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a  b  s  t  r  a  c  t

Aquatic  ecosystems  are  amongst  the  most  heavily  altered  ecosystems  and  exhibit  a disproportional  loss
of  biodiversity.  Numerous  stressors,  such  as  nutrient  enrichment,  contaminant  pollution,  sedimentation
and  alterations  in  stream  hydrology  and  habitat  structure,  account  for  these  losses.  Understanding  these
forces  is  of utmost  importance  to  prevent  riverine  ecosystems  from  further  deterioration  and  to  provide
helpful  insights  for restoration  practices.  In the  present  study,  we  analyse  the response  of  biological
indicators  to  a large  number  of  environmental  factors.  For  this,  benthic  invertebrate  assemblages  from
83  sites  in  Germany  were  described  based  on 25  metrics  from  four  different  metric  types.  The  condi-
tion  of  the  sites  was  described  using  27  environmental  factors:  13  for water  quality,  4  for  land  use  in
the  catchment  and  10  for local  scale  habitat  structure.  The  relative  importance  of single  environmen-
tal  predictors  or  predictor  combinations  for  benthic  invertebrate  assemblages  was  analysed  with  single
and  multiple  linear  regression  models.  The  results  for the  latter  models  were statistically  supported
via  a bootstrap  approach.  The  models  revealed  the importance  of water  quality  and  catchment-scale
land  use in  explaining  benthic  invertebrate  assemblages;  in  particular,  chloride,  oxygen,  total  organic
carbon  and  the  amounts  of artificial  surfaces  and  arable  land  were  the  most  important  predictors.  Mod-
els  including  solely  structural  variables  such  as plan  form,  bank  structures  and  substrate  diversity  had
lower  goodness  of  fit  values  than  those  for  other  variables.  Regarding  the four  different  assemblage  met-
ric  types,  functional  metrics  had on average  lower  goodness  of  fit  values  than  composition/abundance,

richness/diversity  and  sensitivity/tolerance  metrics.  Among  the  richness/diversity  metrics,  however,  the
model  results  for the  Shannon–Wiener  and  Simpson  diversity  indices  and  evenness  were  poor.  Our  results
show  that  catchment-related  factors  and  water  quality  were  of  overriding  importance  in  shaping  biodi-
versity  patterns  and  causing  species  loss.  In  contrast,  structural  degradation  at  a local  scale  was  not  the
most  significant  stressor.  This  finding  might  explain  why  structural  restoration  at a reach  scale  often  yields
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 (Allan, 2004). Among these stressors, the recently most
t and widespread in Europe are expected to be diffuse

llution from intensive land use and physical degradation
cosystems (EU Commission, 2007). Because diffuse water

 is more difficult to pinpoint and often less discernible,
n efforts commonly focus on the most obvious constraint,
ten is physical degradation. Consequently, restoration
commonly aim at reconstructing a channel form that is

 a historic form or that of a least-disturbed reference
er, 2009). For example, rivers have been re-meandered

ided (Jähnig and Lorenz, 2008; Lorenz et al., 2009); dead
 been donated to structure river beds (Sundermann et al.,
r boulders that once were removed to ease timber float-

been replaced to enhance habitat diversity (Nilsson et al.,
us, restoration efforts are often carried out at the reach

tending for only several hundred metres up to a few
s in length. Also, restoration efforts are often focused on
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Fig. 1. Location of the 83 investigated

les, simply because of costs and policy difficulty. Yet, it
 speculated that water quality or other large-scale fac-
f overriding importance (Palmer et al., 2010; Sundermann
11a,b; Haase et al., 2013). If this is the case, structural
n at a reach scale is anticipated to have a low benefit–cost-

 may  be considered to represent an inappropriate mode of
nt prioritisation. Indeed, only a minority of reach-scale
n projects in Europe and in the US significantly have

 biodiversity, and the underlying mechanism is subject
versial discussions (Blakely and Harding, 2005; Kowalik
erod, 2006; Larson et al., 2001; Ledger and Hildrew,
lmer et al., 2010; Sundermann et al., 2011a; Suren and
ie, 2005).
quently, the gap in knowledge related to the relative
ce of anthropogenic stressors in shaping freshwater com-

 needs to be bridged. The purpose of this study is
igate which environmental predictors predict species
ion and abundance structure of benthic invertebrate
ges and whether water quality or land use in the catch-

 of overriding importance compared to local scale habitat
. In this context, we will analyse 25 biological indicators

 metric types and test how closely they are related to envi-
l predictors. In addition, we will analyse whether single
ental predictors or a combination of various predictors
enthic invertebrate assemblages best.
s end, we analyse the species composition and abundance

 of benthic invertebrate assemblages at 83 sites in high-
rs in Germany. The investigated dataset encompasses a
ssor gradient, as it contains reference sites as well as
modified sites. Determining the relative importance of
ental predictors in riverine ecosystems will help us to pre-
ine ecosystems from further deterioration, identify flaws

estoration concepts and will provide helpful insights for
g restoration projects in the future.
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erally warm summers and mild winters. All sites are in
o fourth-order streams (Strahler system) at elevations

 119 and 304 m above sea level with small catchment areas
 10 and 189 km2. The benthic invertebrate assemblages
orded at each site. In addition, water quality was  charac-

 each site using 13 physicochemical variables; 10 variables
piled describing the degree of structural degradation at a

4 variables were employed to characterise the land use in
ment.

hic invertebrate assemblages

amples originated from routine surface water surveys
 to the protocol for collecting samples in river monitoring

 to assess the ecological status of rivers in Germany (Haase
4). The samples were collected from March to July in 2004
he sampling method is based on sampling microhabitats

 to their coverage at the sampling site (multi-habitat
). All microhabitats in a 100-m-long stream section
ded in 5% coverage intervals, and each “sampling unit”

 25 cm)  is sampled using a handnet (mesh size: 0.5 mm)  via
ampling method. A complete sample is comprised of 20

 units which are pooled for further analysis (total samp-
of 1.25 m2). The organisms are sorted from the sediments
boratory and identified according to the “Operational
or Running Water in Germany” (Haase et al., 2006, http://
ssgewaesserbewertung.de/en/download/bestimmung/).

 number of taxa and individuals collected and identified
h sample was 30.3 ± 11.4 and 1749 ± 1239. To describe
ic invertebrate assemblages in the samples, 25 metrics

culated for each site. These metrics can be divided into
tric types: composition/abundance, richness/diversity,
y/tolerance and function (Hering et al., 2004) (Table 1).
ree sensitivity/tolerance metrics are not self-explanatory,

 be explained here. The river-type-specific multi-metric
MI)  is a German national metric that describes the general
ion of a site. For each river type, the MMI  is composed of

ve metrics scaled to values between zero and one, with

ndaries at scoring intervals of 0.2 (Böhmer et al., 2004). The
l Monitoring Working Party (BMWP) System was set up
Britain to recommend a biological classification system
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Table  1
Analysed metrics.

Metric type Name of metric Short name Min  Max  Mean References

ca Ephemeroptera, Plecoptera and
Trichoptera percentage of
abundance

EPT% 3.7 71.2 33.9

rd  Number of taxa #Taxa 11 62 30
rd Number  of genera #Genera 11 52 26
rd  Number of families #Families 9 34 20
rd  Number of Ephemeroptera,

Plecoptera and Trichoptera
#EPT 1 36 12

rd Number  of Ephemeroptera,
Plecoptera, Trichoptera,
Coleoptera, Bivalvia and Odonata

#EPTCBO 2 44 16

rd  Simpson diversity index Simpson 0.44 0.96 0.84 Simpson (1949)
rd  Shannon-Wiener diversity index Shannon 0.94 3.48 2.44 Shannon and Weaver (1949)
rd Evenness Evenness 0.35 0.97 0.73 Magurran (1983)
st Multi metric index MMI  0.00 0.88 0.3 Böhmer et al. (2004)
st Biological  Monitoring Working

Party
BMWP 25 218 97 Hawkes (1998)

st Average  Score Per Taxon ASPT 3.13 7.52 5.4 Armitage et al. (1983)
f Percentage of active filter feeders ActFilFeeder 0.0 31.8 4.2 Moog (1995), Schmedtje & Colling

(1996), Hering et al. (2004)
f Percentage of gatherers and

collectors
GathColl 8.2 63.7 25.6

f  Percentage of grazers and scrapers GrazScra 2.2 50.6 25.6
f  Percentage of passive filter feeders PasFilFeeder 0.0 60.0 8.2
f Percentage  of predators Predator 1.0 27.3 11.3
f  Percentage of shredders Shredder 0.4 49.4 13.3
f Percentage  of xylophagous taxa Xylophagous 0.0 4.3 0.3
f Rao diversity: Reproduction Reproduction 1.3 13.7 7.7 Tachet et al. (2000)
f  Rao diversity: Dispersal Dispersal 1.3 6.3 3.6 Botta-Dukát (2005)
f Rao  diversity: Resistance Resistance 0.1 4.9 2.2
f  Rao diversity: Locomotion Locomotion 0.9 9.0 5.2
f Rao  diversity: Feeding Type FeedingType 2.3 13.7 5.6
f  Rao diversity: Substrate Preference SubstratePref 2.7 11.4 7.8

Metric types: ca, composition/abundance metrics; rd, richness/diversity metrics; st, sensitivity tolerance metrics and f, functional metrics. Based on all 83 sites, the minimum
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e the R 2.15.0 statistical software package (R Dvelopment
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rial passive, aerial active), resistance (eggs/statoblasts,
diapause/dormancy, none), locomotion (flier, surface
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redator, parasite) (Tachet et al., 2000).
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 variables, the negative impact on an organism increases
easing concentrations. For all of these variables, we  calcu-

 90th percentile for analysis. This value was  used instead
aximum to give less weight to outliers or single spikes.
, the opposite pattern was  observed for oxygen: the lower
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ver habitat survey method of LAWA (Kamp et al., 2007)
 to assess the small-scale habitat structure of a site. This
onsiders a 100-m-long stream section for which a total of
les are investigated, such as erosion, flow diversity, bank
ion, constructions, substratum type, cross-section form,
n and land use in the floodplain (Kamp et al., 2007). Each
variables is assigned to one of the following six categories:
, longitudinal profile, bed structures, cross-section, bank

s and floodplain corridor (for details, see Kamp et al.,
ch variable in the six categories can take integer values
1 (undisturbed) and 7 (completely disturbed).
ver, information regarding the variation in river width

 depth, riparian land use and substrate diversity was com-
each site. Variations in river width and river depth were

 based on a 5-step scale, where 5 refers to high vari-
milar to what occurs under reference conditions, and 1
ery low variability. This estimation was performed by the

son who  sampled the benthic invertebrates at the corre-
 site. Additionally, riparian land use was recorded at each
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ups accounting for land use intensity: (a) native forest
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 to only one of the three groups, the corresponding score
ned to this site. When the land use at a site belonged to

l three groups, the mean values were calculated.
cribe the substrate diversity at a site, Shannon–Wiener
(Shannon and Weaver, 1949) was calculated based on
n of the coverage of microhabitats (see Section 2.1).

hment-scale land use
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.1 and 2.2), (3) pastures and heterogeneous agricultural
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C classes 3–5). Prior to the analysis, the metric variables
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). Moreover, a principal component analysis (PCA) was
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lected environmental predictors (Fig. 2). Regression mod-
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 by calculating simple linear regression models. To predict
sults from a combination of environmental predictors,

multiple linear regression (MLR) models. In a first step, a
el” was  calculated. By default, this model includes (a) all

 for water quality, (b) all variables for land use or (c) all
 for habitat structure. In a second step, we aimed at devel-
impler, yet adequate model with a reduced number of
s (“reduced model”). For this end, we used an automated

 procedure to select only the most significant variables
reduced model; specifically we conducted backwards
on and considered the significance of the Akaike Infor-
riterion (AIC). From hereafter the resulting model is

est” model. When using AIC as model selection method,
ortant to show how well the “best” model compares to
e or competing models. It is often the case that the best
hardly distinguishable from competing models. In order
me these flaws, the AICc (the small sample unbiased AIC)
rded in the backwards elimination process. Competing
ere identified by comparing the AICc values with that of
odel. Almost as good models were defined as those with

2 as recommended by Burnham and Anderson (2001).
bles which remained in the competing models were
rded. Often a slight change in the data might lead to a

 set of variables which remain in the model. To account for
otstrap of the entire stepwise regression procedure was
shed. For each model b = 1000 bootstrap resamples of the
were calculated to assess the frequency and occurrence
f the environmental predictors in the fit of the reduced

ementary data associated with this article can be
 the online version, at http://dx.doi.org/10.1016/j.ecolind.
03.
s calculating models for either (a) all variables for water

b) all variables for land use or (c) all variables for habitat
, we aimed to calculate MLR  models including (d) environ-
redictors from all three groups (water quality, land use
tat structure). However, to avoid problems due to over-
risation (Freedman and Pee, 1989; Pietrobon et al., 2004),
ed the number of environmental predictors to only those
o account in at least five of the reduced models calculated
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nearity of predictors

of the environmental predictors showed high collinea-
combinations of calcium, chloride, electrical conductivity,
dness and magnesium (Spearman’s rho ≥ 0.85, Table 2).

 the number of variables, calcium, electrical conductivity,
ness and magnesium were excluded from the analyses. As
ntative of this group of variables, chloride remained. Total
us and total nitrogen were also excluded from further

 as these predictors are highly correlated with orthophos-
d nitrate (Spearman’s rho > 0.89). The decision to retain

 orthophosphate and nitrate in the analysis was based on
ption that these variables have a more direct effect on

nvertebrates than the other variables. A PCA was  calcu-
luding the remaining variables. PCA axis 1 (28.5%) and
2 (13.4%) accounted for only a fairly small amount of the
ance. Correlation of variables with PCA axis 1 was high-
lan form (−0.30). Thus, the low percentage of variance
 and the low correlation of variables with PCA axis 1 did
st a further reduction in the number of variables nor did

ts suggest for using PCA axis 1 as a surrogate variable in
nalyses.
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Table 2
Collinearity between predictors: correlations (Spearman’s rho) are shown below the diagonal, and p-values are shown above the diagonal. The level of significance has been adjusted according to the high number of pairwise
comparisons. ***p < 0.0001, **p < 0.001, *p < 0.01. Bold: Predictors that showed high collinearity (Spearman’s rho > 0.85) and were consequently excluded from further analyses.

Water quality Physicochemical variables

Ammonium Calcium Chloride Electrical
conductivity

Total
hardness

Total
phosphorus

Magnesium Total
nitrogen

Nitrate Orthophosphate Oxygen Total organic
carbon

Water
temperature

Ammonium *** * ** * *** * ***
Calcium  0.20 *** *** *** *** *** *** *** ** *
Chloride  0.43 0.67 *** *** *** *** *** *** *** *** *** ***
Electrical  conductivity 0.30 0.92 0.86 *** * *** *** *** * *** *** ***
Total  hardness 0.18 0.98 0.65 0.92 *** *** *** *** ** **
Total  phosphorus 0.36 0.24 0.42 0.34 0.27 * * *** * *** ***
Magnesium  0.05 0.82 0.55 0.79 0.91 0.24 *** *** *** ** **
Total  nitrogen 0.32 0.53 0.45 0.53 0.53 0.33 0.42 *** * *** ***
Nitrate  0.23 0.56 0.43 0.54 0.54 0.31 0.42 0.99 * **  ***
Orthophosphate  0.41 0.25 0.45 0.35 0.26 0.89 0.21 0.34 0.32 **  *** **
Oxygen  −0.34 −0.45 −0.47 −0.54 −0.47 −0.35 −0.47 −0.42 −0.40 −0.36 *** ***
Total  organic carbon 0.47 0.36 0.55 0.49 0.39 0.66 0.38 0.47 0.43 0.63 −0.60 ***
Water  temperature 0.26 0.35 0.64 0.52 0.37 0.42 0.38 0.14 0.11 0.36 −0.54 0.56
Artificial  surfaces −0.01 0.42 0.59 0.55 0.43 0.36 0.39 0.01 −0.51 0.22 −0.20 0.01 0.55
Arable  land 0.31 0.69 0.42 0.66 0.71 0.46 0.68 0.63 0.67 0.40 −0.52 0.48 0.23
Pastures  −0.18 −0.52 −0.44 −0.55 −0.50 −0.26 −0.42 −0.31 −0.33 −0.29 0.41 −0.20 −0.24
Forest  −0.12 −0.57 −0.33 −0.54 −0.59 −0.46 −0.58 −0.41 −0.44 −0.29 0.40 −0.39 −0.25
Plan  form −0.03 0.42 0.43 0.48 0.44 0.32 0.45 0.16 0.18 0.25 −0.09 0.24 0.30
Longitudinal  profile −0.02 0.31 0.24 0.31 0.36 0.37 0.41 0.01 0.03 0.26 −0.07 0.21 0.30
Cross-section  0.02 0.47 0.30 0.45 0.47 0.19 0.43 0.23 0.25 0.07 −0.21 0.12 0.27
Bed  structures 0.06 0.39 0.30 0.39 0.41 0.37 0.40 0.15 0.15 0.33 −0.14 0.30 0.28
Bank  structures −0.11 0.41 0.19 0.38 0.41 0.16 0.39 0.19 0.23 0.06 −0.07 0.16 0.11
Floodplain  corridor 0.07 0.21 0.23 0.20 0.16 0.19 0.08 0.20 0.22 0.09 −0.01 0.09 0.05
Variance  river width −0.08 −0.20 −0.22 −0.21 −0.20 −0.07 −0.24 0.00 0.03 −0.04 0.17 −0.17 −0.43
Variance  river depth −0.09 −0.28 −0.30 −0.31 −0.30 −0.17 −0.31 −0.17 −0.15 −0.12 0.20 −0.32 −0.39
Riparian  land use −0.09 −0.08 −0.23 −0.16 −0.07 −0.17 −0.02 −0.11 −0.08 −0.05 0.13 −0.15 −0.16
Substrate  diversity 0.01 −0.01 0.02 0.05 0.02 −0.01 0.07 0.05 0.06 0.02 −0.17 0.07 0.00

Land  use Habitat structure
Structural variables

Artificial surfaces Arable
land

Pastures  Forest Plan form Longitudinal
profile

Cross-section Bed
structures

Bank
structures

Floodplain
corridor

Variance
river width

Variance
river depth

Riparian land
use

Substrate
diversity

*
**  ** ** ** *** * *** ** **
**  ** ** * *** * * *
**  ** ** ** *** * *** ** ** *
**  ** ** ** *** ** *** ** ** *
*  ** ** * ** **
**  ** ** ** *** *** *** ** ** *

**  *  **
** ** *  **

**  *  * *
**  ** **
**  ** * *

**  * * * * *** **
*  *** *** * *

0.14  ** ** * ** * *
−0.31  −0.60 *
−0.34  −0.70 0.13 **
0.49 0.28 −0.26 −0.27 *** *** *** *** ** **
0.43  0.21 −0.13 −0.27 0.70 *** *** *** * * **
0.29 0.39  −0.27 −0.39 0.62 0.42 *** *** *** *
0.29  0.34 −0.33 −0.22 0.71 0.70 0.43 *** * ** *
0.21  0.31 −0.28 −0.24 0.59 0.45 0.64 0.56 *** *
0.21  0.21 −0.23 −0.10 0.41 0.31 0.45 0.32 0.79 * ***
−0.23  −0.08 0.20 0.04 −0.26 −0.31 −0.21 −0.38 −0.26 −0.21 ***
−0.26  −0.15 0.19 0.06 −0.39 −0.40 −0.29 −0.29 −0.34 −0.34 0.66
−0.28  −0.08 −0.02 0.16 −0.24 −0.05 −0.21 −0.12 −0.15 −0.47 0.13 0.24
0.02  0.09 0.00 0.01 −0.09 −0.07 −0.05 −0.09 −0.07 −0.13 0.09 −0.03 −0.07
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Differences in the goodness of fit (given in as a percentage) between the linear model and any of the other 27 models. For description of metric types, see Table 1.

Metric Metric type Water quality
Physicochemical variables

Land  use

Ammonium Chloride Nitrate Orthophosphate Oxygen Total organic carbon Water tem-
perature

Artificial
surfaces

Arable
land

Pastures Forest

EPT% ca 13.1 9.7 1.8 4.1 0.7 7.0 0.6 0.2 1.9 7.2  3.8
ActFilFeeder f  5.3 2.2 0.6 3.6 0.7 6.2 2.1 1.8 1.0 1.6  2.9
GathColl f 3.8  0.4 0.4 2.0 0.2 1.1 0.8 0.6 1.9 2.4  1.0
GrazScra  f 16.8 5.3 0.7 4.3 1.9 1.7 1.5 0.3 1.8 6.7  3.6
PasFilFeeder f  0.5 1.5 0.7 0.9 2.7 1.8 3.1 0.2 5.8 5.1  3.3
Predators f  0.3 1.5 2.4 0.4 0.0 1.0 0.4 0.2 0.9 0.1 0.5
Shredders f 0.7  0.4 2.2 0.7 0.2 0.4 0.5 0.9 0.4 1.0 0.5
Xylophagous f 5.8  1.8 0.5 0.2 0.3 0.1 1.0 0.8 0.3 1.6  0.5
Reproduction  f 3.1 0.8 0.1 2.6 0.4 0.1 1.0 0.7 1.8 3.0 0.7
Dispersal  f 8.1 2.7 2.8 0.3 3.0 0.8 6.1 6.2 1.6 2.1  2.8
Resistance f 1.6  11.0 2.7 8.0 8.1 5.8 7.2 5.9 7.6 3.9  7.6
Locomotion f 1.3  7.0 3.3 0.6 4.6 2.3 3.3 3.6 4.4 2.8  5.8
FeedingType f 9.2  3.0 1.7 5.3 0.0 5.1 3.8 3.7 0.8 0.4 1.3
SubstratePref  f 1.2 0.3 2.8 4.5 0.3 0.5 0.5 0.5 0.1 2.9  1.0
#EPT rd  17.0 7.7 1.1 2.5 5.6 1.7 4.3 2.9 2.4 4.0 7.5
#EPTCBO rd 16.6  7.3 1.2 2.0 4.7 0.7 4.3 4.8 2.1 8.0 4.2
#Families rd 10.5  6.4 1.2 1.6 1.2 0.8 3.1 4.6 1.0 3.2  0.0
#Genera rd 11.0  5.6 1.0 0.9 1.3 0.1 4.0 7.4 2.0 4.1  0.0
#Taxa  rd 12.6 5.9 0.9 1.5 1.4 0.3 3.8 8.4 0.8 3.2  0.1
Shannon rd  8.3 7.0 2.3 5.0 0.2 0.9 0.1 0.7 2.4 2.5  1.0
Evenness rd  1.3 1.8 1.5 3.1 0.3 0.8 0.1 0.0 2.1 0.8 1.2
Simpson rd  3.9 3.6 4.7 3.4 0.1 1.3 1.3 0.9 2.6 1.5  2.6
ASPT st  10.1 5.5 1.2 0.7 1.6 1.2 1.4 2.6 0.8 3.3  0.4
BMWP st  15.5 6.9 1.5 3.3 3.1 1.1 4.5 5.4 1.0 4.9  0.8
MMI st 12.9  11.1 0.3 6.1 2.1 4.6 0.1 0.0 0.0 4.0 0.1

Habitat  structure
Structural variables

Plan form Longitudinal
profile

Cross-
section

Bed
structures

Bank
structures

Floodplain
corridor

Variance  river width Variance river depth Riparian land use Substrate
diversity

0.4 1.1 0.1 0.1 0.3 0.1 3.5 2.8 0.3 0.3
0.8  2.8 0.6 0.1 0.3 0.6 5.0 2.5 0.4 2.3
0.8  0.4 0.7 0.4 1.6 0.1 3.5 2.7 0.0 1.7
0.6  0.1 0.7 1.7 0.7 0.2 0.6 1.9 0.2 0.5
2.5  2.7 2.0 3.4 1.7 1.5  0.8 1.1 0.0 2.9
0.3  0.6 2.8 0.9 0.0 2.4  0.7 0.3 1.5 1.7
2.0  0.3 1.2 0.4 0.2 0.4 0.5 0.6 0.0 0.7
0.5  1.1 1.6 0.2 0.2 1.6  0.3 0.0 1.6 0.5
1.0  2.1 0.7 0.4 0.6 4.9  3.6 2.3 1.5 0.8
4.1  0.1 0.7 3.5 1.8 2.0 0.8 1.9 1.3 6.7
7.5  0.0 3.2 6.1 1.6 1.3  3.8 0.8 3.1 1.1
2.1  0.4 1.3 2.6 0.9 0.5 0.1 0.3 0.0 1.6
1.8  1.5 0.8 0.7 0.8 2.3  3.1 4.6 1.5 1.5
0.4  1.7 0.1 1.1 0.8 0.5 1.2 2.6 0.8 0.5
0.4  0.1 1.1 0.3 0.6 0.2 3.0 2.1 0.1 1.5
0.3  0.2 1.2 0.8 0.8 0.4 2.2 2.2 0.1 1.7
1.9  1.4 1.5 3.4 2.0 0.6 1.1 0.1 0.3 1.9
2.1  1.2 1.3 3.2 1.8 0.6 1.0 1.1 0.4 2.2
3.0  1.6 1.3 2.7 1.7 0.6 0.1 1.2 0.2 2.3
0.3  1.3 0.7 2.4 0.7 0.2 0.2 1.8 0.1 2.4
0.8  0.4 0.4 1.0 0.4 0.1 0.4 0.5 0.1 1.2
0.6  0.8 0.5 1.4 0.3 0.0 0.3 1.6 0.0 2.3
0.5  0.1 0.1 0.6 0.2 0.2 1.7 0.3 0.0 1.3
1.6  0.3 1.2 3.3 1.6 0.5 1.7 1.1 0.1 2.1
0.6  0.0 0.0 0.4 0.3 0.8 3.0 0.5 0.0 0.8



A. Sundermann et al. / Ecological Indicators 27 (2013) 83–96 89

Fig. 2. Box ntal pr
predetermi es exc
extreme  va

3.2. Cond

The b
gradient 

which th
the sites 

ture
igibly
plots show the range in the conditions of the analysed sites (N = 83) for environme
ned threshold values are shaded in grey. The percentages indicate the amount of sit
lues.

itions of the analysed sites struc
negl
ox plots shown in Fig. 2 demonstrate the large quality
covered by the analysed sites: regarding all variables for
reshold values have been established, at least some of
meet reference condition requirements (except for bank

fail to me
we assum
predictor
composit
edictors that will be considered for further analysis. Values that exceed
eeding predetermined limits. The box-plots do not consider outliers and

s  and floodplain corridors), meaning that the impact is
 low, whereas other sites are considerably impacted and
et predetermined limit values. Due to this wide spectrum,
ed that the gradient of each analysed environmental

 was  sufficiently long to cause differences in species
ion and abundance structure of benthic invertebrate



90 A. Sundermann et al. / Ecological Indicators 27 (2013) 83–96

Table 4
Goodness of fit (R2 values) for simple linear regression (SLR) models. The levels of significance (p) for the regression models
are  represented by different shades of grey; ranging from dark to light grey: p < 0.001, p < 0.01, p < 0.05. White: Results
were  not significant (p ≥ 0.05). Bold values indicate a negative relationship between a metric value and an environmental
variable. For description of metric types, see Table 1.
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Table  5 (continued )
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