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Abstract 
 
Aquatic biodiversity in rivers and streams is threatened in many regions worldwide. As biodiversity 
loss has severe consequences on environmental processes it is important to understand the cause of 
decline and to predict the state of change of biodiversity in space and time. In this study a spatially 
explicit habitat distribution model for aquatic macroinvertebrates in Swiss watercourse networks was 
developed using the national biodiversity monitoring data (BDM). The aim was to identify the spatial 
environmental variable datasets available nationwide, which explain the diversity of 
macroinvertebrates, in order to predict and upscale their nationwide distribution.  
 
The modelling was carried out with a generalized linear model that related the richness of the 
Ephemeroptera, Plecoptera and Trichoptera species (EPT) and the IBCH family and higher order taxa 
(indice biologique global normalisé ­ IBGN, adapted to Swiss watercourses) to 38 environmental 
variables. The model parameters were then used to predict the EPT species and IBCH taxa richness at 
both levels to the landscape scale.  
 
The results show that land­use (forest, pasture, cultivated land and developed area) and topology 
(elevation and slope) variables influence the Swiss macroinvertebrate richness distribution at a 
landscape level. However, they do not influence all macroinvertebrate orders equally: the EPT species 
react more sensitively towards land­use changes than the IBCH taxa, resulting in opposing spatial 
predictions on richness at the landscape scale. This indicates firstly, that the diversity pattern of one 
macroinvertebrate group cannot be used as a proxy of another macroinvertebrate group and secondly, 
that a better understanding of the the relationship between environmental variables and 
macroinvertebrate richness is gained when the focus is placed on a few sensitive macroinvertebrate 
species with a clearly defined ecological niche (eg. EPT species), than when a broad mixture of 
macroinvertebrate taxa with varying sensitivity and less clearly defined ecological niche (eg. IBCH 
taxa) are considered. 
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1. Introduction 
 
Taxa richness distribution is characterized by spatial heterogeneity. Even though the spatial patterns                         
of various taxa are increasingly well documented, the understanding of why areas vary in taxa                             
richness imposes challenges (Gaston 2000). Often, environmental variables and spatial patterns have                       
been cited as primary determinants of taxa richness distribution. Environmental variables influence                       
the habitat area and spatial patterns affect dispersal. The relative importance of these determinants is                             
thought to vary considerably across communities and regions (Lin et al. 2013).  
 
Changes in taxa richness alter ecosystem processes and affect the resilience of ecosystems to                           
environmental changes (Chapin 2000). Hence, improving the understanding of taxa richness                     
distribution is important, especially with regard to the observed impact of human induced                         
environmental changes on taxa richness distribution. Currently observed environmental changes have                     
an especially large impact on freshwater taxa richness distribution. 65% of the global watercourse                           
habitats are threatened (Vörösmarty 2010) and freshwater habitats experience a far greater decline                         
than observed for habitats in the most affected terrestrial ecosystems (Dudgeon 2006). Given that                           
freshwater supports almost 6% of all described species despite only covering 0.8% of the earth's                             
surface (Dudgeon 2006) it is important to understand the cause of decline.  
 
The documentation of general taxa richness distribution by classical sampling techniques in the field                           
is logistically very challenging. Thus, as a simplification and best possible approximation, a subset of                             
bioindicator taxa is used. Bioindicator taxa are easily studied and their pattern are likely to be                               
representative of many other species (Pearson & Carroll 1998). Watercourse macroinvertebrates                     
(hereafter simply referred to as macroinvertebrate) are often used bioindicators to study watercourses:                         
their sampling and identification is relatively easy, their sensitivity and immobility makes them                         
vulnerable to unfavorable local environments and their role in the aquatic food web is vital (EPA                               
2012). Often the number of Ephemeroptera, Plecoptera and Trichoptera species (EPT) and the indice                           
biologique global normalisé (IBGN) are used to quantify the macroinvertebrate taxa and to reflect the                             
richness (i.e. biodiversity) at a watercourse site. 
 
For a long time macroinvertebrates were studied in a non­spatial perspective (Altermatt 2013).                         
Thereby, environmental variables were thought to be the major determinants of macroinvertebrate                       
richness distributions. Observed macroinvertebrate richness distributions were related to instream                   
habitat features and surrounding land­use characteristics (eg. Death and Winterbourn 1995, Kennen                       
1999). Later, macroinvertebrates were mostly studied in a linear spatial perspective (eg. Grubaugh et                           
al. 1996, Delong & Brusven 1998). It was chiefly the river continuum concept (Vannote et al. 1980)                                 
that lead to the change of perspective. This concept states that fluvial geomorphic processes have to                               
be considered when trying to understand the macroinvertebrate richness distribution: the continuous                       
geomorphic changes from headwater to lower reaches alter the habitat characteristics. Only recently,                         
ecologists recognized that the dendritic networks of watercourses influence the macroinvertebrate                     
richness distribution by modifying dispersal (eg. Carrara et al. 2012, Altermatt et al. 2013). Due to                               
data scarcity, macroinvertebrates are still mainly studied at small spatial scales (watercourse section                         
scale, linear spatial perspective). As larger scale studies (landscape scale, dendritic network spatial                         
perspective) shed light on different processes (Heino et al. 2003) their inclusion is likely to improve                               
the holistic understanding of the macroinvertebrate richness distribution.  
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A previous study in the Rhine catchment in Switzerland related the EPT taxa richness distribution to                               
environmental variables and spatial patterns at a landscape scale (Seymour et al. 2015). The                           
environmental variables and spatial pattern data were collected with help of a geographic information                           
system (GIS). Environmental variables considered in this study were: elevation, calcareous rock                       
exposure, land­use type (agriculture, settlement, wooded areas, meadows, other types), mean annual                       
temperature and mean annual precipitation. Spatial patterns that were considered are                     
pairwise­distances between sampling sites measured as Euclidean distance and as topological                     
distance. The EPT data were collected by the biodiversity monitoring of Switzerland (BDM). The                           
study tried to disentangle the effects of environmental variables and spatial pattern by decomposing                           
the source of observed variability with variance partitioning. Most variation, in this study, was                           
explained by spatial pattern (mean = 9.4%, SD = 3.1). Both environmental variables (mean = 5.4%,                               
SD = 1.4) and environmental­spatial variation (mean = 6.2%, SD = 3.0) explained less variation. The                               
low explanatory power of environmental variables overall was explained by the exclusion of relevant                           
environmental variables or by stochastic and historic effects that shape taxa richness.  
 
To check whether relevant environmental variables were excluded a more extensive set of                         
environmental variable data should be analyzed. Taxa habitat distribution models provide a good tool                           
to quantify the relationship between species and environment at landscape scale. They have                         
experienced a rapid usage increase since their first application in 1970 (Guisan & Thuiller 2005). This                               
is mainly attributed to advances in statistics and GIS (Guisan & Zimmermann 2000).  
 
This master thesis conducts a spatially explicit nationwide macroinvertebrate habitat distribution                     
model for the EPT species and IBGN taxa in Swiss watercourse networks, with help of regression                               
analysis. The aim is to identify spatial environmental variable datasets available nationwide that                         
explain the diversity of macroinvertebrates, in order to predict their nationwide distribution. Figure 1                           
demonstrates the approach. First, the regression parameters are estimated by associating monitored                       
macroinvertebrate richness data to environmental variables available at the sampling site vicinity.                       
Secondly, the estimated parameters are used to predict the macroinvertebrate richness distribution                       
nationwide. The regression analysis is conducted using geographical information systems (ArcGIS:                     
Version 10.2.2, ESRI 2015; QGIS: Version 2.8.2­Wien, QGIS Development Team 2015) and the                         
programming languages R and Python (R: Version 0.98.107; R Core Team 2014; Python: Version                           
2.7.9; Python Team 2014). 
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1: Estimate model parameters 

 
2: Use estimated model parameters to carry out the nationwide prediction 

 
Figure 1: Regression Model. 1: Estimation of the regression parameters; 2: Utilization of estimated regression 
parameters to carry out the nationwide pr​ediction. ​(Source of Switzerland image: Swisstopo (n.d.): swissBoundaries3D, 
Hoheitsgrenze) 
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2. Data and methods 
 
The following chapter describes the material and methods that are applied in this study (Figure 2).                               
First, the macroinvertebrate dataset is introduced (chapter 2.1). Secondly, the selection of the                         
sampling area (chapter 2.2) and the selection of the environmental variable datasets are described                           
(chapter 2.3). Thirdly, the model building, selection, prediction and evaluation are discussed (chapter                         
2.4). All modelling steps were carried out with programmed scripts to automate repetitive steps and                             
ensure reproducibility (Appendix 1).  
 
 

 

Figure 2: Workflow. The final model is obtained using model building, selection, prediction & evaluation. ​(Source of                                 
Switzerland image: Swisstopo (n.d.): swissBoundaries3D, Hoheitsgrenze) 
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2.1. Response variable: macroinvertebrate dataset 
 
The nationwide macroinvertebrate richness distribution dataset of Switzerland is acquired by                     
biodiversity monitoring (BDM; chapter 2.1.1.). In this study the number of EPT species and the                             
number of IBGN taxa was used (chapter 2.1.2). For technical reasons, the coordinates of the BDM                               
sampling sites do not always lie on a watercourse, even though the watercourse is sampled. To correct                                 
for this small inconsistency and to assign each BDM point to a watercourse the raw data is cleansed                                   
(chapter 2.1.3).  
 
2.1.1. Biodiversity monitoring of macroinvertebrates 
 
Since 2010 the nationwide BDM observes macroinvertebrates in watercourses at 570 sampling sites                         
(Figure 3) (Stucki 2010, Koordinationsstelle BDM 2014). Yearly, a distinct and random 20% of the                             
570 BDM sampling sites are monitored. At the time this study was carried out, 410 monitored sites                                 
have been monitored. The sampling sites are chosen with help of a systematic sampling grid.                             
Considering that the origin of the systematic sampling grid is chosen at random, it can be statistically                                 
treated like a random sample. This approach has the advantage that the regional subsamples are                             
proportional to the size of the regions. Only watercourses that appear on the swiss 1:25´000 map and                                 
have a Strahler number (measure of watercourse branching complexity) of at least two are monitored.                             
The width of the sampling site is defined by the width of the watercourse. The upstream length of the                                     
sampling site is defined as having ten times the length of the watercourse width. Within this sampling                                 
site 8 probes are taken at different habitat types and flow velocities. At some especially diverse                               
habitats 4 additional probes are taken. The sum of the probes is considered. Each BDM sampling site                                 
has an unique identification number which is formed by the first three digits of the X­and Y­                                 
coordinate (CH1904, EPSG­Code 21781) of the most downstream point of the sampling site. The                           
coordinates are taken in the middle of the watercourse. Probes are collected with help of a                               
kicknet­samplings. For each taxa the presence and absence within the sampling site is recorded. 
 
2.1.2. Macroinvertebrate considered in this study 
 
The BDM monitors the larvae of the orders Ephemeroptera, Plecoptera and Trichoptera (EPT) and the                             
larvae of the taxa that are needed to calculate the to Swiss watercourses adapted IBGN (IBCH)                               
(Stucki 2010, Koordinationsstelle BDM 2014). While the EPT orders are identified to the species                           
level, most of the 142 macroinvertebrate taxa which are used to calculate the IBCH index are                               
identified at family level. Some hard to identify taxa, however, are only distinguished at phyla, class                               
or order level. In this study the number of EPT species and the number of IBCH taxa was used. In                                       
comparison to the EPT species, the IBCH taxa are easier to identify. Moreover, they have a larger                                 
ecological niche and are less well­defined.  
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Nationwide distribution of the BDM sampling sites  Single BDM sampling site in more           
detail 

 
 

 
 
 

 

 

Figure 3: BDM sampling sites. Left side: nationwide distribution of the BDM sampling sites; Right side: single BDM 
sampling site in more detail. ​(Source of nationwide distribution of BDM sampling sites image: Koordinationsstelle BDM 
2014) 
 
2.1.3. Spatial data cleansing of the BDM macroinvertebrate dataset 
 
Due to measurement inaccuracies not all BDM sampling site coordinates lie on watercourses.                         
Therefore, the BDM sampling sites had to be assigned to the nearest feature of the watercourse dataset                                 
(WC; Swisstopo (2007): Vector 25, Gewässernetz). This was done with GIS. To check whether the                             
assignment to a watercourse is unambiguous two checks were carried out: 
 

1) Find the three nearest watercourses (Near_FID) of the GPS coordinate and check whether                           
their distances to the GPS coordinate (In_FID) are similar by dividing the second nearest                           
distance by the nearest distance and the third nearest distance by the nearest distance. If the                               
result of the division is near one (<5) verify the position of the sampling point visually.  

 
2) Find the nearest watercourse to the GPS coordinate (Near_FID) and check whether the                           
difference between the X­ or Y­ coordinates of the GPS coordinates (In_FID) and the closest                             
watercourse is >1m. If this is the case verify the position of the sampling point visually. 

 
The checks demonstrated that the watercourse assignment was ambiguous for two BDM sampling                         
sites. These BDM sampling sites were moved to the nearest watercourse.  
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mistakenly assigned area is larger for the AC dataset (Figure 4). An inaccurate definition of the                               
sampling area results in an inaccurate estimate of the environmental variables and hence in an                             
inaccurate model. Therefore, the sampling area should preferably be defined with the smaller                         
sub­catchments of the WSB dataset. Using the WSB dataset for the nationwide prediction, however, is                             
not considered to be appropriate since the sample size of the BDM sampling sites is too small to make                                     
a meaningful prediction for all catchments of the WSB dataset (in total 181´182 catchments). For this                               
reason the 2km​2 aggregated AC dataset (​AC_2km​2​) ​was chosen to carry out the nationwide prediction                             
(in total 22’169 catchments) (Figure 6).  
 
2.2.2. Sampling area for the nationwide prediction (Nationwide prediction sampling area) 
 
The nationwide prediction was carried out for each sub­catchment of the 2km​2 aggregated AC                           
catchment dataset (AC_2km​2​) at the outlet (Figure 4 and 6). Seymour et al. (2014) found that the total                                   
variation explained for the EPT species diversity remained relatively consistent for different sampling                         
area sizes. Therefore it is assumed that the influence of the environmental variables on the                             
macroinvertebrates is negligible beyond an area of 2km​2​.  
 
2.2.3. Sampling area for the BDM sampling sites (BDM sampling area) 
 
The sampling areas of the BDM sampling sites were defined with help of a GIS approach. In the                                   
following the three steps to define the sampling area for the BDM sampling sites are described:  
 

1) Assign a sub­catchment to each BDM sampling site ​(sub­catchment of the BDM                         
sampling site; pink shaded area in Figure 4): Using a spatial query the BDM sampling sites                               
were assigned to the sub­catchment that surrounds them. To assure that the sampling sites are                             
assigned to the correct sub­catchment the watercourse ID (WC OBJECTID) that was joined to                           
the BDM sampling site (chapter 2.1.3) and the watercourse ID that is associated with the                             
sub­catchment of the WSB dataset (OBJECTID_G) were compared. These IDs did not match                         
for 29 BDM sampling sites. This is mostly due to the shift of the watercourse and catchment                                 
junctions: The calculation of a sub­catchment requires the definition of an outlet which has to                             
be transferred back to a junction in order to get a meaningful result (personal communication,                             
with Ivo Strahm, October 25, 2014). However, the non­existence of the watercourse ID in the                             
catchment dataset also led to an ID mismatch (sub­catchments are not calculated for every                           
watercourse). The most suitable watercourse ID was applied to each such BDM sampling site                           
after a visual inspection. 
 
2) Generate the total catchments of the BDM sampling sites (total catchment of BDM                           
sampling site; blue area in the Figure 4): The total catchments of the BDM sampling sites                               
were generated with help of the nested set model attributes of the sub­catchments of the BDM                               
sampling sites (h1 and h2). Considering the total catchment might however be unsuitable                         
since the influence of the environmental variables diminishes with distance (Walker et al.                         
2012).  
 
3) Think about the appropriate size of the BDM sampling area: The sampling area for the                               
nationwide prediction and the sampling area for the BDM sampling sites should be area­wise                           
comparable. Therefore, the total catchments of the BDM sampling sites that have a total                           
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catchment surface area < 2km​2 ​(182 BDM sampling sites) were not be reduced. The total                             
catchments of the BDM sampling sites that have a total catchment surface area > 2km​2 ​(228                               
BDM sampling sites), however, were reduced in order to assure area­wise comparability and                         
the distance­wise diminution of the environmental variables. The sub­catchments of the total                       
catchments that lie in the vicinity of the BDM sampling points can be located with buffers                               
that are placed around the BDM sampling points (dark blue line in Figure 4). Buffers are a                                 
frequently used tool to carry out proximity analyses (ESRI 2014). The environmental                       
variables used in this study are considered to have an influence of several kilometers. Thus,                             
circular 5km and 10km buffers around the BDM sampling points were compared (Figure 7                           
and Table 2). All sub­catchments of the total catchments that are partly overlapped by buffers                             
were considered to have an influence on the BDM sampling points water condition. If only                             
sub­catchment of the total catchments that are entirely overlapped by buffers are considered                         
to be influential, the form of the sub­catchment plays an important role (Figure 8). While in                               
comparison to the 10km buffers, the number of cropped catchments is much higher for the                             
5km buffers, the number of catchments that have a small area and do not overlap is smaller                                 
for the 5km buffers than for the 10km buffers. Since the area of the catchments of the BDM                                   
sampling sites should not be much larger than 2km​2​and overlaps between the catchments are                             
inappropriate for statistical reasons, the 5km buffers were selected.  

 
 

 

Figure 6: Surface area histogram of the nationwide prediction sampling areas. Only sub­catchments that lie within  
Switzerland are considered (21’825 sub­catchments).  

 
 

 

Figure 7: Surface area histograms of different possibilities to define the BDM sampling areas > 2km2 (228 BDM                                   
sampling sites). Left: BDM sampling areas that are defined with help of a 5km buffer; Middle: BDM sampling                                   
areas that are defined with help of a 10km buffer; Right: BDM sampling areas that are defined using the total                                       
catchment.  

 

13



 
 

Table2: Comparison of 5km­ and 10km buffer radius to define the​ ​BDM sampling areas. 

Number of BDM sampling areas that...  5km buffer  10km buffer 

… are cropped   74  39 

… have an area > 20km​2  49  62 

… have an area > 50km​2  3  38 

… overlap  7  24 

 
 

 

Figure 8: Influence of the catchment form. 1: If only sub­catchments that are entirely overlapped by buffers are                                   
considered to be influential one sub­catchment is selected; 2: If only sub­catchments that are entirely overlapped                               
by buffer are considered to be influential all sub­catchments are selected. 

 
 
2.2.4. Problems 
 
The procedure described above to calculate the BDM sampling areas is a simple automated procedure                             
and causes some problems which are described below:  
 

1) The BDM sampling points do not lie on the outlet of the catchment datasets (purple                               
outlined area in Figure 4). ​Therefore, the environmental variables might not be                       
representative for the BDM sampling points. However Tobler's first law of geography states                         
that "Everything is related to everything else, but near things are more related than distant                             
things" (Tobler 1970). Since environmental variables mostly correlate in space it is assumed                         
that this problem is negligible for most environmental variables. There are, however, some                         
man­made environmental variables in this study that do not correlate in space (dam_count,                         
disposalsite_2004_percentage, hydropower_count, stormsewage_m3.a, wastewater_m3.a).       
The presence and absence of these variables in the BDM sampling areas were checked                           
visually. If frequent GIS analysis with the BDM sampling points are planned in the future, the                               
BDM sampling points should be moved to the outlets of the catchments.  
 
2) The result is dependent on the accuracy of the catchment data​. During a visual control                               
of the catchments that are assigned to the BDM sampling sites some inaccuracies of the WSB                               
dataset are found: The nested set model attributes do not always return the total catchment,                             
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the sub­catchments are not calculated for all watercourse segments, the junctions of the                         
watercourse dataset and the sub­catchment dataset often do not match and some watercourses                         
lie on and also cross the watershed line.  
 
3) Buffers do not do a good job at cropping the nearest watercourses when the                             
watercourse meanders. This is mostly the case in flat areas. Since the proximity of the                             
watercourses cannot be determined easily with another method the described approach was                       
nevertheless favoured. 
 
4) Scale dependency. ​It is important to remember that the optimal scale to capture                           
macroinvertebrates is likely to be different for each environmental variable. The influence of                         
the environmental variables is moreover affected by the spatial variation of the physical,                         
ecological and land­use variables within the catchment (Sliva & Williams 2001). 
 
5) Disagreement between the catchment datasets: ​The boundaries of the AE and WSB                         
catchments do not always agree. Therefore, the macroinvertebrate richness cannot be                     
predicted for every ​AC_2km​2​ dataset.  

 
Some of the problems described above might be corrected manually. With the exception of problem 1,                               
however, no manual correction was carried out since it would be hard to justify why certain                               
corrections were made while others were omitted. Nevertheless, the catchments where problems are                         
noted were documented. 
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2.3. Explanatory variables: environmental variables  
 
Only environmental variables for which nationwide spatial data are available were considered in this                           
study. The area­wide nationwide coverage is a mandatory requirement for the nationwide prediction.                         
Many previous studies primarily related macroinvertebrates to instream habitat features (eg. Aguiar et                         
al. 2002, Heino et al. 2003, Miserendino 2001). As nationwide spatial instream habitat feature data are                               
rare this study mainly related macroinvertebrates to land­use data. After extensive data research 38                           
environmental variables were selected. These variables are characterized by ecological relevance and                       
previous usage in literature (eg. Richards et al. 1997, Sliva & Williams 2001, Sawyer et al. 2004,                                 
Egler et al. 2012, Wahl et al. 2013, Seymour et al. 2015) (Table 3). Chapter 2.3.1 describes the                                   
procedure to obtain the explanatory variables. Chapter 2.3.2 relates the explanatory variables to the                           
observed macroinvertebrate richness and chapter 2.3.3 explains how an appropriate number of                       
explanatory variables was chosen. 
 
 
Table 3: Summary of the explanatory variables used in this study: name, description and source. 

Explanatory variables 

1  area_bdm_m2 [m​2​] 
Area of sampling area 
Dataset: WSB (V), Attribute: A_SUBEZG 

20  Masl [m.a.s.l] 
Mean meters above sea level of sampling area 
Dataset: swissALTI3D (R) 

2  area_total_m2 [m​2​] 
Area of total catchment 
Dataset: WSB (V), Attribute: A_SUBEZG 

21  potato_percentage [%] 
Proportion of potato cultivation area within 
sampling area 
Dataset: WSB (V), Attribute: KART 

3  canal_percentage [m] 
Length of canal watercourse within 
sampling area 
Dataset: WC (V), Attribute: OBJECTVAL = Kanal 

22  Q_amax_m3.s [%] 
Maximum annual discharge within sampling 
area 
Dataset: MQ­GWN­CH (V), Attribute: mqn_Jan, 
mqn_Feb, mqn_Mar, mqn_Apr, mqn_Mai, mqn_Jun 
,mqn_Jul, mqn_Aug, mqn_Sep, mqn_Okt, mqn_Nov, 
mqn_Dez 

4  carbonate_per_carbonatesilicate [%] 
Proportion of carbonate rock in sampling 
area: carbonate area/(carbonate area+silicate 
area) 
Dataset: ​Watercourse typification source data: 
geology​, Attribute: GEO 

23  Q_amean_m3.s [%] 
Mean annual discharge within sampling area 
Dataset: MQ­GWN­CH (V), Attribute: mqn_Jah 

5  cereal_percentage [%] 
Proportion of cereal cultivation area within 
sampling area 
Dataset: WSB (V), Attribute: GETR 

24  Qvar_amean_m3.s [%] 
Mean annual discharge variability within 
sampling area 
Dataset: MQ­GWN­CH (V), Attribute: abflussvar 

6  corn_percentage [%] 
Proportion of corn cultivation area within 
sampling area 
Dataset: WSB (V), Attribute: MAIS 

25  rapeseed_percentage [%] 
Proportion of rapeseed cultivation area within 
sampling area 
Dataset: WSB (V), Attribute: RAPS 

 

16



 
 

7  dam_count [count] 
Number of dams within sampling area 
Dataset: Dam (V) 

26  roof_percentage [%] 
Proportion of roof area within sampling area 
Dataset: WSB (V), Attribute: DACH 

8  decidious_per_forest [%] 
Proportion of deciduous forest area in 
sampling area: deciduous forest 
area/(deciduous forest+coniferous forest) 
Dataset: Forest type (R), Attribute: VALUE  

27  rootvegetable_percentage [%] 
Proportion of root vegetables cultivation area 
within sampling area 
Dataset: WSB (V), Attribute: RUEB 

9  disposalsite_190207_percentage [%] 
Proportion of disposal site area within 
sampling area 
Dataset: WSB (V), Attribute: DEPO 

28  settlement_percentage [%] 
Proportion of settlement area within sampling 
area 
Dataset: WSB (V), Attribute: SIED 

10  disposalsite_2004_percentage [%] 
Proportion of disposal site area within 
sampling area 
Dataset: Disposal site, 2004 (R) 

29  slope_max [%] 
Maximum watercourse gradient within 
sampling area 
Dataset: ​Watercourse typification source data: slope​ (V), 
Attribute: slope 

11  facade_percentage [%] 
Proportion of building facade area within 
sampling area 
Dataset: WSB (V), Attribute: FASS 

30  slope_mean [%] 
Mean watercourse gradient within sampling 
area 
Dataset: ​Watercourse typification source data: slope​ (V), 
Attribute: slope: 

12  facaderoof_percentage [%] 
Proportion of building shell area within 
sampling area 
Dataset: WSB (V), Attribute: FA_DACH 

31  stormsewage_m3.a [m​3​/a] 
Storm sewage quantity which is annually 
conveyed into watercourse within sampling 
area 
Dataset: WSB (V), Attribute: MW 

13  field_percentage [%] 
Proportion of​ cultivated​ area within 
sampling area 
Dataset: WSB (V), Attribute: ACK 

32  street_percentage [%] 
Proportion of street area within sampling area 
Dataset: WSB (V), Attribute: STR_A 

14  floodplainwetland_percentage [%] 
Proportion of floodplains and wetlands 
within sampling area 
Dataset: Floodplain & Wetland (V) 

33  track_percentage [%] 
Proportion of railway track area within 
sampling area 
Dataset: WSB (V), Attribute: GEL_A 

15  forest_percentage [%] 
Proportion of forest area within sampling 
area 
Dataset: WSB (V), Attribute: WALD 

34  vegetable_percentage [%] 
Proportion of vegetable cultivated area within 
sampling area 
Dataset: WSB (V), Attribute: GEM 

16  fruit_percentage [%] 
Proportion of orchard area within sampling 
area 
Dataset: WSB (V), Attribute: OBST 

35  vine_percentage [%] 
Proportion of vineyard area within sampling 
area 
Dataset: WSB (V), Attribute: REB 
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17  green_percentage [%] 
Proportion of green area (Ley, Alpine­ & 
Jura pasture, natural meadows)​ ​within 
sampling area 
Dataset: WSB (V), Attribute: GRUE 

36  wastewater_m3.a [m​3​/a] 
Wastewater quantity which is annually 
conveyed into watercourse within sampling 
area 
Dataset: WSB (V), Attribute: ARA 

18  hydropower_count [count] 
Number of hydropower plants within 
sampling area 
Dataset: Hydropower (V) 

37  watercourse_bdm_m [m] 
Length of watercourses within sampling area 
Dataset: WSB (V), Attribute: FLSTR_SUBE 

19  legume_percentage [%] 
Proportion of legume cultivation area within 
sampling area 
Dataset: WSB (V), Attribute: HUEF 

38  watercourse_total_m [m] 
Length of watercourses within total catchment 
Dataset: WSB (V), Attribute: FLSTR_SUBE 

 

Abbreviations 

R  Raster data 

V  Vector data 

Dataset source 

Dam  Bundesamt für Energie (2013): Stauanlagen unter Bundesaufsicht  

Disposal site  Swisstopo (2007): Vector 25, Gewässernetz 

Floodplain & 
Wetland 

Bundesamt für Umwelt (n.d.): Bundesinventar der Auengebiete von nationaler Bedeutung  
Bundesamt für Umwelt (n.d.): Bundesinventar der Flachmoore von nationaler Bedeutung  
Bundesamt für Umwelt (n.d.): Bundesinventar der Hoch­ & Übergangsmoore von nationaler 
Bedeutung 

Forest type  Bundesamt für Statistik (n.d.): Waldmischungsgrad der Schweiz  

Watercourse (WC)  Swisstopo (2007): Vector 25, Gewässernetz 

Hydropower  Bundesamt für Energie (2012): Statistik der Wasserkraftanlagen (WASTA) 

MQ­GWN­CH  Bundesamt für Umwelt (2013): MQ­GWN­CH 

swissALTI3D   Swisstopo (n.d.): swissAlti3D 

Watercourse 
segment based 
catchment (WSB) 

Bundesamt für Umwelt (n.d.): Gewässerabschnittsbasierte Einzugsgebietsgliederung der 
Schweiz GAB­EZGG­CH mit zusätzlicher Darstellung von Landnutzungsdaten (Swisstopo 
(2010): Vector25, Vector­25 Daten; Bundesamt für Statistik (n.d.): Areal­Statistik; Bundesamt 
für Statistik (n.d.): Landwirtschaftliche Betriebszählung 2008, Ackerkulturen; Amtliche 
Vermessung Schweiz / FL (n.d.): DM.01­AV_CH, Daten der Amtlichen Vermessung; Swisstopo 
(n.d.): swissBUILDINGS 3D, Gebäude; Bundesamt für Umwelt (n.d.): ARA­Datenbank, 
ARA­Daten) 

Watercourse 
typification & 
source data 

Bundesamt für Umwelt (n.d.): Fliessgewässertypisierung (Swisstopo (2007): VECTOR25, 
Swisstopo (n.d.): Digitales Höhenmodell dtm­AV ­ neu swissAlti3D; Bundesamt für Umwelt 
(2013): MQ­GWN­CH) mit zusätzlichen Gewässerdaten (slope: Swisstopo (n.d.): swissAlti3D; 
geology: Schweizerische geotechnische Kommission (n.d.): Vereinfachte geotechnische Karte 
der Schweiz) 
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2.3.1. Procedure to obtain explanatory variables 
 
The environmental variables of the sampling areas were all obtained using GIS and R. With exception                               
of ​decidious_per_forest​, ​Masl and ​disposalsite_2004_percentage all environmental variables were                 
obtained from vector data. The procedure to obtain them can be broadly classified into four groups                               
(Table 4). Each procedure must work for the BDM sampling area and the nationwide prediction                             
sampling area. The accuracy of the calculation of the environmental variables that are obtained from                             
raster images depends upon the cell size resolution. This study used a cell size resolution of 10m.                                 
Since the environmental variables are spatially extensive a decrease in cell size does not improve the                               
result. As described in chapter 2.2.4 the presence and absence of the man­made environmental                           
variables were checked visually for the BDM sampling areas.  
 
 
Table 4: GIS procedure to obtain explanatory variables. 

Procedure of how to obtain WSB and FGT ​environmental variables (with exception of                         
area_total_m2 ​and ​watercourse_total_m​) 

❖ Join the WSB, MQ_GWN_CH and FGT attributes to the WSB features based on the common                             
attribute field 

❖ Transform the WSB polygon features to point features  
❖ Select all point feature that lie within the sampling area and calculate the desired environmental                             

variables  

Procedure of how to obtain ​dam_count, hydropower_count, canal_percentage, geology ​and                   
floodplainwetland_percentage 

❖ Make sure that the sampling areas do not overlap  
❖ Use the “Intersect” tool of ArcGis 
❖ Append the results and calculate the desired environmental variables 

Procedure of how to obtain ​decidious_per_forest, Masl​ and ​disposalsite_2004_percentage 

❖ Use the “Tabulate Area” and “Zonal Statistics” tool of ArcGis 

Procedure how how to obtain ​area_total_m2​ and ​watercourse_total_m 

❖ Spatially join the WSB attributes to the BDM sampling sites 

 
 
2.3.2. Relating the explanatory variables to the observed macroinvertebrate richness 
 
The appendix (Appendix 2 & 3) visualizes the relationship between each explanatory variable and the                             
observed EPT species and IBCH taxa richness at sampling areas. Forst_percentage, decidious_per_                       
forest, carbonate_per_carbonatesilicate ​and green_percentage have the highest correlation               
coefficients for the EPT species (> 0.2). ​Mas​l and ​carbonate_per_carbonatesilicate have the highest                         
correlation coefficient for the IBCH taxa (> 0.5).  
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2.3.3. Choosing appropriate number of explanatory variables for the prediction 
 
As a rule of thumb no more than n/3 (where n = number of response variables, in this study n = 410)                                           
explanatory variables should be related to the response variable during multiple regressions (Crawley                         
2007). If all explanatory variables and their two­way interactions are included 741 regression                         
parameter values would have to be estimated with the data (38*37/2+38). Interactions occur when an                             
explanatory variable has a different effect on the outcome depending on the values of another                             
explanatory variable (Crawley 2007). The presence of interactions can have important implications on                         
the model and thus should not be neglected. Since it is impossible to estimate more regression                               
parameter values than response variables the number of explanatory variables had to be reduced                           
drastically. In this study two steps were carried out to reduce the number of explanatory variables:  
 

1) In a first step only explanatory variables that can be obtained for most BDM sampling                               
areas were considered. As the discharge variables (​Q_amax_m3.s, Q_amean_m3.s and                   
Qvar_amean_ m3.s​) are only available for approximately 40% of the BDM sampling areas                         
they were excluded from this study (Appendix 4 and 5).  

 
2) In a second step the correlating explanatory variables should be eliminated. Explanatory                         
variables that correlate with each other tell the same story, even if the relationship is spurious                               
(Crawley 2007). Since, according to the Shapiro­Wilk test none of the explanatory variables                         
were normally distributed (Appendix 6) the Kendall and Spearman test was used to identify                           
correlating explanatory variables (‘cor’ function of R; R Core Team 2014) (Appendix 7 & 8).                             
If the correlation coefficients were < ­0.7 or > 0.7 it was assumed that the variables correlate                                 
strongly with each other (Rumsey 2011). The number of strongly correlating variables was                         
larger for the Spearman correlation test (69 correlating variables) than for the Kendall test (42                             
correlating variables). All variables that strongly correlate with each other in the Kendall                         
correlation test also strongly correlated with each other in the Spearman correlation test.                         
These variables are listed in Table 5. Where possible the most powerful explanatory variables                           
per correlation group were selected considering data quality. Hence, disposalsite_2004_                   
percentage and wastewater_m3.a are selected since disposalsite_190207_percentage was               
calculated with an obsolete dataset and stormsewage_m3.a was modelled on the basis of                         
wastewater_m3.a (Table 5: A, B). For explanatory variables that cannot be easily selected on                           
the basis of data quality information (Table 5: C, D, E) tree models were carried out with help                                   
of the tree model function of R (‘tree’; Brian Ripley 2015) (Appendix 9 & 10). Tree models                                 
give guidance about which explanatory variables to include by indicating which explanatory                       
variables explain the greatest amount of deviance in the response variable (Crawley 2007).                         
For each correlation group the explanatory variable that explains the highest amount of                         
deviance in the response variable was selected (Table 6). As the correlation group E is large,                               
two explanatory variables were selected for this group.  
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Table 5: Correlating explanatory variables. 

Name   Correlating explanatory variables 

A  disposalsite_190207_percentage, disposalsite_2004_percentage 

B  stormsewage_m3.a, wastewater_m3.a 

C  area_bdm_m2, area_total_m2, watercourse_bdm_m, watercourse_total_m 

D  facade_percentage, facaderoof_percentage, roof_percentage, 
settlement_percentage 

E  cereal_percentage, corn_percentage, field_percentage, legume_percentage, 
potato_percentage, rapeseed_percentage, rootvegetable_percentage, 
vegetable_percentage 

 
 

Table 6: Result of tree model for correlating explanatory variables 

Response 
variable 

Correlating explanatory variables 

EPT  watercourse_bdm_m, roof_percentage, corn_percentage, 
vegetable_percentge 

IBCH  area_bdm_m2, facade_percentage, rapeseed_percentage, 
vegetable_percentage 

 
 
3)​In a third step a tree model was carried out for all correlating explanatory variables with the                                   
highest explanatory power and all non­correlating explanatory variables (Appendix 9 & 10).                       
Table 7 summarizes the explanatory variables that according to the tree model explain the                           
greatest amount of deviance in the response variables. Considering that ​slope_max ​and                       
slope_mean correlate highly according to the Spearman correlation test (correlation                   
coefficient: 0.81) and moderately according to the Pearson correlation test (correlation                     
coefficient: 0.62) only slope_mean was considered since it has more explanatory power.                       
Table 8 sums up the explanatory variables that were used to model the macroinvertebrate                           
richness distribution. This explanatory variables are visualized with help of maps in appendix                         
11. Considering more than two­way interactions would lead to overparameterization. Hence                     
only two­way interactions were considered.  
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Table 7: Result of tree model for correlating and non­correlating explanatory variables. For the correlating 
explanatory variables only the variables with the highest explanatory power are considered.  

Response 
variable 

Explanatory variables that, according to step 1 and 2, have the highest                       
explanatory power 

EPT  carbonate_per_carbonatesilicate, corn_percentage, decidious_per_forest, 
forest_percentage, green_percentage, Masl, roof_percentage, slope_max, 
slope_mean, street_percentage, wastewater_m3.a, watercourse_bdm_m 

IBCH  area_bdm_m2, disposalsite_2004_percentage, facade_percentage, 
forest_percentage, fruit_percentage, green_percentage, Masl, slope_max, 
slope_mean, vegetable_percentage, vine_percentage 

 
 
Table 8: Most important explanatory variables. Explanatory variables marked in bold visualize the explanatory 
variables that are considered to be important for the EPT species and the IBCH taxa.  

Response 
variable 

Most important explanatory variables 

EPT  carbonate_per_carbonatesilicate, corn_percentage, decidious_per_forest, 
forest_percentage​, ​green_percentage​, ​Masl​, roof_percentage, ​slope_mean​, 
street_percentage, wastewater_m3.a watercourse_bdm_m 

IBCH  area_bdm_m2, disposalsite_2004_percentage, facade_percentage, 
forest_percentage​, fruit_percentage, ​green_percentage​, ​Masl​, ​slope_mean​, 
vegetable_percentage, vine_percentage 
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2.4. Model 
 
This chapter discusses the model building (chapter 2.4.1), the model selection (chapter 2.4.2), the                           
model prediction (chapter 2.4.3) and the model evaluation (chapter 2.4.4)  
 
2.4.1. Model building 
 
Regressions are used to analyse the relationship between a response variable and one or several                             
explanatory variables (Crawley 2007). The simplest and most frequently used regression is the linear                           
regression. Yet, this approach is rarely useful for taxa habitat distribution models for several reasons.                             
First, the response variable is often described by means of presence, cover and count data. These data                                 
have properties that violate the basic requirements of linear regressions: the data are strictly bounded                             
(in all cases there is a lower and often an upper limit of possible data range), the variance is not                                       
constant and the residuals are not normally distributed. Second, the values of the explanatory variables                             
are often not continuous. Generalized linear models (GLM) have been developed to cope with these                             
problems. They represent a generalization of the classical linear regression methods and are                         
characterized by three important properties: the error structure (specifies the distribution of the                         
residuals), the linear predictor (represents the linear sum of the effects of the explanatory variables)                             
and the link function (relates the mean value of the response variable to its linear predictor). GLMs                                 
are often used to model taxa distribution and were also be used in this study.  
 
The response variable in this study is a count data, which implies that the GLM model should be fitted                                     
using the Poisson family (Poisson errors and a log link function) (Crawley 2007). To check whether                               
the Poisson distribution is suitable, the model­checking plots (‘plot’ function, R Core Team 2014) of                             
the Poisson and Gaussian family were compared (Figure 9 and 10). The model­checking plots include                             
a plot of residuals against fitted values, a scale–location plot of residuals against fitted values, a                               
normal QQ plot and a plot of residuals against leverages. With help of the plots the heteroscedasticity,                                 
non­normal distribution of the models residuals, influential data points and outliers can be detected                           
(Crawley 2007)​.  
 
The model­checking plots (Figure 9 and 10) indicate that the GLM using a Gaussian family is                               
characterized by better normal distribution for both the EPT species and the IBCH taxa. As the                               
heteroscedasticity and the influential data points and outliers of the GLM using Gaussian and Poisson                             
family are comparable for the EPT species and the IBCH taxa, the Gaussian family was chosen over                                 
the Poisson family.  
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EPT  GLM with Poisson family  GLM with Gaussian family 

 

 

 

 

Figure 9: Model checking plots for the EPT species. Left side: GLM with Poisson family; Right side: GLM with Gaussian                                       
family. Predicted values and residuals displayed for Poisson family are ln(values).  
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IBCH  GLM with Poisson family  GLM with Gaussian family 

 

 

 

 

Figure 10: Model checking plots for the IBCH taxa. Left side: GLM with Poisson family; Right side: GLM with Gaussian                                       
family. Predicted values and residuals displayed for Poisson family are ln(values).  
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Only very few zero values were present in the response variable data (EPT species: 1.7% zero values;                                 
IBCH taxa: 0.2% zero values). This explains why the GLM with Gaussian family was more suitable                               
for the nationwide macroinvertebrate richness modelling than the GLM with Poisson family. Yet, the                           
usage of the GLM with Gaussian family brings along disadvantages. In contrast to the GLM with                               
Poisson family, the GLM with Gaussian family results in continuous and not strictly bounded                           
predictions ​(Crawley 2007)​.  
 
A GLM with Gaussian family is very similar to a multiple linear regression. The difference between                               
the two is the statistical optimization (GLM with Gaussian family: maximum likelihood; Multiple                         
linear regression: least­squares) ​(Crawley 2007)​. The GLMs are carried with the ‘glm’ function of R                             
(R Core Team 2014). 
 
2.4.2. Model selection 
 
According to the principle of parsimony, when choosing among two equivalent explanations, the                         
simpler one is chosen over the more complex one (Crawley 2007). Therefore, the GLMs should not                               
contain any redundant explanatory variables. Model selection methods help to achieve this by                         
applying alternative fitting procedures to the maximum likelihood fitting. Alternative fitting                     
procedures often yield better prediction accuracy and model interpretability (James et al. 2013). 
 
A study that compared different model selection methods for predictive habitat modelling found that                           
no model selection method performed best under all circumstances (Reineking & Schröder 2006).                         
They recommend using stepwise selection methods with caution and indicate that shrinkage methods                         
perform well under a wide range of underlying species­habitat relationships.  
 
In this study a stepwise selection method (backward stepwise selection method) and shrinkage method                           
(lasso model selection method) were carried out and compared. Both methods start with regression                           
models that contain all predictors (James et al. 2013). The backward stepwise selection method                           
iteratively removes the least useful predictor. The lasso selection method shrinks the parameter                         
estimates towards zero which reduces the variance.  
 
2.4.2.1. Backward stepwise selection method 
 
This study used the automated backward selection method of R (‘step’; R Core Team 2014) that is                                 
based on the Akaike information criterion (AIC). AIC is a model fit measure that penalizes the                               
presence of superfluous parameters. As the step function errs on the side of generosity, a manual                               
model simplification should be carried out after the automated procedure (Crawley 2007). The manual                           
model simplification did not lead to a better AIC value in this study. The macroinvertebrate richness                               
prediction that was carried out with the GLM, which is simplified using the backward stepwise                             
selection method, is referred to as ​Step Model in this study. The GLM output of the ​Step Model are                                     
visualized in appendix 12 & 13. The anova table of the ​Step Model​ are visualized in figure 11, 12. 
 
2.4.2.2. Lasso selection method 
 
The lasso selection method in this study was carried out with the glmnet package of R (Friedman et al.                                     
2010). A ten­fold cross­validation was used to automatically find the tuning parameter (λ) that returns                             
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the smallest mean cross validation error. This method depends on finding the best λ since this                               
parameter controls the impact of the shrinkage penalty (James et al. 2013). The macroinvertebrate                           
richness prediction that was carried out with the GLM, which is simplified using the lasso selection                               
method, is referred to as​Lasso Model in this study. The​Mean(Step, Lasso) Model​stands for the mean                                   
of the Step ​and Lasso Model. The GLM output of the ​Lasso Model are visualized in appendix 14 &                                     
15.  
 
 
2.4.3. Model prediction 
 
The macroinvertebrate richness prediction models are carried out with the R function ‘predict.glm’ (R                           
Core Team 2014). Table 9 lists all models that have been carried out. The prediction could only be                                   
carried out for the sampling areas for which all needed explanatory variable (Table 8) are available.                               
Important explanatory variables are revealed through analysis of deviance tables (anova tests) for                         
GLM fits. The anova tests indicate if the amount of deviance that the environmental variables reduce                               
is statistically significant.  
 
2.4.4. Model evaluation 
 
The concordance correlation, the estimated standard error and the residuals between the                       
Mean(Lasso,Step)Prediction­BDMsites­WSB and the recorded BDM macroinvertebrate richness             
values during the BDM were used to evaluate the model.  
 
The concordance correlation coefficient (Lin 1998) is a measure of agreement between two variables.                           
It determines how far observation pairs deviate from the perfect line of concordance. This coefficient                             
is calculated with help of the ‘epi.ccc’ function of the R package epiR (Mark Stevenson et al. 2015).  
 
The estimated standard errors are only available for the Step Model. For strongly biased estimates                             
such as the Lasso Model, the standard errors are not meaningful (Goeman 2014). The estimated                             
standard errors of the Step Models are calculated with the ‘predict.glm’ function of R (R Core Team                                 
2014).  
 
The residuals between the ​Mean(Lasso,Step)Prediction­BDMsites­WSB ​and the recorded BDM                 
macroinvertebrate richness during the BDM are visualized spatially for each​AC_2km​2 catchment and                         
for each large river catchment of Switzerland (Aare, Adda, Adige, Inn, Limmat, Reuss, Rhein, Rhone,                             
Ticino) (Bundesamt für Umwelt (n.d.): Hydrografische Gliederung – nachbearbeitete Version                   
(basis04)). 
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Table 9: Macroinvertebrate richness prediction models: name and description. 

Name  Description 

Step Prediction ­ 
Nationwide ­ 
AC_2km​2 

Nationwide macroinvertebrate richness prediction that was carried out with 
a GLM that was simplified using the backward stepwise selection method. 
The ​AC_2km​2​ catchment dataset was used for this prediction.  

Lasso Prediction ­ 
Nationwide ­ 
AC_2km​2 

Nationwide macroinvertebrate richness prediction that was carried out with 
a GLM that was simplified using the Lasso selection method. The ​AC_2km​2 
catchment dataset was used for this prediction.  

Step Prediction ­ 
BDM sites ­ 
AC_2km​2 
 

Macroinvertebrate richness prediction for the 410 BDM sampling sites that 
was carried out with a GLM that was simplified using the backward 
stepwise selection method. The ​AC_2km​2​ catchment dataset was used for 
this prediction. The ​AC_2km​2​ catchments for the 410 BDM sampling sites 
were determined with help of a spatial join of the ​AC_2km​2​ catchment 
dataset with the BDM sampling sites.  

Lasso Prediction ­ 
BDM sites ­ 
AC_2km​2 
 

Macroinvertebrate richness prediction for the 410 BDM sampling sites that 
was carried out with a GLM that was simplified using the Lasso selection 
method. The ​AC_2km​2​ catchment dataset was used for this prediction. The 
AC_2km​2​ catchments for the 410 BDM sampling sites were determined 
with help of a spatial join of the ​AC_2km​2​ catchment dataset with the BDM 
sampling sites.  

Step Prediction ­ 
BDM sites ­  
WSB 

Macroinvertebrate richness prediction for the 410 BDM sampling sites that 
was carried out with the GLM that was simplified using the backward 
stepwise selection method. The BDM sampling areas were used for this 
prediction 

Lasso Prediction ­ 
BDM sites ­  
WSB 

Macroinvertebrate richness prediction for the 410 BDM sampling sites that 
was carried out with the GLM that was simplified using the Lasso selection 
method. The BDM sampling areas were used for this prediction 

Mean(Lasso, Step) 
Prediction ­  
BDM sites ­ 
WSB 

Mean of the ​Step Prediction ­ BDM sites ­ WSB​ and ​Lasso Prediction ­ 
BDM sites ­ WSB 
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3. Results 
 
3.1 Important environmental variables 
 
The anova tables for the GLM identify the important environmental variables of the recorded                           
macroinvertebrate richness in Swiss watercourses (data from BDM, Swiss Biodiversity Monitoring;                     
referred to as ​Monitoring in the following)​, ​by identifying significant residual deviance (p­value <                           
0.01) (Table 10, 11 and 12). Important environmental variables for the EPT species include, from                             
most important to least, ​forest_percentage, green_percentage, corn_percentage, street_percentage,               
decidious_per_forest, ​carbonate_per_carbonatesilicate and watercourse_bdm_m. ​Important         
environmental variables for the IBCH taxa are, in order of importance, ​green_percentag​e, ​Masl,                         
forest_percentage, facade_percentage, vegetable_percentage​, ​slope_mean, fruit_percentage and           
vine_percentage​. ​Although some environmental variables are important for both the EPT species and                         
the IBCH taxa most environmental variables are important to only one of them. The important                             
variables of the land­use categories arable land (EPT:​corn_percentage​; IBCH:​vegetable_percentage​)                     
and developed area (EPT: ​street_percentage​; IBCH: ​facade_percentage​) differ for the EPT species                       
and IBCH taxa. The environmental variables ​forest_ percentage and ​green_percentage​, in contrast,                       
are very important for both the EPT species and the IBCH taxa. For the EPT species, agriculture                                 
(​corn_percentage​) is more important than man­made constructions (​street_percentage​). The opposite                   
holds true for the IBCH taxa: settlements (​facade_percentage​) are more important than agriculture                         
(​vegetable_percentage​). While ​Masl and ​slope_mean are important for the IBCH taxa on their own                           
they are only considered to be important for the EPT species in interaction with other variables.                               
C​arbonate_per_carbonatesilicate and ​decidious_ per_forest are important for the EPT species but not                       
for the IBCH species.  
 
3.2 Nationwide macroinvertebrate prediction  
 
Figure 11 & 12 and table 10 show the nationwide macroinvertebrate richness predictions                         
(​StepPrediction­ Nationwide­AC_2km​2​, LassoPrediction­Nationwide­AC_2km​2​). The EPT nationwide           
prediction maps suggest that the EPT species are most likely to occur in wooded and livestock                               
farming areas. Only a few EPT species occur in cultivated land (Ajoie, Mittelland, Rheintal, Valleys                             
of Wallis, Rheintal and Magadinoebene) or in as glaciated and fin covered areas (high­altitude regions                             
of the Alps). Nonetheless there are some exceptions to this observations. For example, the Step model                               
predicts high EPT species richness occurrence at the Aletsch glacier. Settlements do not seem to                             
heavily impact the presence of EPT species. The​Step and​Lasso Model​, however, do not agree for the                                   
populated areas in lake vicinity (see below). According to the IBCH nationwide taxa prediction map                             
the IBCH taxa richness distribution is mainly determined through the terrrain elevation (explanatory                         
variable Masl). While many IBCH taxa are predicted to be found in low altitudes, few IBCH taxa are                                   
predicted to be found at high altitudes. As the valley of Wallis demonstrates, there are some                               
exceptions to this conclusion. This area is characterized by the presence of the cultivated land­use                             
variables ​vine_ percentage and ​fruit_percentage​. A comparison between the nationwide prediction of                       
EPT species and of IBCH taxa shows firstly, that the EPT species nationwide predictions are much                               
more detailed and secondly, that the predicted EPT species and IBCH taxa richness values do not                               
correlate spatially. 
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Table 10: Environmental variables that reduce a significant amount of deviance (p­value < 0.01) of the recorded 
macroinvertebrate richness during the biodiversity monitoring (EPT species, IBCH taxa) ordered by importance (most to 
least significant from top to bottom) with indication if the variable has a positive (+) or negative (­) or unknown (?) effect on 
the macroinvertebrate richness according to the nationwide prediction. 

EPT  IBCH 

+  forest_percentage   ?  green_percentag​e 

+  green_ percentage  ­  Masl 

­  corn_percentage   ?  forest_percentage 

?  street_percentage   ?  facade_percentage 

?  decidious_per_forest  ?  vegetable_percentage 

?  carbonate_per_carbonatesilicate  ?  slope_mean 

?  watercourse_bdm_m  ­  fruit_percentage  

  ­  vine_percentage  

 
3.3 Comparison of the model selection methods 
 
Figure 14 illustrates the comparison between the ​StepPrediction­Nationwide­AC_2km​2 ​and the                   
LassoPrediction­Nationwide­AC_2km​2 ​predictions. The concordance correlation coefficient for the               
EPT species (0.36) is much higher than the concordance correlation coefficient for the IBCH taxa                             
(0.07). Yet, according to the concordance coefficient classification of McBride (2005) both model                         
predictions are poor. The range of the predicted macroinvertebrate richness is higher for the Step                             
Model (​StepPrediction­Nationwide­AC_2km​2​, ​StepPrediction­BDMsites­AC_2km​2​) than for the Lasso             
Model (​LassoPrediction­Nationwide­AC_2km​2​, ​LassoPrediction­BDMsites­AC_2km​2​) (This can be           
seen in greater detail in table 13 and 14).  
 
The large prediction deviations between the ​StepPrediction­Nationwide­AC_2km​2 ​and               
LassoPrediction­Nationwide­AC_2km​2 coincide with high estimated standard errors of the                 
StepPrediction­Nationwide­ AC_2km​2 ​prediction (Figure 14). The range of the estimated standard                     
error of the ​StepPrediction­Nationwide­AC_2km​2 ​is larger for the IBCH taxa richness prediction than                         
for the EPT species richness prediction. The spatial distribution of the estimated standard errors are                             
visualized in figure 13. The maps suggest that high estimated standard errors for the EPT specie are                                 
often found at lake inflows and outflows. The same pattern was also observed for the IBCH taxa.                                 
Large estimated standard errors were, however, also found at other sites (eg. valley of Wallis and                               
Rheintal).  
 
3.4 Evaluation of the prediction at the BDM sampling areas 
 
Figure 15 compares the ​StepPrediction­BDMsites­WSB​, the ​LassoPrediction­BDMsites­WSB and the                 
Mean(Lasso,Step)Prediction­BDMsites­WSB predictions with the ​Monitoring values. The figure               
trends suggest that the macroinvertebrate richness is overpredicted by the models when few                         
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macroinvertebrates are present and underpredicted by the models when numerous macroinvertebrates                     
are present. According to McBrides (2005) classification of the concordance correlation coefficient                       
the agreement between the values of the models and the​Monitoring are poor. They are slightly higher                                 
for the ​StepPrediction­BDMsites­WSB (EPT: 0.58; IBCH: 0.64) than for the                   
LassoPrediction­BDMsites­WSB (EPT: 0.5; IBCH: 0.52) and slightly higher for the IBCH taxa (​Step                         
Model​: 0.64, Lasso Model​: 0.52) than for the EPT species (​Step Model​: 0.58,​Lasso Model​: 0.5). The                                 
estimated standard error of the ​StepPrediction­BDMsites­WSB ​prediction do not show a meaningful                       
pattern.  
 
The spatial distribution of the residuals between the values of the ​Mean(Lasso,Step)­                       
Prediction­BDMsites­WSB and the ​Monitoring are illustrate in figure 17 and 18. According to these                           
figures the residuals do not correlate spatially. The largest residuals occur at catchments where most                             
monitoring was carried out (EPT species: Aare, Limmat and Rhein; IBCH taxa: Aare, Rhein and                             
Rhone) (Figure 16). However, also some sites were little was carried out are characterized by high                               
residual values (eg. EPT species: Adige and Inn; IBCH taxa: Adda and Inn). 
 
3.5 Influence of the catchment dataset choice 
 
While the BDM sampling areas are defined with the WSB catchment dataset the nationwide                           
prediction sampling areas are defined with the AC_2km​2 catchment dataset. To evaluate if the                           
catchment dataset choice affects the macroinvertebrate richness prediction, the macroinvertebrate                   
richness at the BDM sampling sites was predicted firstly with the WSB catchment dataset                           
(​StepPrediction­BDMsites­WSB​, ​LassoPrediction­BDMsites­WSB​) and secondly with the AC_2km​2             
catchment dataset (​StepPrediction­ BDMsites­AC_2km​2​, ​LassoPrediction­BDMsites­AC_2km​2​)         
(Figure 19). The concordance correlation coefficients are higher for the ​Lasso Models ​(EPT: 0.64;                           
IBCH: 0.92) than for the Step Models (EPT: 0.54; IBCH: 0.23). For the​Step Models the concordance                                 
correlation coefficient is higher for the EPT species (0.54) than for the IBCH taxa (0.23). The                               
opposite holds true for the ​Lasso Models​: the concordance correlation coefficient is higher for the                             
IBCH taxa (0.92) than for the EPT species (0.64). With exception of the Lasso Models for the IBCH                                   
taxa the model agreements are poor (McBride, 2005). The model agreement of the Lasso Models for                               
the IBCH taxa is moderate.  
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4.1.2 IBCH taxa 
 
In contrast to the nationwide EPT species richness prediction the nationwide IBCH taxa richness                           
prediction does not follow the land­use ranking found in literature and is mainly determined by the                               
topological variable ​Masl ​(Figure 12)​. Nevertheless, the anova table (Table 12) indicates that land­use                           
variables significantly reduce the residual deviance of the recorded IBCH taxa richness during the                           
BDM. As the IBCH taxa consists of numerous orders that are characterized by a variety of different                                 
ecological niches it is likely that orders that are sensitive towards land­use variables are blurred by                               
less sensitive orders. This might also explain why developed area land­use variables reduce more                           
residual deviance of the recorded IBCH species richness during the BDM than cultivated land­use                           
variables. The fact, that different cultivated­land (EPT: ​corn_percentage​; IBCH: ​vegetable_                   
percentage​) and developed area variables (EPT: ​street_percentage​; IBCH: ​facade_percentage​)                 
explain the largest amount of deviance in the response variable according to tree models for the EPT                                 
species and IBCH taxa (Appendix 9 and 10) reinforces the assumption that different                         
macroinvertebrate orders are characterized by distinct sensitivities and habitat preferences. 
 
4.2 Comparison of the model selection methods 
 
The better agreement between the nationwide ​StepPrediction­Nationwide­AC_2km​2 and               
LassoPrediction­Nationwide­AC_2km​2 (Figure 14) for the EPT species than for the IBCH taxa is an                           
additional indication that the environmental niche is better defined for the EPT species than for the                               
IBCH taxa and thus easier to model and predict. The result that the ​StepPrediction­BDMsites­WSB                           
and ​LassoPrediction­BDMsites­WSB predictions agree slightly better for the IBCH taxa ​Monitoring                     
than for the EPT species ​Monitoring ​(Figure 15), however, would suggest that the ecological niche of                               
the IBCH taxa is better modelled. Nonetheless the poor agreement between the ​StepPrediction­                         
Nationwide­AC_2km​2 and LassoPrediction­Nationwide­AC_2km​2 for the IBCH taxa suggests that the                   
better fit of the ​StepPrediction­BDMsites­WSB and ​LassoPrediction­BDMsites­WSB ​with the IBCH                   
taxa ​Monitoring​ is misleading and likely caused by overfitting.  
 
The comparison of the ​StepPrediction­BDMsites­WSB and the ​LassoPrediction­BDMsites­WSB with                 
the ​Monitoring values suggests that the ​Step Model does a better job than the Lasso Model ​(Figure                                 
15). Figure 19, however, indicates that the ​Lasso Model ​might be stabler since the​Lasso Models​that                                 
are carried out for different sampling areas agree better than the Step Models ​that are carried out for                                   
different sampling areas.  
 
The observation that areas with high estimated standard errors of the ​StepPrediction­                       
Nationwide­AC_2km​2 (Figure 13) are primarily located at lake inflows and outflow might be                         
explainable by dispersion of lake macroinvertebrate taxa into adjacent watercourses. Lake                     
macroinvertebrate taxa are characterized by different ecological niche preferences than watercourse                     
taxa and are thus not modelled well.  
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4.3 Evaluation of the prediction at the BDM sampling areas 
 
The observed model over­ and underprediction of the ​StepPrediction­BDMsites­WSB and                   
LassoPrediction­BDMsites­WSB ​prediction (Figure 15) indicates that explanatory variables which are                   
not considered in the model influence the macroinvertebrates. An explanation for this observation                         
might be that while the BDM data represent the realized niche, the models only consider the                               
fundamental niche and neglect interspecific competition. This is especially plausible in view of the                           
fact that population size proves to be an effective antipredator defense (Wrona & Dixon 1990). Other                               
possible explanations for the model over­ and underprediction might be the omission of population                           
growth consideration (Snider & Brimlow 2013) and the omission of spatial pattern consideration                         
(dendritic networks; Altermatt 2013).  
 
The presence of relatively high residuals of the ​Mean(Lasso,Step)Prediction­BDMsites­WSB and the                     
Monitoring ​(Figure 16) at sites where few monitorings took place might be explainable by the                             
presence of macroinvertebrates that are endemic to these catchments. 
 
4.4 Evaluation of environmental variables choice 
 
As only environmental variables for which nationwide spatial data are available are considered in this                             
study, the results of the macroinvertebrates predictions could be improved through the availability of                           
more nationwide spatial data. If, for example, discharge is included as an explanatory variable, it is                               
selected by the tree model that is carried out for the EPT species. This indicates that it may be an                                       
important EPT species richness predictor. It would also be helpful to have more nationwide spatial                             
data available that coincide with the environmental variables that are recorded during the BDM                           
(chiefly instream habitat features, eg. riverbed substrate, flow rate). Nevertheless there is also                         
uncertainty regarding the selection of explanatory variable for which nationwide available data are                         
available. It is likely that not all nationwide available data that have an effect on the macroinvertebrate                                 
are recognized by this study. Livestock, for example could not be included, because of unawareness of                               
the existence of this dataset until late in the study. 
 
4.5 Evaluation of habitat distribution model choice 
 
Regression methods are frequently applied in taxa habitat distribution models because of their                         
statistical foundation and their ability to realistically model ecological relationships. Yet, numerous                       
other approaches exist to model taxa distributions. The most comprehensive set of model comparison                           
up to date suggests that novel methods (eg. machine learning techniques) consistently outperform                         
more established methods (eg. regression analysis) (Elith et al. 2006). However, since the models in                             
this study are built with conventional procedures and occurrence­only data, it is difficult to interpret                             
the above finding. Established regression methods with more sophisticated procedures might yield                       
similar results as novel methods that are carried out with conventional procedures. Moreover another                           
study (Guisan et al. 2007) found that while there are important differences between the model                             
performances, the variance in model performance is greater among species than among techniques.                         
Species that grow slowly and/or have a specialized niche tend to be better modeled independent of the                                 
chosen method. This indicates that suitability knowledge of species is important for modeling                         
purposes.  
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4.6 Uncertainties 
 
Uncertainties are not only present during the environmental variable selection and model choice, but                           
also during all other modelling steps. A good prediction depends on reliable input data (BDM,                             
explanatory variable, catchment and watercourse data), the choice of the catchment dataset, the                         
definition of the sampling area and the modelling decisions (choice of GLM family and model                             
selection method). Even though these uncertainties are very hard to quantify, it is important to be                               
aware of them.  
 
4.7 Conclusion 
 
Understanding of the relationship between environmental variables and macroinvertebrates is an                     
important milestone in understanding ecosystem processes that affect watercourse health. This study                       
shows that although land­use (forest, pasture, cultivated land and developed area) and topology                         
(elevation and slope) variables influence the Swiss macroinvertebrate richness distribution at a                       
landscape level, they do not influence all macroinvertebrate taxa equally. The EPT species, which in                             
contrast to the IBCH taxa are characterized by a clearly defined niche, react more sensitively towards                               
land­use changes than the IBCH taxa. This results in opposing spatial predictions on richness at the                               
landscape scale and suggests that the diversity pattern of one macroinvertebrate group (eg. EPT                           
species) cannot be used as a proxy of another macroinvertebrate group (eg. IBCH taxa). It furthermore                               
indicates that a better understanding of the the relationship between environmental variables and                         
macroinvertebrate richness is gained when the focus is placed on a few sensitive macroinvertebrate                           
species with a clearly defined ecological niche (eg. EPT species), than when a broad mixture of                               
macroinvertebrate taxa with varying sensitivity and less clearly defined ecological niche (eg. IBCH                         
taxa) are considered. 
 
4.8 Outlook 
 
Future studies could focus on modelling the species of the orders Ephemeroptera, Plecoptera and                           
Trichoptera individually to test their sensitivity towards land­use variables separately. Moreover, it                       
would also be interesting to test if and how the inclusion of instream habitat features and the dispersal                                   
of organisms changes the macroinvertebrate richness prediction. 
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5. Lessons learned 
 
Throughout this study I learned a lot of lessons. In the following section I want to share the most                                     
important ones.  
 

● Data management is very important. It should always be very clear how and where the data is                                 
stored and finding the most recent file should be evident. Backups are crucial. 

 
● Scripts are very powerful as they automate repetitive steps and ensure reproducibility. Writing                         

them can be time­intensive but once they work they save a lot of time since most steps have to                                     
be carried out several times.  

 
● The processing time of the scripts can be an important issue and should be considered. 

 
● Manual checks are mandatory. Never trust a result without checking it´s plausibility.  

 
● Be careful to avoid copy­paste mistakes and joining files by the wrong attribute.  

 
● In the future revision control should be used for scripts and for data. 
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9. Figure Index 
 

Figure 1  Regression Model. 1: Estimation of the regression parameters; 2: Utilization of 
estimated regression parameters to carry out the nationwide prediction. 

Figure 2  Workflow. The final model is obtained using model building, selection, prediction & 
evaluation. 

Figure 3   BDM sampling sites. Left side: nationwide distribution of the BDM sampling sites; 
Right side: single BDM sampling site in more detail. 

 Figure 4  Available nationwide catchment datasets; Left side: WSB; Right side: AC_2km​2​. 

 Figure 5    Sampling area definition. Above: sampling area for BDM sampling sites; Below: 
sampling area for nationwide 
 prediction. 

 Figure 6   Surface area histogram of the nationwide prediction sampling areas. Only 
sub­catchments that lie within Switzerland are considered (21’825 sub­catchments).  

 Figure 7  Surface area histograms of different possibilities to define the BDM sampling areas > 
2km2 (228 BDM sampling sites). Left: BDM sampling areas that are defined with 
help of a 5km buffer; Middle: BDM sampling areas that are defined with help of a 
10km buffer; Right: BDM sampling areas that are defined using the total catchment.  

 Figure 8   Influence of the catchment form. 1: If only sub­catchments that are entirely 
overlapped by buffers are considered to be influential one sub­catchment is selected; 
2: If only sub­catchments that are entirely overlapped by buffer are considered to be 
influential all sub­catchments are selected. 

 Figure 9  Model checking plots for the EPT species. Left side: GLM with Poisson family; Right 
side: GLM with Gaussian family.  

Figure 10  Model checking plots for the IBCH taxa. Left side: GLM with Poisson family; Right 
side: GLM with Gaussian family.  

Figure 11  Nationwide EPT species prediction (bounded EPT species values: All predicted EPT 
species values that are smaller than the minimum value of the Monitoring are assigned 
to the minimum value of the Monitoring and all EPT species that are larger than the 
maximum value of the Monitoring are assigned to the maximum value of the 
Monitoring) 

Figure 12  Nationwide IBCH taxa prediction (bounded IBCH species values: All predicted EPT 
species values that are smaller than the minimum value of the Monitoring are assigned 
to the minimum value of the Monitoring and all IBCH taxa that are larger than the 
maximum value of the Monitoring are assigned to the maximum value of the 
Monitoring) 

Figure 13  Estimated standard errors of the Step Model 
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Figure 14  Comparison of the predicted macroinvertebrate richness values: 
StepPrediction­Nationwide­AC_2km​2​ ​vs.​ LassoPrediction­Nationwide­AC_2km​2 
(boundless EPT species richness values) and visualization of the estimated standard 
errors of the ​StepPrediction­Nationwide­AC_2km​2​. 

Figure 15  Comparison of the predicted macroinvertebrate richness values with the observed 
macroinvertebrate richness values: ​StepPrediction­BDMsites­WSB ​vs. ​Monitoring​, 
LassoPrediction­BDMsites­ WSB​ vs. ​Monitoring​ and ​Mean(Lasso,Step)Prediction­ 
BDMsites­WSB ​vs. ​Monitoring​ (boundless EPT species richness values). 

Figure 16  Percentage of the observed macroinvertebrate richness values (​Monitoring​) per 
catchment and occurrence of residuals (difference between ​Mean(Lasso,Step) 
Prediction­BDMsites­WSB ​and​ Monitoring​) per catchment (boundless values). 

Figure 17  Residuals between the Mean(Lasso,Step)Prediction­BDMsites­WSB and the 
Monitoring values of the EPT species (boundless EPT species values) 

Figure 18  Residuals between the Mean(Lasso,Step)Prediction­BDMsites­WSB and the 
Monitoring values of the IBCH taxa (boundless IBCH taxa values) 

Figure 19  Comparison of the predicted macroinvertebrate richness values using different 
sampling areas: ​StepPrediction­ BDMsites­WSB ​vs. 
StepPrediction­BDMsites­AC_2km​2 ​and​ LassoPrediction­BDMsites­ ​AC_2km​2 ​vs. 
LassoPrediction­BDMsites­ AC_2km​2​. 
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10. Table Index 
 

Table 1   Comparison of the available nationwide catchment datasets; Left side: WSB; Right                     
side: AC. 

Table 2  Comparison of 5km­ and 10km buffer radius to define the​ ​BDM sampling areas. 

Table 3  Summary of the explanatory variables used in this study: name, description and source. 

Table 4  GIS procedure to obtain explanatory variables. 

Table 5   Correlating explanatory variables. 

Table 6  Result of tree model for correlating explanatory variables 

Table 7  Result of tree model for correlating and non­correlating explanatory variables. For the 
correlating explanatory variables only the variables with the highest explanatory power 
are considered. 

 Table 8  Most important explanatory variables. Explanatory variables marked in bold visualize 
the explanatory variables that are considered to be important for the EPT species and 
IBCH taxa.  

Table 9  Macroinvertebrate richness prediction models: name and description. 

Table 10  Environmental variables that reduce a significant amount of deviance (p­value < 0.01)                       
of the recorded macroinvertebrate richness during the biodiversity monitoring (EPT                   
species, IBCH taxa) ordered by importance (most to least significant from top to                         
bottom) with indication if the variable has a positive (+) or negative (­) or unknown (?)                               
effect on the macroinvertebrate richness according to the nationwide prediction. 

Table 11  Anova output of the GLM for the EPT species 

Table 12  Anova output of the GLM for the IBCH taxa 

Table 13  EPT species richness histograms for monitoring and predictions (boundless EPT                   
species richness values; values that appear very seldomly are cut off in the histograms). 

Table 14  IBCH taxa richness histograms for monitoring and predictions (boundless IBCH taxa                     
richness values; values that appear very seldomly are cut off in the histograms). 
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