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1.1 Abstract 36 

Current knowledge regarding the flow preferences of benthic stream invertebrates is mostly based on 37 

qualitative data or expert knowledge and literature analysis. These established flow preferences are 38 

difficult to use in predictions of the effects of global change on aquatic biota. To complement the 39 

existing categories, we performed a large-scale analysis on the distribution of stream invertebrates at 40 

stream monitoring sites in order to determine their responses to various hydrological conditions. 41 

We used 325 invertebrate surveys from environmental agencies at 238 sites paired to 217 gauges 42 

across Germany covering a broad range of hydrological conditions. Based on these data, we modelled 43 

the respective probabilities of occurrences for 120 benthic invertebrate taxa within this hydrological 44 

range using hierarchical logistic regression models.  45 

Our analyses revealed that more than one-third of the taxa (18-40 %) can be considered as ubiquitous 46 

and having a broad hydrological tolerance. Furthermore, 22-41 % of the taxa responded to specific 47 

ranges of flow conditions with detectable optima. “Duration high flow event” represented the flow 48 

parameter that correlated best with the abundance of individual taxa, followed by “rate of change 49 

average event”, with 41 and 38 % of the taxa showing a peak in their probability of occurrence at 50 

specific ranges of these metrics, respectively. The habitat suitability for these taxa may be potentially 51 

affected by global change-induced hydrological changes. 52 

Quantified hydrological traits of individual taxa might therefore support stream management and 53 

enable the prediction of taxa responses to flow alteration. The hydrological traits of stream benthic 54 

invertebrates may be used in forecasting studies in central Europe, and the methods used in this study 55 

are suitable for application in other regions with different flow regimes. 56 

1.2 Introduction 57 

Hydraulic conditions are key habitat variables for all biota living in running waters and result from the 58 

interaction between river morphology and discharge or flow. Benthic invertebrates show high 59 

biodiversity in streams and rivers, have been shown to include indicator species sensitive to flow 60 

conditions, occupy a central position in the functioning of river ecosystems, and display some 61 

fascinating adaptations to flowing waters, e.g., in terms of life history, nutrition, respiration, or 62 

behavioral and morphological characteristics (Bellard et al., 2012; Lytle and Poff, 2004; Poff et al., 63 

2007; Statzner et al., 1988). However, quantitative empirical knowledge on the flow requirements or 64 

preferences of lotic benthic invertebrates is limited but is essential (i) to assess the effects of 65 

hydrological alterations, e.g., due to global change or water uses, and (ii) to identify environmental 66 

flow regimes that aim to preserve the ecological integrity of river ecosystems (Bunn and Arthington, 67 

2002; Poff and Zimmerman, 2010).  68 
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There are three main approaches to assessing flow preferences. First, they are usually assessed based 69 

on literature reviews and/or expert knowledge and described at nominal (e.g., “generalist”, “lentic” or 70 

“lotic”) or ordinal scales (e.g., “limnobiont” to “rheobiont”) (Schmidt-Kloiber and Hering, 2015) and 71 

have already been collated for many taxa and compiled in databases such as the freshwaterecoloy.info-72 

database (Schmidt-Kloiber and Hering, 2015). Such descriptive classifications of invertebrate flow 73 

preferences are suitable and widely used to compare the flow trait composition of different sampling 74 

sites (Armanini et al., 2011). However, due to their qualitative nature, they are less suited to assess, 75 

model and predict the effects of flow changes that are described in quantitative terms (e.g., discharge 76 

changes due to global change). Second, the hydraulic preferences of invertebrates have already been 77 

described in semi-quantitative terms in several studies by recording species’ probability of occurrence 78 

and relating it to near-bed shear stress measured using FST-hemispheres (Schmedtje, 1995; Statzner et 79 

al., 1988). However, data requirements and computational time make it infeasible to map or model the 80 

hydraulic conditions at larger than reach scales (e.g., for whole river networks) to apply such hydraulic 81 

preferences, e.g., for their application in catchment or larger scale species distribution models. 82 

Moreover, the hydraulic shear stress recorded for a specific discharge only partly reflects the complex 83 

relationship between changing flow conditions over time, since it effects species throughout different 84 

life stages and finally determines reproductive success and hence, the presence or absence of 85 

individual invertebrate species. Third, flow preferences can be based on qualitative discharge 86 

measurements, which can be summarized into typical flow or hydrological regimes when analyzed 87 

over time. It has been shown that the flow regime strongly influences ecological processes and that 88 

changes in the abundance and distribution of aquatic invertebrates are caused, in part, by flow 89 

alterations (Brooks et al., 2011; Poff and Zimmerman, 2010). In contrast to shear-stress data, long-90 

term discharge time series (gauging data) are readily available at large spatial scales. Additionally, 91 

these data are useful for statistical modelling and for its large-scale upscaling, e.g., to predict the 92 

effects of discharge changes due to global change. Despite this clear relationship between the 93 

hydrological conditions and biota, few studies have used hydrological data to quantify the flow 94 

preferences of benthic invertebrates in rivers. Among these, most studies represent specific case 95 

studies and reviews on flow alteration and associated ecological processes (Dunbar et al., 2010a; 96 

Monk et al., 2007; Monk et al., 2006; Poff and Zimmerman, 2010), with a prevailing focus on the 97 

community structure (Brooks et al., 2011; Death, 2008b; Konrad et al., 2008; Principe et al., 2007) 98 

preferentially on individual taxa (Armanini et al., 2011).  99 

We aimed to quantitatively determine the flow preferences of lotic invertebrates—thereby defining 100 

“hydrological traits” for central European rivers by analyzing existing hydrological and biomonitoring 101 

data. More specifically, we (i) investigated whether invertebrates show a clear response and have an 102 

optimum along the gradient of different hydrological variables and hence have specific hydrological 103 
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traits at all and (ii) aimed to quantify the hydrological thresholds at which species abundance and 104 

presence sharply change. 105 

1.3 Methods 106 

1.3.1 Datasets and pairing biomonitoring sites with gauging stations on the 107 

river network 108 

We gathered and analyzed two independent, already existing long-term datasets from Germany: (i) 109 

daily hydrological data (gauging data) and (ii) results from benthic invertebrate surveys conducted by 110 

regional water managers in German rivers. Our dataset covers a wide range of hydrological conditions 111 

in Germany, including streams and rivers in the northern lowlands, central lower-mountain areas, and 112 

Alpine region of southern Germany. 113 

 114 

Figure 1 The locations and distribution of sampling sites in the German river network. The gauging 115 

stations are not shown as they are too close to sampling sites for being distinguishable on this scale 116 

Using the German national flow gauge network and the geographical coordinates of the benthic 117 

invertebrate sampling sites, we searched for gauging stations located in the same river reach as at least 118 

one biomonitoring site. As the locations of biomonitoring sites did not usually match those of the 119 

gauging stations, they were assigned to the nearest station (DeWeber and Wagner, 2014) when the 120 

following criteria were met: (i) having no tributaries in between and (ii) located within 121 
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a maximum distance of 12 km from the paired gauging station. This pairing resulted in 371 122 

invertebrate surveys from 238 sites paired to 217 gauging stations (Figure 3). To consider the effect of 123 

distance on discharge, the discharge data from the gauging station was recalculated for the sampling 124 

sites according to the ratio between the catchment size at the biomonitoring site and at the paired 125 

gauge.  126 

The biological dataset included abundance data for benthic invertebrate taxa that had been sampled in 127 

either spring or summer between 2004 and 2013 according to the currently used standard 128 

biomonitoring protocols. All sites were in a good or high ecological status according to the EU Water 129 

Framework Directive. We analyzed the hydrological preferences of 120 taxa that occurred in at least 130 

eight sites for each season (spring and summer). Rare taxa with an abundance of fewer than three 131 

occurring in fewer than eight sampling sites were excluded from the dataset because such sparse data 132 

do not allow statistical analysis (Heino and Soininen, 2010; Leigh and Datry, 2016). The taxonomic 133 

resolution was the species level (111 taxa), while nine taxa were only identified to the genus level 134 

(Supplementary Table ST1). The most frequent orders were Trichoptera (43 taxa), Ephemeroptera 135 

(25), Coleoptera (12) and Diptera (12) (Table 2). Prior to all analyses, the abundance data were log 136 

(x+1)-transformed. 137 

Table 1 Number of taxa per systematic unit analysed in this 

study 

Taxon Number of species Number of genera 

Trichoptera 41 2 

Ephemeroptera 24 1 

Coleoptera 11 1 

Diptera 7 5 

Crustacea 5 - 

Plecoptera 3 1 

Gastropoda 4 - 

Turbellaria 3 - 

Oligochaeta 3 - 

Bivalvia 2 - 

Megaloptera 2 - 

Odonata 2 - 

Hirudinea 2 - 

Heteroptera 1 - 

Total number of taxa 120 

 138 
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Since the addition of pseudo-absences is strongly recommended when modelling species preferences 139 

and distributions (Vaughan & Ormerod, 2005; Lobo & Tognelli, 2011) we added absence data for 140 

species at specific sites. Instead of randomly generated absence data (Lobo and Tognelli, 2011; 141 

VanDerWal et al., 2009), we preferentially generated absence data using a semi-random stratified 142 

approach, considering the stream type (Schmedtje et al., 2000) of the sampling sites according to their 143 

common environmental and hydromorphological characteristics. Sites with absences were selected 144 

based on two criteria: (i) having the same stream type as sites where the taxa were already recorded 145 

and (ii) being located in the same region/federal state as the present sites. These two criteria ensured 146 

the exclusion of sites representing inappropriate habitat conditions for the occurrence of taxa. All sites 147 

meeting these criteria were added as pseudo-absences to the analysis. 148 

1.3.2 Computation and pre-selection of hydrological metrics 149 

There are 171 hydrological metrics known as Indicators of Hydrologic Alteration (IHA) that are 150 

ecologically relevant and can be calculated based on daily discharge data, describing the duration, 151 

frequency, timing, magnitude, and rate of flow events (Olden and Poff, 2003). These metrics were 152 

calculated using discharge data from the 12-month period prior to the date of the biological sampling 153 

(e.g., for a macroinvertebrate sample from 12.06.2012, flow data between 13.06.2011 and 12.06.2012 154 

were considered). This period has been shown to best describe the effects of hydrological conditions 155 

on benthic invertebrates (Leigh and Datry, 2016). Twenty metrics were excluded due to the need for 156 

longer periods of discharge data, resulting in 151 metrics for further analysis. There was no significant 157 

gap (i.e., missing values for more than 5 days) in the discharge data for any of the sampling sites. 158 

Missing discharge data were filled in for individual gaps according to the trends before and after 159 

failures and by comparing trends with the data from nearby gauge(s) for which pairwise correlations 160 

exceeded the reliable threshold of |r| > 0.5 (Kennard et al., 2010; Leigh, 2016). All flow metrics were 161 

computed using the R package EflowStats (Archfield et al., 2014; Henriksen et al., 2006).  162 

We aimed to select at least one metric from each of the five flow regime categories (duration, 163 

frequency, timing, magnitude and rate) to minimize redundancies prior to the development of the 164 

hierarchical logistic regression models (see below). A pairwise collinearity test and a principal 165 

component analysis facilitated the selection among the 151 hydrological metrics using data from the 166 

217 paired gauges. When pairwise correlations exceeded the sensitive threshold of |r| > 0.7 (Dormann 167 

et al., 2013), and hence redundancy occurred, the metric with the lower loading on the most significant 168 

principal component axis was removed from the list.  169 

1.3.3 Temporal and spatial pseudo-replication 170 

It was necessary to analyze temporal and spatial pseudo-replication because some sampling sites were 171 

paired with the same gauging station or may be flow-connected (Hale et al., 2016b). 172 

To avoid temporal pseudo-replication, sampling sites paired to the same gauging 173 
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station and with overlapping 12-month periods were considered temporally dependent, and only the 174 

site located nearest to the gauging station was included in the analysis. This resulted in removing 46 of 175 

the 371 benthic invertebrate sampling sites.  176 

We further tested for spatial autocorrelation resulting in pseudo-replication among sites that are 177 

longitudinally flow-connected (Hale et al., 2016b). However, due to the large spatial scale of this 178 

study, less than five percent of the biomonitoring sites were flow-connected. To test the spatial 179 

autocorrelation and detect sites with pseudo-replication, we first grouped flow-connected sites and 180 

then divided them into several bins with different distance categories among sites. We then calculated 181 

the Moran’s I autocorrelation coefficient (Gittleman and Kot, 1990) for each hydrological metric of all 182 

sites in a group and then for different distance categories. However, Moran’s I was not significant for 183 

any of the sampling site pairs, and hence none of the sites had to be excluded from the analysis due to 184 

spatial autocorrelation. 185 

1.3.4 Hierarchical logistic regression modelling 186 

We selected extended Huisman-Olff-Fresco (eHOF) models to quantify the flow traits of benthic 187 

invertebrates because they offer a variety of ways to efficiently fit the response data of taxa (Jansen 188 

and Oksanen, 2013). Based on the complexity of the biological data, the models were ranked in the 189 

following order with increasing empirical evidence for a response of the taxa to the hydrological 190 

metrics and evidence for the existence of a hydrological threshold: (I) a flat response over the 191 

hydrological gradient, (II) monotone in-/decreasing model: a monotone increasing or decreasing trend 192 

with a data-driven optimum at the end or at the beginning, respectively, (III) interval optimum model: 193 

an increasing or decreasing trend with a plateau below the upper bound, (IV) symmetrical model: a 194 

symmetrical response curve with similar slopes on both sides, and (V) skewed model: a skewed 195 

response curve with a steeper slope toward the gradient end (Huisman et al., 1993a; Jansen and 196 

Oksanen, 2013) (Table 3).  197 

These models enable the determination and identification of taxa preferences for environmental 198 

conditions, e.g., min./max./optimum values for individual taxa. The set of five hierarchical models can 199 

be fitted to the observations and describe the response pattern over the environmental gradient with 200 

logistic and non-linear regression techniques (Huisman et al., 1993a; Jansen and Oksanen, 2013). 201 

Covering a wide range of hydrological conditions across Germany, the probability of occurrence for 202 

individual taxa was determined and quantified by sorting the log-transformed abundance data along 203 

the gradient of each hydrological metric. The most adequate model type that best fitted the 204 

observations was selected according to its deviance from the log-likelihood of the predictions and an 205 

Akaike test (Akaike information criterion; AIC). The purity of the selected model type was quantified 206 

via bootstrapping with 100 re-sampling events (Supplementary material). The bootstrapping approach 207 
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changed the model selected for 15-25 % of the taxa (Figure SF1).  208 

Table 2 Description of eHOF models (according to Huisman et al., 1993; Jansen and Oksanen, 

2013) 

eHOF model type Description 
Model 

schemes 

Flat response model (I) A flat response over a hydrological gradient 
 

Monotone in-/decreasing model (II) 
A monotone increasing or decreasing trend with an 

optimum at the end or at the beginning, respectively  

Interval optimum model (III) 

An increasing or decreasing trend with a plateau 

below the upper boundary (the upper boundary is 

considered the optimum interval) 
 

Symmetrical model (IV) 
A symmetrical response curve with similar slopes on 

both sides  

Skewed model (V) 
A skewed response curve with a steeper slope toward 

one of the gradient ends  

 209 

1.3.5 Taxa responses to hydrological metrics and along the range of 210 

hydrological gradients 211 

Based on the individual model outcomes, the response shape and the highest probability of occurrence 212 

along the hydrological range, we evaluated the importance of each metric for the whole taxa pool.  213 

To analyze the taxa responses along the range of hydrological gradients, the ranges of each metric 214 

were divided into quartiles. For each taxon, the quartile was recorded in which the optimum gradient 215 

value is reached (i.e., where the response is strongest). The optimum is an interval for taxa with an 216 

interval optimum model; therefore, their optimum gradient value might be affiliated with two or more 217 

quartiles. Prior to this analysis, we excluded taxa assigned to flat response and monotone in-218 

/decreasing models, as they tolerate a wide range of hydrological conditions and an optimum value 219 

cannot be determined.  220 

1.3.6 Hydrological thresholds 221 

The eHOF models provide information on the shape of taxa responses along the hydrological 222 

gradients. Using this information, we identified hydrological thresholds (inflection points), where the 223 

maximum change occurs in taxa responses when moving along the hydrological gradient. These points 224 

can be detected on either the increasing or decreasing limb of the “interval optimum”, 225 

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
© 2018. This manuscript version is made available under the  license  CC-BY-NC-ND 4.0
 

“symmetrical” and “skewed” models. All statistical analyses were carried out in R 3.2.3 (R 226 

Development Core Team, 2016). 227 

Table 3 Descriptions, calculation procedures, units and temporal aspects of seven IHA metrics 

further used in this study (according to Olden & Poff (2003) and references therein). 

IHA group 

(code) 
IHA metric Calculation procedure Unit 

Temporal 

aspect 

Duration of 

high flow event 

(dh4) 

Annual 

maximum 30-

day  

moving average 

flows 

Compute the max of 30-day 

moving average flows and take 

the max for each year; take the 

mean of these values. These 

values were log-transformed for 

use in the modelling approach. 

Log(m
3
/s) Daily 

Duration of low 

flow event (dl9) 

Variability in 

annual 

minimum 30-

day moving 

average flows 

Compute the standard deviation 

of the yearly min 30-day moving 

averages; multiply by 100 and 

divide by the mean of the yearly 

min 30-day moving averages 

% Daily 

Frequency of 

high flow event 

(fh9) 

Flood 

frequency 

Compute the number of flow 

events with flows above the 75 % 

exceedance value for the full 

flow record; take the average 

number of events per year 

1/year Annual 

Frequency of 

low flow event 

(fl2) 

Variability in 

low pulse count 

Compute the standard deviation 

of the average number of flow 

events per year below the 25th 

percentile for the full flow 

record; multiply by 100 and 

divide by the average number of 

flow events 

% Annual 

Magnitude of 

low flow event 

(ml17) 

Base flow 

Compute mean annual flow, 

compute the min of a 7-day 

moving average annual flow and 

divide by the mean annual flow; 

calculate the mean of those ratios 

Dimensionless Annual 

Rate of change 

in average 

event (ra2) 

Variability in 

rise rate 

Compute the standard deviation 

of positive flow changes for the 

full flow record, multiply by 100 

and divide by the mean change in 

rising flows 

% Daily 

 

Timing of 

average flow 

event (ta1) 

 

Constancy 

 

Compute constancy from the 

Colwell (1974) matrix 

 

Dimensionless 

 

Daily 
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 228 

Figure 2 Results of models selected for all taxa among all metrics. Rows are separated according to 229 

the seven IHA metrics (a to g), columns are separated according to eHOF model types. 230 

The x-axis represents the gradient of the respective hydrological metrics, and the y-231 
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axis is the probability of occurrence of the taxa, which is based on log-transformed abundance data. 232 

Quartiles are separated by gray dashed lines, and different colors represent orders. While taxa with the 233 

eHOF model types of “interval optimum”, “symmetrical” and “skewed” have preferences for specific 234 

ranges of hydrological values, taxa with a “flat response” model tolerate wide ranges of hydrological 235 

conditions and exhibit no response along the hydrological gradient. The plots of “flat response” 236 

models were excluded from this figure due to limited space and the simplicity of this model. The red 237 

arrows mark thresholds where the probability of taxa occurrence drastically decreases, and green and 238 

blue brackets mark gradient ranges that are preferred by taxa. 239 

1.4 Results 240 

1.4.1 Taxa responses to hydrological metrics 241 

The following seven metrics (Table 4) remained after the pairwise collinearity test: “Duration of high 242 

flow event” (dh4), “duration of low flow event” (dl9), “frequency of high flow event” (fh9), 243 

“frequency of low flow event” (fl2), “magnitude of low flow event” (ml17), “rate of change in average 244 

event” (ra2) and “timing of average flow event” (ta1; Colwell , 1974). Figure 4 shows the results of 245 

the models selected for all taxa among all metrics. 246 

The invertebrate taxa responded most strongly to dh4 (duration of high flow event) and ra2 (rate of 247 

change in average event), having the lowest share of flat response and monotone in-/decreasing 248 

models.  249 

The flat response model was selected for 18-40 % of the taxa, depending on the hydrological metric 250 

(Figure 5). The share of taxa showing a monotone increase or decrease along the gradient of the seven 251 

hydrological variables was 35-53 %. The symmetrical model was the least often selected model 252 

among all metrics, selected, on average, for 4 % of the taxa (Figure 5). 253 

1.4.2 Taxa responses along the range of hydrological gradients 254 

23-41 % of all 120 taxa show clear preferences along the ranges of the seven hydrological metrics. 255 

The three eHOF model types “interval optimum”, “symmetrical” and “skewed” allow the 256 

determination of the positions of optimum values for taxa (Figure 6). The lowest proportion of taxa 257 

responding to specific ranges of a hydrological metric was to fl2 (frequency of low flow event), and 258 

the highest proportion was for dh4 (duration of high flow event). 259 

Taxa occurrences according to the recorded quartile of optimum values varied among metrics (Figure 260 

6). The highest fraction of taxa with high occurrence probabilities in the first quartile were found for 261 

ml17 (magnitude of low flow event, 34 % of taxa) and ta1 (timing of average flow event, 42 % of 262 

taxa), i.e., taxa occurred more often when low flow events did not last long or when flow events were 263 

not highly constant, respectively. The last quartile ranked highest for fh9 (frequency of 264 
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high flow event, 33 % of taxa) and ra2 (rate of change in average event, 38 % of taxa), i.e., taxa 265 

occurred more often when a greater number of flow events were recorded with flows above the 75-266 

percent exceedance value for the entire 12-month period or taxa occurred more often with a higher 267 

variability in the rise rate, respectively.  268 

Taxa exhibit peak responses to values lower than the median for fl2 (frequency of low flow event, 61 269 

%), ta1 (timing of average flow event, 58 %) and ml17 (magnitude of low flow event, 57 %) (Figure 270 

6). Optimal responses were found for values higher than the median for ra2 (rate of change in average 271 

event, 63 %), fh9 (frequency of high flow event, 59 %) and dh4 (duration of high flow event, 51 %). 272 

Approximately equal proportions of taxa have peak preferences to either higher or lower median 273 

values for both metrics belonging to the indicators of hydrologic alteration category of duration (dh4, 274 

dl9); however, the preferences for quartiles differ significantly for all other categories (Figure 6). 275 

Taxa responding according to the monotone in-/decreasing model show either a positive or a negative 276 

trend in occurrence probabilities. The two metrics of dh4 and ra2 (duration of high flow event: 73 % 277 

and rate of change in average event: 71 %) had the highest share of negative trends (Table 5), i.e., a 278 

high proportion of taxa prefer low values along the gradient of maximum moving average flows or 279 

variability in rise rate.  280 

 281 

 282 

Figure 3 Model frequencies and responses of taxa to selected IHA metrics (abbreviations in Table 4). 283 
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 284 

Figure 4 Quartiles along the hydrological gradient where the taxa responses were strongest (i.e., 285 

location of optimum) according to the “interval optimum”, “symmetrical” and “skewed” eHOF 286 

models (abbreviations in Table 4). Quartiles are shown as gray dashed lines in Figure 4.  287 

 288 

In contrast, fl2 (frequency of low flow event, 70 %) and ta1 (timing of average flow event, 59 %) 289 

include high proportions of positive trends in monotone in-/decreasing model outcomes, revealing 290 

preferences for high values along the gradient of variability in low pulse count (Table 5).  291 

For taxa with an interval optimum model, fh9 (frequency of high flow event, 100 %) and dh4 292 

(duration of high flow event, 73 %) have the highest proportion of negative trends, while ml17 293 

(magnitude of low flow event, 82 %) and ta1 (timing of average flow event, 78 %) include high 294 

proportions of positive trends (Table 5).  295 

Trichoptera had the highest proportion of taxa with the eHOF model types “interval optimum”, 296 

“symmetrical” and “skewed” followed by Ephemeroptera, Coleoptera and Plecoptera taxa (Table 6), 297 

which shows their preferences for specific ranges of hydrological conditions. 298 

The highest response of Trichoptera taxa was to dh4 (duration of high flow event, 16 taxa) followed 299 

by fh9 (frequency of high flow event, 14 taxa), while Ephemeroptera taxa responded mostly to ra2 300 

(rate of change average event, 14 taxa) and dl9 (duration of low flow event, 8 taxa). Two Plecoptera 301 

taxa respond to fh9 (frequency of high flow event), fl2 (frequency of low flow event) and ml17 302 

(magnitude of low flow event), while only one taxon responds to dh4 (duration of high flow event), 303 
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dl9 (duration of low flow event), ra2 (rate of change in average event) and ta1 (timing of average flow 304 

event).  305 

Table 4 Number and proportion of taxa with either a positive or negative trend in eHOF monotone 

in-/decrease or interval optimum model (abbreviations in Table 4). 

 dh4 dl9 fh9 fl2 ml17 ra2 ta1 

Number of monotone in-

/decreasing model outcomes 
49 43 55 64 46 42 44 

Percentage of positive/negative 

trends for monotone in-

/decreasing model 

27 / 73 49 / 51 42 / 58 70 / 30 43 / 57 29 / 71 59 / 41 

Number of interval optimum 

model outcomes 
11 10 11 8 11 17 9 

Percentage of positive/negative 

trends for interval optimum 

model 

27 / 73 40 / 60 0 / 100 38 / 62 82 / 18 53 / 47 78 / 22 

 306 

1.4.3 Hydrological thresholds 307 

A strong decrease to nearly zero in taxa occurrence probabilities occurs if dh4 (duration of high flow 308 

event) reaches values of either greater than four (i.e., 50 m
3
/s prior to log transformation) or less than 309 

one (i.e., 1.7 m
3
/s prior to log transformation) as the maximum flow duration. Three taxa with interval 310 

optimum models showed the highest occurrence probability for “duration of high flow event” > 4 (red 311 

arrows mark these change points; Figure 4a).  312 

Remarkable reductions in the probabilities of taxa occurrence were recorded for other hydrological 313 

metrics, as well (red arrows for strong reductions; Figure 4b-g). A reduction was recorded at values 314 

greater than 80 % coefficient of variation (CV) of dl9 (duration of low flow event), the magnitude of 315 

minimum annual 30-day flows (Figure 4b). This threshold for fh9 (frequency of high flow event) was 316 

more than 13, with the annual high flow events being above the threshold equal to the 75-percent 317 

exceedance value. Taxa preferences for ranges of ml17 (magnitude of low flow event) were 318 

substantially reduced by values less than 0.4, describing a very low base flow index (Figure 4e). 319 

Constancy values of greater than 0.8 for ta1 (timing of average flow event) are also not preferred by 320 

the taxa (Figure 4g). 321 
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Focusing on specific models, none of taxa with an interval optimum model tolerated a mean number 322 

of annual high flow events larger than 12, and all preferred fewer than 9 according to dh4 (green curly 323 

bracket; Figure 4c-III). Taxa with a skewed model highly prefer quartile four of fh9 (frequency of high 324 

flow events) with gradient values between 8 and 13 (blue curly bracket; Figure 4c-V). The probability 325 

of taxa occurrence increases at low flow magnitudes > 0.4 (Figure 4e-III), but several taxa with a 326 

skewed model preferred the values in quartile one based on this hydrological metric (green curly 327 

bracket; Figure 4e-V). Almost all taxa with skewed models had an optimum in the fourth quartile for 328 

ra2 (rate of change average event), which means they tolerate wide ranges of rise rates (green curly 329 

bracket; Figure 4f-V). The gradient values of these thresholds are shown in Table ST1 for individual 330 

taxa. 331 

 332 

Table 5 Proportion (%) of taxa from major orders and all others as “Rest” that respond to 

hydrological metrics with interval optimum, symmetrical or skewed model types. Taxa with a flat 

response model or monotone in-/decreasing model are not included due to their flat or nearly zero 

responses along the hydrological gradients (abbreviations in Table 4). 

Models Category Metric 
Trichoptera 

(43 taxa) 

Ephemeroptera 

(25 taxa) 

Plecoptera 

(4 taxa) 

Coleoptera 

(12 taxa) 

Rest 

(36 

taxa) 

In
te

rv
al

 o
p

ti
m

u
m

, 
sy

m
m

et
ri

ca
l 

o
r 

sk
ew

ed
 

m
o

d
el

 (
II

I,
 I

V
 a

n
d

 V
) 

Duration dh4 37.2 % 8.0 % 25.0 % 50.0 % 50.0 % 

Duration dl9 25.6 % 36.0 % 25.0 % 41.7 % 16.7 % 

Frequency fh9 32.6 % 32.0 % 50.0 % 41.7 % 25.0 % 

Frequency fl2 18.6 % 24.0 % 50.0 % 16.7 % 25.0 % 

Magnitude ml17 16.3 % 28.0 % 50.0 % 50.0 % 13.9 % 

Rate ra2 30.2 % 56.0 % 25.0 % 58.3 % 36.1 % 

Timing ta1 14.0 % 24.0 % 25.0 % 58.3 % 22.2 % 

 333 

1.5 Discussion 334 

1.5.1 Hydrological metrics  335 

We used 12 months of continuous daily discharge data antecedent to each individual benthic 336 

invertebrate sampling date to compute IHA metrics describing the hydrological 337 
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conditions at each sampling site. The short-term hydrological conditions prior to biological sampling 338 

are important in the occurrences and diversity of individual taxa and describe any changes according 339 

to recent hydrological conditions (Stewart‐Koster et al., 2011). The calculation of IHA metrics based 340 

on very long periods of discharge and continuous biological data are more of interest if focusing on 341 

historical adaptations and long-term changes in assemblages of benthic invertebrates (Leigh and Datry, 342 

2016). 343 

1.5.2 Taxa responses to metrics and along the range of hydrological gradients 344 

A variety of taxa responses to recent hydrological conditions were revealed. Our analysis determined 345 

the analytical optimum of taxa to seven hydrological metrics according to individual modelling 346 

responses per taxon. Taxa for which the flat response model was selected can be considered 347 

ubiquitous, as these taxa have no clear optima or preferences along the hydrological gradients. Taxa 348 

for which the symmetrical or skewed model (and potentially the interval optimum model) was chosen, 349 

showed clear responses to specific ranges of the hydrological gradients. They might cope with changes 350 

in that range compared to changes at the gradient ends, where the probability of occurrence is lower. 351 

Our results of the model frequency analysis (Figure 5) show that taxa responded more often to metrics 352 

describing high flow magnitudes and frequencies rather than low flows and to other metrics such as 353 

ra2 (rate of change in average event). These results are in concordance with other studies that reported 354 

strong influences of high flow conditions on species of benthic invertebrates (Clausen and Biggs, 355 

1997; Death and Winterbourn, 1995; Suren and Jowett, 2006).  356 

We covered wide ranges of quantified hydrological conditions, while previous semi-quantitative 357 

studies have covered limited ranges of flow conditions at the reach scale due to their methodology and 358 

data availability, e.g., the FST-hemispheres that were introduced by Statzner et al. (1988). The existing 359 

qualitative or semi-quantitative data described at the nominal or ordinal scales (Schmedtje, 1995; 360 

Schmidt-Kloiber and Hering, 2015) are barely comparable with the quantitative hydrological traits of 361 

benthic invertebrates and responses of taxa and thresholds along the hydrological gradients evaluated 362 

here. However, there are ecologically meaningful links between the ecological and hydrological 363 

preferences of taxa. For example, the taxa showing a clear negative response to high flows (e.g. dh4, 364 

fh9 and ra2) are prone of drifting by high flows as taxa respond to hydrological and hydraulic stress 365 

(Statzner and Holm, 1982). Anabolia nervosa and Pisidium subtruncatum show negative responses to 366 

metrics describing high flows, and preferably occur in standing waters and avoid current (Schmidt-367 

Kloiber and Hering, 2015 and references therein); therefore, may be prone of being affected by higher 368 

high flows. Besides, taxa showing a clear negative response to low flows (e.g. dl9, fl2 or ml17) have a 369 

high oxygen demand, and hence are vulnerable to extreme low flow conditions in summer related to 370 

high water temperature and low oxygen content (Brooks et al., 2011). Habroleptoides confusa, 371 

Hydropsyche pellucidula, Baetis rhodani and Heptagenia sulphurea show negative 372 
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responses to metrics describing low flow conditions, and preferably occur in streams with moderate to 373 

high current (Schmidt-Kloiber and Hering, 2015 and references therein), thus may be prone of being 374 

affected by low flow conditions.  375 

The “duration of high flow event” (dh4) describes the amount of discharge a taxon might tolerate over 376 

a period of maximum 30-day moving average flows. This metric therefore describes the river size at 377 

which discharge is larger in rivers compared to streams and within the same river size the point at 378 

which it is larger for more dynamic flow regimes compared to those that are more monotonous. This 379 

reflects the river continuum concept, i.e., some taxa prefer to inhabit upstream areas of small streams, 380 

while others prefer larger streams or rivers (Vannote et al., 1980). The ecological trait of “stream 381 

zonation preference” (freshwaterecology.info, Schmidt-Kloiber and Hering, 2015) may describe taxa 382 

hydrological preferences to dh4 (duration of high flow event) best. However, the information is 383 

available for only 88 of 120 taxa. The quantitative responses of more than 90 % of 88 taxa make sense 384 

ecologically and fit to the expert judgment in the freshwater ecology database. For example, all taxa 385 

with a “flat response model” are marked as having preferences to almost all categories of “stream 386 

zonation preference”. Baetis buceratus, Baetis muticus and Glossiphonia complanata are indicator 387 

taxa that occur in almost all categories and show a flat response along the range of “duration of high 388 

flow event”. The inconsistencies for less than 10 % of the taxa might be due to data deficiencies or 389 

methodological constraints.  390 

The information on the ecological traits of stream benthic invertebrates is lacking for dozens of taxa, 391 

which hinders the description of their ecological and hydrological requirements; however, we 392 

successfully determined quantitative hydrological requirements for all studied taxa.  393 

1.5.3 Hydrological thresholds 394 

Both very high and very low flow conditions influence the abundances of benthic invertebrates in river 395 

ecosystems (Dewson et al., 2007b; Suren and Jowett, 2006). Although the gradient ends of 396 

hydrological metrics are not well suited for taxa, all taxa show strong responses to the first or fourth 397 

quartile of hydrological metrics (e.g., taxa with a skewed model; Figure 5). High values of maximum 398 

flow duration render taxa unable to resist against flow and drift downstream as a result (Lake, 1990).  399 

Moreover, high gradient values of dl9 (duration of low flow event) and low gradient values of ml17 400 

(magnitude of low flow event) are not suitable for taxa, as critical thresholds of low flows might be 401 

reached (Acuna et al., 2005), which are associated with high water temperatures and linked with low 402 

dissolved oxygen concentrations (Brooks et al., 2011). 403 

Global change might potentially affect taxa by leading to changes in flow regime and discharge 404 

conditions in similar ranges of the gradient affecting some taxa. A vulnerability analysis of taxa 405 

according to their hydrological thresholds requires high-resolution hydrological data 406 
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from climate change hydrological models. Quantitative hydrological traits are therefore suitable 407 

information for modelling and predicting the effects of flow changes due to global change.  408 

1.5.4 Methodological constraints 409 

The hydrological metrics are inherently co-correlated (Olden and Poff, 2003). We aimed to analyze 410 

taxa responses to each IHA category; therefore, at least one metric per category was selected as being 411 

representative for that specific hydrological feature, resulting in seven metrics from five IHA 412 

categories. The seven selected metrics are representative of many other metrics of the same group. 413 

Even in this highly reduced set of metrics, some correlation occurs, for example, dh4 (the annual 414 

maximum 30-day moving average flows, duration of high flow event) is highly correlated with dl9 415 

(annual minimum 30-day moving average flows) with a pairwise correlation value of negative one (|r| 416 

= -1). Therefore, taxa responses cannot be judged as unique with certainty, and a currently unknown 417 

proportion of taxa could respond to either metric.  418 

Taxa with monotone in-/decreasing model show a preference—through an increasing or decreasing 419 

trend—to either low or high values along the range of hydrological metrics with the analytical 420 

optimum at the gradient end. Taxa with an interval optimum model also have a threshold at which the 421 

occurrence probabilities increase/decrease drastically with a plateau at the upper level. The decreasing 422 

limb of taxa with this model is missing. However, these models are extremely sensitive at the gradient 423 

ends and can be affected even by a single data point (Jansen and Oksanen, 2013). This implies that the 424 

hydrological range of the respective taxa is probably not fully covered in the data.  425 

Taxa responses vary across life stages (Lancaster and Downes, 2010a). Biological sampling at only 426 

one specific time of the year results in invertebrate species at a specific stage in their life cycle being 427 

represented. This might affect the integrity of the determination of taxa responses to hydrological 428 

conditions (Lancaster and Downes, 2010a; Lancaster et al., 2009). Although we used benthic 429 

invertebrate sample data from two seasons over a 10-year period, our dataset cannot fully overcome 430 

this difficulty, as data on all life stages of the life cycle are not available through the standard 431 

biomonitoring procedure. 432 

The in-situ probability of taxa occurrences depends on many environmental variables. In particular, 433 

land use, habitat availability and water quality are known to be influential even over long periods of 434 

time (Allan, 2004; Harding et al., 1998). Although the range of hydrological conditions was well-435 

covered by the rich biological data from sampling sites with good or high ecological status, other 436 

environmental variables might still influence taxa occurrences (Stoll et al., 2016; Tonkin et al., 2016). 437 

Furthermore, suitable data for ecological processes such as competition are lacking, and these 438 

processes were not considered in this study. 439 
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Evolved traits enable benthic invertebrates to survive flow conditions within the context of natural 440 

flow regimes (Lytle and Poff, 2004), and the abundance and structure of their communities are 441 

believed to be significantly affected by changing hydrological conditions (Sousa, 1984). Global 442 

change is influencing all aspects of the flow regime in space and over time, causing, e.g., an increase 443 

in extremely low or high flow conditions (IPCC, 2007, 2014). Germany is also facing the impacts of 444 

global change-induced flow alteration, with low and high flow conditions projected to occur more 445 

often (Nilson, 2014), which affect the distribution and probability of occurrence of several taxa. As 446 

ecological processes and the abundance and distribution of aquatic invertebrates are strongly 447 

influenced by the actual type of flow regime (Poff et al., 1997), the benthic invertebrate community 448 

will respond to flow alteration by changes in their diversity and abundance (Arthington et al., 2006; 449 

Brooks et al., 2011; Poff and Zimmerman, 2010) as well as by plasticity and adaptations (Stoks et al., 450 

2014). 451 

1.5.5 Summary and outlook 452 

Our study represents a shift from existing studies on ecological traits, which are based on largely 453 

qualitative data and often grounded in expert knowledge and literature analysis, to describing 454 

hydrological traits, which are quantitative and data-based. However, these quantitative hydrological 455 

traits do not replace the categories of ecological traits that are linked to hydrology, e.g., 456 

resistance/resilience to droughts (Schmidt-Kloiber and Hering, 2015), but preferentially append new 457 

categories that might be useful for forecasting changes. 458 

The quantified hydrological traits of individual taxa might therefore support stream management and 459 

enable the prediction of taxa responses to flow alteration. Such large-scale studies of flow preferences 460 

for modelling individual taxa responses to hydrological gradients can be implemented to optimize 461 

taxon-specific hydrological models.  462 

The hydrological traits of stream benthic invertebrates may be used in forecasting studies in central 463 

Europe, and the methods used in this study are suitable for application in other regions, where a 464 

different flow regime might suggest the need to analyze other flow metrics. Other hydrological traits, 465 

e.g., those regarding extreme events, could also be modelled depending on research questions and 466 

interests.  467 
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