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ABSTRACT 17 

While PIT-tag tracking using mobile antennas is being increasingly used to study fish 18 

movement and survival in streams, little is known about the limitations of the method, 19 

especially over longer periods of time and under different environmental settings. We used six 20 

years of data combining tagging, mobile antenna tracking and recaptures of Salmo trutta in 21 

multiple small streams in the Lake Lucerne drainage in Switzerland to evaluate the relative 22 

importance of different environmental and intrinsic factors affecting the efficiency of the 23 

method. Our study system and experimental design allowed us to accurately verify continuous 24 

presence and survival of recaptured fish in the stream after tracking, which meant that we could 25 

estimate detection probability with high confidence. Mean detection probability of tagged trout 26 

was 43%, but we found that fish length had a strong negative effect on detection probability, 27 

especially in males. Multivariate axes of stream environmental features did not predict 28 

efficiency but stream width alone was significantly positively correlated with efficiency. 29 

Additionally, stream temperature when tracking had a positive effect on fish detectability. Tag 30 

loss at recapture was globally rare (< 8%) but common in large post-spawn females (>30 %). 31 

Based on escape response of fish after detection, we could estimate the proportion of ghost tags, 32 

which reached a plateau of around 80% two years after tagging. We finally showed that our 33 

models of tag loss, fish detection and escape response are needed to interpret detection events. 34 

Our results highlight that individual variation in detection probability and tag loss is high, and 35 

has to be considered for analysis.   36 
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INTRODUCTION 37 

     Movement is a defining behavior for animal life: where, when and why animals move can 38 

be a crucial determinant for many aspects of their life history, including survival and fitness 39 

(Rasmussen and Belk 2017). While some animals move over land or through the air and can be 40 

readily observed, tracking the movement of fish underwater has historically been more difficult. 41 

The earliest recorded attempts at marking fish go back to Walton (1653) and involve tying 42 

ribbons around the caudal peduncles of salmon. While tags and tracking techniques are 43 

continuously evolving, the scientific field of movement ecology is experiencing a paradigm 44 

shift towards more differentiation of different forms of movement and more quantitative rather 45 

than qualitative descriptions of movement (Nathan et al. 2008). This holds particularly true in 46 

fish ecology in which there is an increasing focus on differentiating different forms of 47 

movement (Radinger and Wolter 2014; Brodersen, Hansen, and Skov 2019) and quantifying 48 

differences among individuals and populations in response to environmental variables (e.g. 49 

Sousa et al. 2016; Kessel et al. 2018; Villegas-Ríos et al. 2018).  50 

     Passive integrated transponder (PIT) telemetry has been increasingly used in studying fish 51 

ecology and provided great insights into habitat use (Teixeira and Cortes 2007; Bottcher et al. 52 

2013), survival (Weber et al. 2016), causes (Dermond, Melián, and Brodersen 2019) and 53 

consequences (Pärssinen et al. 2020) of migration, or movement in response to resource 54 

dynamics (Bentley et al. 2015). PIT telemetry uses the general mark-recapture framework, 55 

which consists in repeating observations of marked individuals over time and space to estimate 56 

survival and movements. Analysis of mark-recapture data relies on several assumptions 57 

(Pledger, Pollock, and Norris 2003). In particular, models must account for method artefacts, 58 

such as heterogeneity in detection probability (Pollock 1982) and tag loss (Arnason and Mills 59 

1981). It is therefore necessary to understand method limitations to verify assumptions 60 

underlying mark-recapture models.    61 
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     A PIT-tag consists of an electronic chip, a capacitor and an antenna coil encapsulated in a 62 

biocompatible glass that sends a unique alphanumeric code when energized by a scanning 63 

device. As they do not require an internal battery, PIT-tags offer a small, cheap and long life 64 

technology for barcoding individuals. Identification of individuals is commonly made during 65 

recaptures or in situ by an automated scanning device. For instance, stationary antennas can 66 

record fish passage in small streams, even when fish swim at ground speeds up to 3.6 m.s-1 67 

(Prentice 1990). For the past two decades, mobile antenna have been developed to actively track 68 

individuals, and are particularly suitable to detect small fish in shallow streams (Roussel, Haro, 69 

and Cunjak 2000), offering an interesting alternative to radio telemetry. However, limitation of 70 

the method has only been evaluated in enclosure set-ups (O’Donnell, Horton, and Letcher 2010; 71 

J. Cucherousset et al. 2010), in comparison with other methods such as electrofishing (Sloat, 72 

Baker, and Ligon 2011) or radio telemetry (Enders et al. 2007), and in natural systems but 73 

without retrospective information about the true presence of fish (Hodge et al. 2015). Thus, the 74 

potential of tracking with mobile antenna to study fish ecology has hitherto not been evaluated 75 

in natural conditions over the long term and with precise knowledge of the fate of tagged fish.     76 

     PIT-tag detection requires close proximity between the mobile antenna and the tag, typically 77 

less than 90 cm for a 23 mm tag (Linnansaari et al. 2007). Thus, detection efficiency, as defined 78 

as the probability of detection, depends on the interaction between the observer, behaviour of 79 

the tagged fish and the environment. The outcome efficiency of this complex interaction 80 

remains unclear although it has been partially explored in different studies using different 81 

approaches, either in closed systems or with undetermined fate of the tag. Observer experience 82 

obviously has a significant impact on detection, as demonstrated in an experimental set-up 83 

(O’Donnell, Horton, and Letcher 2010). Due to method limitation, efficiency depends on tag 84 

size as it increases detection range (Zentner et al. 2021), and can be negatively affected by 85 

physical parameters such as stream velocity (O’Donnell, Horton, and Letcher 2010) or depth 86 

(Burnett et al. 2017). All parameters being equal, fish species is a crucial determinant of 87 
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detection efficiency, varying from near completely inefficient (<1%) in highly mobile species 88 

such as Leuciscus leuciscus (common dace), to 43% in territorial fishes such as salmonids 89 

(Cucherousset et al. 2010). In addition, environmental features have a species-dependent effect 90 

on detection efficiency. For instance, detection efficiency increases with boulder percentage in 91 

Cottus cognatus (slimy sculpin) (Keeler et al. 2007), while habitat complexity either increases 92 

detection in Neogobius melanostomus (round goby) (Cookingham and Ruetz III 2008) or 93 

decreases it in  Salmo trutta (brown trout) (Weber et al. 2016). Habitat features such as deep 94 

holes or undercut banks that provide shelters to fish are expected to decrease detection, 95 

especially in salmonids (Hill et al. 2006). Within species, size or age also influence detection 96 

because of ontogenetic niche shifts (Kelly et al. 2017), likely in interaction with available 97 

habitats in the stream.  98 

     The high longevity of PIT-tags also leads to a potential accumulation of tags in the 99 

environment, which comes from fish dying or expelling their tags, also referred to as ‘ghost 100 

tags’. This is particularly a concern in mobile antenna tracking, where tag movement is not 101 

necessary for detection, and the tag status thereby is uncertain (i.e. ghost or fish). Movement 102 

patterns can be used to discriminate ghost tags (Stout et al. 2019), although ghost tag 103 

displacements can mimic fish movements (Bond et al. 2019), as ghost tags can be displaced 104 

downstream by currents and carcasses can be carried over large distances both upstream and 105 

downstream by scavengers (Havn et al. 2017). In addition, accumulation of ghost tags can 106 

decrease the detection efficiency when tracking because of ‘tag collision’ and generate a source 107 

of error for future studies (Šmejkal et al. 2020).  108 

     Thus, it is crucial to understand exactly what is detected and what is not. For instance, 109 

detection of ghost tags and/or a bias in detection between individuals will bias interpretation of 110 

survival, movement pattern or habitat use. Here, we used a unique data set that combined six 111 

years of tagging, active tracking, stationary antenna monitoring and recapture of Salmo trutta 112 

(brown trout) to estimate the method limitation in natural conditions. The two main objectives 113 
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were to evaluate the environmental and individual factors affecting detection efficiency, and 114 

how to interpret mobile antenna tracking detection events.  115 

 116 

METHOD 117 

All methods and the handling of live fish were assessed by the regional veterinary office 118 

regulating animal experimentation and approved under permit number LU08/17. The cantonal 119 

fisheries authorities gave all necessary electrofishing permits. 120 

Data collection  121 

Site description 122 

We conducted the study in 14 streams of the Lake Lucerne drainage, Switzerland (Table 1). 123 

The streams are all ground-water fed streams, meaning that their flow regime stays stable over 124 

time even during moderately heavy rainfall events.  We placed an automatic PIT-tag detection 125 

system, composed of dual loop antenna connected to a multiplex PIT-tag reader (Oregon RFID) 126 

that can detect fish leaving the system (Dermond, Melián, and Brodersen 2019), at the mouth 127 

of each stream. In June 2017 and 2018, we measured habitat features of streams. We divided 128 

each stream into sections (length mean 160 meters, sd=64), which we characterized by counting 129 

visually (1) the relative proportion of runs, fast runs, riffles, shallow water and pools, (2) the 130 

proportion of stream bank with vegetation and undercut banks, (3) the proportion of stream 131 

with overhead cover, and (4) the proportion of mud, sand, gravel, cobble and large stone by 132 

visual observations of the substrate (see Table 1 for description of environmental data). We 133 

measured depth, width and velocity at 50, 50 and 5 points linearly distributed in the sections, 134 

respectively. We calculated overall stream features as the mean of sections weighted by section 135 

length. In the streams, temperature loggers measured water temperature every hour for the time 136 

of the study. We calculated daily temperature as the mean of stream temperature during 24 137 

hours. Daily mean temperature when tracking varied between 2°C and 15°C, with a mean of 138 

9°C and a mean of standard deviation within streams of 1.4°C.  139 
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 140 

Fish tagging 141 

Between 2015 and 2020, we caught wild Salmo trutta (brown trout) by electrofishing with a 142 

DC backpack (ELT 62-II from Hans Grassl) and tagged them using the method described in 143 

Dermond, Melián, and Brodersen (2019). We tagged 17.853 Salmo trutta in streams of the Lake 144 

Lucerne drainage, including 10.524 in the 14 streams where we carried out mobile antenna 145 

tracking (see Additional file 1: Table S1 for description of tagging per stream). We mainly 146 

tagged juvenile fish (80% fish < 180 mm). Fish were anesthetized (MS-222®, tricaine methane-147 

sulfonate, 0.067gl-1), measured and weighed to the nearest mm and 0.1 g, respectively, and 148 

photographed (standardized and cuvette pictures), and sampled for adipose fin clips and scales. 149 

Fish length refers to total length, meaning that we measured fish from the tip of the snout to the 150 

tip of the caudal fin. Sex was visually determined for mature individuals and genetically 151 

determined for a subset of juveniles caught in 2015 (Hunziker 2020). We surgically implanted 152 

PIT-tags (HDX 23 mm, 0.6 g, Oregon RFID, USA) in the fish’s peritoneal cavity using a scalpel 153 

to incise fish skin. We treated the incision to prevent infection (Koi Med Wound Snow©). Fish 154 

recovered in oxygenated water tanks and we then released them in the original section where 155 

we caught them. Minimum tagged fish length was 101 mm (mean=162 mm) following 156 

experimental recommendations that resulted in 100% survival above this size (Larsen et al. 157 

2013). Field surveys also indicate no long-term effects of PIT-tagging on fish body condition 158 

(Skov et al. 2020). We calculated body condition as: K=105.W/L3, where K, W and L denote 159 

body condition, weight (g) and total length (mm), respectively (Bolger and Connolly 1989). 160 

 161 

Mobile antenna tracking data collection 162 

Over six years (2015-2020), we performed PIT-tag mobile antenna tracking in 14 streams in 163 

summer or late spring and fall (see Additional file 2: Table S2 for description of tracking per 164 

stream), with the potential to detect 5169 tags (i.e. number of unique tagged fish in streams that 165 
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we tracked afterwards). Within a year, we tracked each stream twice on average (mean=2.3 166 

min=1, max=5) with a one-week interval. We tracked all the streams for more than a year, and 167 

we tracked six streams continuously over six years from 2015 to 2020. When tracking had to 168 

be interrupted (e.g. due to heavy rain) or when the mobile antenna was malfunctioning, we 169 

repeated the tracking and did not include the data from the interrupted event in the subsequent 170 

analysis. We performed the tracking by walking through the stream in the upstream direction 171 

during daytime (between 08:23 and 17:44), from the downstream stationary antenna to the 172 

upstream natural boundary, hereafter defined as one-pass tracking. The operator used a mobile 173 

antenna (mobile reader kit, OregonRFID) to scan the stream bottom while walking and covered 174 

the whole stream area by moving the antenna left and right. For each detection, we recorded 175 

the tag ID, time, GPS waypoint and when possible habitat features around the detection event. 176 

After detection, the operator scanned the detection location a second time within a one-minute 177 

period and we recorded escape response (moved if the tag was not detected again, sometimes 178 

confirmed by visual observation of the fish swimming away). We made 8109 detections in total 179 

from mobile antenna tracking (including redetection and all tags, mean detection events of 3.0 180 

per tag, S.D=2.4, median=2.0, maximum=17). We clearly identified 209 ghost tags while 181 

tracking when we detected them on the shore or in very shallow waters with no fish, and we 182 

therefore excluded those tags in the analysis.  183 

 184 

Fish recapture 185 

During tagging sessions, we made 1724 cumulated recaptures based on PIT-tag identification 186 

of 1328 individual resident fish (maximum number of recaptures per fish=6, see Additional file 187 

1: Table S1 for description of recapture per stream). Based on a previous study in a comparable 188 

system that showed a high concordance between PIT-tag mobile antenna tracking and 189 

electrofishing under different environmental conditions (Sloat, Baker, and Ligon 2011), we 190 

assumed that the way fish were recaptured was not related to their PIT-tag detectability. We 191 
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classified fish between resident and migrating fish based on their phenotype, as returners from 192 

the lake show a distinct phenotype (silvery body coloration and lack of red spots). We used the 193 

identification of recaptures to estimate the efficiency of active tracking (see Analyses). We also 194 

visually identified 128 tag losses by the observation of abdomen incision and/or cut adipose fin.  195 

All data were then processed and analysed in R (R Core Team 2020).  196 

 197 

Analyses  198 

Environmental factors 199 

To avoid multi-collinearity between environmental variables (Johnston, Jones, and Manley 200 

2018) (e.g. positive correlations between percentage of mud and vegetation r=0.75 or mean 201 

width and maximum depth r=0.71), we performed a principal component analysis (PCA) which 202 

included mean and maximum depth, mean width, total length, habitats, flowing regime and 203 

substrate composition (Table 1). We did not include velocity because of missing data. PCA 204 

composition of the three main axes can be found in Additional material: Table S3.  205 

Logistic regression and model selection 206 

We fitted three binary responses (PIT-tag detection, tag loss and escape response) to logistic 207 

regressions with the glm function in R. To select the best fit between different sets of 208 

explanatory variables, we performed a model selection based on the Akaike information 209 

criterion (AIC) (Burnham, Anderson, and Burnham 2002). We implemented model selection 210 

using the stepAIC function in MASS package (Venables, W.N. 2002) which is a stepwise 211 

algorithm to select for the best fit. We used a bidirectional approach (direction=’both’) which 212 

means that at each step the algorithm will add or remove a variable based on the lowest AIC. 213 

After model selection, we calculated McFadden’s pseudo-R² (R²McFadden ) which denotes the 214 

proportion of explained variation compared to the null model, using the package pscl (Jackman 215 

2020). We also performed a Wald test to calculate the significance of the model. For significant 216 

models, we calculated variable effects using the package effects (Fox 2019). For all model 217 
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selection, we did not include fish sex as a candidate variable at first because of missing data, 218 

but later tested the effect of sex on the best model using the subset data of sexed fish. In the 219 

subsequent sections, we describe the datasets and some hypothesis behind each of the five 220 

models.  Summary of model selection can be found in Table 2.  221 

 222 

Model 1: Fish detection efficiency 223 

We evaluated the detectability of living fish in streams based on detection of tagged fish present 224 

in the stream in a one-pass tracking. Due to our experimental setup, we were able to precisely 225 

determine some of the tagged fish that were alive and present in streams during the tracking 226 

period. We considered that a fish was present in the stream if it was recaptured after the tracking 227 

in a one-year period and present in the stream. We were able to determine movements of fish 228 

outside the stream because each stream was limited by a natural barrier upstream and equipped 229 

with a stationary PIT-antenna downstream. Thus, we excluded all fish that were detected out 230 

migrating (fish that permanently left before returning to spawn, Dermond, Melián, and 231 

Brodersen 2019). We also excluded all fish that left and entered the stream but were detected 232 

only once (at entry or departure), because in that case we were not able to conclude on the time 233 

of presence in the stream. A recaptured fish that would not have been present during tracking 234 

implies that the fish was detected twice by the stationary antenna (at departure before tracking 235 

and entry after tracking). As the probability of a stationary antenna malfunctioning twice on 236 

different days in very low, we were confident that all fish considered in the analysis were indeed 237 

present during tracking. In addition, only nine fish considered in this model were detected by 238 

the stationary antenna, supporting that they showed little inter-creek movements.  239 

The model selection included eleven candidate variables: fish length, fish somatic condition, 240 

day of the year, repetition, stream temperature and the three main PCA axes of environmental 241 

data as continuous variables, and year and stream as categorical variables. We did not include 242 

interaction of fish length and temperature because of skewed distribution of fish length relative 243 
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to temperature (few fish >300 mm for low and high temperatures). The minimum number of 244 

potential detections in one stream was 12 (see Additional material: Table S2), and all streams 245 

showed comparable variation of fish length.  246 

After model selection, we performed an additional regression adding sex as a variable to the 247 

best fit, and included interaction between sex and the other variables. We specifically 248 

hypothesized that sex would affect detectability in adult fish that are characterized by sex-249 

specific life histories and behaviour.  250 

 251 

Model 2: Tag loss  252 

We evaluated individual probability to expel tag based on tag loss at recapture. This model 253 

included all recaptured resident fish from the Lake Lucerne drainage, even in streams that were 254 

not tracked (see Additional file 1: Table S1). The model selection included four variables: fish 255 

length, fish somatic condition, season (two levels: late summer-fall and winter when trout 256 

spawn) and streams (categorical). After model selection, we performed an additional regression 257 

adding sex as variable to the best fit, and included interaction between sex and the other 258 

variables.  We hypothesized that mature females would be more likely to expel tags because of 259 

spawning behaviour (abdomen squeezing by males to release eggs).  260 

 261 

Model 3: Escape response to detection of living fish 262 

We evaluated individual propensity to escape after detection. A fish was classified as escaping 263 

based on the observations by the operators of fish swimming away after detection and/or by the 264 

absence of redetection in a one-minute period after the first detection. The model only included 265 

detected fish that were recaptured later, meaning that they were alive at the time of detection. 266 

By doing so, probability to escape was not biased by ghost tag detection and we could use 267 

phenotype at recapture as a proxy of phenotype at detection. The model selection included six 268 

variables: fish length, fish somatic condition, day of the year, stream temperature, stream and 269 
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year. After model selection, we performed an additional regression adding sex as a variable to 270 

the best fit.  271 

 272 

Model 4: In-situ survival (Escape response to detection of all detected tags) 273 

We evaluated survival response of tags that we detected. As we assumed that escape response 274 

to detection was a stochastic phenomenon (see Results), we used the proportion of escaping 275 

individuals to infer the proportion of fish alive that we detected, referred to as “in-situ survival”. 276 

The response variable was the escape response of tag at detection (see above). The model 277 

selection included six variables: stream, three main PCA axes of environmental data, fish 278 

length, time after tagging and its interaction with fish length. After model selection, we 279 

performed an additional regression adding sex as variable to the best fit, and included 280 

interaction between sex and the other variables.  281 

We then estimated the overall proportion of ghost tags that we detected through time (e.g. 282 

proportion of ghost tags after 3 years include detection in 2018 and 2019 of tags from fish 283 

tagged in 2015 and 2016, respectively). To do so, we measured the confidence interval of living 284 

fish for each cohort of time after tagging, using the proportion of tags that moved and the 285 

probability of moving when alive (P=0.13, see Results).  286 

 287 

Model 5: Tag detection  288 

We evaluated the probability of tag detection, also referred as “apparent survival” in other 289 

studies, based on tag detection on a one-pass tracking. The model included only tags potentially 290 

present in streams (i.e. excluding migrants) and all detections (i.e. also including ghost tags). 291 

The model selection included six variables: stream, three main PCA axes of environmental data, 292 

fish length, time after tagging and its interaction with fish length.  Because most detections 293 

were comprised of ghost tags (see Results), we did not include stream temperature in this model, 294 

as we did not expect it to affect ghost tag detectability and ghost tag retention in streams. After 295 
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model selection, we performed an additional regression adding sex as variable to the best fit, 296 

and included interaction between sex and the other variables. We hypothesized that sex would 297 

have no effect on survival, irrespective of length, and thus no effect on tag detectability.    298 

 299 

Depletion curves 300 

To visualize how inter-individual variability in detectability affected estimate of the number of 301 

tags detected, we simulated depletion curves (i.e. cumulated proportion of detected tags with 302 

passes). In a homogeneous population, the proportion of detected tags (D) follows D=1-(1-P)N, 303 

where P and N denote the detection probability and the number of passes, respectively. In a 304 

heterogeneous population, D=∑ xi. [1 − (1 − Pi)𝑁]𝑖  where xi and Pi are the proportion and 305 

probability of detection in the sub-group i, respectively. For illustration, we fitted depletion 306 

curves with tracking data from 2020 in which we had three passes for six streams (see 307 

Additional material: Table S1). To do so, we calculated the cumulated number of detected tags 308 

for all combinations of visit orders. We then fitted the values to a logistic function of three 309 

parameters.   310 

 311 

Results 312 

Fish detection efficiency 313 

     Among fish that were present in the streams, average detection efficiency was 43% (95% 314 

confidence interval [40% - 46%]). Detection was best predicted by fish length, stream and year 315 

(Table 2). Fish length had a drastic influence on detection. For instance, a 500 mm fish was 316 

three times less likely to be detected than a 200 mm fish (Fig. 1A). Within sexed fish, detection 317 

was best predicted by adding sex and its interaction with fish length (Table 2). At larger sizes, 318 

males were less likely to be detected (Fig. 1B). Slight effects were observed between years (Fig. 319 

1C), and with stream temperature when tracking (Fig. 1D). The model that included the day of 320 



14 
 

the year had a slight AIC difference (Table 2), suggesting that the time of year could also affect 321 

efficiency.  322 

     The 14 streams where we carried out active tracking formed a continuum along the first PCA 323 

axis (26% of variation), from on average deep, muddy and with more vegetation and area of 324 

shallow slowly running water to streams with more riparian vegetation cover and riffles. The 325 

second PCA axis (19% of variation) differentiated streams mainly according to length and 326 

proportion of undercut banks and sand (Fig. 2A). Detection was best predicted when adding 327 

streams as categorical factors, rather than considering environmental variables resulting from 328 

the PCA analysis (Table 2).  Six streams had high uncertainty around the estimate because of 329 

limited data (see Additional material: Table S2, for recapture-tracking design). Among the eight 330 

other streams, the estimates of effect varied in less than a one-to-two ratio except for 331 

Lochrütibach, which has a high efficiency determined with high confidence. We found a 332 

significant positive correlation with width (Fig. 2C). We did not find correlations with other 333 

stream features (Table 1). 334 

 335 

Tag loss  336 

Individual tag loss was best predicted by fish length and somatic condition (Table 2). Larger 337 

individuals with lower somatic condition were more likely to expel their tags (Fig. 3A & B). 338 

Within sexed fish, detection was best predicted by adding sex as variable (Table 2), with no 339 

interactive effects between sex and either length or somatic condition. Sex had a strong effect 340 

on tag loss probability, with females being around four times more likely to have lost their tag 341 

at recapture (Fig. 3C). Altogether, the results showed that tag loss mainly occurred in large 342 

females. For instance, fish <200 mm (juveniles) with average somatic condition had low 343 

probability of tag expulsion (2.1%), while females >400 mm in low somatic condition (0.8) had 344 

more than 30% chance to have expelled their tags at recapture, suggesting that female spawning 345 

behaviour induces tag loss.  346 
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 347 

Escape response at detection of living fish 348 

Escape response at detection was low with an average of 0.13 (55/427, 95% confidence interval 349 

[0.10 – 0.16]), and best predicted by a null model (Table 2). The model on sexed fish including 350 

fish sex had a slightly higher AIC, but this model was not statistically significant. Habitat 351 

recorded at detection did not differ between escaping and not moving individuals (chi-square 352 

test d.f = 5, P=0.83, X-squared = 2.15), suggesting that escape response did not differ between 353 

habitats (mainly vegetation 43%, under banks 25%, and stones 13%). Thus, we modelled escape 354 

response as a stochastic event with a probability of 0.13  in order to estimate the proportion of 355 

living fish.   356 

 357 

In-situ survival (Escape response at detection of all detected tags) 358 

The escape response at detection for all detected tags was best predicted by streams (Table 1) 359 

and time after tagging (Table 2) reflecting in-situ mortality and tag loss (i.e. increase of ghost 360 

tag detection probability), with no interactive effect of fish length and time. This estimate of in-361 

situ survival only includes tags that we detected in the streams, thereby omitting avian predation 362 

or out-migrating individuals, for instance. The logistic intercept at t=0 matched the probability 363 

of escape response that we found with living individuals (13% ± 3%, see above). Among sexed 364 

individuals, escape response was best predicted by adding sex and its interaction with fish 365 

length (Table 2). Based on this probability, the estimate of ghost tags showed a linear 366 

accumulation within two years after tagging before it reached a plateau of around 80% (Fig. 367 

4C). This means that around 80% of tags that we detected two years post-tagging were ghost 368 

tags.  369 

 370 

Tag detection  371 
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Overall detection probability of resident fish tags was best predicted by streams (Table 1), time 372 

after tagging (Fig. 5A) and its interactive effect with fish length (Fig. 5B, Table 2). Fish length 373 

had no effect alone on overall fish detection (P=0.06). After only one spring, we estimated a 374 

detection probability of 0.15, which then decreases by around 20% per year, meaning that after 375 

five years the detection probability was around 0.05 (Fig. 5A).  376 

Among sexed fish, the model was best predicted by adding sex and its interactive effect with 377 

time after tagging (Fig. 5C), and fish length (Fig. 5D, Table 2).  378 

 379 

Depletion curves  380 

Theoretical depletion curves with inter-variability of detection probability (but same average 381 

detection probability) showed different growth with the number of passes (Fig. 6A, blue and 382 

green lines). Our empirical depletion curves showed similar growth to heterogeneous 383 

populations with easily detectable tags and tagged fish with low detection probability (Fig. 6B).  384 

 385 

 386 

Discussion 387 

 388 

Factors influencing fish detection 389 

     We determined detection efficiency of mobile PIT-Tag antennas under natural conditions 390 

with inclusion of recapture data and stationary PIT-antennas, which allowed us to monitor 391 

continuous presence of some individuals in the investigated streams. Using this methodology, 392 

we evaluated the potential of mobile antennas in multiple natural streams over a long period of 393 

time (>5 years) across a range of variation in time, space and individual variability that greatly 394 

exceeds that of previous literature in the field (Kelly et al. 2017; Breen et al. 2009). We 395 

determined average detection efficiency to be 43% with a very narrow confidence interval of 396 

only ± 3%. This value is in line with previous studies on Salmo trutta under similar conditions 397 

that reported efficiency of 43% (Cucherousset et al. 2010) or 39% (Enders et al. 2007).  398 
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     The strongest effect we found on detection probability was fish size, with large individuals 399 

being up to five times less likely to be detected than small ones. As we were able to confirm 400 

the presence of fish during active tracking, we suggest two non-exclusive hypotheses that could 401 

account for the size effect. First, Salmo trutta prefer deeper habitats with increasing size (Ayllón 402 

et al. 2010), which may decrease detection ability. Second, larger trout may have higher 403 

tendency and/or ability to flee the operator, potentially as an alternative to hiding. We did not 404 

find that size predicted escape response after detection, but larger fish likely have the ability to 405 

escape the operator before first detection, as suggested in a previous study (Cucherousset et al. 406 

2005). Additionally, our results indicate a sex effect on detection, in interaction with fish length. 407 

With increasing size, males are less likely to be detected than females. Again, this is likely due 408 

to differences in behaviour between sexes. For instance, a previous study in an enclosure set-409 

up has shown that Salmo trutta males tend to spend much more time in deep pools than females 410 

(Greenberg and Giller 2001).  411 

     Our model also showed that efficiency depended to a lesser extent on streams, which were 412 

better explanatory variables than environmental variables. Yet, the low number of potential 413 

detections in some streams might have affected our ability to identify environmental variables 414 

associated with tracking efficiency, and resulted in a large confidence interval for some stream 415 

effects. Streams that clustered together on the PCA analysis had distinct efficiency estimates, 416 

suggesting that our environmental data did not encompass the main factors influencing fish 417 

detection. In particular, we expect that the number of artificial structures that we did not 418 

measure (e.g. bridges and pipes) decrease efficiency by providing refuge to fish or by creating 419 

metal interference with the detector. In addition, the mean of an environmental variable might 420 

not be representative of the local effects of a parameter (e.g. deep ponds), which interacts with 421 

other variables (e.g. deep ponds with vegetation that decrease detection efficiency). We 422 

nonetheless found that efficiency increases with river width. On one hand, narrower streams 423 

may facilitate scanning by the operator, as fish cannot easily move away from the antenna. On 424 
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the other hand, narrower streams in our system were sometimes hard to access for the operators 425 

due to abundant overhanging riparian vegetation. Within streams, temperature on the day of 426 

tracking had a positive effect on fish detectability. Salmo trutta can change their behaviour in 427 

response to different temperatures (Vehanen et al. 2000), and the commonly increasing use of 428 

microhabitat with more cover at lower temperature may decrease our ability to detect them.  429 

 430 

Escape response of fish to infer in-situ survival 431 

     Another limitation of PIT telemetry is to deal with the presence of ghost tags that come from 432 

either tag loss or fish death. Our results show that tag retention is high in juveniles, consistent 433 

with laboratory experiments (Hanson et al. 2020). However, our results show that tag loss is 434 

most common in large females. We hypothesize that the squeezing of female abdomen to 435 

release their eggs is a cause of tag loss. This result is also supported by our observation of  ghost 436 

tags in spawning pits and similar findings in a cyprinid fish  (Šmejkal et al. 2019). While it is 437 

sometimes possible to either visually detect ghost tags (O’Donnell, Horton, and Letcher 2010; 438 

Breen et al. 2009) or identify them by their movement patterns (Hodge et al. 2015; Zydlewski 439 

et al. 2001), this can be difficult for species or individuals that are highly sedentary (Rodríguez 440 

2002) or that live in environments that facilitate movement of ghost tags (Bond et al. 2019). 441 

We therefore used a novel approach, based on the escape response of living fish, which we 442 

found to be stochastic. The low probability of escape response at detection (0.13) was in line 443 

with a previous experiment that showed little escape response to trout scanned by mobile 444 

antennas (Hill et al. 2006), suggesting that trout are more inclined to stay under cover than try 445 

to escape from a potential predator.  446 

     By calculating the proportion of known living fish that showed an escape response, we were 447 

able to estimate the number of total detected tags that should have moved given that they were 448 

all living fish, and thus the proportion of ghost tags. Our results clearly show that detection 449 

more than two years after tagging is mainly explained by ghost tags (>80% of detections). Given 450 



19 
 

that most of tagged fish were juveniles and that tag loss is rare (especially in juveniles <2.1%),  451 

those ghost might come from birds that represent the main predators. Despite the fact that they 452 

are terrestrial predators; we hypothesize that a substantial amount of tags ends in the streams 453 

when birds are predating. Ghost tags also probably contribute disproportionally to detections 454 

because they might be easier to detect (see high detection rates with tags alone, O’Donnell, 455 

Horton, and Letcher 2010). We also found that streams differed in their in-situ survival (i.e. 456 

proportion of ghost tag). This result is likely biased by differences in ghost tag dynamics, 457 

determined by flow regime, storm events and substrate composition (Bond et al. 2019; Stout et 458 

al. 2019). Each stream has a different population structure and unique ghost tag dynamic. As a 459 

result, our simulation of depletion curves indicates that it is hard to predict the total number of 460 

tags based on asymptotic inference from few passes. More experiments using seeded tags would 461 

be required to correctly interpret ghost tag detections, and thus survival.  462 

 463 

Interpretation of detection events 464 

     We showed that fish length had an effect on detection probability, which was however not 465 

reflected in the absolute number of tag detections. After one spring, overall detection 466 

probability of resident fish (i.e. not classified as migrant by the downstream antenna) was 467 

around 15% with no significant effect of fish size. Using a different experimental setup than 468 

ours, one might infer that detection probability is merely globally low. However, our use of 469 

recapture data suggests that small and large fish remain undetected for different reasons. We 470 

suggest that around 70% of resident small fish (<200 mm) are missing from the streams after 471 

one spring, and are therefore no longer present to be detected. Large resident fish (>300 mm) 472 

show a very high survival, but are more difficult to detect even when present. In addition, larger 473 

fish expel more tags, which are interpreted as dead fish by the escape response model. As we 474 

did not observe differences in in-situ survival among sizes (i.e. no difference in escape 475 

responses), the true survival of larger fish is even more underestimated. The low survival of 476 



20 
 

smaller fish could be attributed to two non-exclusive hypotheses. First, it is possible that some 477 

migrants were not recorded at the stationary antenna (efficiency typically between 96-100%, 478 

Connolly et al. 2008). Secondly, it suggests that predation by terrestrial predators is stronger on 479 

smaller trout, partially supported by heron colony tracking (data not shown) and past studies 480 

that showed the strong effect of salmonid size on avian predation susceptibility (Osterback et 481 

al. 2014; Hostetter et al. 2012). This estimate of survival also includes migrating individuals 482 

that are more vulnerable to predation (Thorstad et al. 2012), and were eaten before they could 483 

reach the downstream antenna.  484 

     We also found an interactive effect of length and time after tagging on the probability of 485 

detection, suggesting that size at tagging has long-term effects on survival. However, the 486 

increase of tag detection in large females that we observed over time is likely an artefact of 487 

ghost tags that were expelled, as shown by the escape response model. Our results highlight the 488 

importance of considering individual effects on detection probability and ghost tag 489 

accumulation to correctly interpret tag detection events.  490 

 491 

Implications of method artefacts for modelling movement and survival  492 

     Movement and survival of wild population are commonly studied by mark-recapture models 493 

applied to several methods. Despite the advance of new technologies, such as PIT-tags, each 494 

method is associated with artefacts that affect model estimates. Heterogeneity in probability of 495 

detection, such as the length effect found in our study, is particularly problematic in standard 496 

mark-recapture models (Link 2003). This artefact is ubiquitous among methods (e.g. classic 497 

recapture or observation Ogutu et al. 2006, telemetry Keeler et al. 2007, feces sampling 498 

Cubaynes et al. 2010, camera trap Noyce 2021) and among taxa, from large organisms to plants 499 

(e.g. seed dormancy, Shefferson et al. 2001). In addition, habitat (e.g. streams in our study) and 500 

environment variability (e.g. temperature in our study) also have the potential to affect 501 

detectability, with consequences on movement and survival estimates (Bailey, Simons, and 502 
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Pollock 2004). Several models have been developed to deal with these biases (Pollock 1982; 503 

Pledger, Pollock, and Norris 2003), but they may require a priori knowledge on detectability. 504 

For instance, our study showed that spawning females were more likely to expel tags, creating 505 

detection artefacts from expelled ghost tags. This effect would not have been detected with a 506 

posteriori model analysis alone (i.e. the model would have predicted higher in-situ mortality in 507 

large females).  508 

     Altogether, our data highlight that a thorough understanding of the method is required to 509 

characterize survival and movements over long term and make comparison across different 510 

environmental conditions.  511 
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Total length 

(m)

Slope(m.km-

1)

Width mean 

(m)

Depth mean 

(cm)

Depth 

minimum 

(cm)

Depth 

maximum 

(cm)

Velocity 

mean (cm.m-

1)

Dorfbach LU 1750 6 192 20 0 81 0.19

Giebelbächli North 1780 59 93 12 0 40

Giebelbächli South 1970 37 135 11 0 55

Giessen 1400 3 482 35 0 132 0.22

Klosterbach SZ 1790 3 275 39 2 100 0.32

Klosterbach UR 1391 2 306 35 0 103 0.18

Lochrütibach 1170 12 458 24 0 80

N2 Entwässerungskanal 1210 6 251 29 2 59 0.40

Polenschachen 890 9 294 21 0 115 0.17

Rosstränkekanal 1450 4 276 29 0 96 0.32

Scheidgraben 2380 4 325 28 0 100 0.16

Schützenbrunnen 668 5 299 32 0 89

Würzenbach 1280 8 283 13 0 92 0.14

Würzenbach reference 2790 25 304 14 0 70 0.17

Stream

Physical parameters

Table



Undercut 

bank (%)

Vegetation 

(%)

Overhead 

cover (%)
Riffles Run Fast run

Shallow 

water
Pool Mud Sand

4.5 3.6 7.2 24 46 27 2 2 16 0

2.2 0.0 57.1 13 61 26 0 0 0 26

10.2 0.0 70.1 12 87 1 0 0 0 9

2.0 18.5 66.2 3 49 43 3 2 11 16

9.6 33.2 30.6 2 63 35 0 1 10 22

6.1 26.4 26.0 2 83 9 5 1 29 14

0.3 20.8 3.0 0 38 62 0 0 8 4

5.7 29.4 25.4 5 29 63 1 2 12 19

15.2 3.7 58.6 13 57 28 1 1 3 45

2.5 46.2 50.4 0 80 19 0 1 19 5

8.1 47.5 26.1 5 65 16 11 3 30 6

27.7 1.8 33.5 2 68 29 0 0 8 33

0.9 1.3 70.2 14 83 3 0 0 5 20

1.0 1.3 70.0 47 43 0 2 9 3 16

Flow regime composition Substrate compositionSpecial habitat



Gravel Pebble Cobble Large stones
PCA 1 (26 

%)

PCA 2 (19 

%)

PCA 3 (12 

%)
Mean

Standard 

error
Mean

38 19 22 4 0.2 2.5 1.6 0.14 0.10 0.11

18 30 13 12 3.3 -0.9 1.0 0.30 0.13 0.04

36 35 15 5 3.2 -0.2 -0.1 0.33 0.11 0.01

23 38 7 4 -1.4 -1.0 -0.6 0.46 0.06 0.03

21 27 13 7 -1.3 -0.8 0.2 0.33 0.06 0.04

24 20 12 1 -2.7 0.6 -1.5 0.36 0.06 0.04

39 23 23 4 -1.7 1.2 3.4 0.70 0.06 0.04

24 30 7 9 -0.5 -0.7 2.3 0.29 0.04 0.07

14 20 16 2 -0.2 -2.5 -1.1 0.49 0.15 0.06

26 29 12 9 -0.9 0.1 0.0 0.42 0.14 0.06

14 23 24 4 -2.7 3.1 -2.2 0.36 0.04 0.06

15 30 12 3 -0.9 -3.3 -0.6 0.43 0.06 0.05

22 32 17 4 1.7 -0.8 -1.0 0.52 0.04 0.10

25 33 17 7 3.9 2.6 -1.4 0.33 0.10 0.04

Environment PCA
Escape response (i.e. 

in-situ  survival)

Fish detection (i.e. 

efficiency)
Substrate composition



Standard 

error
Mean

Standard 

error

0.02 0.16 0.01

0.01 0.20 0.02

0.01 0.14 0.01

0.01 0.07 0.00

0.01 0.11 0.01

0.01 0.10 0.01

0.01 0.24 0.01

0.01 0.10 0.01

0.01 0.08 0.01

0.02 0.11 0.01

0.01 0.10 0.00

0.01 0.08 0.00

0.01 0.17 0.01

0.01 0.13 0.01

Tag detection (i.e. 

overall detection)

Escape response (i.e. 

in-situ  survival)



Response 

variable
Dataset Model AIC

~ Stream + Year + TL + Temperature 1325

~ Stream + Year + TL + Temperature + DOY 1326

~ Stream(PCA1 + PCA2 + PCA3) + Year + TL + Temperature 1351

~ Stream(PCA1) + Year + TL + Temperature 1351

~ Year + TL + Temperature 1349

~ Stream + Year + TL + Temperature + Sex*TL 549

~ Stream + Year + TL + Temperature 555

~ Stream + Year + TL + Temperature + Sex 557

~ TL + K 664

~ TL + K + Season 665

~ Sex + TL + K 266

~ Sex + TL + K  + Season 267

~ Sex*TL + K 268

~ 1 316

~ TL 329

~ TL + Temperature 331

~ 1 114

~ Sex 116

~ Sex*TL 116

~ Delay + Stream 3264

~ Delay + Stream + K 3266

~ Delay + Stream + TL 3266

~ Delay*TL + Stream 3267

~ Delay + Stream + Sex*TL 592

~ Delay + Stream + Sex 595

~ Delay + Stream 595

~ Stream +  TL*Delay 23462

~ Stream +  TL + Delay 23489

~ TL*Delay + Stream(PCA1 + PCA2 + PCA3) 23819

~ Stream +  TL*Delay + Sex*TL + Sex*Delay 5626

~ Stream +  TL*Delay + Sex*TL 5637

~ Stream +  TL*Delay + Sex 5649

~ Stream +  TL*Delay 5754

Tag 

detection on 

a one-pass 

tracking ♀♂

Alll potential 

detection 

Detected tags

Fish present 

in the stream

♀♂

Detected 

recapture fish

♀♂

Recapture 

fish

♀♂

♀♂

Model 1: Fish detection efficiency

Model 2: Tag loss 

Model 3: Escape response at detection of living fish

Model 4: In-situ  survival (Escape response at detection of all detected tags)

Model 5: Tag detection

Tag 

detection on 

a one-pass 

tracking

Tag loss at 

recapture

Escape after 

detection

Escape after 

detection

Table



ΔAIC d.f. P R² McFadden

0 1041 < 10E-10 0.11

0.3 1040 < 10E-10 0.11

26.0 1051 < 10E-10 0.08

26.0 1053 < 10E-10 0.08

24.1 1054 < 10E-10 0.08

0.0 427 < 10E-4 0.15

6.0 429 < 10E-4 0.13

7.3 428 0.002 0.13

0 1435 < 10E-10 0.07

1.0 1434 < 10E-10 0.08

0 653 < 10E-5 0.16

1.7 652 < 10E-5 0.16

1.8 652 < 10E-5 0.16

0 404

12.7 403 0.5 0.001

14.4 402 0.7 0.002

0 131

1.5 130 0.5 0.004

1.8 128 0.3 0.04

0 7147 < 10E-10 0.06

1.6 7146 < 10E-10 0.06

2.0 7146 < 10E-10 0.06

2.5 7145 < 10E-10 0.06

0 1206 0.0002 0.10

3.2 1208 0.0004 0.09

2.4 1209 0.0004 0.09

0 33346 < 10E-10 0.05

27 33347 < 10E-10 0.05

358 33356 < 10E-10 0.03

0 8083 < 10E-10 0.08

11 8084 < 10E-10 0.08

23 8085 < 10E-10 0.08

128 8086 < 10E-10 0.06

Model 1: Fish detection efficiency

Model 2: Tag loss 

Model 3: Escape response at detection of living fish

Model 4: In-situ  survival (Escape response at detection of all detected tags)

Model 5: Tag detection



TABLE AND FIGURES CAPTIONS 

Table 1. Environmental data of 14 streams of the Lake Lucerne drainage where the study was 

carried out. Special habitats refers the proportion of stream bank with vegetation and undercut 

banks, and the proportion covered by terrestrial vegetation (Overhead cover). Flow regime 

describes the relative portion of the stream with slack deep water (pool), smoothly running 

water in shallow (shallow water) or deeper water (run), and fast running water in shallow water 

agitated by stones (riffle) or deeper water (fast run). Substrate composition describes the 

proportion of each type of substrate in the stream. PCA axes from 18 of environmental variables 

(see additional material: Table S3) ae reported. Model estimates of tracking efficiency, tag 

detection and in-situ survival are reported for each stream.  

Table 2. The results from candidate generalized logistic regression models. For each model, 

we report the two best fits (two lowest AIC), and all models with ΔAIC <2. Models are 

described by Aikake information criteria (AIC), ΔAIC (the difference between the model and 

the lowest AIC), degree of freedom (d.f.), associated p-values (P) and McFadden’s pseudo-R² 

(R²McFadden ). We report for each fit a secondary model selection, which includes sexed fish 

dataset (♀♂). Variables are categorical factors: streams, year, fish sex (Sex) and season (two 

levels: spawning season/summer), and continuous variables: fish length (TL), day-of-the-year 

of the day of tracking (DOY), stream temperature of the day of tracking (temperature), PCA 

axis of stream environmental variables (PCA1, PCA2, PCA3), fish condition factor (K) and 

time since tagging (Delay).  

Figure 1. Effect of total length (A), years (C) and temperature (D) on fish detection probability 

during a one-pass tracking from the best logistic regression, in Salmo trutta from the Lake 

Lucerne drainage. (B) shows the interactive effect of sex and fish length when adding sex in 

the prediction. Grey area (A,D) shows 95% confidence limits. (A,B,D) Bars (above) show 

Figure Captions



potential detection and histograms (below) show densities of detection. (C) Bars show show 

95% confidence intervals.  

 

Figure 2. (A) Main environmental variables of the PCA projection of the 14 streams where 

tracking was carried out. Size of dots show to the predicted probability from the best logistic 

regression on fish detection probability, for each stream denoted by colours (ranked by hue 

according to efficiency) (B). (C) shows correlation between stream effects and mean width.  

 

Figure 3. Effects of condition factor (A), total length (B) and sex (C) from the best logistic fit 

on probability of tag loss in Salmo trutta from the Lake Lucerne drainage. Grey area (A-B) and 

bars (C) show 95% confidence intervals. Bars (above A-B) show distribution of fish considered 

in the analysis and histograms (above A-B) show densities of tag loss.  

 

Figure 4. Logistic fit of probability of escape response of Salmo trutta at detection from all 

detected tags of (A-B). (A) shows the effect of time after tagging. (B) shows the interactive 

effect of fish length and sex on escape response, for all detected tags.  (C) Estimated proportion 

of ghost tags during tracking against time after tagging. Bars (above A-B) show distribution of 

fish considered in the analysis and histograms (below A-B) show densities of fish that moved 

after detection. Grey area (A) and bars (C) show 95% confidence intervals.  

 

Figure 5. Logistic fit of overall detection probability of all tags from resident Salmo trutta for 

a one-pass tracking. (A) shows the effect of time after tagging. (B) shows the interactive effect 

of fish length and time after tagging. (C) shows the interactive effect of sex and time after 



tagging on tag detection. (D) shows the interactive effect of sex and fish length on tag detection. 

Bars (below A, above B-D) show distribution of fish considered in the analysis and histograms 

(below A-D) show densities of tags that were detected. 

 

Figure 6. (A) Theoretical depletion curves of cumulated detected tags against number of 

tracking passes. Line colours denote different populations composed of tags with different 

probability of detection P (see legends). (B) Empirical depletion curves of tracking in 2020 in 

six streams (see colours). Curves were fitted with a three-parameter logistic function based on 

three passes in each stream. The asymptotic values of the fits are scaled to one for visualization.    
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2/18/2015 Dorfbach LU 52 0

8/31/2015 Dorfbach LU 79 12

10/6/2015 Dorfbach LU 23 1

11/30/2015 Dorfbach LU 2 7

3/17/2016 Dorfbach LU 31 3

10/17/2016 Dorfbach LU 4 2

2/21/2017 Dorfbach LU 77 2

3/8/2017 Dorfbach LU 16 1

11/16/2017 Dorfbach LU 3 2

2/15/2018 Dorfbach LU 58 0

3/8/2018 Dorfbach LU 12 0

3/14/2016 Giebelbächli North 83 0

11/21/2016 Giebelbächli North 4 3

2/20/2017 Giebelbächli North 80 9

3/9/2017 Giebelbächli North 26 1

2/16/2018 Giebelbächli North 65 8

3/9/2018 Giebelbächli North 35 0

12/14/2018 Giebelbächli North 0 1

3/14/2016 Giebelbächli South 75 0

2/20/2017 Giebelbächli South 83 1

3/9/2017 Giebelbächli South 28 3

11/20/2017 Giebelbächli South 5 0

2/16/2018 Giebelbächli South 44 5

3/9/2018 Giebelbächli South 48 0

11/20/2018 Giebelbächli South 0 2

12/14/2018 Giebelbächli South 0 3

2/20/2015 Giessen 16 0

3/5/2015 Giessen 53 0

3/13/2015 Giessen 9 0

8/17/2015 Giessen 21 3

9/4/2015 Giessen 43 2

10/15/2015 Giessen 11 2

11/17/2015 Giessen 11 12

12/10/2015 Giessen 0 5

2/16/2016 Giessen 34 9

3/1/2016 Giessen 27 3

3/9/2016 Giessen 7 0

11/14/2016 Giessen 0 1

12/12/2016 Giessen 1 2

2/7/2017 Giessen 73 1

2/24/2017 Giessen 58 1

11/13/2017 Giessen 2 4

12/11/2017 Giessen 1 2

2/5/2018 Giessen 12 0

2/6/2018 Giessen 95 1

2/9/2018 Giessen 12 0

2/12/2018 Giessen 13 0

Supporting information  e.g. additional data



2/14/2018 Giessen 10 0

2/16/2018 Giessen 10 0

2/19/2018 Giessen 13 0

2/20/2018 Giessen 13 0

2/22/2018 Giessen 73 11

2/23/2018 Giessen 12 0

2/26/2018 Giessen 20 0

2/27/2018 Giessen 13 0

2/28/2018 Giessen 10 0

3/2/2018 Giessen 12 0

3/6/2018 Giessen 12 0

3/7/2018 Giessen 12 0

11/13/2018 Giessen 5 6

12/11/2018 Giessen 0 1

2/18/2019 Giessen 122 1

3/4/2019 Giessen 107 5

3/12/2019 Giessen 160 0

11/21/2019 Giessen 0 2

2/14/2020 Giessen 76 0

2/24/2020 Giessen 27 0

3/4/2020 Giessen 28 0

2/26/2015 Klosterbach SZ 45 0

3/6/2015 Klosterbach SZ 53 0

8/20/2015 Klosterbach SZ 28 5

8/28/2015 Klosterbach SZ 48 15

10/8/2015 Klosterbach SZ 14 3

11/10/2015 Klosterbach SZ 1 10

12/4/2015 Klosterbach SZ 8 9

2/26/2016 Klosterbach SZ 56 0

3/3/2016 Klosterbach SZ 64 11

10/6/2016 Klosterbach SZ 2 3

11/7/2016 Klosterbach SZ 0 2

2/17/2017 Klosterbach SZ 41 4

3/7/2017 Klosterbach SZ 80 11

11/6/2017 Klosterbach SZ 3 5

12/4/2017 Klosterbach SZ 1 4

2/5/2018 Klosterbach SZ 12 0

2/6/2018 Klosterbach SZ 13 0

2/9/2018 Klosterbach SZ 12 0

2/12/2018 Klosterbach SZ 13 0

2/14/2018 Klosterbach SZ 74 4

2/16/2018 Klosterbach SZ 10 0

2/19/2018 Klosterbach SZ 13 0

2/20/2018 Klosterbach SZ 13 0

2/22/2018 Klosterbach SZ 13 0

2/23/2018 Klosterbach SZ 12 0

2/26/2018 Klosterbach SZ 20 0



2/27/2018 Klosterbach SZ 13 0

2/28/2018 Klosterbach SZ 10 0

3/2/2018 Klosterbach SZ 12 0

3/5/2018 Klosterbach SZ 99 7

3/6/2018 Klosterbach SZ 12 0

3/7/2018 Klosterbach SZ 12 0

11/21/2018 Klosterbach SZ 7 12

12/6/2018 Klosterbach SZ 1 10

2/8/2019 Klosterbach SZ 123 4

2/26/2019 Klosterbach SZ 107 6

3/8/2019 Klosterbach SZ 160 0

11/14/2019 Klosterbach SZ 9 0

12/11/2019 Klosterbach SZ 0 9

2/17/2020 Klosterbach SZ 77 2

3/2/2020 Klosterbach SZ 77 7

2/20/2015 Klosterbach UR 62 0

3/3/2015 Klosterbach UR 38 0

8/26/2015 Klosterbach UR 33 3

9/4/2015 Klosterbach UR 28 4

10/13/2015 Klosterbach UR 3 3

11/9/2015 Klosterbach UR 3 5

12/1/2015 Klosterbach UR 3 3

2/17/2016 Klosterbach UR 36 4

3/9/2016 Klosterbach UR 26 3

3/11/2016 Klosterbach UR 41 3

10/14/2016 Klosterbach UR 0 2

11/15/2016 Klosterbach UR 1 2

12/13/2016 Klosterbach UR 1 5

2/13/2017 Klosterbach UR 141 3

11/14/2017 Klosterbach UR 1 6

12/15/2017 Klosterbach UR 1 3

2/20/2018 Klosterbach UR 34 2

3/6/2018 Klosterbach UR 59 1

3/7/2018 Klosterbach UR 32 0

11/6/2018 Klosterbach UR 2 11

12/7/2018 Klosterbach UR 1 4

2/11/2019 Klosterbach UR 89 3

2/28/2019 Klosterbach UR 169 2

11/12/2019 Klosterbach UR 0 3

12/9/2019 Klosterbach UR 1 0

2/18/2020 Klosterbach UR 60 0

3/9/2020 Klosterbach UR 95 3

2/16/2015 Lochrütibach 30 0

3/12/2015 Lochrütibach 55 0

8/27/2015 Lochrütibach 84 23

10/9/2015 Lochrütibach 25 30

11/11/2015 Lochrütibach 11 14



12/9/2015 Lochrütibach 12 26

2/23/2016 Lochrütibach 49 31

3/8/2016 Lochrütibach 52 12

10/7/2016 Lochrütibach 5 10

11/8/2016 Lochrütibach 3 3

12/6/2016 Lochrütibach 0 3

2/14/2017 Lochrütibach 48 7

3/2/2017 Lochrütibach 60 17

11/7/2017 Lochrütibach 8 14

12/5/2017 Lochrütibach 0 1

2/8/2018 Lochrütibach 68 13

3/12/2018 Lochrütibach 48 13

11/15/2018 Lochrütibach 1 3

12/13/2018 Lochrütibach 0 2

2/19/2015 N2 Entwässerungskanal 38 0

3/4/2015 N2 Entwässerungskanal 52 0

2/24/2016 N2 Entwässerungskanal 63 0

3/2/2016 N2 Entwässerungskanal 43 2

10/18/2016 N2 Entwässerungskanal 6 1

11/18/2016 N2 Entwässerungskanal 10 3

12/16/2016 N2 Entwässerungskanal 2 4

2/15/2017 N2 Entwässerungskanal 50 7

3/3/2017 N2 Entwässerungskanal 95 11

11/9/2017 N2 Entwässerungskanal 7 3

12/7/2017 N2 Entwässerungskanal 5 8

2/5/2018 N2 Entwässerungskanal 12 0

2/6/2018 N2 Entwässerungskanal 13 0

2/9/2018 N2 Entwässerungskanal 54 3

2/12/2018 N2 Entwässerungskanal 13 0

2/14/2018 N2 Entwässerungskanal 10 0

2/16/2018 N2 Entwässerungskanal 9 0

2/19/2018 N2 Entwässerungskanal 76 2

2/20/2018 N2 Entwässerungskanal 13 0

2/22/2018 N2 Entwässerungskanal 13 0

2/23/2018 N2 Entwässerungskanal 12 0

2/26/2018 N2 Entwässerungskanal 20 0

2/27/2018 N2 Entwässerungskanal 13 0

2/28/2018 N2 Entwässerungskanal 10 0

3/2/2018 N2 Entwässerungskanal 12 0

3/6/2018 N2 Entwässerungskanal 12 0

3/7/2018 N2 Entwässerungskanal 12 0

11/12/2018 N2 Entwässerungskanal 3 9

12/13/2018 N2 Entwässerungskanal 12 15

2/19/2019 N2 Entwässerungskanal 123 2

3/5/2019 N2 Entwässerungskanal 116 5

3/21/2019 N2 Entwässerungskanal 160 0

12/2/2019 N2 Entwässerungskanal 3 15



2/6/2020 N2 Entwässerungskanal 79 0

2/28/2020 N2 Entwässerungskanal 79 10

9/8/2015 Polenschachen 96 0

10/19/2015 Polenschachen 1 0

11/6/2015 Polenschachen 3 0

12/8/2015 Polenschachen 3 1

2/22/2016 Polenschachen 24 12

3/4/2016 Polenschachen 9 6

10/21/2016 Polenschachen 2 1

11/22/2016 Polenschachen 0 2

2/10/2017 Polenschachen 28 0

2/28/2017 Polenschachen 60 0

2/5/2018 Polenschachen 12 0

2/6/2018 Polenschachen 13 0

2/9/2018 Polenschachen 12 0

2/12/2018 Polenschachen 13 0

2/13/2018 Polenschachen 27 0

2/14/2018 Polenschachen 10 0

2/16/2018 Polenschachen 10 0

2/19/2018 Polenschachen 13 0

2/20/2018 Polenschachen 13 0

2/22/2018 Polenschachen 34 7

2/23/2018 Polenschachen 12 0

2/26/2018 Polenschachen 20 0

2/27/2018 Polenschachen 13 0

2/28/2018 Polenschachen 10 0

3/2/2018 Polenschachen 99 14

3/6/2018 Polenschachen 12 0

3/7/2018 Polenschachen 12 0

12/7/2018 Polenschachen 1 2

2/21/2019 Polenschachen 36 0

3/8/2019 Polenschachen 6 0

3/15/2019 Polenschachen 160 0

2/19/2015 Rosstränkekanal 39 0

3/4/2015 Rosstränkekanal 46 0

2/24/2016 Rosstränkekanal 36 1

3/2/2016 Rosstränkekanal 11 3

3/10/2016 Rosstränkekanal 16 0

2/15/2017 Rosstränkekanal 26 7

3/3/2017 Rosstränkekanal 31 0

2/9/2018 Rosstränkekanal 20 6

2/19/2018 Rosstränkekanal 32 7

2/11/2015 Scheidgraben 51 0

2/27/2015 Scheidgraben 52 0

8/24/2015 Scheidgraben 92 3

10/12/2015 Scheidgraben 7 0

11/19/2015 Scheidgraben 5 10



12/7/2015 Scheidgraben 1 10

2/23/2016 Scheidgraben 84 6

3/8/2016 Scheidgraben 51 4

10/7/2016 Scheidgraben 0 2

11/8/2016 Scheidgraben 2 4

12/6/2016 Scheidgraben 0 4

2/14/2017 Scheidgraben 81 5

3/2/2017 Scheidgraben 70 7

11/7/2017 Scheidgraben 7 12

12/5/2017 Scheidgraben 0 2

2/8/2018 Scheidgraben 84 3

3/12/2018 Scheidgraben 67 4

11/15/2018 Scheidgraben 6 9

2/12/2019 Scheidgraben 127 3

2/27/2019 Scheidgraben 147 5

11/15/2019 Scheidgraben 1 11

2/28/2020 Scheidgraben 63 4

2/6/2020 Scheidgraben 80 6

2/17/2015 Schützenbrunnen 30 0

3/5/2015 Schützenbrunnen 35 0

3/13/2015 Schützenbrunnen 24 0

8/21/2015 Schützenbrunnen 18 4

9/1/2015 Schützenbrunnen 54 1

10/19/2015 Schützenbrunnen 5 2

11/16/2015 Schützenbrunnen 3 7

12/14/2015 Schützenbrunnen 2 4

2/19/2016 Schützenbrunnen 50 6

3/4/2016 Schützenbrunnen 84 16

10/21/2016 Schützenbrunnen 13 4

11/22/2016 Schützenbrunnen 16 1

2/10/2017 Schützenbrunnen 64 2

2/28/2017 Schützenbrunnen 102 2

11/21/2017 Schützenbrunnen 3 4

12/18/2017 Schützenbrunnen 1 0

2/5/2018 Schützenbrunnen 12 0

2/6/2018 Schützenbrunnen 13 0

2/9/2018 Schützenbrunnen 12 0

2/12/2018 Schützenbrunnen 13 0

2/13/2018 Schützenbrunnen 51 1

2/14/2018 Schützenbrunnen 10 0

2/16/2018 Schützenbrunnen 10 0

2/19/2018 Schützenbrunnen 13 0

2/20/2018 Schützenbrunnen 13 0

2/22/2018 Schützenbrunnen 13 0

2/23/2018 Schützenbrunnen 75 7

2/26/2018 Schützenbrunnen 20 0

2/27/2018 Schützenbrunnen 13 0



2/28/2018 Schützenbrunnen 10 0

3/2/2018 Schützenbrunnen 12 0

3/6/2018 Schützenbrunnen 12 0

3/7/2018 Schützenbrunnen 12 0

11/22/2018 Schützenbrunnen 0 9

12/4/2018 Schützenbrunnen 3 5

2/21/2019 Schützenbrunnen 64 0

3/7/2019 Schützenbrunnen 115 3

3/21/2019 Schützenbrunnen 160 0

11/25/2019 Schützenbrunnen 1 3

2/19/2020 Schützenbrunnen 56 1

3/4/2020 Schützenbrunnen 78 2

2/25/2015 Steinibach 75 0

3/11/2015 Steinibach 41 0

3/17/2016 Steinibach 89 0

3/8/2017 Steinibach 45 5

2/15/2018 Steinibach 73 3

2/18/2015 Würzenbach 30 0

3/11/2015 Würzenbach 61 0

8/18/2015 Würzenbach 70 13

10/6/2015 Würzenbach 3 23

11/5/2015 Würzenbach 2 3

11/30/2015 Würzenbach 5 9

2/15/2016 Würzenbach 15 18

2/29/2016 Würzenbach 44 20

10/10/2016 Würzenbach 1 3

11/10/2016 Würzenbach 8 4

12/7/2016 Würzenbach 1 4

2/6/2017 Würzenbach 71 10

2/22/2017 Würzenbach 11 2

3/10/2017 Würzenbach 27 10

11/10/2017 Würzenbach 0 4

12/6/2017 Würzenbach 1 1

2/7/2018 Würzenbach 25 7

2/21/2018 Würzenbach 33 7

2/22/2018 Würzenbach 0 2

11/19/2018 Würzenbach 1 5

12/17/2018 Würzenbach 0 2

2/15/2016 Würzenbach reference 59 0

2/29/2016 Würzenbach reference 71 0

10/10/2016 Würzenbach reference 12 4

12/7/2016 Würzenbach reference 1 1

2/6/2017 Würzenbach reference 61 0

2/22/2017 Würzenbach reference 124 4

11/10/2017 Würzenbach reference 2 1

12/6/2017 Würzenbach reference 2 7

2/7/2018 Würzenbach reference 22 12



2/21/2018 Würzenbach reference 62 0

11/19/2018 Würzenbach reference 0 1

12/17/2018 Würzenbach reference 1 0

2/23/2015 Alpbach 39 0

3/9/2015 Alpbach 25 0

2/14/2020 Dorfbach 41 9

2/24/2020 Dorfbach 45 8

2/17/2015 Dorfbach UR 30 0

3/3/2015 Dorfbach UR 4 0

3/13/2015 Dorfbach UR 26 0

8/17/2015 Dorfbach UR 5 0

8/26/2015 Dorfbach UR 4 1

9/7/2015 Dorfbach UR 28 7

10/15/2015 Dorfbach UR 5 6

11/17/2015 Dorfbach UR 8 6

12/10/2015 Dorfbach UR 5 8

2/16/2016 Dorfbach UR 29 6

3/1/2016 Dorfbach UR 28 6

10/13/2016 Dorfbach UR 3 3

11/14/2016 Dorfbach UR 1 0

12/12/2016 Dorfbach UR 0 2

2/7/2017 Dorfbach UR 78 3

2/23/2017 Dorfbach UR 39 3

11/13/2017 Dorfbach UR 4 6

12/11/2017 Dorfbach UR 4 6

2/5/2018 Dorfbach UR 12 0

2/6/2018 Dorfbach UR 55 6

2/9/2018 Dorfbach UR 12 0

2/12/2018 Dorfbach UR 13 0

2/14/2018 Dorfbach UR 10 0

2/16/2018 Dorfbach UR 11 0

2/19/2018 Dorfbach UR 13 0

2/20/2018 Dorfbach UR 13 0

2/22/2018 Dorfbach UR 33 9

2/23/2018 Dorfbach UR 12 0

2/26/2018 Dorfbach UR 20 0

2/27/2018 Dorfbach UR 13 0

2/28/2018 Dorfbach UR 10 0

3/2/2018 Dorfbach UR 12 0

3/6/2018 Dorfbach UR 53 12

3/7/2018 Dorfbach UR 12 0

11/13/2018 Dorfbach UR 10 11

12/11/2018 Dorfbach UR 0 3

2/22/2019 Dorfbach UR 37 9

3/8/2019 Dorfbach UR 22 3

3/12/2019 Dorfbach UR 140 0

11/21/2019 Dorfbach UR 4 9



11/11/2015 Engelberger Aa 8 0

11/13/2018 Engelberger Aa 2 0

11/16/2018 Engelberger Aa 2 0

11/22/2018 Engelberger Aa 1 1

2/22/2016 Eyreussli 18 0

3/15/2016 Färndlibach 69 0

2/24/2015 Gangbach 39 0

3/9/2015 Gangbach 44 0

8/25/2015 Gangbach 20 2

9/1/2015 Gangbach 50 5

10/16/2015 Gangbach 7 3

11/13/2015 Gangbach 4 8

12/3/2015 Gangbach 11 9

2/18/2016 Gangbach 34 9

3/7/2016 Gangbach 69 14

10/11/2016 Gangbach 2 4

12/9/2016 Gangbach 0 1

2/8/2017 Gangbach 77 4

2/23/2017 Gangbach 35 0

11/3/2017 Gangbach 3 2

2/5/2018 Gangbach 12 0

2/6/2018 Gangbach 13 0

2/9/2018 Gangbach 12 0

2/12/2018 Gangbach 13 0

2/14/2018 Gangbach 10 0

2/16/2018 Gangbach 10 0

2/19/2018 Gangbach 13 0

2/20/2018 Gangbach 43 2

2/22/2018 Gangbach 13 0

2/23/2018 Gangbach 12 0

2/26/2018 Gangbach 20 0

2/27/2018 Gangbach 13 0

2/28/2018 Gangbach 10 0

3/2/2018 Gangbach 12 0

3/6/2018 Gangbach 12 0

3/7/2018 Gangbach 78 28

11/5/2018 Gangbach 2 4

12/3/2018 Gangbach 0 1

2/20/2019 Gangbach 50 3

3/6/2019 Gangbach 40 0

3/12/2019 Gangbach 160 0

11/25/2019 Gangbach 0 1

2/18/2020 Gangbach 81 2

2/27/2020 Gangbach 52 1

2/17/2016 Gangbach reference 67 0

12/9/2016 Gangbach reference 2 2

2/8/2017 Gangbach reference 52 5



10/5/2015 Kärstelenbach 12 0

11/6/2015 Kärstelenbach 10 0

12/8/2015 Kärstelenbach 2 3

10/4/2016 Kärstelenbach 3 0

11/4/2016 Kärstelenbach 1 3

11/16/2018 Kärstelenbach 3 0

2/26/2015 Leewasser 48 0

3/6/2015 Leewasser 35 0

8/20/2015 Leewasser 50 3

8/28/2015 Leewasser 24 1

10/8/2015 Leewasser 7 7

11/10/2015 Leewasser 3 4

12/4/2015 Leewasser 2 10

2/26/2016 Leewasser 49 11

3/3/2016 Leewasser 44 0

10/6/2016 Leewasser 5 0

11/7/2016 Leewasser 3 0

12/5/2016 Leewasser 0 3

2/17/2017 Leewasser 67 3

3/7/2017 Leewasser 79 1

11/6/2017 Leewasser 1 2

11/20/2017 Leewasser 0 1

2/5/2018 Leewasser 24 0

2/6/2018 Leewasser 13 0

2/12/2018 Leewasser 13 0

2/14/2018 Leewasser 69 3

2/16/2018 Leewasser 10 0

2/19/2018 Leewasser 13 0

2/20/2018 Leewasser 13 0

2/22/2018 Leewasser 13 0

2/23/2018 Leewasser 12 0

2/26/2018 Leewasser 20 0

2/27/2018 Leewasser 13 0

2/28/2018 Leewasser 10 0

3/2/2018 Leewasser 12 0

3/5/2018 Leewasser 74 6

3/6/2018 Leewasser 12 0

3/7/2018 Leewasser 12 0

11/21/2018 Leewasser 1 1

12/6/2018 Leewasser 4 6

2/13/2019 Leewasser 141 1

2/25/2019 Leewasser 112 2

2/26/2019 Leewasser 160 0

11/14/2019 Leewasser 2 9

12/11/2019 Leewasser 1 3

2/17/2020 Leewasser 69 2

3/2/2020 Leewasser 83 4



2/11/2015 Mühlibach 18 0

2/16/2015 Mühlibach 14 0

2/27/2015 Mühlibach 8 0

3/12/2015 Mühlibach 24 0

3/16/2015 Mühlibach 50 0

9/3/2015 Mühlibach 45 7

10/12/2015 Mühlibach 2 7

11/19/2015 Mühlibach 0 9

12/7/2015 Mühlibach 2 6

2/25/2016 Mühlibach 95 9

3/10/2016 Mühlibach 59 6

10/18/2016 Mühlibach 4 5

11/18/2016 Mühlibach 1 2

12/16/2016 Mühlibach 0 2

2/16/2017 Mühlibach 98 5

3/6/2017 Mühlibach 80 7

11/9/2017 Mühlibach 8 8

11/24/2017 Mühlibach 1 2

12/7/2017 Mühlibach 0 1

2/5/2018 Mühlibach 86 6

2/6/2018 Mühlibach 13 0

2/9/2018 Mühlibach 12 0

2/12/2018 Mühlibach 13 0

2/14/2018 Mühlibach 11 0

2/16/2018 Mühlibach 10 0

2/19/2018 Mühlibach 13 0

2/20/2018 Mühlibach 13 0

2/22/2018 Mühlibach 13 0

2/23/2018 Mühlibach 12 0

2/26/2018 Mühlibach 20 0

2/27/2018 Mühlibach 13 0

2/28/2018 Mühlibach 10 0

3/2/2018 Mühlibach 12 0

3/6/2018 Mühlibach 12 0

3/7/2018 Mühlibach 12 0

3/14/2018 Mühlibach 89 23

11/12/2018 Mühlibach 8 9

12/10/2018 Mühlibach 1 8

12/11/2015 Muota 36 0

11/15/2016 Muota 0 1

12/14/2018 Muota 0 1

2/16/2015 Obbürgenbach 13 0

10/13/2015 Palangenbach 7 1

11/16/2015 Palangenbach 10 4

12/1/2015 Palangenbach 0 3

2/25/2015 Schlimbach 59 0

3/18/2016 Schlimbach 39 0



10/17/2016 Schlimbach 1 0

2/21/2017 Schlimbach 15 0

3/8/2017 Schlimbach 17 10

3/10/2017 Schlimbach 16 1

3/17/2016 Schlundbach 43 1

3/18/2016 Schlundbach 30 1

11/17/2016 Schlundbach 0 9

12/21/2016 Schlundbach 0 1

2/21/2017 Schlundbach 27 2

3/8/2017 Schlundbach 12 8

11/16/2017 Schlundbach 2 4

3/8/2018 Schlundbach 46 4

2/24/2015 Stille Reuss 43 0

3/10/2015 Stille Reuss 66 0

8/25/2015 Stille Reuss 38 4

9/2/2015 Stille Reuss 9 1

10/24/2015 Stille Reuss 0 1

2/18/2016 Stille Reuss 78 0

10/13/2016 Stille Reuss 3 0

10/29/2016 Stille Reuss 2 0

11/11/2016 Stille Reuss 7 2

12/1/2016 Stille Reuss 0 1

2/9/2017 Stille Reuss 70 1

2/27/2017 Stille Reuss 45 0

11/11/2017 Stille Reuss 0 7

11/30/2017 Stille Reuss 0 3

2/13/2018 Stille Reuss 59 2

3/1/2018 Stille Reuss 81 1

11/3/2018 Stille Reuss 0 1

11/16/2018 Stille Reuss 1 1

2/20/2019 Stille Reuss 92 4

3/6/2019 Stille Reuss 59 0

2/13/2020 Stille Reuss 66 2

2/19/2020 Stille Reuss 39 0

3/7/2016 Stille Reuss 50 5

10/5/2015 Urner Reuss 6 0

11/17/2017 Urner Reuss 1 0

2/23/2015 Walenbrunnen 46 0

3/10/2015 Walenbrunnen 52 0

8/21/2015 Walenbrunnen 54 0

9/2/2015 Walenbrunnen 48 1

10/16/2015 Walenbrunnen 6 3

11/13/2015 Walenbrunnen 5 2

12/3/2015 Walenbrunnen 1 6

2/19/2016 Walenbrunnen 30 4

3/11/2016 Walenbrunnen 81 4

10/3/2016 Walenbrunnen 1 1



11/3/2016 Walenbrunnen 1 2

2/9/2017 Walenbrunnen 53 0

2/27/2017 Walenbrunnen 70 0

11/2/2017 Walenbrunnen 5 1

2/6/2018 Walenbrunnen 13 0

2/9/2018 Walenbrunnen 24 0

2/12/2018 Walenbrunnen 13 0

2/13/2018 Walenbrunnen 34 0

2/14/2018 Walenbrunnen 10 0

2/16/2018 Walenbrunnen 10 0

2/19/2018 Walenbrunnen 13 0

2/20/2018 Walenbrunnen 13 0

2/22/2018 Walenbrunnen 13 0

2/23/2018 Walenbrunnen 12 0

2/26/2018 Walenbrunnen 20 0

2/27/2018 Walenbrunnen 13 0

2/28/2018 Walenbrunnen 10 0

3/1/2018 Walenbrunnen 58 5

3/2/2018 Walenbrunnen 43 0

3/6/2018 Walenbrunnen 12 0

3/7/2018 Walenbrunnen 12 0

11/5/2018 Walenbrunnen 5 2

12/3/2018 Walenbrunnen 1 1

2/15/2019 Walenbrunnen 82 0

2/22/2019 Walenbrunnen 19 0

3/1/2019 Walenbrunnen 145 0

3/15/2019 Walenbrunnen 160 0

2/13/2020 Walenbrunnen 63 2

2/27/2020 Walenbrunnen 66 1

11/8/2019 Walenbrunnen 0 3
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Streams where tracking with mobile antenna was carried out



2
/2

2
/2

0
1

6

3
/4

/2
0

1
6

1
0

/2
1

/2
0

1
6

1
1

/2
2

/2
0

1
6

2
/1

0
/2

0
1

7

2
/2

8
/2

0
1

7

2
/5

/2
0

1
8

2
/6

/2
0

1
8

2
/9

/2
0

1
8

2
/1

2
/2

0
1

8

2
/1

3
/2

0
1

8

2
/1

4
/2

0
1

8

2
/1

6
/2

0
1

8

2
/1

9
/2

0
1

8

2
/2

0
/2

0
1

8

2
/2

2
/2

0
1

8

2
/2

3
/2

0
1

8

2
/2

6
/2

0
1

8

2
/2

7
/2

0
1

8

2
/2

8
/2

0
1

8

3
/2

/2
0

1
8

3
/6

/2
0

1
8

3
/7

/2
0

1
8

1
2

/7
/2

0
1

8

2
/2

1
/2

0
1

9

3
/8

/2
0

1
9

3
/1

5
/2

0
1

9

2
/1

9
/2

0
1

5

3
/4

/2
0

1
5

2
/2

4
/2

0
1

6

3
/2

/2
0

1
6

3
/1

0
/2

0
1

6

2
/1

5
/2

0
1

7

3
/3

/2
0

1
7

2
/9

/2
0

1
8

2
/1

9
/2

0
1

8

2
/1

1
/2

0
1

5

2
/2

7
/2

0
1

5

8
/2

4
/2

0
1

5

1
0

/1
2

/2
0

1
5

1
1

/1
9

/2
0

1
5

1
2

/7
/2

0
1

5

2
/2

3
/2

0
1

6

3
/8

/2
0

1
6

1
0

/7
/2

0
1

6

1
1

/8
/2

0
1

6

1
2

/6
/2

0
1

6

2
/1

4
/2

0
1

7

3
/2

/2
0

1
7

1
1

/7
/2

0
1

7

2
4

9 2 0 2
8

6
0

1
2

1
3

1
2

1
3

2
7

1
0

1
0

1
3

1
3

3
4

1
2

2
0

1
3

1
0

9
9

1
2

1
2

1 3
6

6 1
6

0

3
9

4
6

3
6

1
1

1
6

2
6

3
1

2
0

3
2

5
1

5
2

9
2

7 5 1 8
4

5
1

0 2 0 8
1

7
0

7

1
2

6 1 2 0 0 0 0 0 0 0 0 0 0 0 7 0 0 0 0 1
4

0 0 2 0 0 0 0 0 1 3 0 7 0 6 7 0 0 3 0 1
0

1
0

6 4 2 4 4 5 7 1
2

Polenschachen Rosstränkekanal Scheidgraben

Streams where tracking with mobile antenna was carried out
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Streams where tracking with mobile antenna was carried out
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Streams where tracking with mobile antenna was carried out
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TOTAL

6427

1089

464



Variable PC1 PC2 PC3

Total length 0.18 0.41 -0.18

Width (mean) -0.27 0.03 -0.02

Depth (mean) -0.39 -0.10 -0.03

Depth (maximum) -0.30 -0.08 -0.28

Overhead cover (%) 0.30 -0.16 -0.33

Vegetation -0.33 0.16 -0.02

Undercut bank (%) -0.09 -0.31 -0.17

Mud -0.35 0.24 -0.16

Sand 0.07 -0.42 -0.17

Gravel 0.07 0.22 0.39

Pebble 0.22 -0.15 -0.07

Cobble 0.00 0.34 0.03

Large stone 0.21 0.00 0.21

Riffle 0.33 0.22 -0.12

Run 0.02 -0.11 -0.35

Fast run -0.21 -0.12 0.47

Pool 0.12 0.29 -0.20

Shallow water -0.22 0.29 -0.32

Physical 

Special 

features

Substrate

Flowing 

regime

Supporting information  e.g. additional data



SUPPLEMENTARY TABLE CAPTIONS 1 

Table S1. Summary of tagging data collection of Salmon trutta in streams of the Lake Lucerne 2 

drainage. The collection includes juvenile fish and resident adults (fish >250 mm that do not 3 

show a lacustrine phenotype), meaning that none of the fish had migrated to the lake prior to 4 

tagging. The collection comprised 14 streams in which PIT-tag mobile antenna tracking was 5 

carried out, and 18 other streams, which were only used in this study for modelling tag loss at 6 

recapture.  7 

Table S2. Summary of tracking data collection of Salmon trutta from 14 streams in the Lake 8 

Lucerne drainage. For each pass, we reported the number of individual tags detected, the 9 

number of resident fish recaptured in a one-year period after the tracking and the number of 10 

them that were detected during the tracking.  11 

Table S3. Three main vector compositions of the principal component analysis (PCA) of the 12 

environmental data from 14 streams in the lake Lucerne drainage where the study was carried 13 

out. We performed the PCA on 18 environmental variables (see Methods and Table 1).  14 

Supporting information  e.g. additional data


