaters: trout Large barriers 11 |0.50|0.00| 0.172 | 0.09 1.76
Many reachable headwaters: trout I;f;tg: barriers & ecological 11 | NA | NA NA NA NA
- Many reachable headwaters: trout Large barriers & culverts 11 {0.57|0.01| 0.113 | 0.30 1.72
é Many reachable headwaters: other fish All barriers 11 | 0.31/0.00| 0.459 | -0.68 1.91
§ Many reachable headwaters: other fish All barriers & ecological state 11 | NA | NA NA NA NA
g Many reachable headwaters: other fish All barriers & culverts 11 (0.79 |0.42 | 0.021 | 20.45 1.54
£ Near-natural fish Many reachable upstream habitats: all fish Ecological state 11 | NA | NA NA NA NA
§ migration potential | Many reachable upstream habitats: all fish Culverts 11 /10.42|0.16| 0.196 | 1.27 1.02
2 Many reachable upstream habitats: trout Large barriers 11 [{0.15|0.01| 0.664 | -0.20 1.70
(7] . .
"; Many reachable upstream habitats: trout Large barriers & ecological 11 | NA | NA NA NA NA
s state
@
s Many reachable upstream habitats: trout Large barriers & culverts 11 [{0.22|0.00| 0.512 | -0.13 1.68
Many reachable upstream habitats: other All barriers 11| 7 loo1l 0676 | -0.72 173
fish 0.14
fl\ézny reachable upstream habitats: other All barriers & ecological state 11| NA | NA NA NA NA
Many reachable upstream habitats: other | ;3 jers & culverts 11| - |001| 0.676 |-065| 1.72
fish 0.14
Good mean ecological | Good mean state of reaches - 42 | 0.67 |0.42| 0.000 |11.95| 6.51
state of river reaches | Many reaches in good state - 42 | 0.69|0.42| 0.000 | 5.34 | 10.80
Resilience supporting habitats: all fish Ecological state 42 | 0.69 |0.31| 0.000 | 5.22 11.78
Resilience supporting habitats: all fish Culverts 42 | 0.45|0.20| 0.003 | 4.51 10.10
Resilience supporting habitats: trout Large barriers 42 | 0.03|0.00| 0.850 | 0.30 13.13
i L i logical
8 | Resilience supporting | Resilience supporting habitats: trout S:‘;f: barriers & ecologica 42 |0.65(0.32| 0.000 | 7.88 | 11.51
©
= habitat
2 abitats Resilience supporting habitats: trout Large barriers & culverts 42 (0.120.02| 0.462 | 1.41 12.65
i)
§ Resilience supporting habitats: other fish All barriers 42 1 0.25(0.04| 0.117 | 1.92 12.38
-g Resilience supporting habitats: other fish All barriers & ecological state | 42 | 0.61 |0.27 | 0.000 | 7.11 11.68
g Resilience supporting habitats: other fish All barriers & culverts 42 1 0.29|0.05| 0.061 | 1.93 12.51
E Low network fragmentation: all fish Ecological state 42 (0.73 |0.50| 0.000 | 5.78 9.93
© -
g Low network fragmentation: all fish Culverts 42 [0.03]0.02| 0.841 36.11 49.20
& .
z Low network fragmentation: trout Large barriers 42 [0.03]0.00| 0.850 | 0.30 13.13
Q - "
< Low network | oy network fragmentation: trout Large barriers & ecological 42 [0.57|0.25| 0.000 | 634 | 11.21
s fragmentation state
S Low network fragmentation: trout Large barriers & culverts 42 |0.03|0.00| 0.856 | 0.32 13.12
Low network fragmentation: other fish All barriers 42 [0.25|0.04| 0.117 | 1.92 12.38
Low network fragmentation: other fish All barriers & ecological state | 42 | 0.57 |0.27 | 0.000 | 6.66 11.36
Low network fragmentation: other fish All barriers & culverts 42 [0.25]0.04| 0.104 | 1.84 12.44
Near-natural habitat 2 - 42 |0.54|0.31| 0.000 | 5.40 | 10.53
diversity

were correlated with the biotic indices, with exception of those com-
pared to the SMC fish assessment. In addition, two further versions
present significant correlations: the ‘resilience supporting habitats’ con-
sidering culverts and large barriers.

The comparison of spatial criteria with biological indices was a first
attempt to explore how the biological indicators respond to the spatial
criteria. This was intended to support the choice between the different
versions proposed. For fish related criteria, however, the data base
was clearly not sufficient. Collecting more data at new sampling loca-
tions could provide the required information, particularly if focused on
covering many tributaries of few catchments. Moreover, the IBCH
index is currently under revision to improve its sensitivity to anthropo-
genic impairments (Michel et al., 2017). Despite these shortcomings, all

but three of the suggested versions are supported by significant rela-
tionships to biotic indices.

We considered conceptual advantages and disadvantages in addi-
tion to the comparison with biotic indices, to provide a recommenda-
tion for the versions to be used. For the spatial criterion ‘near-natural
fish migration potential’ we recommend to include versions from both
sub-objectives, because they integrate complentary aspects. Further,
we consider the presence of long culverts an important impediment
to longitudinal connectivity, alongside to large and small barriers and
suggest to consider four versions (see Table 3). To characterize the
mean ecological state of the catchment, we put forward both the
weighted average of the ecological state of the river sections and
the fraction of the river network that is in a good ecological state,
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because the former summarizes the catchment state well, while the sec-
ond provides valuable information for catchment managers and is
aligned to policy practice in most European countries. For ‘resilience
supporting habitats’, we recommend the versions considering the eco-
logical state of the reaches alone and in combination with large or all
barriers. These versions consider all organism groups, regardless
of their dispersal capacity. The same reasons are valid for putting for-
ward the same versions for the spatial criterion ‘low network fragmen-
tation’. Here we have used a critical length that is assumed to be
intermediate between the dispersal distances of macroinvertebrates
and fish, in accordance to the literature (Sundermann et al., 2011;
Tonkin et al., 2014). Finally, the ‘near-natural habitat diversity’ is a valu-
able addition to the full set of variants, as it is complementary to all
others in its goals.

As the approach presented here has many potential applications in
terms of management questions to be addressed, or specific taxonomic
groups to be considered, we decided to recommend a broad variety of
versions (12 sub-objectives on the right side of the objectives hierarchy
in Fig. 5). Applications of this approach could chose to use all of the rec-
ommended versions, or only a relevant subset. For instance, if the man-
agement goal is to reestablish migration routes for headwater-
spawning species (e.g. Salmo trutta m. fario), one or more versions of
the spatial criterion ‘near-natural fish migration potential’ would have
to be included. Additional versions of other spatial criteria would be op-
tional. Furthermore, the parameters used in the different sub-objectives
of the spatial criteria (e.g. height threshold, critical length) should also
be adjusted to the management goal and the taxa of interest. On the
other hand, in a mountainous catchment with already naturally strongly
limited fish migration potential, the subobjective ‘near-natural fish mi-
gration potential’ may be irrelevant.

Among the recommended versions of the criteria, some are signifi-
cantly correlated with each other (Table A3). This is due to the partial
overlap of the underlying data used to calculate the values of the differ-
ent spatial criteria. However, the correlation is dependent on the size
and the properties of the catchment being investigated. In our study,
manually chosen subcatchments and those defined by biotic monitoring
sites had different patterns of correlation among the spatial criteria. Fur-
ther, selecting smaller subsets of spatial criteria variants can avoid un-
necessary duplication of information in the catchment assessment.

The overall ecological assessment for the four catchments, based on
the recommended spatial criteria, shows that all four catchments are
considered to be in an overall bad (Moénchaltorfer Aa, Suhre and
Toess) or poor state (Broye; Fig. 7). However, this depends also on the
choice of our value function which is not yet based on sufficient experi-
ence (see comment at the end of the introduction to Section 2.4). For
this reason, it is of more interest to analyze the differences in the assess-
ments between the catchments. The criterion resilience supporting hab-
itats is the only one with a bad state in all catchments (Mean = 0.09, SD
= 0.04), which is reflected in all but one of the versions, across all catch-
ments. The Suhre catchment obtained the worst overall assessment
(good ecological state of the catchment = 0.07), which can be attrib-
uted to the poor fulfillment of the objectives ‘near-natural fish migra-
tion potential’, ‘near-natural mean habitat size’ and ‘ low network
fragmentation’. The same three criteria also result in a bad state in the
Aa and in the Toess catchments, but overall, these catchments are in a
better state (0.15 and 0.17, respectively). The Broye catchment, how-
ever, shows a poor state in ‘low network fragmentation’ and a moderate
state in ‘near-natural fish migration potential’, leading to the best over-
all assessment (0.29). ‘Near-natural habitat diversity’ achieved the best
results overall, with poor in the Mdnchaltorfer Aa and Suhre catch-
ments, moderate in the Toess catchment and good in the Broye catch-
ment (Mean = 0.44, SD = 0.13). The objective ‘good ecological state
of river reaches’ was the spatial criterion, which on average resulted in
the second highest assessment, reaching a bad state in the Aa and the
Suhre catchments, while in the Toess and the Broye catchments the
state was moderate (Mean = 0.43, SD = 0.13).

The bad and poor states of the four catchments assessed is to be ex-
pected, considering the fact that these are located in the Swiss Plateau,
where historic and current anthropogenic disturbance has been, and
continues to be highest for Switzerland. The Ménchaltorfer Aa is a rather
small catchment with strong anthropogenic influences due to densely
populated areas and intensive agriculture. This leads to a high fragmen-
tation of the network and low adjacency of good habitats (Fig. 7 and
Supplementary material A5). The Broye catchment is an important agri-
cultural region, which is reflected in the moderate to bad nutrient and
micropollutant state of many reaches, especially of the lower parts of
the catchment (see Supplementary material A6). Due to the large num-
ber of natural barriers, only a small part of the catchment is relevant for
fish migration (see Supplementary material A6). This part has only few
artificial barriers, leading to a good fish migration potential for trout and
a moderate one for other fish. The Suhre catchment is a medium-sized,
relatively flat catchment that contains the eutrophic Lake Sempach
(Biirgi and Stadelmann, 2002). Insufficient water quality, especially in
the main stems (see Supplementary material A7) and a heavily modi-
fied morphology lead to high network fragmentation. The existence of
artificial barriers very close to the catchment outlet leads to a poor as-
sessment of the fish migration potential. However there are numerous
headwaters in hilly uplands with a high ecological state, which lead to
an overall moderate mean ecological state. The Toess river flows
through a landscape with a very strong gradient of anthropogenic dis-
turbance: the lower parts of the catchment are in intense agricultural
use and a city with an important industrial history is located in the mid-
dle section, while the upper reaches are very hilly and less intensely uti-
lized or inhabited, which leads to a good to high water quality in this
part of the catchment (see Supplementary material A8). A large number
of natural barriers lead to the fact that only a small part of the catchment
would be available for migratory fish even under near-natural condi-
tions and makes the large number of artificial barriers less relevant in
this catchment. The results of the four catchments highlight the impor-
tance of incorporating a fish migration criterion that does not only ac-
count for the migration potential from the catchment outlet but also
for connectivity among regions within the catchment (i.e. ‘low network
fragmentation’).

A catchment-scale assessment, as the one presented here, can make
significant contributions to improving the design of long-term, large-
scale river management strategies that jointly consider several manage-
ment measures, such as morphological restoration and water quality
improvements. While other societal objectives, such as costs and con-
straints (e.g. existing infrastructure, land availability) are important
criteria to be considered for spatial planning as well, an integrative eco-
logical assessment procedure, based on physical and chemical aspects
and including important ecological principles at the catchment scale
will support river managers to increase the efficiency of management
strategies. The proposed approach also allows comparing dissimilar
catchments (i.e. in size, topography, geomorphology, climate, etc.). In
addition, the transparent structure of the objectives hierarchy allows
identifying current deficits and supports the identification of efficient
management strategies. Moreover, the consideration of diverse spatial
criteria allows addressing several objectives in parallel which are im-
portant to different stakeholders related to river restoration, catchment
management or environmental policy-making.

Our assessment is comparable to existing large-scale ecological as-
sessment approaches, such as the one proposed by Flotemersch et al.
(2016), where six key functions of catchments are identified, of which
three have been implemented here: habitat provision, hydrologic con-
nectivity and water chemistry regulation. Other catchment regulation
functions described in that study associated to temperature, sediments
and the hydrologic regime, remain challenging to address as relevant
data are collected at only few sites per catchment. Such gaps in data cov-
erage could be solved with models used to predict conditions for the en-
tire river network, as done here with the nutrient and micropollutant
assessments. The approach presented here also benefits from the
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Fig. 7. Objective hierarchies with color-coded ecological assessments for the four catchments (red = bad, orange = poor, yellow = moderate, green = good, blue = high); vertical black
lines indicate the ecological value on the scale between 0 and 1 (see legend). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

catchment perspective it has been implemented with and is likely to de-
liver more specific results than other approaches implemented at much
larger scales, across large river basins (Thornbrugh et al.,, 2018). Due to
the comparably high abundance and high spatial resolution of abiotic
datasets available in Switzerland, the approach presented here is able
to include more aspects that are of high ecological relevance for fresh-
water ecosystems, than those which have been implemented elsewhere
in similar assessments (Foerster et al., 2017; Hill et al., 2017; Huang
et al., 2010; Paukert et al., 2011). However, we also illustrate how to
deal with missing data (especially regarding water quality) by extrapo-
lation based on land use data.

While the fact that we found a positive correlation between spa-
tial criteria and biotic indices is encouraging, it does not indicate that
the targeted ecological processes and functions were successfully
captured. To test whether ecological processes and functions are rep-
resented by the spatial criteria suggested here, relevant data would
have to be collected for statistical analysis. Such data could include
detailed upstream and downstream movements of different species

of fish at different life stages to estimate actual connectivity in the
stream network (e.g. Calles and Greenberg, 2009), catchment-scale
biodiversity assessments that take into account the niche breadth
and dispersal ability of species (e.g. Heino, 2013) and the direct mon-
itoring of certain ecological functions such as leaf-litter breakdown
in rivers (Gessner and Chauvet, 2002). While studies collecting
such data are rather scarce and dispersed, first attempts to quantify
equivalent ecological functions are underway: for example,
spawning sites for different species have been inventoried in the
canton of Aargau (Breitenstein et al., 2017). Similar data from con-
tinuous and widespread inventories could help validate the spatial
criteria used here, in a more appropriate way.

Moreover, currently lakes are not part of the assessment, despite
being important parts of river basins that affect the physical, chemical
and biological state of downstream rivers and can act as refugia for or-
ganisms such as migratory fish. Therefore, lakes should ideally be in-
cluded in the ecological assessment and spatial prioritization within
catchments.
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4. Conclusions

Ecological assessment procedures for rivers developed in many
countries are very useful tools for identifying deficits and supporting
restoration planning. However, if there is insufficient funding for restor-
ing all degraded river reaches, if restoration of all degraded reaches re-
quires very long time frames, or if there are trade-offs between a good
ecological state of the river and some societal services (such as hydro-
power generation or land required for settlements or agriculture), sup-
port for prioritizing reaches to be restored is needed. Reach-based
ecological assessment procedures have only limited capabilities to sup-
port such a prioritization.

By combining reach-scale assessment procedures with a formaliza-
tion of important ecological principles, such as supporting resilience
(through considering the sizes of connected subsystems), migration po-
tential (through considering barriers), and habitat diversity (through
considering the fractions of different habitat types in good state), we
suggest criteria for and implement a prototype of an ecological assess-
ment at the catchment scale. Such a catchment-scale assessment allows
us to compare the ecological value of different spatial arrangements of
river reaches in good state and thus supports prioritization of restora-
tion as well as conservation planning.

Due to the need of data for the whole river network, our current im-
plementation of the reach-scale assessment used for the catchment-
scale criteria is a simplified version based on river morphology and nu-
trient and pesticide pollution estimated from land use and sewage treat-
ment plant effluents. Site-specific biological data were then used to
validate the suggested criteria. The resulting correlations between the
suggested spatial criteria and the site-specific biological data provided
an empirical justification of the theory-based approach. Whenever bet-
ter predictive models of the biological state would become available, the
approach can easily be extended to include the reach-scale biological
state.

The goal of this paper is to stimulate the discussion of the need for
catchment-scale ecological assessment procedures and demonstrate
the feasibility of this approach with a concrete prototype of such a
procedure and its application to selected subcatchments in the Swiss
Plateau. More testing of the ideas and its use within a formal optimi-
zation framework is planned in collaboration with representatives of
cantonal authorities responsible for the implementation of the Swiss
river rehabilitation program (which intends to rehabilitate 25% of
the morphologically degraded rivers in Switzerland until 2090;
Goggel, 2012).

More effort is needed with regard to improving the criteria (attri-
butes and degree of fulfillment of the corresponding objective by a
value function), directly considering the biological state indicators (in
addition to the indirect indicators of morphology and water quality
used here), and and in exploring the potential of applying formal opti-
mization of the ecological state of the whole catchment for the spatial
prioritization of restoration measures under given external constraints
(such as budget and domestic areas).
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