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Abstract Profile

The availability of suitable spawning habitats for gravel-spawning fish is an im-
portant indicator for Alpine river reaches regarding hydro- and morphodynamic
components of fluvial ecosystems. This paper presents advances in habitat modelling
techniques of suitable spawning habitat conditions for brown trout (Salmo trutta) by
applying multivariate fuzzy-logical habitat modelling in combination with a three-di-
mensional numerical sediment-transport model. The fuzzy-logical approach consid-
ers multiple particle size classes to evaluate the suitability of sediment characteristics
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(sediment spawning index, SSI). It is then combined with hydraulic characteristics Alps
to compute spawning habitat suitability (HSI__, ). The study site is part of the River
Spoel in the Swiss National Park in the Central Alps of Switzerland. The modelling Country
approach was applied to two spawning seasons (2009 and 2010) and provides in-
Switzerland

formation about the spatial distribution of suitable spawning habitats. The simulated
results indicate a good model performance when comparing the simulation results
with observed spawning redds. The predictability of the modelling approach allows
further investigations into new management scenarios to improve the hydro- and
morphodynamic situation in the River Spoel and to increase the availability of suit-
able spawning habitats for brown trout.

Introduction

The relevance of investigating riverine habitats is
spelled out in the EU Water Framework Directive
(WFD) because, in addition to water quantity and wa-
ter quality, the habitat is one key component in the in-
tegrated approach of the WEFD on fluvial ecosystems
(Conallin et al. 2010). In general, a habitat is defined as
the environmental surroundings composed of multi-
ple dimensions representing biotic and abiotic compo-
nents related to the use of a location by an organism
(Beyer et al. 2010). This definition provides the basis
for aquatic habitat simulation tools to model the biotic
response of indicator species to varying environmen-
tal factors using physical-biota relationships. Based on
the similarity of existing and preferred conditions of
aquatic organisms, an estimate of habitat quality can
be assigned to a specific location. The classic approach
of qualifying and quantifying habitats to estimate
habitat indices defines an optimum range of abiotic
conditions for indicator species (Leclerc et al. 2003).
The most common index to describe the biological
response to abiotic attributes is the habitat suitability
index (HSI) which ranges from 0.0 (unsuitable) to 1.0
(most suitable).

Recently several habitat modelling studies have been
performed to simulate fish spawning habitats (e.g. Moir
et al. 2005; Schneider et al. 2007). The majority of them
use the most applied and so-called conventional habitat
variables in fish habitat modelling: flow velocity, wa-
ter depth and dominant substratum (Heggenes 1988).

Only one study (Mouton et al. 2008) considered two
particle size classes (fine and medium-sized gravel) for
simulating spawning habitats of grayling, However,
this kind of habitat description might not be sufficient
to describe the habitat requirements for the spawning
process of gravel-spawning fish. In particular, single
vatiables used to describe the sediment characteristics
have a limited capability to fully meet the spawning
requirements. According to Dirksmeyer & Brunotte
(2009), parameters that have been developed to assess
the suitability of spawning gravels, such as the content
of fine sediments, the mean geometric diameter or the
Fredle-Index, are not on their own sufficient to de-
scribe all relevant functions of a particle size distribu-
tion for spawning, For example, sites with accumulated
fines are avoided as those locations might not provide
sufficient oxygen supply to deposited eggs, but the
content and size of cobbles might also be limiting as
the female must be able to move gravels to excavate the
redd (Kondolf et al. 2008).

The objective of this study is to present a habitat-
based modelling approach for spawning habitats of
brown trout (Salmo trutta) using a multivariate two-
stage fuzzy-logical approach which considers multiple
particle size classes to account for the high sediment
requirements in the modelling process of the spawn-
ing habitats. Therefore a 3D sediment-transport model
(SSIIM3D, Olsen 2013) is applied to simulate the hy-
dro- and morphological data in high spatial resolution
and to provide detailed information about hydraulic
and sedimentary habitat characteristics. Furthermore,
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Figure 1 — Swiss National Park with the River Spoel in Switzerland and the chosen study site between the Ova Spin and Lago di
Livigno reservoirs. The circles (SA1-SA4) represent the major spawning sites.

the habitat modelling system CASiMiR (Schneider
2001; Noack et al. 2013) is applied with its fuzzy-mod-
elling technique to link abiotic attributes with habitat
requirements. The proposed modelling concept is
applied at the River Spoel in the Swiss National Park
and the results are evaluated against counted spawning
redds for two spawning seasons.

Study area

The investigations for spawning grounds of brown
trout were conducted in the River Spoel in the Swiss
National Park (SNP) in the Central Alps of Switzer-
land (46°66’N, 10°19’E). The SNP stretches across
a total area of 170.3 km?, with altitudes ranging from
1400 m to 3174 m. The study site is located between
the Punt dal Gall (Lago die Livigno) and Ova Spin
dams (reservoir Ova Spin) and is characterized by a
regulated flow throughout the year. The study site
has a length of approximately 400 m with an average
width of 15 m and a slope of 1.8%. Given hydropow-
er operations, the natural mean annual flow of 6.6—
12.2 m? /s is reduced to a constant flow of 1.44 m? /s
(summer) or 0.55 m®/s (wintet). As a result of this
flow regulation, the River Spoel has lost its mountain
stream character of regularly occurring flood events
that induce bed alterations and sediment mixing pro-
cesses. To enhance hydromorphological heterogeneity,
an experimental flood programme started in the year
2000 (Scheurer & Molinari 2003) with the objective of

flushing out the accumulated fine sediments, reducing
the dense coverage of mosses and providing suitable
reproduction areas for the brown trout, the only fish
species that lives and reproduces in the River Spoel
(Ortlepp & Muerle 2003). Figure 1 provides an over-
view of the study area and the investigated study site.
The circles SAT to SA4 represent the major spawn-
ing areas derived from mapping surveys from 2003 to
2010 by the local fishing authority. These yeatly sur-
veys provide counts of spawning redds at different
locations along the River Spoel allowing for a detailed
evaluation of the proposed modelling concept. For
the spawning season 2009 a total number of 43 redds
were counted in the study site, in the 2010 season the
total number was 48.

Methods

The two-stage multivariate fuzzy-logical
approach

During reproduction a proper mix of cobbles, peb-
bles, gravels and sand is required for spawning (Kon-
dolf et al. 2008). Therefore, in a first step, the numeri-
cally simulated particle size distributions (10 particles
sizes) are classified into four particle size ranges: sand
(<2 mm), gravel (2-31 mm), pebbles (31—64 mm) and
cobbles (>64 mm). These particle size classes were
combined via a multivariate fuzzy-logical approach
to a sediment spawning index (SSI) to evaluate the
suitability of the particle size distribution for spawn-
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ing purposes. The latter is important to account for
spawning habitat requirements on river bed sediment
characteristics, such as the maximum amount of fine
material (e.g Louhi et al. 2008) or the maximum par-
ticle size a female is able to move during the digging
in of redds (Wooster et al. 2008). The second step
considers the varying hydraulic conditions to account
for sufficient manoeuvrability during the spawning
process (e.g. Armstrong et al. 2003). Therefore two
parameters are chosen: water depth and flow vel-
ocity. Figure 2 represents the two-stage fuzzy-logical
approach to simulate the spawning habitat suitability
(HSISPZWH) for brown trout.

A literature study was performed to define the hab-
itat requirements for spawning, Information on the
suitability of the four different particle size classes was
obtained from Louhi et al. (2008) and Soulsby et al.
(2001) for the sand content, information on the gravel
and pebble content from Fluskey (1987) and Mull &
Wilzbach (2007), and information on the maximum

moveable particle size (cobbles) from by Kondolf
& Wolman (1993) and Wooster et al. (2008). For the
hydraulic characteristics we consulted the studies of
Armstrong et al. (2003) and Louhi et al. (2008). In ad-
dition to the literature values the habitat requirements
were developed from long-term studies (10 years) on
the River Spoel brown trout population (Ortlepp, un-
published). This procedure ensures the application of
the best available expert-knowledge.

Fuzzy sets and fuzzy rules

The first step in fuzzy modelling is the fuzzification
of the chosen habitat variables by defining overlap-
ping membership functions represented by linguistic
terms (e.g low, medium, high; Figure 3). Values be-
tween 0.0 and 1.0 are defined, where 0.0 means that
an element does not belong to a membership function
and 1.0 means that it belongs entirely. Given the over-
lapping membership functions, which reflect gradual
transitions between parameter classes, the fuzzy theo-

Table 1 — Sample fuzzy rules for the first step in the two-stage fuzzy approach describing the babitat requirements of brown trout
regarding the suitability of particle size distributions (SS1) for spawning purposes in the River Spoel.

sand | gravel | pebbles | cobbles | SSI | Examples

H L rule 1

IF sand content high THEN SSI low

N
T

L rule 2

IF cobbles content high THEN SSI low

IF sand content low or medium AND gravel AND pebble content medium

3|terMiM M L VH [ rule 3 | AND cobbles low THEN SSI very high
4 [LorM |M H L H L=low, M =medium

5 | M M M M M H = high, VH = very high

6 |M L L M L SSI = sediment spawning index

Table 2 — Sample fuzzy rules for the second step in the two-stage fuzzy approach describing the habitat requirements of brown trout
regarding the suitability of spawning habitats (HS. IWJ ) in the Raver Spoel.

SSI | velocity depth HSI [ Examples
1L L rule 1 | IF SSI fow THEN HSI__ “low
2 VL or VH VL or VH L rule 2 | IF velocity AND/OR depth very low or very high THEN HSI__ low
3|VH M M VH | rule 3 | IF SSl is very high AND velocity AND depth medium HSI__ very high
4 |H MorH LorM H |SSI = sediment spawning index
5|M |LorMorH |[LorMorH|M |HSI = habitat suitability index for spawning
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Figure 3 — Fuzzification of all applied input and output parameters. Each habitat description variable (input variables) as well
as the output variable (SS1, HS. IWW ) are classified into several membership functions represented by linguistic terms (very low, low,

medinm, bigh and very high).

ry allows an appropriate representation of ecological
gradients.

After fuzzification the physical-biota relationships
must be determined using IF-THEN rules. In general
such a fuzzy rule consists of several arguments (habi-
tat variables) building a premise in the first part and a

consequence (HSI) in the second part. Table 1 pro-
vides an overview of the rule set for computing the
sediment spawning index (SSI) based on the content
of sand, gravel, pebbles and cobbles.

The rules in Table 1 can be read as follows: a high
sand content, i.e. higher than 10% (with maximum
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Figure 4 — Spatial distribution of applied habitat variables (based on numerical modelling) to simulate the sediment spawning index
(881) and the spawning habitat suitability index (S IWW ) in the spawning season 2009.

degree of membership at 20%), returns /ow SSI values
because sites with accumulated fine material are not
suitable for spawning purposes (rule 1). Similarly, a igh
cobble content is not suitable and linked to a /ow SSI
value, since a high content of particle sizes > 64 mm
cannot be moved during the digging process (rule 2).
A very high SSI value is achieved if the sand content is
low ot medinm and the gravel and pebble content is in
the medinm membership function and the cobble con-
tent is /ow (rule 3). In this way rules for all possible
combinations of membership functions and habitat
variables have to be defined, leading to a total number
of 81 rules. Given the overlapping, several rules are
activated for any input parameter combination. These
rules are combined using the maximum-product
method (inference system), which return the result as
a fuzzy information. A process called defuzzification is
applied to transform this fuzzy information back into
a crisp number. Therefore, the Centre of Gravity (COG
method) is implemented in CASiMiR.

Similar to the rule set for computing the sediment
spawning index, a rule set is developed for the habitat
suitability for spawning when the SSI value is com-
bined with flow velocity and water depth (Table 2).

A Jow SSI-value consistently leads to /ow HSISPWH val-
ues in all rules because the particle size distribution is
not suitable for spawning purposes (rule 1). All rules
which have a very low or a very high water depth or flow
velocity also lead to /low HSISpawn values since these val-
ues represent the upper and lower limits of the hy-
draulic characteristics for spawning (rule 2). Very high
HSI

spaw

_values are achieved for a combination of very

high SSI values with water depths and flow velocities
belonging to the medinn membership function (rule 3).
For the second step of the fuzzy approach the rule set
consists of 100 fuzzy rules in total.

The modelling process is performed for each ele-
ment of the numerical grid. This means that the abiot-
ic characteristics obtained by the hydro- and morpho-
dynamic numerical model are evaluated against the
habitat requirements by using the membership func-
tion shown in Figure 3 and the fuzzy rule sets listed in
Table 1 and Table 2 to get at spatial distribution maps
of SSI and HSI values.

Numerical modelling of hydro- and
morphodynamic processes

To obtain the required input variables for habi-
tat modelling the three-dimensional numerical sedi-
ment-transport model SSIIM3D was applied for two
spawning seasons (2009 and 2010). The numerical
grid was discretized by 400x40x5 cells, leading to a
total number of 80000 cells and a spatial resolution
of roughly 1 m x 1 m. The numerical model was cali-
brated using the measured bed levels and particle size
analyses directly before and after flooding in 2009
(03.09.2009) and validated on data from flooding in
2010 (01.07.2010) to ensure proper model functionali-
ty. In both cases the simulated time periods include the
latest artificial flood and the end of the spawning peri-
od. In both simulation periods the regulated discharg-
es for summer (1.44 m/s% and winter (0.55 m3/s)
were considered. Flooding was done in both periods
with the same maximum dischatge (40 m?®/s) and a
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Figure 5 — Spatial distribution of the spawning sediment index (SS1) and spawning habitat suitability index (HS. I:Pm ) for the
spawning periods in 2009 and 2010. In addition the observed spawning redds in each spawning period are listed.

similar duration but at different points in time. The
flood in 2009 was much closer to the spawning period
(September) than the flood in 2010 (July). For detailed
information about the numerical simulations refer to
Noack (2012).

Results

Habitat variables

Figure 4 presents the applied habitat variables in
their spatial heterogeneity for the spawning period
2009. These habitat variables represent a typical situ-
ation during the spawning period in 2009 with regu-
lated flow.

The spatial distribution visualized in Figure 4
indicates wide areas of less than 10% for the sand
fraction. In pool areas where fine sediments can ac-
cumulate, values exceed 20%. The spatial distribution
of the gravel fraction shows a wide range of differ-
ent amounts from less than 10% to mote than 60%.
However, in the spawning areas SA1-SA4, the vari-
ation of gravel is not that high, ranging from 30%
to 40%, mainly allocated to the membership function
medinm and partly to the high membership function.
The pebble fraction is marked by lower variations for
the whole study site, while the variation in the spawn-
ing areas is similar, ranging from 35% to 45%. These
values are within the membership function medium.
The spatial distribution of cobbles allows a clear
identification of the riffle areas where percentages

of more than 60% are observed, while in between
considerably lower percentages from 15% to 30% are
identified.

In terms of hydraulic parameters the spawning ar-
eas SA1-SA4 are characterized by very shallow water
depths, ranging mainly from 0.10 m to 0.40 m, that are
not critical for spawning. The preferred flow veloci-
tes range from 0.20 m /s to 0.55 m /s and are widely
found in the study area. Those flow velocities are part
of the /ow and medium membership function, whereas
medium flow velocities are more suitably compared to
Jow flow velocities. A similar analysis can be performed
for the spatial distributions of input parameters in the
spawning period 2010 which is not presented here.

Spawning sediment index (SSI) and spawning
habitat suitability (HSI
The two-stage multivariate fuzzy-logical approach —

spawn)

implemented in the habitat modelling software
CASIiMiR — runs through the entire set of fuzzy rules
for each element of the numerical grid and computes
an SSTand a HSI | value with identical fuzzyfication
and fuzzy rules for both spawning seasons. Figure 5 il-
lustrates the obtained simulation results for both fuzzy
steps (SSI, HSISIW“) in both spawning periods (2009,
2010). To verify the spatial distribution of spawning
habitat suitability, they are compared to the observed
redds in 2009 and 2010. The observed redds are
marked by black squares while the attached number
gives the number of counted redds in this location.



Sediment spawning index (SSI)

In 2009 a very high SSI value is simulated for the
spawning area SA1 which is roughly characterized by
a low amount of sand (<5%), a medium amount of
gravel (35%) and pebbles (45%) and a /ow amount of
cobbles (15%). Compared to the preferred ranges in
Table 1, this composition provides more or less ideal
conditions for spawning for brown trout. The riffle
area downstream of SA1 is not suitable because of
the high amounts of cobbles (> 60%) which a spawn-
ing fish cannot move during redd digging. At SA2 the
SSI values are marked by a higher diversity, providing
sizeable areas with SSI values in the range of wedium to
very high. Near SA3 most areas are not suitable except
for one patch located in the left bend of the study site.
Upstream of SA4, the SSI is also not suitable given
the typically high amount of cobbles and large boul-
ders (>060%) in this riffle area. At SA4 only the most
downstream area provides values in the range of /ow
and Jzgh SSI classes. The area upstream is not suitable
because of a large pool where high amounts of sand
are deposited.

The SSI values in the spawning period 2010 show
a similar spatial distribution to the spawning period
2009. Differences are identified at SA2 with more are-
as in the very high range and in SA3, which is character-
ized by patches of different sizes with mostly SSI val-
ues in the /ow and medinm range, but also single patches
with bzgh and very high SSI values.

Habitat suitability index for spawning (HSI
For the spawning period 2009 a strong dominance

spcwn)

of the SSI values are indicated in Figure 5, as the spa-
tial distribution of suitable and not suitable HSI values
are very similar to the simulated SSI values. However,
the extent of the areas with /ow SSI values is consider-
ably reduced by the hydrodynamic variables which are
required to maintain manoeuvrability for the spawn-
ing process. This aspect is recognizable predominantly
for SA1 and SA2 as well as to a minor extent for SA4.
The reductions concern mainly areas close to the river
banks with /ow and very low flow velocities and water
depths which limit the values of HSI_ . The simula-
tion result of the spawning period 2010 confirms the
dominant behaviour of the sediment characteristics in
simulating spawning habitat qualities. The patchy distri-
bution of SSI values in SA3 is also reflected in the dis-
tribution of HSIT . although the area of the patches
is considerably reduced by the hydrodynamic variables.
For this area this is mainly due to bigh and very high flow
velocities (> 0.8 m /s) whete it is difficult for spawning
brown trout to hold their position over the redd.

Comparison to observed spawning redds
Comparing the simulated spawning habitat quali-
ties of CASIMIR to the mapping results of the natu-
ral spawning redds, a good approximation is indicated
for the spawning season 2009 (Figure 5). Almost all
observed redds (totally 43) are located in areas with

Noack et al.

a high ot very high HSISWm value. In addition, the num-
ber of counted redds corresponds to the size of the
suitable spawning areas (e.g in SA1 and between SA1
and SA2). The locations of the mapped redds in 2010
(totally 48) are distributed more evenly over the entire
study area. A comparison with the simulated spawning
habitat qualities in 2010 confirms the functionality of
CASiMiR to simulate the selection of spawning sites
for brown trout. Next to the same spawning areas in
2009, the additionally simulated patches with /zgh and
very high values of HSIspawn were actually selected for
spawning in 2010. This can, for example, be indicated
for the two redds upstream of SA4 and for the patchy
characteristic in SA3.

Discussion

Based on the analysis of spawning habitat suit-
ability in the River Spoel, the spawning period 2009
shows that 19% of the study site presents very high and
high HSIspawn values, while in 2010, 23% of the study
site consists of suitable habitat conditions. The high
quality of simulated HSI___ "corresponds to the ob-
served total number of redds (2009:43 redds; 2010:
48 redds). Moreovert, the simulated and observed are-
as where spawning is barely possible confirm the high
performance of the simulation approach. However,
as no information about the exact dimensions of the
suitable spawning areas is available, only a visual com-
parison (Figure 5) is feasible. Based on the analysis
of the simulated habitat qualities for spawning and
the comparison with observed natural redds, it can be
stated that the predefined fuzzy sets and fuzzy rules
approximate the habitat requirements of brown trout
for the selection of spawning sites well (over 80%
of all counted redds are located in very high and high
HSISPM‘—classes).

The presented modelling approach focuses on the
spawning process and does not try to simulate survival
over the whole reproduction process, since many oth-
er variables, such as dissolved oxygen, gravel permea-
bility and biogeochemical processes would be required
(Noack 2012). Compared to existing habitat model-
ling approaches, which are using a single parameter to
describe sediment characteristics, the major advantage
of the two-stage fuzzy approach is that it accounts
for specific habitat requirements related to specific
particle size classes. Because only limited information
about the required percentages of certain particle size
classes is available in the scientific literature, the im-
precise approach of fuzzy logic is well suited to de-
scribe the sediment characteristics. Three membership
functions with high overlapping ranges are chosen
to describe the sediment characteristics, indicating a
high degree of fuzziness, while for the hydrodynamic
variables (water depth, flow velocity) five membership
functions are applied. The higher number of member-
ship functions with lower overlapping ranges increases
precision because profound knowledge about hydro-
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dynamic preferences is available, assembled from ex-
periences in fish habitat modelling over decades (Sou-
chon & Capra 2004).

Regarding the choice of habitat variables, addi-
tional habitat attributes might influence the spawn-
ing habitat qualities. For instance, the availability of
cover and shelter would be an important aspect (Al-
louche 2002). However, according to local fish biolo-
gists, the availability of cover is not significant in the
River Spoel because of the lack of predators and the
constant flows during spawning, Other factors, such as
competition between spawning fish and superimposi-
tion in the available space of spawning areas, cannot
yet be implemented in habitat modelling techniques
and is certainly an aspect that should be considered in
future research (Gortazar et al. 2012).

Although a very satisfying performance of the pro-
posed modelling approach can be seen in Figure 5,
some observed redds are located in areas with /ow
HSI values. This is likely to stem from uncertainties
in the 3D-numerical modelling of the required input
variables. Although the numerical model is thoroughly
calibrated and validated, not all hydromorphological
characteristics may be reproduced correctly in terms
of their spatial distribution because of the limited spa-
tial resolution of sediment samples. Slight variations
of the relevant input parameters for the habitat mod-
elling may thus occur, resulting locally in poorer model
performance. However, the primary aim of artificial
flooding, which is to improve and maintain ecological
integrity by creating dynamic spawning habitat patch-
es (Scheurer et al. 2003), is achieved by the numerical
modelling, especially with regard to required bed al-
terations and renewal of substrate conditions.

Conclusions

The presented modelling approach aims to simu-
late the selection of spawning sites for brown trout
by considering multiple particle size classes to address
sediment-specific habitat requirements during spawn-
ing by using a two-stage fuzzy-logical approach. In
particular, the consideration of classified particle size
distributions allows accounting for required amounts
of fine sediments and the maximum movable particle
size during redd digging, which cannot be considered
using single sediment indices. Especially in Alpine
areas the predictability of the habitat modelling ap-
proach, in combination with the numerical sediment-
transport model, further allows investigating eco-
logical flood management scenarios (variations in the
number, timing, magnitude and duration of artificial
flooding) by simulating the effects of changed abiotic
characteristics on the availability of suitable spawning
habitats for brown trout.
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