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Abstract 
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Abstract 

Positioning telemetry offers a broad range of opportunities to study fine-scale 

movement of aquatic animals but also poses challenges in data processing and analyzes. 

Therefore, a better understanding of the underlying technology and knowledge of the 

strengths and limitations of applied telemetry systems are required. A wireless acoustic-

telemetry system consisting of 20 receiver stations was installed in a natural lake. 155 

stationary tests were conducted to assess performance of processing software (e.g. two 

options of partial symbol reconstruction, PSR) and performance in four differently structured 

habitats: pelagic, emerged macrophytes, submerged macrophytes and sublitoral. Preliminary 

acoustic-telemetry tracking data of pike were evaluated and an effect of the transmitter on 

daily increment of pike was assessed. Processing data without PSR yielded significantly 

greatest accuracy (AC; 21.1 ± 23.7 m) and precision (PR; 48.9 ± 33.3 m). Applying a 

Hidden Markov Model significantly improved AC (7.1 ± 15.2 m) and PR (5.1 ± 14.1 m). 

Highest position solution (PS) was achieved in the pelagic (69.3 ± 19.7%) with significantly 

better AC (2.2 ± 2.4 m) and PR (1.5 ± 5.1 m) than in other habitats. Lowest AC (20.8 

± 22.4 m), PR (20.5 ± 28.5 m) and PS (7.9 ± 13.8%) were achieved in emerged macrophytes. 

Performance in submerged macrophytes and the sublitoral was equal (AC: 7.7 ± 10.2 m vs. 

7.7 ± 18.9 m; PR: 4.4 ± 9.6 m vs. 4.2 ± 12.9 m) with significantly higher PS in the sublitoral 

(23.5 ± 29.6% vs. 57.5 ± 24.3%). Scattering in positions induced false movement in 

stationary tests (0.5 ± 0.9 m/min). Geometry and time synchronization of receiver stations 

also affected performance. Estimates of built-in depth sensors of transmitters were 

comparable to manual measurements. 18 moving tests yielded comparable results to 

stationary tests but moved distance was underestimated by 12 ± 15%. Movement data of 

pike were marked by periods of non-detection lasting up to several days. Radio-telemetry 

showed that pike were mostly inactive in complex habitat structures, thus justifying the 

assumption of pike being inactive in periods of non-detection in acoustic telemetry. Pike also 

displayed activity bursts when leaving complex habitats determined by radio-telemetry, thus 

terminating periods of non-detection in acoustic telemetry. A correction of pike movement 

estimates was therefore suggested and validated. Comparing daily increments of tagged and 

untagged pike, impaired growth was verified for tagged pike. These results suggest that 

wireless acoustic telemetry systems can be successfully applied in natural lakes, but data 

quality depends critically on the use of appropriate software, user settings and on habitat 

structure. 
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1 Introduction 

Various telemetry techniques (Lucas & Baras 2000; Rodgers 2001; Rogers & White 

2007; White & Garrott 1990; Winter 1992) provide prolific tools to test hypotheses in 

ethology and behavioral ecology of animals (Cooke et al. 2004; Ropert-Coudert & Wilson 

2005; Rutz & Hays 2009) under field conditions (Block 2005; Boyd et al. 2004; Kooyman 

2004). Moreover, they enable researchers to collect large quantities of data on an 

individual level (Metcalfe & Arnold 1997). Most research on fish ecology uses a 

mechanistic approach, focusing on laboratory experiments (Archard & Braithwaite 2010). 

Telemetry has the potential to change a complete ecosystem into a natural laboratory and 

offers the exciting opportunity of incorporating physiological data (review: Metcalfe et al. 

2012) obtained in the laboratory (e.g. Hasler et al. 2009a; Hasler et al. 2009b; O’Connor et 

al. 2010). In this way, telemetry pursues an interdisciplinary research approach (review: 

Cooke et al. 2008). As a result, telemetry-based data support a powerful synergy of science 

and technology, shaping research in the field of animal ecology (Cagnacci et al. 2010). 

Moreover, they facilitate the study of behavioral interactions between animals and their 

environments, referred to as movement ecology (Holden 2006; Nathan 2008). Nowadays, 

high resolution data on behavioral type dependent utilization of different habitats 

constitutes a key demand to recent research (Conrad et al. 2011) and can be achieved using 

the above described approaches. 

The use of telemetry technology to study fish movements dates back to the 1950s 

(e.g. Trefethen 1956; Johnson 1957) and the first conceptions of diving depth recording 

devices for marine mammals even date back to 1939 (review: Kooyman 2007). Since then,  

telemetry technology has made significant progress, particularly in miniaturization since 

microprocessors evolved and gained wide application in aquatic sciences in the 1980's 

(Kooyman 2004; Ponganis 2007). A broad range of telemetry technologies or techniques, 

such as biotelemetry (review: Cooke et al. 2004), biologging (review: Naito 2004) or 

accelerometry (e.g. Payne et al. 2011) have been applied during the last decades. For 

instance, telemetry technology in fisheries science has been used in large scale migratory 

studies (e.g. Breteler et al. 2007; Breukelaar et al. 2009) and to derive abundance estimates 

of fish populations (review: Pine et al. 2003). Telemetry has also been used to assess the 

behavior of freshwater fish (e.g. Donaldson et al. 2008; Klefoth et al. 2008; Kobler et al. 

2008a) and of large marine vertebrates (e.g. Guttridge et al. 2010; Klimley et al. 2001; 

Voegeli et al. 2001). Additionally, telemetry has been applied in the development of 
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species conservation measures (e.g. Cooke 2008; McMichael et al. 2010) and also to 

optimize aquaculture keeping conditions (e.g. Rillahan et al. 2011; Rillahan et al. 2009). 

Telemetry techniques have thus offered many novel insights in animal ecology in various 

environments (Morales et al. 2010). 

During the last 15 years, the use of acoustic telemetry has steadily increased in the 

freshwater environment, currently constituting 36% of all telemetry studies on freshwater 

fishes (Cooke & Thorstad 2012). Traditionally, most studies using acoustic telemetry have 

been conducted in a marine environment (Block 2005; Boyd et al. 2004; Hooker et al. 

2007; Kooyman 1965; Kooyman 2004; Kooyman 2007; Naito 2010; Ponganis 2007; 

Ropert-Coudert & Wilson 2005). This is because of the larger body size of marine 

vertebrates, their better accessibility and their occurrence in large numbers (Ropert-

Coudert et al. 2009). In addition, the higher conductivity and depth of the marine 

environment attenuates radio signals and thus circumvents use of radio-telemetry (review: 

Cooke & Thorstad 2012). Radio signals are considered superior to acoustic signals in 

freshwater environments rich in aquatic vegetation, as acoustic signals are attenuated by 

macrophytes (Diana et al. 1977) and by gas bubbles resulting from photosynthesis of 

macrophytes (MacLennan & Simmonds 1992). Other biotic and abiotic factors such as 

noise induced by wind or boating are also known to attenuate acoustic signals (Hobday & 

Pincock 2012). Radio transmitters operate usually in the very high frequency band between 

30 and 300 MHz (Sisak & Lotimer 1998) whereas acoustic signals spread at frequencies 

typically ranging from 60 to 300 KHz (Lucas & Baras 2000). Because of the lower 

frequencies of radio transmitters they have substantially lower energy demands and thus 

smaller batteries than acoustic transmitters. This is a major advantage for long-term 

tracking studies since batteries account up to 80% of weight and 50% of volume of a 

transmitter (Winter 1992).  

Advantages of positioning telemetry using fixed receiver stations above manual 

tracking include tracking of multiple individuals simultaneously over multiple seasons, no 

boat disturbance and a lower labor intensity (Heupel et al. 2006). Furthermore, the tracking 

is independent of harsh environmental conditions, continuous human support and allows 

for tracking of animals in otherwise inaccessible habitats (Cooke 2008). The major 

disadvantage of fixed positioning telemetry systems are large start up costs and the 

subsequent demand for expensive devices often leading  to low sample sizes (Cooke 2008). 

Despite the wide utilization of telemetry techniques, there is often limited knowledge 

of the functionality and accuracy of the system and telemetry techniques are often used 
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before potential weaknesses are identified and accounted for (e.g. shown for Pop Up 

Satellite tags; Methling et al. 2011). Especially in acoustic telemetry technologies that 

allow 2-D positioning to assess fine-scale movements of animals in the freshwater 

environment, there is an apparent lack of studies assessing performance in standardized 

tests and in the field. To date, three major positioning systems stemming from different 

vendors, based on different technologies, have been described in greater detail in a few 

studies (Lotek Inc.: Baktoft et al. in preparation; Cooke et al. 2005; Cote et al. 1998; 

Niezgoda et al. 2002; Vemco: Espinoza et al. 2011; HTI: Bergé et al. 2012). In studies 

dealing with fish movement based on data yielded by positioning systems provided by 

Lotek Inc., sub-meter accuracy has been mentioned without conducting proper evaluations 

(e.g. Cote et al. 2003; Cote et al. 2002; Hasler et al. 2009a; Hasler et al. 2009b; Hasler et 

al. 2007; Hanson et al. 2008a; Hanson et al. 2008b; Hanson et al. 2007a; Hanson et al. 

2007b). Rather, those studies referred to theoretical values based on mathematical 

modeling (e.g. in Niezgoda et al. 2002). However, accuracy in the field might differ from 

accuracy under laboratory conditions or as specified by manufacturers (Tomkiewicz et al. 

2010). Therefore, standardized tests under field conditions are required (White & Garrott 

1990). Recent studies conducting such tests have not proofed sub-meter, but sub-decameter 

accuracies in different systems (HTI: Bergé et al. 2012; Vemco: Espinoza et al. 2011). 

Moreover, the newly introduced systems call for more sophisticated software to process 

the data and include multiple options of user setting. Bergé et al. (2012) showed that 

different user settings yielded different performance after positioning. These type of 

evaluations of proprietary software is unique, and utterly required (Heupel et al. 2008). 

Furthermore, collecting data using telemetry techniques leads to a fast accumulation of 

large and complex datasets which provides new challenges for handling and processing 

data (Block 2005). Challenges are also rooted in uncertainties in position estimates and the 

inherent autocorrelation of data. A potential statistical tool that can overcome those 

challenges are state space approaches such as Hidden Markov Models (Hooker et al. 

2007). 

In signal transmission, acoustic signals are known to be weakened by obstacles such 

as aquatic vegetation (Rogers 1998). Aquatic vegetation even totally attenuated signal 

reception in earlier studies (Pine et al. 2003; Zamora & Moreno-Amich 2002). Carol et al. 

(2007) reported a 77.9 % failure in positioning as well as a decrease in detection range to 

50 m due to littoral vegetation. The authors suggest that the aquatic vegetation is the cause 

of the lower performance of the system. For ecologists, however, the aquatic vegetation is 
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of prime importance because it strongly influences fish community dynamics (Casselman 

& Lewis 1996; Jacobsen & Perrow 1998; Weaver et al. 1997). Some fish species such as 

Northern pike can display a strong affiliation to aquatic vegetation throughout all life 

stages (Bry 1996; Chapman & Mackay 1984; Cook & Bergersen 1988; Eklov 1997; 

Grimm & Klinge 1996; Koed et al. 2006). And individual differences in habitat use might 

even be associated with differences in behavioral types (Kobler et al. 2009). Fish species 

are also known to have abundance shifts upon changes in the aquatic vegetation abundance 

(Durocher et al. 1984; Trebitz et al. 1997). Indeed, the aquatic vegetation plays a central 

role in shaping fish behavior and fish ecology. Therefore, it is surprising that to date there 

is no study assessing the performance of a telemetry system in differently structured 

habitats such as emerged or submerged macrophytes. 

Another challenge in analyzing movement data obtained by positioning systems and 

which stem from fish species that are bound to aquatic vegetation, is the inventory of such 

habitats. Habitat surveys are often guided on strict time limits rather than on assessment 

accuracy (Platts et al. 1983). However, because telemetry technology allows for 

quantification of fine-scale movements of fish, it is necessary to survey aquatic vegetation 

such as emerged and submerged macrophytes (Paukert et al. 2002) on a likewise detailed 

level (Montgomery et al. 2010). Mapping of structures which are almost inaccessible, such 

as submerged macrophytes in shallow lakes, can be conducted using hydro acoustics (Haga 

et al. 2007; Sabol et al. 2002; Spears et al. 2009; Winfield et al. 2007; Vis et al. 2003). 

When compared to traditional remote sensing tools such as aerial photography and satellite 

imagery interpretation (Ferguson & Korfmacher 1997; Schmieder 1997), echo sounding 

provides most accurate estimates of submerged aquatic vegetation (Vis et al. 2003), even 

comparable with estimates obtained by video recordings (Winfield et al. 2007). 

Bathymetry estimates derived from echo sounder profiles showed also an almost 100 % 

correlation to actual field measurements (Sabol et al. 2002).  

Movement data of animals carrying transmitter or markers might be biased when the 

fitness of the focal animal is affected (review: Jepsen et al. 2002). These effects are known 

to be condition and species-dependent. Studies have reported effects such as delayed 

wound healing (Bauer & Loupal 2007) for Common carp (Cyprinus carpio) or impeded 

growth (Frost et al. 2010) for Chinook salmon (Oncorhynchus tshawytscha). Long-term 

studies covering multiple years showed that Largemouth bass (Micropterus salmoides) 

were not affected (Caputo et al. 2009) whereas King penguins (Aptenodytes patagonicus) 

suffered from reduced survival and reproduction (Saraux et al. 2011). Even though the so-
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called “2%-rule” (transmitter weight in air divided by bodyweight) (review: Jepsen et al. 

2002) is often followed, potential fitness consequences can also stem from movement 

impairments of the device. Those might be an external antenna protruding the body cavity, 

the surgical implantation itself or even the acoustic sound emitted by the tag. 

The objective of this study was to determine the functionality of a 3-D wireless 

acoustic telemetry system installed in a small natural lake (25 ha), focusing on the 

performance of processing software and on performance in differently structured habitats. 

Further aims of this study were to present preliminary movement data of Northern pike and 

to elucidate a potential effect of implanted transmitters on pike growth. The four main 

hypotheses of this thesis are the following:  

 

Hypothesis 1: Different processing software yield different quantities and qualities of 

data. 

Hypothesis 2: Performance of the acoustic telemetry system is worse in complex 

habitat structures as compared to structure-free habitats. 

Hypothesis 3: Pike residing in complex habitat structures are inactive. Setting 

movement of pike in periods of non-detection will therefore provide an easy correction 

method for estimated pike movement. 

Hypothesis 4: Pike carrying surgically implanted transmitters grow slower than pike 

carrying no transmitters. 
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2 Materials and Methods 

2.1 Study site 

The study was conducted on “Kleiner Döllnsee” (N 52°59’32.1’’, E 13°34’46,5’’), a 

small natural lake with a glacial origin located in Eastern Germany, 60 km North-East of 

Berlin. The lake had till mid-2011 (i.e. during the observation period) no surface 

connection to any other water body since a natural inflow stream had dried out in 1995. 

Taken into account Secchi depth measurements, a mesotrophic to slightly eutrophic state 

of Kleiner Döllnsee has been indicated over the past decades [3.23 ± 0.37 m, range: 2.70 – 

4.00 m, between June and October 2010 (n = 18) and 3.5 m ± 0.7 m, range 2.15 – 4.40 m 

in 2005 (Klefoth 2007; Kobler et al. 2008a)]. Kleiner Döllnsee is part of a large nature 

conservation area (biosphere reserve Schorfheide-Chorin). Access to the public is 

restricted and fishing rights are leased to the Leibniz-Institute of Freshwater Ecology and 

Inland Fisheries, Berlin, since 1992. The fish population in Kleiner Döllnsee remained 

commercially unexploited and hook and line fishing was only applied for scientific 

purposes (Anwand & Helms 1995; Klefoth et al. 2011; Klefoth et al. 2008; Kobler et al. 

2009). 14 fish species (Table 1) were found in 2011 (using angling, electro-fishing and gill 

netting) in Kleiner Döllnsee with pike and perch being the most abundant top-predators 

(Klefoth 2007; Kobler 2007; Pagel 2009). 

 

Table 1: Fish species documented in Kleiner Döllnsee in 2011 
Fish species Estimated abundance 

Bleak Alburnus alburnus (L.) dominant 
Bream Abramis brama (L.) subdominant 
Carp Cyprinus carpio L. rare 

Crucian carp Carassius carassius (L.) rare 
Eel Anguilla anguilla (L.) rare 

European catfish Silurus glanis L. subdominant 
Perch Perca fluviatilis L. dominant 
Pike Esox lucius L. dominant 

Pike-perch Sander lucioperca (L.) rare 
Roach Rutilus rutilus (L.) dominant 
Ruffe Gymnocephalus cernuus (L.) rare 
Rudd Scardinius erythrophthalmus(L.) dominant 
Tench Tinca tinca (L.) dominant 

White bream Blicca bjoerkna (L.) rare 
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2.2 Habitat types and habitat mapping 

To estimate aquatic (submerged) vegetation and bathymetry and especially to provide 

potential correlates when analyzing telemetry-based movement data of tagged fish, a fine 

scale habitat mapping of submerged vegetation (encompassing a bathymetry mapping) was 

conducted in August 2010. 25 transects (Figure 1) were recorded using hydroacoustics 

(Simrad EY60 echo sounder, Norway) in combination with a DGPS (Trimble Navigation 

Limited, Westminster, USA) which automatically geo-referenced stored echograms (Sabol 

et al. 2002). Time of data collection in August was chosen as macrophyte growth was at its 

peak. Transects were recorded from North to South and vice versa and covered the whole 

lake extent which was determined by reed boundaries. Transects were recorded parallel to 

each other and perpendicularly to the longest shoreline with a mean spacing of 

26.56 m ± 12.31 (range: 0 – 59.58 m) between each transect, which is conform to 

recommendations from literature (Jäger et al. 2004; Valley et al. 2005). Single transects 

averaged 327 m ± 102 (range: 146 – 501 m) in length. Overall, 4278 positions were 

recorded in 25 transects covering the whole lake, with an average spacing of 1.89 ± 0.55 m 

(range: 0.32 – 9.00 m) between each position. 

 

Figure 1: 25 transects covered to record echo sounder profiles of Kleiner Döllnsee 
in August 2010 
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A Simrad EY60 split beam echo sounder was used and operated at a frequency of 

120 kHz. It was connected to an ES 120-7C circular composite transducer (nominal beam 

angle: 6.8°) which was centrally fixed in the vessel hull so that the transducer was hanging 

in 0.4 m water depth. Pulse length was set to 0.064 mS, pulse rate was 5 pings/s, power 

was set to 50 W, base threshold was -100 dB and minimum target size was -65 dB.  

A hand-held Trimble GeoXH DGPS receiver was used to record real-time SBAS 

(Satellite-Based Augmentation System) corrected positions based on EGNOS (European 

Geostationary Navigation Overlay Service). One position was recorded each second using 

Trimble TerraSyncTM software, allowing for a determination of DGPS recorded positions 

accuracies. Accuracy of positions averaged 1.0 ± 0.4 m and ranged from 0.6 to 2.8 m 

(n = 4278). 

All 25 echo sounder raw data profiles were consecutively imported into Sonar 5 pro 

(Balk & Lindem 2007) and processed using "macrophyte analysis". In a first step, the 

bottom (bathymetry) and submerged macrophyte heights were determined. Settings for the 

bottom detection were specified in the software's "macrophyte base detector" using the pre-

filter option (filter height: 1 sample; filter width: 15 pings), the post-filter option (filter 

height: 10 samples; filter width: 10 pings) and the option "Image analysis". Small targets 

with a minimum size of 5 pings were removed from the analysis. Further parameter 

settings were: Threshold: -20 dB, margin: 0.00 m, minimum range: 0.50 m and maximum 

range 10.00 m. The output of this procedure was a line defining the vertical location of the 

bottom (referred to as “bottom-line”; compare Figure 2, B). Settings for the detection of 

macrophyte heights were specified in the "macrophyte top detector" using the pre-filter 

option (filter height: 1 sample; filter width: 1 ping), the post-filter option (filter height: 6 

samples; filter width: 4 pings) and the option "Image analysis". Small targets with a 

minimum size of 5 pings were removed from the analysis. Further parameter settings were: 

Threshold: -40 dB, margin: 0.00 m, minimum range: 0.50 m and maximum range 10.00 m. 

The output of this procedure was a line defining macrophyte heights (referred to as 

“macrophyte-line”, compare Figure 2, B). All settings applied were obtained by “trial and 

error” in several trials and yielded the most accurate fit of the bottom and macrophyte 

height line to the corresponding bottom and macrophyte height as determined visually and 

shown in the echogram (Figure 2). However, both bottom- and macrophyte-lines had to be 

corrected manually (compare Figure 2, C). This arose predominantly due to disturbances 

caused by gas bubbles or fish which sometimes were misclassified as macrophytes, and 

due to dense macrophytes which sometimes were misclassified as bottom line. Therefore, a 
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manual adjustment of the bottom and top line was essential. As both lines covered the 

whole transect, the line defining macrophyte heights was also generated in areas without 

macrophytes and potentially overlapped there with the bottom line. As the overlapping of 

both lines in areas without macrophytes was not exactly precise, macrophyte heights lower 

than 0.05 m were excluded when exporting data from Sonar 5 pro to avoid macrophyte 

records in macrophyte-free areas. Based on the bottom and macrophyte height lines as well 

as the distance and elapsed time between consecutive positions, Sonar 5 pro offered the 

option to automatically calculate macrophyte percent volume inhabited (PVI) and 

biovolume for each ping within each transect (for details compare Balk & Lindem 2007). 

Accordingly, each recorded transect was exported in four separate ASCII files from Sonar 

5 pro, one containing information on depth, one on macrophyte height, one on PVI and one 

on macrophyte biovolume. 

The exported ASCII-files all contained location information (X and Y coordinates as 

recorded via DGPS) and, considering bathymetry, lake depth for each ping. As the echo 

sounder recorded five pings and the DGPS recorded only one position each second, 

multiple pings with different depth values were assigned the same position. Therefore, 

different depth values corresponding to the same position were unified in MS Excel by 

calculating their average. This procedure was applied for all four ASCII files. The resulting 

files were used for spatial interpolation in a Geographic Information System (GIS).  

Geographic Information Systems offer plenary toolset for processing spatial 

information such as distribution of submerged aquatic vegetation (Caloz & Collet 1997; 

Lehmann & Lachavanne 1997) ranging from polygon overlays (Janauer 1997) to 

application of more advanced interpolation techniques (Valley et al. 2005). To interpolate a 

map showing e.g. spatial distribution and height of submerged macrophytes, each transect 

was imported into ArcView 3.3 (ESRI, Redlands, California) and a point shape-file was 

created (for an introduction to ArcView compare De Graaf et al. 2003). This resulted in 25 

point shape files with information on macrophyte heights which were further processed in 

ArcMap 10.0 (ESRI, Redlands, California) and merged into one single point shape-file 

(ArcMap, Menu “Geoprocessing”, command “merge”). Based on this point shape-file 

which consisted of 4278 positions and covered the open water zone of the lake (20.56 ha), 

a raster map (Figure 4) was interpolated using ArcMap 10.0, Arc Toolbox, folder “Spatial 

Analyst Tools”, sub-folder “Interpolation” and the procedure “Kriging” (Childs 2004; 

Valley et al. 2005; www.esri.com n.d.) with a fixed search radius of 60 distance units, 

resulting in a raster resolution of 3.5 m² (one raster / pixel: 1.88 x 1.88 m). In this raster 
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map, each pixel contained one interpolated value for submerged macrophytes height. The 

same procedure was applied to generate raster maps showing bathymetry (Figure 3), 

macrophyte biovolume (not shown) and macrophyte percent volume inhabited (not 

shown). Only data on bathymetry and macrophyte heights and maps of those are used in 

this thesis. 

 

Figure 2: Sonar echogram representing a profile recorded by hydro acoustics at 
Kleiner Döllnsee. A: automatically processed macrophyte bottom-line (black, notice in the 
right upper part: dense macrophytes are misclassified as bottom); B: automatically 
processed macrophyte-line (red, notice in the middle part: gas bubbles are misclassified as 
macrophytes); C: manually corrected macrophyte bottom and top line which served as 
input for habitat map interpolation in ArcMap 
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Figure 3: Bathymetric map of Kleiner Döllnsee. Also shown are locations of depth 
measurements recorded in the field which were used to validate depth estimates obtained 
by interpolation in ArcGIS 

 

Figure 4: Habitat map of Kleiner Döllnsee showing the area inhabited by 
submerged macrophytes and their heights 
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To validate the bathymetric map, 36 depth measurements (shown in the bathymetric 

map, Figure 3) were conducted one month after the habitat mapping. Pearsons’s r (0.966; 

CI: 0.935 – 0-983; t = 22.01; df = 34; p < 0.001) indicated a strong correlation between 

interpolated depth estimates in ArcGIS with depth measurements recorded in the field 

(compare Figure 5). Submerged vegetation was unfortunately not evaluated after the 

habitat mapping. However, the strong correlation between depth estimates and 

measurements indicate also a high accuracy of the interpolated macrophyte heights 

estimates (visualized as habitat map showing heights of submerged macrophytes, compare 

Figure 4). 

Figure 5: Correlation between interpolated depth estimates in ArcGIS and depth 
measurements conducted in the field 

 

To determine the extent of the reed belt (which was not accessible for hydro 

acoustics), the inner boundary of the reed belt was tracked by boat and recorded with a 

DGPS in 2010. The outer boundary of the reed belt was recorded in 2005 (Klefoth 2007) 

and used in this study as water level changes were negligible between 2005 and September 

2010, when the calibration experiment was conducted. 

In August 2010, Kleiner Döllnsee covered an area of 25.77 ha and had a shore line 

length of 2205 m which corresponds to a shoreline development factor (SDF) of 1.2, 

indicating a regular shape. A SDF expresses irregularity of the shoreline compared to the 

lake's surface area, and was determined based on the formula SDF = S/(2√Aπ) where S = 
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length of the shoreline and A = area of the lake (Eckmann 1995). Mean depth of the open 

water area (i.e. without the reed belt) was found to be 5.0 m and maximal depth was found 

to be 7.6 m. When considering the whole lakes expansion (including the reed belt), mean 

depth has been reported to be approximately 4.1 m (Klefoth 2007). However, due to recent 

landscape management plans of the biosphere reserve, the water level in Kleiner Döllnsee 

continuously increased, starting in spring 2010, and leading to increasing values of mean- 

and maximal depths during the years 2011 and 2012. 

The reed belt covered 20.22 % (5.21 ha), submerged macrophytes covered 50.80 % 

(13.09 ha) and the pelagic zone without emerged or submerged vegetation covered 

28.52 % (7.35 ha) of the lakes surface in August 2010. Macrophyte species composition 

was not determined in 2010. However, as reported in Kobler et al. (2009), reed consisted in 

2005 mainly of Phragmites australis and submerged macrophytes consisted mainly of 

hornwort Ceratophyllum demersum. 

2.3 Characterization of the telemetry system 

A 3D wireless acoustic telemetry system (Lotek wireless Inc., Newmarket, Ontario, 

Canada) was installed in Kleiner Döllnsee in autumn 2009, consisting of 20 receiver 

stations (SDL – submersible data loggers; WHS 3050, MAP 600 technology, Lotek 

wireless Inc.; compare Figure 6. Data loggers were attached to a PVC-tube (Ø 7 cm) using 

a mooring bracket. The PVC-tube was put over a steel tube (Ø 5 cm) which was firmly 

driven into the lakes bottom (up to 3 m deep). The PVC-tube with attached data logger was 

gliding on the first 2 m of the steel tube, allowing for retrieval of the data logger. About 

2 m below water surface, the PVC tube was clicked into place so that the transducer (signal 

receiving part of the hydrophone) was placed 2 m below water surface. A depth of at least 

0.5 m below water surface was maintained for the upper end of each steel tube and hence 

data logger, to ensure protection of ice cover. The communication and power supply cables 

were secured by a rope to avoid cable damages when recovering the devices. Both cables 

and recovery ropes were attached to a self-made attachment construction (clip for cable 

and ropes, compare Figure 6) above the water surface during summer and all cables and 

ropes were fixed on the steel tube during winter to avoid damages when the lake was ice-

covered. 
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Figure 6: Schematic setup of a receiver station installed at Kleiner Döllnsee. Size 
proportions of the submersible data logger, the external battery pack and the arm (shown in 
the picture at the top) are approximately sound 

 

Data loggers used in this study were unattended, self-contained units consisting of 

various elements: an integrated omni-directional hydrophone, i.e. a sensitive microphone 

which is capable of receiving acoustic sound in water (MacLennan & Simmonds 1992); 

MAP 600 technology (Lotek Inc.); a 2 GB memory flash card for data storage; a RS-422 

serial communication cable; both an external alkaline battery (12 V; 150 Ah; lifetime: 12 a; 

load cycle 4 – 5 weeks; AGM; R Power; a self-made construction used for year-round 

power supply) and an internal alkaline battery (Lotek PN: WHBP_119PAL; served as 

backup in case of external battery failure and during external battery changes). MAP 

technology (Lotek Inc.) consists of configurable modules and embedded software 

functions allowing for detection of a high number of transmitters in a high noise 



Materials and Methods 

15 
 

environment (Cote et al. 1998). Each time an acoustic signal was received by the 

hydrophone of a data logger, the transmitter ID, a time-stamp (time-of-arrival information, 

based on the internal clock of the receiving data logger) and received amplitude were 

stored (Niezgoda et al. 2002) in a binary data file on the built-in flash card within the data 

logger. 

2.3.1 Transmitter characterization 

Three different types of combined acoustic and radio transmitters (CARTs) were 

employed (CH-TP Lotek Inc., MAP acoustic coding, Table 2), each encompassing 

identical technology and differing only in battery life expectancy and thus size. All 

transmitter types were equipped with both a temperature sensor and a pressure sensor. 

Each emitted acoustic signal contained the individual tag ID and alternately either 

temperature or pressure information. Acoustic signals were coded digitally and consisted 

of three pulsed binary codes (Rodgers 2001), i.e. three 64 bit sequences (Van Den Tillaart, 

Lotek Inc., pers. comm.), of which each consisted of the same information. This digital 

coding scheme is referred to as “coded division multiple access” (CDMA; e.g. Cooke et al. 

2005) and enables the receiver stations to discern up to hundreds of digitally coded signals 

in a high noise environment at a time, thus solving the problem of code collisions which 

are considered a major sample limiting factor when using other coding schemes (e.g. Bergé 

et al. 2012; Espinoza et al. 2011) or devices such as electronic transmitters (e.g. Lucas & 

Baras 2000; Niezgoda et al. 2002; Rodgers 2001). Coded acoustic signals were emitted 

with a frequency of 200 kHz and with a burst rate of 9.2 s – 18.4 s (mean: 12.27 s, ~ 5 

bursts per minute, up to 293 signals per hour). Radio signals were emitted with a burst rate 

of 27.6 s (~ 2 bursts per minute) and were not relevant for the evaluation of the acoustic 

part of the telemetry system conducted here. However, all transmitters employed had a 

20 cm plastic-coated antenna (Ø 1.5 mm) to allow for transmission of radio-signals, which 

will be further discussed when assessing a potential impact of transmitters on growth or 

behavior of pike.  

 

Table 2: Specifications of transmitters applied in Kleiner Döllnsee 
Type Size (mm) Air weight 

(g) 
Water 

weight (g) 
Calculated 

life (d) 
Warranted 

life (d) 
CH-TP-11-25 11 x 65 12 6 323 259 
CH-TP-16-25 16 x 55 26 15 725 601 
CH-TP-16-33 16 x 63 32 18 1025 820 
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2.3.2 Data download 

Data stored on the data loggers were downloaded every four to six weeks. A 

notebook (DELL, Latitude, E6400 XFR) was placed centrally in a boat which was 

anchored next to each receiver station. A connection between notebook and data logger 

was established using a RS-422 serial communication cable including a USB to RS-422 

converter. Communication between the notebook and the data logger was established using 

manufacturer supplied software (MapHost V4, Lotek) which allowed for configuration of 

the data logger and for data download. Data were downloaded and stored as binary data 

files on a common 2 GB flash card. Each time a data download was performed, internal 

clocks of the data loggers were updated and synchronized based on Greenwich Mean Time 

(GMT). 

2.3.3 The overall process (i – ix) of positioning and data processing 

The whole process of (post-) processing telemetry data after downloading data from 

receiver stations is shown in a flow chart in Figure 7 and consists of several steps. Each of 

these steps will be briefly described here for an overview and successively described in 

detail in the section “Details on the process of positioning and data processing”. Before 

that, overall principles of positioning and time synchronization in a wireless telemetry 

system and the sub-array structure required in Kleiner Döllnsee will be elucidated for a 

better understanding of the positioning procedures and the telemetry system as a whole. 

i. 20 receiver stations yielded 20 binary data files after data-downloads. Positioning 

was conducted using manufacturer supplied positioning software (Asynchronous 

Local Positioning System, ALPS, V2.22), using those files.  

ii.  ALPS V2.22 was restricted to processing no more than eight data files at a time. 

As a consequence, the whole data logger array covering the complete lake was 

segmented into 13 sub-arrays consisting of eight data loggers each. Therefore, 

binary data were processed 13 times within ALPS. 

iii.  ALPS offered three processing options (PSR – partial symbol reconstruction), two 

of them allowing for partial reconstruction of fragmentary signals. Binary data 

files of 13 sub-arrays were processed three times, once with each option, to 

determine performance of those options. 

iv. As 21 Beacons were used to account for time drifts of receiver clocks, 

Find.Beacon was used to identify the most suitable beacon within each sub-array.  
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v. The output of all sub-arrays after ALPS-processing was converted into one single 

data-file using ALPS.file converter 1.0.  

vi. Positions were further smoothed using a Hidden Markov Model (HMM) to 

primarily reduce the effect of outliers.  

vii.  ALPS.file converter 2.0 was applied to convert data and to eliminate multiple 

positions per unit time.  

viii.  RSCRIPT incorporated information on e.g. bathymetry or submerged 

macrophytes heights (as obtained from the habitat mapping conducted, compare 

section “habitat mapping”) to each position and created a *.txt-file, a *.shp-file 

and a *.kml-file for each transmitter processed. *.shp-files were created for 

visualization in a GIS and *.kml-files were created for visualization in Google 

Earth.  

ix. *.txt-files were further processed using Fish.movement.measure to calculate daily 

and hourly averages (or sums) for all parameters, for instance to get total moved 

distances per hour or per day, to allow for further data analyzes and statistics.  
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Figure 7: Flow chart summing up all steps necessary to process telemetry data to 
obtain positions and to allow for data analyzes and visualizations 
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2.3.4 Positioning and time-synchronization with a beacon – basics (i) 

2-D positioning of ALPS is based on proprietary algorithms utilizing hyperbolic 

triangulation (Cote et al. 1998) which takes into account different range differences of 

arrival (RDOA) of the same transmitter signal at three pairs of data loggers. RDOA itself is 

a distance measure and based on differences in arrival times of the same transmitter signal 

(“time-difference-of-arrival”, TDOA), which is a time measure between pairs of receiving 

data loggers. In turn, TDOAs are determined based on “time-of-arrival” (TOA) of the same 

transmitter signal at each receiving hydrophone (for details on TOA, TDOA, RDOA and 

hyperbolic triangulation compare Nielsen et al. 2012; for a mathematical perspective 

compare Ehrenberg & Steig 2003). RDOA between pairs of hydrophones are used to 

generate so called RDOA-curves in the process of hyperbolic triangulation (compare 

Figure 8). Considering three receiving hydrophones, three curves are generated, one 

between each pair of hydrophones (H1-H2; H1-H3; H2-H3). The “area of intersection” 

between all three RDOA-curves describes the area in which the true transmitter location is 

estimated (Nielsen et al. 2012). The size of this area is a function of the time measurement 

resolution of the receiver and the spatial configuration (geometry) of receiving 

hydrophones. Using proprietary algorithms of ALPS, the size of the area of intersection is 

referred to as “dilution of precision”, DOP (Nielsen et al. 2012). DOP is based on 

mathematical modeling (Niezgoda et al. 2002) and therefore considered an ALPS-internal 

index describing the accuracy of the position estimated. However, outliers outside this area 

might occur independently of DOP, according to the manufactuers (compare “Lotek ALPS 

positioning”, provided in the digital attachement). A third dimension is added to the 

estimated 2-D position when considering pressure information of the transmitter’s built-in 

pressure sensor, which is ALPS-internally converted to depth information. 
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Figure 8: Principle of hyperbolic triangulation to estimate source locations (X,Y 
coordinates) based on range-difference-of-arrival (RDOA) curves around receiving pairs of 
hydrophones (H1-H2; H2-H3; H2-H3). The area of intersection (highlited with red colour) 
describes an area in which the true position is estimated. Source: Nielsen et al. (2012), 
modified 

 

It is important to keep in mind, that only receiver stations (i.e. data loggers) have an 

internal clock and not transmitters. Over time, these internal clocks are subject to 

individual, natural and inevitable time drifts. As acoustic sound propagates 34 cm per ms 

in water (MacLennan & Simmonds 1992), only slight differences in the internal clocks of 

receiver stations lead to imprecise estimates of TOA and consequently of TDOA and 

RDOA, resulting in sub-optimal and imprecise position yields. Accordingly, positioning 

accuracy is influenced if internal clocks of data loggers are synchronized irregularly in 

wireless telemetry systems. To avoid too large time-drifts between time synchronizations, 

tools called “beacons” are used in wireless system. A beacon is a commonly used 

transmitter which location is precisely known (i.e. determined with a GPS or DGPS), a 

major difference to all other transmitters when implanted in fish. Taking into account 

estimated “sound speed”, i.e. propagation of acoustic sound in water at a given 

temperature, and the known location of a beacon, time-drift of receiving data loggers of the 

same beacon-signal are post-corrected and thus post-synchronized. To ensure that optimal 

efficiency is achieved, the same beacon signal must be received at least once in 30 – 90 
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min from all hydrophones participating in a data-logger (sub-) array (communication with 

Lotek, 07.03.2012).  

Sound speed is of uttermost importance during positioning as triangulation of 

positions is based on TOA of the same acoustic transmitter signal at pairs of receiving data 

loggers. However, sound speed is not constant over time as it varies with varying water 

temperature. This variation is known to be strongly correlated (MacLennan & Simmonds 

1992). Hence, sound speed can be determined when the water temperature is known.  

Daily water temperature was obtained using a multi parameter sensor (YSI 6600, YSI 

Corporation, Yellow Springs, OH, U.S.A.). In case the multi parameter sensor was not 

working, average temperature estimates from the transmitter’s built-in temperature sensor 

were used. To determine sound speed, a linear regression (quadratic model): y = 

0.044x² + 4.867x + 1402 (F2,5 = 6.8+104; R²=1.0; p < 0.001) with y = sound speed and 

x = temperature (compare Figure 9, data obtained from Biomap-software, Lotek Inc.) was 

used. As observation periods covered four to six weeks, a mean value of temperature for 

each time period was used to determine sound speed. 

Figure 9: Linear regression (quadratic model) showing the relation of propagation of 
sound in water (sound speed) to water temperature   
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2.3.5 Sub-array structure in Kleiner Döllnsee (ii) 

The whole data logger array in Kleiner Döllnsee consists of 20 data loggers. 

However, manufacturer supplied positioning software ALPS, V2.22 was designed to take 

only eight binary data files into account for positioning. Therefore, several sub-arrays were 

required to fully cover the whole array when processing data. In total, 13 sub-arrays were 

created and each data logger was part of several arrays. Seven sub-arrays were designed 

according to advice of manufacturers (arrays A – G, compare Figure 10). It was 

furthermore assumed, that the more sub-arrays were created, the better the coverage and 

thus the better the overall position yield. Contradictory, creation of many sub-arrays results 

in a trade-off between better position yield and increased processing time and thus labor 

intensity. To achieve a higher yield of positions while maintaining an acceptable amount of 

labor intensity, 6 additional sub-arrays were created (sub-arrays H – M, compare Figure 

10). As (sub-) array geometry is known to influence positioning efficiency (e.g. Cote et al. 

1998), geometry of the additional sub-arrays was designed taking into account advice of 

manufacturers and performance pre-tests. Data loggers within sub-arrays were further 

selected to maintain most data loggers closely together in spite of one or two data loggers 

which were placed in a further distance to the remaining. It was assumed that geometry of 

each sub-array would improve if some data loggers had been placed apart from the others, 

leading to a better yield of positions.  

According to the manufacturer, position yield of the whole data logger array also 

improves when a common “master-hydrophone” is determined, i.e. a hydrophone which is 

part of all sub-arrays. However, the selection of a master-hydrophone is limited to certain 

applications, for example a small circular area with a small number of sub-arrays involving 

approx. 9 – 12 hydrophones in total. Taking into account the large area covered in Kleiner 

Döllnsee as well as 13 sub-arrays and 20 hydrophones in total, it was not feasible to select 

one master hydrophone for all sub-arrays in Kleiner Döllnsee.  

As a consequence of the multi-sub-array structure, binary data had to be processed 13 

times after each download. Therefore, ALPS yielded an output of 13 raw data files for each 

transmitter (i.e. one raw data file for each transmitter for each sub-array). Another 

consequence of the multi-array structure were multiple positions per unit time 

(theoretically up to 13) if a signal stemming from the same transmitter was received in 

multiple sub-arrays. Consequently, position solutions above 100 % occurred (compare 

results).  
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Figure 10:  Location of 20 receiver stations and sub-array configuration consisting of 
eight SDL each in Kleiner Döllnsee. 13 sub-arrays are indicated by letters A – M 
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2.3.6 Details on the process of positioning and data processing (i; iii-ix) 

i. General settings required in ALPS for positioning 

General settings required in ALPS (accessible through ALPS � Project � Edit 

Project) for positioning (compare Figure 11) included: 

1. “Project File”: This is the path to the file which safes all the settings applied for 

positioning. Each sub-array has its own project file. 

2. “Beacon File List”: This is the path to the beacon-file used in a specific array for 

positioning. This file was pre-determined before positioning using Find.Beacon.  

3. “Tag File List”: This is the path to the file which contains all transmitter IDs in 

use (to be positioned), including the beacon-IDs. 

4. “Position File”: This is the destination path and file name in which the output of 

the positioning procedure will be written. 

5. “Hydrophone Positions”: Contains all participating data loggers in the processed 

sub-array. Column “SN” resembles the Hydrophone ID, and Columns “Easting 

(x)”, ”Northing (y)” and ”Depth (z)” are the corresponding X and Y coordinates 

(last three digits and two decimals based on the UTM WGS 84 N coordinate 

system) and depth, respectively. The hydrophone specified in the first column is 

referred to as “Master-hydrophone”. 

6. “Grid definition”: Row “grid spacing” contains a nominal value (Lotek Inc.) 

which was set according to advice of manufacturers to "5"; rows “Grid NE (xy)” 

and “Grid SW (xy)” contain X and Y coordinates of data loggers located at the 

outer boundaries (NE = outermost data logger in the North-East, SW = outermost 

data logger in the South-West) of the processed sub-array. 

7. “Signal Parameters”: Row “Tag Period” contains the burst rate to the nearest 

second of transmitters used. As the minimum burst rate of transmitters in use was 

9.2 sec, “Tag Period” was set to “9.0”; row “Tag Depth: contains a standardized 

vertical location of the transmitter in m below water surface. As the exact vertical 

location of a tagged fish can never be known, the mean depth of Kleiner Döllnsee 

was used as reference depth and therefore “Tag Depth” was set to “4.0” [m]; row 

“Beacon Period contains the burst rate to the nearest second of the beacon-

transmitters employed and was set to “30.0” which was the burst rate in seconds 

of the beacons in use. The field behind “Auto-adjust transmitter periods” was left 

blank as transmitter periods were fixed-defined. The row underneath “Beacon 
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Location (xyz)” contains X and Y coordinates and depth in meter of the beacon 

used for processing (i.e. the position of the before selected beacon in the field 

“Beacon File List”) and was accordingly set to “2” [m]. Row “Code Rate” 

contains a system specific coding parameter (nominal value, Lotek Inc.) which 

allows the receiver stations to encode arriving signals and was set according to 

manufacturer’s advice to “9600”. Row “Sound Speed” resembles the speed of 

acoustic sound in water. For the calibration of the telemetry system, a mean 

temperature value (17 °C; corresponding to 1472 cms-1) for the duration of the 

experiment was used. 

Figure 11: Screenshot of general settings for positioning as required by ALPS; for 
explanations compare text  
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iii Further settings offered in ALPS: partial signal reconstruction (PSR) 

ALPS offered different settings for partial symbol reconstruction (PSR) which are 

options for binary data processing (positioning algorithms) to estimate 3D source locations 

out of digitally coded signals that arrived incompletely at the receiver stations (so called 

partial detections). Partial detections consist of only two out of three 64 bit codes or of one 

out of three 64 bit codes and can occur due to underwater noise which is known to 

attenuate acoustic signals (MacLennan & Simmonds 1992). Two processing options 

("PSR 1" and "PSR 2") allowed for PSR of fragmentary data (partial detections). PSR 1 

allowed for reconstruction of partial detections based on one or two 64 bit codes. PSR 2 

was more conservative than PSR 1 and allowed for reconstruction of partial detections 

based on signals consisting of two 64 bit codes only. A third processing option ("PSR 0" or 

"no PSR"), the most conservative one, processed binary data without symbol 

reconstruction, i.e. PSR 0 took into account only signals that had arrived completely 

(consisting of all three 64 bit codes) at the receiver stations. The particular processing 

option was selected through ALPS � Tools � Options. Firstly, in case of using PSR 1 or 

PSR 2, “Enable reconstruction” within the field “Partial Symbol Reconstruction”, had to be 

marked (compare Figure 12). Secondly, option “1” or ”2” had to be chosen in the drop 

down menu on the right to “No. Codes”. All further settings in the fields “Histogram 

Settings”, “Noise Filter Settings” and “Partial Symbol Reconstruction” (as shown in Figure 

12) resemble technical details which were selected according to the manufacturer’s advice 

(Lotek Inc.) and will not be discussed any further, despite “Tag PSR Window”, “PSR 

Aperture” and “Echo Filter Bound” within the field “Partial Symbol Reconstruction”. 

These fields describe the time measurement resolution of receiver stations and were set to 

0.5; 0.5 and 24.0, respectively. The field “Solution Controls” also resembles technical 

details of which “Use at least __ hydrophones” was set to “3” as at least three different 

receiver stations had to receive the same transmitter signal to enable hyperbolic 

triangulation. “Max DOP” and “Max CN” resembled internal system performance 

qualifiers and were both set, upon advice of the manufacturer, to 10.0. Further details on 

DOP can be found in Nielsen et al. (2012) and in Niezgoda et al. (2002) as well as in a 

manufacturer supplied document (“Lotek ALPS positioning”) which is provided in the 

digital attachment of this thesis. “Max H-R” was a nominal value and set to “2.99”, 

“Pressure/Depth Conversion (meters->psi)” was also a nominal value and set to “1.0”. 
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Figure 12: Screenshot of advanced settings for positioning required by ALPS, for 
explanations compare text 

 

The positioning process in ALPS – independently of PSR option used, yielded an 

ASCII-file consisting of 11 columns as output (compare Table 3). The head line shown in 

that table is given for a better overview (the raw dataset has no head line). Columns “X 

position estimate” and “Y position estimate” are position estimates based on a grid defined 

by the last four (X) or three (Y) digits of the UTM system, “sensor depth” contains depth 

estimates (values of “-1” equals no data), “condition number”, “ reliability number” and 

“DOP” are internally generated measures of accuracy on which ALPS filtering is based on, 
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“participating hydrophones” defines which hydrophones received the transmitter signal, 

“hydrophone count” is the number of hydrophones which received the same transmitter 

signal; “depth or temperature” indicates whether depth (2) or temperature (1) estimates are 

given in column “sensor depth or temperature” 

 

Table 3: Structure of an output dataset after ALPS – PSR positioning. Data for 
transmitter-ID 29500 as recorded in array A are shown 
Unix-coded 
time stamp 

X position 
estimate 

Y position 
estimate 

Sensor depth 
[m] 

Condition 
number 

Reliability 
number 

1283767530 890.4988 472.2691 -1.0 2.8443 2.3071 
1283767547 890.1904 472.5870 5.0 2.4510 2.7705 
1283768178 890.5793 472.2180 -1.0 2.8466 2.3061 

      

DOP 
Participating 
hydrophones 

Number of 
receiving 

hydrophones 

Depth or 
temperature 

Depth [m] or 
temperature 

[°C] 
 

0.3605 1110000 03 1 21.20  
0.3212 11110000 04 2 5  
0.3609 11100000 03 1 17.20  

 

iv. Find Beacon 

Time synchronization within data loggers of each sub-array was ensured using 21 

beacons (CH-TP, Lotek Inc.) 20 of those beacons were attached to each of the data loggers 

(using a cable strap) maintaining a depth of 2.0 m and one beacon was placed centrally in 

the lake (on a rope tighten between a submerged buoy and a concrete anchor) in 2.0 m 

depth. Custom-written software, “Find.Beacon”, was applied to select a suitable beacon. 

However, when data were analyzed in the framework of this research, the prevalent 

manufacturer information was that it was sufficient when the beacon signal was received 

once a day by all hydrophones within one sub-array. Therefore, a beacon which’s signals 

were received at least once a day within a sub-array was selected, independently of how 

often this signal was received within the day. 

v. ALPS.file converter 1.0 – first use to convert data 

To convert the 13 output raw data files for each transmitter after ALPS processing 

into one single file, and to change the format into a readable format for the next processing 

step, custom programmed software, “ALPS.file.converter”, was applied. This software was 

designed to remove positions with a DOP > 2 (to eliminate potential outlier positions), to 
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convert the unix-coded time-stamp of the ALPS output into a GMT time stamp, to 

introduce one new column in the dataset containing the transmitter ID (In output of ALPS, 

the transmitter ID was only saved in the data file’s name, e.g. Array_A_29500.txt), as well 

as a headline for each column.  

The output of ALPS.file converter 1.0 processed data consisted of 23 columns 

(compare Table 4). Column “time” contains GMT time, “MAPTag ID” contains the 

transmitter ID, “X” and ”Y” contain UTM-coordinates, “Z” contains transmitter depth 

below water surface. Columns “Ports” and “Port count” contain participating hydrophones 

and number of participating hydrophones, respectively. Column “GDOP” contains the 

DOP-value. Columns “Condition number”, “Reliability number”, “Temperature” and 

“Pressure” contain corresponding estimates (-9999 resembles a missing value). All other 

columns are required by internal algorithms of the next processing step and do not have 

any relevant meaning. 

 

Table 4: Structure of an output dataset after applying ALPS.file converter 1.0 
[Time] [Animal_ID] [MAPTag_ID] [X] [Y] [Z] 

09/06/2010 
10:05:21 

123 29500 404889.4734 5872474.2729 5.0 

09/06/2010 
10:05:21 

123 29500 404889.6317 5872473.7703 5.0 

09/06/2010 
10:05:21 

123 29500 404889.6507 5872473.9384 5.0 

      
[Condition 
Number] 

[Reliability 
Number] 

[Ports] [Power] [GDOP] [Type] 

5.0301 2.7677 10011010 123 0.3454 123 
5.736 2.6784 111010 123 0.4127 123 
5.3375 2.0252 10000101 123 0.7789 123 

      
[Port Count] [DataSet_ID] [Data1] [Data2] [Data3] [Data4] 

4 123 123 123 123 123 
4 123 123 123 123 123 
3 123 123 123 123 123 
      

[Second] RcvSN [SDC_GID] [Temperature] [Pressure] [Motion] 
123 123 123 -9999 1.035 123 
123 123 123 -9999 1.035 123 
123 123 123 -9999 1.035 123 
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vi. Hidden Markov Model (HMM) 

To smoothen data and to eliminate outliers, a Hidden Markov Model (HMM, 

Pedersen 2007) was applied to the ALPS processed and converted datasets using Matlab 

v.11.0. The purpose of smoothing data was primarily to reduce the effect of outliers which 

is a nonlinear effect (Pedersen, pers. com.) and therefore an unsystematic error that is not 

easy to predict. A HMM was used as it discerns to comparable traditional filters such as 

the Kalman filter (Kalman 1960) in the way that it does not filter (delete) any data 

(positions) but that it is a model which predicts the most likely position based on the 

observed values. The Kalman filter is an optimal recursive data processing algorithm based 

on conditional probability density (Maybeck 1979) as is the HMM that discretizes space 

and models probability distributions non-parametrically based on a Markov chain which is 

a two-dimensional biased random walk (Thygesen et al. 2009). As an estimator of the 

current value of the variable of interest, the HMM takes into account all sources of 

information available (the observed measurements, i.e. positions) to obtain an optimal 

estimate of the systems state in such manner that the error is minimized statistically 

(Maybeck 1979) which the HMM filter handles via Maximum Likelihood estimation 

(Thygesen et al. 2009). This brings about an important difference between traditional 

filters such as the Kalman filter: non-linearity which makes the HMM applicable to non 

linear stochastic systems, an option not given for a Kalman filter (Thygesen et al. 2009). 

The Kalman filter provides an unbiased estimator for stochastic linear systems only (Royer 

& Lutcavage 2008) making it unsuitable for the available dataset with a non-linear error 

structure (outliers).  

The structure of the HMM consists of 9 columns (compare Table 5). Column 

“time(min)” gives the time in minutes elapsed to the previous position. Columns “Long” 

and “Lat” contain UTM-coordinates. Columns “Var X”, “Var Y”, “P(inactive)” and 

“P(active)” are variables introduced by matlab-internal algorithms and without any 

meaning. Columns “Temp” and “Pres” contain temperature and pressure information as 

estimated by the transmitter’s built-in sensors, with -9999 resembling a missing value.  
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Table 5: Structure of an output dataset after applying a HMM  
Time(min) Long Lat Var X Var Y P(inactive) 

0 390.039828 173.430582 7.24569268 7.04840131 0.6403669 
0 390.039828 173.430582 7.24569268 7.04840131 0.6559632 
0 390.039828 173.430582 7.24569268 7.04840131 0.6732925 
      

P(active) Temp Pres    
0.3596331 -9999 1.035    
0.3440368 -9999 1.035    
0.3267075 -9999 1.035    

 

vii.  ALPS.file converter 2.0 – second use to convert data 

After HMM processing, ALPS.file.converter 2.0 was applied to back-convert the 

HMM output data files into a supported format for the next processing step. A recent 

update of ALPS.file.converter 2.0 included a feature to discard multiple positions per unit 

time. This step was developed based on results obtained in the framework of this thesis. 

Results from this thesis have shown that, due to the multi-array structure multiple positions 

occurred which described the same location but had a time stamp which was slightly 

different (i.e. one to four seconds). Therefore, ALPS.file.converter 2.0 was updated to 

delete all but the first position stemming from the same transmitter signal. To do so, all 

positions with a timestamp < 5 s to the previous position describing the same location were 

discarded. Hence, as identical positions per unit time were discarded, the before described 

problem of position solutions above 100 % was solved.  

The output of the converted data with ALPS.file.converter 2.0 consisted of 8 columns 

(compare Table 6). Column “ID” contains the transmitter-ID. All other columns contain 

values for the corresponding variable. 

Table 6: Structure of an output dataset after applying ALPS.file.converter 2.0 

ID 
Data point 

number 
Date Time UTM X UTM Y 

29500 0 06.09.2010 10:05:21 404890.04 5872473.43 
29500 1 06.09.2010 10:05:30 404890.074 5872473.41 
29500 2 06.09.2010 10:05:46 404890.045 5872473.49 

      
Sensor 

depth [m] 
Sensor temp 

[°C] 
    

1.035 -9999     
-9999 21.2     
1.035 -9999     
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viii.  RSCRIPT – bringing data in shape for analyses 

“RSCRIPT” (Morla, D.M. et al., unpublished), a custom programmed command, was 

applied to prepare positions for further analyzes. RSCRIPT was applied using software 

package R (R Development Core Team 2008) and therein libraries sp, maptools, rgdal, 

spgrass6, and spatstat. RSCRIPT calculated moved distances between consecutives 

positions (based on their locations, i.e. X and Y coordinates), time differences between 

consecutive positions (based on the timestamp of each position) and merged location 

specific information on bathymetry and aquatic vegetation as obtained in the habitat 

mapping conducted (see section habitat mapping) with each single position (based on the 

coordinates of each position). RSCRIPT also merged data from a previous habitat 

evaluation conducted in 2005 (for details compare Klefoth 2007; Kobler 2007) to each 

position. The output of the RSCRIPT command was written into a *.txt-file for further data 

analyzes, into a shape file for visualization in a GIS (i.e. ArcView, ArcMap), and into a 

*.kml-file for visualization in Google earth.  

The output of the processed data with RSCRIPT contain 23 columns (compare Table 

7). In addition to 8 columns introduced using ALPS.file converter 2.0, 15 variables were 

introduced. Columns “Macro.cover”, “Macro.theight”, “Lakedepth” and “Slope” are based 

on a habitat mapping conducted in 2005 (Klefoth 2007) and contain coverage of 

macrophytes [%], height of submerged macrophytes [cm], lake depth [m], and a 

bathymetric slope [°], respectively. Columns “Macro.pheight”, “Macro.biovolume”, 

“Macro.pvi” and “Depth2010”, are based on the habitat mapping conducted in the 

framework of this thesis in 2010 and contain heights of submerged macrophytes [cm], 

submerged macrophytes volume [m³], submerged macrophytes PVI [%] and lake depth 

[m], respectively. Column “Idmov” contains a Movement ID. Column “Northness” gives 

the angle of the transmitter towards North [°] and column “Eastness” gives the angle of the 

transmitter towards East [°]. Column “Shoredist” gives the perpendicular distance to the 

shoreline. Columns “Dist”: and “Timedif.sec”: give the distance [m] to the previous 

position and the time elapsed since the previous position [s], respectively. Column “Type” 

hasn’t been assigned a meaning yet. 
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Table 7: Structure of an output dataset after applying RSCRIPT  

ID 
Datapoint. 

number 
Date Time X Y 

29500 0 06.09.2010 10:05:21 404890.04 5872473.43 
29500 1 06.09.2010 10:05:30 404890.074 5872473.41 
29500 2 06.09.2010 10:05:46 404890.045 5872473.49 

      

Sensor.depth 
Sensor. 
temp 

Idmov 
Macro. 
cover 

Macro. 
theight 

Macro. 
pheight 

1.035 -9999 0 75 45 67 
-9999 21.2 1 75 45 67 
1.035 -9999 2 75 45 67 

      
Macro.biovolume Macro.pvi Depth2010 Lakedepth Slope Northness 

0.19 17.84 344 3.1 5.6 0.94 
0.19 17.84 344 3.1 5.6 0.94 
0.19 17.84 344 3.1 5.6 0.94 

      
Eastness Shoredist Dist Type Timedif.sec  

-0.35 20 NA NA NA  
-0.35 20 0.043 e 9  
-0.35 20 0.089 e 16  

 

ix. Fish.movement.measure 

Fish.movement.measure, a custom programmed software, was applied to prepare 

positioning data for final (statistical or descriptive) analyzes. Fish.movement.measure was 

designed to calculate parameters per unit time based on the before obtained positions and 

corresponding temporal and spatial information such as moved distance or bathymetry. 

Hours and days were chosen as time units, as it is recommended to express moved 

distances of located animals as minimum displacement per hour (MDPH) or as minimum 

displacement per day (MDPD, Rogers & White 2007). MDPD was determined as the 

straight line distance between consecutive locations within an hour. Thereby, the first 

position within each hour was discarded as it was connected to a position lying in a 

different hour. The same procedures were applied for MDPD, with day being the unit of 

time. All other variables were determined as averages per hour or per day, respectively. 

Time difference between consecutive positions was, for instance, determined as the 

average time difference between all consecutive positions within an hour or within a day. 

Bathymetry resembled the average depth taking into account all positions obtained in a 

hour or within a day. To determine, whether a tagged fish moved closely to the bottom, a 

new variable was incorporated by Fish.movement.measure: “Distance to bottom”. Distance 
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to bottom was also calculated as an hourly or daily average and was based on the mean 

difference between depth estimates from the transmitter’s built-in pressure sensors and 

lake-depth estimates from the habitat mapping conducted. 

2.4 Calibration of the telemetry system 

To determine the performance of the telemetry system deployed, a total of 173 

individual tests (155 stationary tests and 18 moving tests) were conducted. Individual tests 

corresponded to a transmitter which was either fixed installed (stationary test) in the lake 

or towed with a boat (moving test) through the lake. Exact positions (mean ± SD: 

0.13 m ± 0.07 m, n = 90) of all tests were recorded with a DGPS (Trimble GeoXH, 

Sunnyvale, California, USA). Start and end time of each stationary and moving test was 

recorded to the nearest minute in the field. Therefore, for all analyses conducted a buffer of 

3.0 min was applied, i.e. the first 1.5 min after starting a test and the last 1.5 min before 

ending a test were discarded. Test durations averaged 178 ± 215 min for stationary tests 

and 36 ± 13 min for moving tests (compare Table 8). 10 transmitters (CH-TP, Lotek Inc.) 

were used to conduct all tests over a course of three days. 

 

Table 8: Duration of calibration tests 
Test category Mean [min] SD [min] Range [min] Total [min] Total [h] N 

Stationary 177.9 214.5 55 – 824 27575 459.6 155 
Moving 35.5 12.9 24 – 63 639 10.7 18 
Overall 163.1 207.7 24 – 824 28214 470.2 173 

 

2.4.1 Stationary tests 

To determine performance of the telemetry system deployed, 155 stationary tests 

were conducted. Each test corresponded to a transmitter that was attached horizontally to a 

rope (using a cable strap) which was tightened between a buoy and a concrete anchor 

(compare Figure 13) in a fixed location. A heavy anchor (~ 10 kg) was used to retain the 

buoy (~ 3 l) beneath the water surface (0.5 m) to avoid transmitter displacement caused by 

wind or waves. Up to four transmitters were horizontally attached to the rope in different 

depths, resulting in 155 stationary transmitters (= 155 stationary tests) installed in 90 

different locations (compare Figure 14). Transmitter depth was recorded to the nearest cm 

and measured as distance between transmitter and the water surface.  
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Figure 13: Schematic graph of transmitter installation in stationary tests 
 

Figure 14: Locations of stationary tests in Kleiner Döllnsee 
 

To allow for a determination of the systems performance in different habitats, tests 

were conducted in four differently structured habitat types: Emerged macrophytes (n = 30), 

submerged macrophytes (n = 30), the sublittoral (n = 45) and the pelagic (n = 50; compare 

Figure 15). Transmitters installed in emerged macrophytes were placed inside the reed belt. 

Transmitters placed in submerged macrophytes were either placed inside or closely above 

submerged macrophytes). Transmitters installed in the sublittoral were placed in the 

shallower parts of the lake and apart from aquatic vegetation. Furthermore, most of those 

transmitters were also situated outside the whole data logger array (compare Figure 15). 

Transmitters installed in the pelagic were also placed apart from aquatic vegetation and in 

the deepest parts of the lake. Furthermore, all transmitters placed in the pelagic were 
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situated inside the whole data logger array (compare Figure 15). Within each habitat, 

transmitters were placed in different depths to cover the water column as extensively as 

possible. 

 

Figure 15: Locations of stationary test in relation to differently structured habitats and 
to the whole data logger array in Kleiner Döllnsee 

 

2.4.2 Moving tests 

Moving tests were conducted to determine the systems performance for moving 

transmitters, and to allow for an approximate comparison whether results obtained from 

stationary transmitters were comparable to those obtained from moving transmitters. 18 

moving tests were conducted covering the boat-accessible zone (i.e. the open water zone) 

of Kleiner Döllnsee as completely as possible and to cover both zones inside and outside 

the whole data logger array. To allow for a comparison between different depths, three 

transmitters were attached horizontally to a steel tube in 1.0 m, 1.3 m and 1.6 m below 
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water surface using cable straps. The steel tube was mounted centrally to an outer side of 

an electro-powered boat. In total, six transects have been covered, which are referred to as 

“tows” (compare Figure 16). Each moved transmitter in each tow is referred to as “moving 

test” (resulting in 18 moving tests). A DGPS receiver was placed closely to the steel tube 

to record each tow. Tow length averaged 1394 ± 727 m (range: 700 – 2579 m, n = 6). 

 

Figure 16: DGPS-tracks of 6 tow tests (corresponding to 18 moving transmitters) 
 

2.4.3 Data analyzes and statistics 

Performance measures of stationary tests were used to determine performance of 

different ALPS – PSR options, overall performance of the telemetry system after 

smoothing data with a HMM, and to determine performance in differently structured 

habitats. Further, tests conducted in the pelagic zone were selected to determine the system 

performance in different depths. Stationary tests were also used to determine performance 

of the transmitter’s built-in depth sensors, overall as well as in differently structured 

habitats. Performance measures of moving tests were used to determine overall 

performance of moving transmitters and performance of moving transmitters in different 

depths. One test resembled the sampling unit for all analyzes. 

Five performance measures were applied to determine performance in stationary 

tests. Those were “accuracy”, “precision”, “position solution”, “time difference” and 

“moved distance”. Accuracy was determined as individual mean for each test, i.e. the 

average of Euclidian distances between each position obtained by the telemetry system and 

the corresponding transmitter location as determined by DGPS. Precision was the 

corresponding standard deviation. Time difference was the average elapsed time (in 

seconds) between two consecutive positions. Moved distance was determined in stationary 

tests by summing up distances between consecutive positions for each test and determining 
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the resulting moved distance per unit time which was a minute. Therefore, moved distance 

as determined in stationary tests is always given in m/min (to understand why movement 

was observed in stationary tests, please compare the results section). Position solution was 

the relation of emitted signals by a transmitter within one test and the resulting positions 

generated by the telemetry system (i.e. based on the burst rate of the transmitters 

employed, 293 signals were emitted per hour and hence corresponded to 100 % position 

solution if also 293 positions would have been generated by the system). 

Five performance measures were also applied to determine performance in moving 

tests. Those were the same as described for stationary tests, but with two modifications: 1. 

The individual mean for each test describing accuracy was determined as the nearest 

(perpendicular) distance between the DGPS recorded track and each telemetry position 

(using ArcMap 10.0, toolbox “Analysis Tools”, sub-folder “Proximity” and the procedure 

“Near”). Accordingly, precision was the standard deviation of those perpendicular 

distances. 2. Moved distance was determined by summing up distances between 

consecutive positions as obtained by the telemetry system and subtracting this sum from 

the covered distance as recorded by the corresponding DGPS-track. The result thus 

resembles a bias of movement which is given in [m/min] and in [%]; the latter refers to the 

DGPS-recorded distance. 

Linear Mixed Effects Models (LMEM) were used to assess performance of stationary 

tests. LMEM were chosen to account for repeated measures and unbalanced data sets (Zuur 

et al. 2009). Each performance measure was added as dependent variable and assessed in 

separate models. Accuracy, precision, time difference and moved distance were (ln+1) 

transformed. Position solution was included as “number of positions per hour” to ensure 

continuity of the variable. Transmitter-ID was added as random factor in each model to 

account for repeated measures. “Number of position per hour” was added as covariate to 

models assessing time difference and moved distance as the number of positions per hour 

was assumed to affect those variables. P-values were adjusted using Tukey post hoc tests 

(Tukey 1949) for multiple comparisons. 

To compare performance of ALPS – PSR options, only accuracy, precision and 

position solution were used, as time difference and moved distance became available first 

after data had been processed completely (i.e. after RSCRIPT had been applied). 

“Processing option”, PSR 0, PSR 1 and PSR 2 was included as a fixed factor with three 

factor levels. Same models were used to compare ALPS – PSR processed data with HMM 

smoothed data, including “software”, i.e. ALPS and HMM as a fixed factor with two factor 
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levels. To compare performance in differently structured habitats, all five models were 

used, including “habitat type”, i.e. emerged macrophytes, submerged macrophytes, 

sublitoral and pelagic as a fixed factor with four factor levels.  

To assess performance in different depths, only tests conducted in the pelagic were 

selected as the pelagic zone represented the deepest part of the lake and thus the greatest 

variety of depths covered by transmitters. Also, most tests were conducted in the pelagic 

zone. As depth was a continuous variable, generalized linear models (GLM; Zuur et al. 

2009) were used, and depth was included as independent variable. Dependent variables and 

covariates were the same as specified for LMEM in the assessment of habitat structure.  

Performance of depth sensors was determined using a simple correlation between 

transmitter estimates and in-field measurements. The deviation of both was further 

assessed as (ln+1) transformed dependent variable in a LMEM to determine performance 

of depth sensors in differently structured habitats. Habitat types were added as a fixed 

factor with four factor levels and transmitter-ID was added as random effect.  

To assess performance in different depths for moving tests, LMEM were used as 

described for stationary tests, including depth, i.e. depth1: 1.0 m, depth2: 1.3 m and 

depth3:1.6 m as a fixed factor with three factor levels. 

All statistical analyzes were conducted and all statistical figures were created using 

CRAN R statistical software (R Development Core Team 2008). Package nlme 3.1-97 

(Pinheiro et al. 2010) was used for statistical analyzes and package sciplot (Morales 2012) 

was used to plot figures. If not stated otherwise, average values are always given as mean ± 

SD.  

2.5 Habitat choice and movement in periods of non-detection 

As signal transmission is circumvented in complex habitat structures, yield of 

movement data of fish would be intermittent and reliability of movement estimates would 

be confounded (review: Melnychuk in press). Hence, some sort of correction would be 

required (Payne et al. 2010). To determine a possible way of correcting movement 

estimates, four key questions were identified. The first question concerned activity of a 

tagged fish when it resides in such structures: A. Can inactivity of the fish be assumed in 

that case, or B. does the fish cover considerable distances or even swim around the lake 

inside complex structures such as the reed belt? Consequently, C. does a fish leave a 

complex habitat at the same point where it was located inside the reed belt before leaving 

the reed belt, and D. is it likely that a fish leaving the reed belt will be detected by acoustic 
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telemetry when it leaves a complex habitat structure and hence potentially starts being 

more active?  

To answer questions A. – C., pike was used as study species because adult pike are 

commonly found in complex habitat structures (Casselman & Lewis 1996; Cook & 

Bergersen 1988; Grimm & Klinge 1996; Jepsen et al. 2001), also in the Kleiner Döllnsee 

(Kobler et al. 2009; Kobler 2007). Positioning data of 14 pike recorded by radio telemetry 

at Kleiner Döllnsee were used. Individual pike were located every three hours within 

tracking periods of three to seven days between May and October 2005 and the habitat 

type was recorded for each location (see Klefoth 2007; Kobler 2007 for details). Pike were 

classified as being in a complex habitat structure when they were positioned inside the reed 

belt. All positions outside the reed belt were classified as open water zone. The original 

study encompassed 20 pike, but due to death and transmitter failure sample size was 

reduced to 14. A total of 1982 consecutive locations were identified: 744 locations inside 

the reed belt and 1278 in the open water zone (compare Figure 17). For each pike, average 

moved distance was determined considering moved distances between consecutive 

locations within tracking events. 

A. To determine whether pike inside the reed belt were more inactive than pike in the 

open water zone, the moved distance of pike in the reed belt was compared to the moved 

distance of pike in the open water zone using a LMEM. Prior to the comparison, moved 

distance was (ln+1) transformed. Habitat type (2 levels: reed belt and open water zone) 

was included as fixed factor. Pike-ID was included as random effect to account for 

repeated measurements and unbalanced datasets. TL of pike was included in the model as 

covariate because TL can affect swimming activity of pike (Kobler et al. 2008a). 

B. To investigate whether pike covered large distances when located consecutively 

inside the reed belt, consecutive pike locations inside the reed belt were inspected visually.  

C. To study whether a location in the reed belt and the following location in the open 

water zone were in the same area, those locations of pike were compared visually.  
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Figure 17: Consecutive locations of individual pike (n = 14; pike ID’s are shown in 
the Figure) inside the reed belt and within the open water zone, collected in a radio-
telemetry study in Kleiner Döllnsee 

 
D. To address the last challenge, two “moving experiments” were performed in 

November 2011. In the first moving experiment, a boat was stalked around the entire lake 

in the reed belt zone (see Figure 18), towing a heavy iron rope with an attached transmitter 

at 0.7 m depth. In the second moving experiment, the same boat was driven using an 

electro-powered engine as close as possible in front of the reed belt (see Figure 18). Both 

tracks were recorded using a DGPS. Experiment 1 covered 2472 m in 121 min. Experiment 

2 covered 1952 m in 58 min. Results of both tests were analyzed visually and descriptively 

by comparing the DGPS-track with positions obtained from the telemetry system. 
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Figure 18: DGPS tracks of experimental tracks moving a transmitter once around the 
lake: once inside the reed belt and once closely in front of the reed belt 
 

2.6 Data yielded from tagged pike: first observations 

To give a preliminary overview of real movement data of tagged pike as obtained 

from the telemetry system, the first available dataset was used, containing data from 16 

September to 2 October 2009. Only pike tagged at 16 September were used  to maintain 

similar conditions (day of tagging) for all fish. All fish tagged after 16 September were 

thus excluded from the analysis, resulting in 15 pike in total (compare Table 9 for sizes and 

IDs).The first week of data was excluded as to allow pike to recover from transmitter 

implantation, because pike are known to be inactive for five days after a surgical 

transmitter implantation (Diana 1980). The observation period lasted therefore from 

24.09.2009, 00:00:00 to 30.09.2009, 23:59:59 including 7 days or 168 hours. 

Movement data were visualized to give a first overview of pike movements. 

Visualizations of the moving tracks of all fish were created using ArcGIS, tracking analyst. 

Single picture frames were exported using ArcGIS, extension “tracking analyst”, 

“Animation tool” and there the option “frame image engine”. An *.avi-file (i.e. a movie) 

was created using freeware “VitrualDub” (www.virtualdub.org). All movies last 1.5 min 

which corresponds to a rendering of about 1 h per second. Visible positions encompass one 
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hour with dark positions being most recent, fading each 10 minutes in six steps. All movies 

are digitally attached to this thesis on an accompanying CD.  

Movement patterns were evaluated as MDPH and as MDPD. Periods of non-

detection, i.e. if there were no positions within an hour and position solution was therefore 

zero, were treated as missing values. Additionally, a corrected MDPH and a corrected 

DMPD, accounting for periods of non-detection, were determined. Correction was 

conducted by setting movement in hours or days, respectively, which resembled periods of 

non-detection, as zero movement instead of a missing value. Additional parameters were 

determined for each fish: position solution, time difference (between consecutive 

positions), lake depth (bathymetry), macrophyte heights, sensor depth, distance to lake 

bottom and distance to macrophytes. Each of those parameters were determined as hourly 

averages. Lake depth (bathymetry) was the depth and macrophyte height was the height of 

macrophytes at the spatial positions of the pike. Sensor depth is the vertical location of 

pike in the water column below water surface. “Distance to bottom” is the difference 

between sensor depth (vertical location of the fish in the water column) and lake depth 

(bathymetry). “Distance to bottom” is accordingly the vertical distance of pike locations to 

the lake’s bottom. Distance to macrophytes is the difference between sensor depth and 

macrophyte heights and accordingly the vertical distance of pike locations to submerged 

macrophytes. Values of distance to macrophytes can be negative, when the pike is located 

inside submerged macrophytes. 

To test whether the order of activity of fish changed by using corrected MDPH 

compared to MDPH, Spearman rank correlation was applied.  

To allow for a preliminary comparison of pike movement patterns, (corrected) 

MDPH were determined for different daytimes. Analyses of MDPH, corrected MDPH and 

additional parameters for different daytimes closely followed Kobler et al. (2008b): 

Twilight periods were calculated according to the nautical definition based on the 

geocentric horizon using http://www.cgi.stadtklima-stuttgart.de/mirror/sonne.exe. Dawn 

was defined as the time period when the centre of the sun moved from the position 12° 

under the geocentric horizon to sunrise, while dusk was the period when the sun centre 

moved from sunset to the 12° position under the geocentric horizon. Twilight periods 

lasted from about 4:00 – 5:30 and from about 18:30 – 20:00 in September 2009. Therefore, 

MDPH values for the hours 04:00 - 05:59 and 18:00 – 19:59 were used to determine 

movement during twilight. MDPH values and values of additional parameters were ln-

transformed using ln(x + 1). In order to account for the dependent samples and repeated 
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measures, LMEM with Tukey post hoc tests were used to test for differences in MDPH for 

the fixed effect daytime, with total length of pike as a covariate (only for analyzes of 

MDPH and corrected MDPH) as movement of pike is known to be related to body size 

(Vehanen et al. 2006). Fish identity was included as random effect.  

 

Table 9: Characteristics of pike tagged with CARTs 
Pike ID TL [mm] Tagging date Observation period 
30000 353 16.09.2009 24.09. – 30.09.2009 
31300 420 16.09.2009 24.09. – 30.09.2009 
31500 346 16.09.2009 24.09. – 30.09.2009 
31700 400 16.09.2009 24.09. – 30.09.2009 
31800 370 16.09.2009 24.09. – 30.09.2009 
32100 461 16.09.2009 24.09. – 30.09.2009 
32300 447 16.09.2009 24.09. – 30.09.2009 
32600 391 16.09.2009 24.09. – 30.09.2009 
32800 360 16.09.2009 24.09. – 30.09.2009 
33300 369 16.09.2009 24.09. – 30.09.2009 
33400 435 16.09.2009 24.09. – 30.09.2009 
34500 512 16.09.2009 24.09. – 30.09.2009 
36300 559 16.09.2009 24.09. – 30.09.2009 
36700 545 16.09.2009 24.09. – 30.09.2009 
36800 533 16.09.2009 24.09. – 30.09.2009 

 

2.7 Consequences of tagging pike 

To evaluate whether pike equipped with a radio-acoustic transmitter were impaired in 

growth, compared to untagged pike, catch/recapture data of 20 tagged and 6 untagged pike 

collected between September 2009 and October 2010 were used. All 26 pike were caught 

between September and November 2009 and TL of all pike was recorded at their first 

capture within this period. 20 pike were equipped with a radio-acoustic transmitter. All 

pike were equipped with a passive integrated transponder (PIT), either at their capture in 

2009 or even before as some pike have also been caught up to multiple times before 

September 2009. Some pike were also caught multiple times between capture in 2009 and 

“final” recapture between June and October 2010, when TL of all 26 pike was measured 

again. Hence, at least 259 – 384 days elapsed (i.e. the observation period) since growth 

measurement at tagging and growth measurement at last recapture. Pike were caught either 

using electro-fishing or angling. Recaptured pike were recognized based on their PIT-ID or 

based on their CART-ID. To account for different durations between capture and 

recapture, daily increment of all pike was determined in percent, based on the formula 

“Relative growth per day = growth increment x 100 / (observation period x TL at 
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tagging)”. Daily increment of transmitter-tagged and untagged pike was assessed using an 

LMEM to allow for unbalanced data sets and unequal sample sizes. Daily increment was 

included as the dependent variable. “Tagging status” (a categorical variable with two factor 

levels) was added as a fixed effect. TL in 2009, referred to as “TL at tagging” was added as 

covariate. Total amount of captures was added into a separate model as a covariate to 

account for multiple captured of individual pike. However, this covariate was excluded 

from the finally applied model as it proved to be insignificant. 
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3 Results 

3.1 Stationary tests 

3.1.1 Performance of ALPS processing software 

Inspecting ALPS processed data visually, data processed using PSR 1 and PSR 2 

showed a higher "scattering" of positions than data processed without PSR (PSR 0, 

compare Figure 19). Indeed, accuracy was significantly best (compare Table 11 and Figure 

20) for data processed with the option “no symbol reconstruction” (PSR 0; 21.1 m 

± 23.7 m; for ranges compare Table 10) and significantly worst (compare Table 11) for the 

PSR 1 processed dataset (40.5 ± 57.2 m). The same pattern (compare Table 11) was 

observed for precision (PSR 0: 48.9 ± 33.3 m; PSR 1: 77.2 ± 48.4 m). For the PSR 2 

processed dataset, accuracy (28.1 ± 32.7 m) and precision (61.0 ± 37.2 m) were 

significantly better (compare Table 11) than PSR 1 but significantly worse (compare Table 

11) than PSR 0. Position solution yielded average values far above 100% which appears 

confusing but can be explained by the multi-sub-array structure of the whole data logger 

array consisting of 13 sub-arrays. In theory, the sub-array structure allowed for up to 13 

positions to be generated from one single transmitter signal (i.e. if one transmitter signal 

had been received in each sub-array, 13 positions would have resulted from that one signal 

and would have led to a position solution of 1300%). Therefore, average position solutions 

were above 100% for the ALPS – PSR processed tests. Highest position solution was 

achieved for data processed with PSR 1 (240 ± 224%) and position solution was 

significantly lowest (compare Table 11) for PSR 0 (195 ± 200%). Position solution of 

PSR 2 was in between (229 ± 222%) but significantly higher (compare Table 11) than 

position solution of PSR 0.  

When processing data using symbol reconstruction options PSR 1 or PSR 2, 

“impossible positions” occurred. Those were positions generated by the software even after 

all tests had been finished and no transmitter was placed in the water column any more for 

at least 30 min. For data processed with PSR 1, impossible positions amounted to 0.40% 

and for the dataset processed with PSR 2, impossible positions summed to 0.03% of all 

positions yielded in stationary and moving tests. Besides their incorrect timestamp, 

impossible positions were also dispersed to up to several hundreds of meters apart from the 

true transmitter location. It has to be noted that due to the use of ten transmitters for all 
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tests, it is likely that more impossible positions were generated but resulted in positions 

with a timestamp lying within the positioning time of other tests using the same transmitter 

and therefore remained unnoticed. The values of 0.40% and 0.03% impossible positions 

for PSR 1 and PSR 2, respectively thus resemble minimum values. 

Because both PSR 1 and PSR 2 yielded “fake positions” (i.e. impossible positions) 

and as those datasets performed significantly worse (compare Table 11) in accuracy and 

precision compared to PSR 0 processed data, both PSR 1 and PSR 2 datasets were 

excluded for any further processing and analyzes. Therefore, position solution (accounting 

for the multi-sub-array structure) was corrected only for the PSR 0 dataset. Corrected 

position solution was 48 ± 34% for the PSR 0 processed dataset. 

 

Figure 19: Positions (black dots) obtained after processing data with ALPS and 
different processing options therein. The lower row indicates, in addition to positions 
(black dots), also locations of all stationary tests (red triangles). Based on stationary tests 
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Figure 20: Accuracy, precision and position solution of ALPS – PSR processed 
datasets for stationary tests. Values above 100% position solution result from the multi-
sub-array structure of the whole data logger array (see text for explanation). Error bars 
indicate ± SE and different letters indicate significance 

 

Table 10: Performance measures obtained after positioning with different ALPS – 
PSR options. Based on stationary tests 

Performance measure 
ALPS 

processing 
option 

Mean [m] SD [m] Range [m] N 

Accuracy PSR 0 21.1 23.7 1.2 – 95.4 131 
 PSR 1 40.5 57.2 3.2 – 111.1 137 
 PSR 2 28.1 32.7 2.2 – 115.4 135 
      

Precision PSR 0 48.9 33.3 1.7 – 184.2 129 
 PSR 1 77.2 48.4 10.4 – 155.5 135 
 PSR 2 61.0 37.2 8.2 – 203.9 132 
      

Position solution PSR 0 195 200 0 – 774 155 
 PSR 1 240 224 0 – 854 155 
 PSR 2 229 222 0 – 833 155 

 
PSR 0 – 
corrected 

48 34 0 - 91 155 
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Table 11: Results of LMEMs assessing the effect of different ALPS – PSR 
processing options on performance measures (PSR 0 is the reference category). Based on 
stationary tests 

Model 
(response 
variable) 

Explanatory 
variable 

Estimate SE DF T value P value 

Accuracy Intercept 2.721 0.074 401 36.60 < 0.001*** 
 PSR 1 0.534 0.104 401 5.14 < 0.001*** 
 PSR 2 0.261 0.104 401 2.51 0.013* 
       

Precision Intercept 3.663 0.061 394 59.62 < 0.001*** 
 PSR 1 0.518 0.085 394 6.03 < 0.001*** 
 PSR 2 0.277 0.086 394 3.21 0.001** 
       

Position 
solution 

Intercept 159.147 48.581 437 3.28 < 0.001*** 

 PSR 1 544.205 65.760 437 8.28 < 0.001*** 
 PSR 2 513.258 65.760 437 7.80 < 0.001*** 

 

3.1.2 Performance of the HMM processed data – overall performance of the 

telemetry system 

Scattering of positions considerably improved after applying a HMM (compare 

Figure 21). Accuracy for all stationary tests after processing the PSR 0 dataset with a 

HMM (i.e. for HMM 0 data) averaged 7.1 ± 15.2 m (range: 0.6 – 114.5 m; n = 129). 

Precision averaged 5.1 ± 14.5 m (range: 0.0 – 89.3 m; n = 128). Position solution averaged 

45 ± 33% (range: 0 – 91%; n = 155). Time difference between consecutive positions 

averaged 82 s ± 256 s (range: 13 – 2320 s; n = 128). Both position solution and time 

difference are indicative for datasets consisting both of long periods of short time intervals 

between consecutive signal transmissions and of long periods where there was no signal 

transmission. 

The improvement of accuracy and precision of the HMM 0, compared to the PSR 0, 

processed data was highly significant (compare Table 12 and Figure 22). Position solution 

did not change as the HMM is a predictive model which did not delete any positions. 26 

tests (17%) yielded no data (PS = 0%) of which 15 (58%) were placed inside emerged 

macrophytes and 11 (42%) were placed inside submerged macrophytes, indicating the 

expected constrained signal transmission through aquatic vegetation. Further, 14 tests (9%) 

had a PS of < 10% and 4 tests (3%) had a PS of < 1%. 10 tests had a PS between 90% and 

91% of which 8 (80%) were placed in the pelagic and 2 (20%) were placed in the 

sublittoral, indicating more optimal conditions for acoustic sound propagation in the open 
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water zone, which is not influenced by macrophytes. 28 (22%) of 129 data-yielding trials 

showed a directional pattern in the distribution of positions (i.e. consecutive outlier 

locations, which were often arranged in a straight line away from the true transmitter 

location, compare Figure 21. 

As the above reported accuracy and precision differed from zero, positions varied in 

their location and, therefore, some movement was induced when summing up the distances 

between consecutive positions stemming from, in reality, stationary transmitters. The 

induced movement was measured as moved distance per minute [to account for different 

sample sizes (i.e. different number of positions obtained in each test, due to different 

position solutions) and to account for different test durations] and is referred to as “moved 

distance”. Moved distance averaged 0.5 ± 0.9 m/min (compare Table 13), which represents 

an induced average movement of 30 ± 54 m each hour for a transmitter, which, in reality, 

was stationary. 

 

Figure 21: Positions obtained by the telemetry systems when processing data with 
ALPS software, processing option PSR 0, and eventually with a HMM. Based on 
stationary tests 
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Figure 22: Accuracy, precision and position solution of HMM processed datasets in 
comparison to PSR processed datasets. Error bars indicate ± SE and different letters 
indicate significance. Based on stationary tests 

 

Table 12: Results of LMEMs comparing performance measures between ALPS – 
PSR 0 and HMM 0 processed datasets (PSR 0 is the reference category). Based on 
stationary tests 

Model 
(response 
variable) 

Explanatory 
variable 

Estimate SE DF T value P value 

Accuracy Intercept 2.721 0.074 258 36.70 < 0.001*** 
 HMM 0 -1.234 0.105 258 -11.72 < 0.001*** 
       

Precision Intercept 3.664 0.080 255 45.92 < 0.001*** 
 HMM 0 -2.794 0.113 255 -24.71 < 0.001*** 

 

3.1.3 Performance in differently structured habitats 

Performance measures were compared between the habitats pelagic, sublittoral, 

submerged macrophytes and emerged macrophytes to determine the effect of differently 

structured habitats. In general, the key performance measures accuracy, precision and 

position solution increased as habitat complexity declined. Greatest accuracy (2.2 ± 2.4 m) 

was achieved in the pelagic zone and was significantly better (compare Table 14 and 

Figure 24) than in all other habitats (emerged macrophytes: 20.8 ± 22.4 m; submerged 

macrophytes: 7.7 ± 10.2 m; sublittoral: 7.7 ± 18.9 m, compare Table 13 for ranges). 

Further, accuracy in the sublittoral was significantly better (compare Table 14) compared 

to accuracy in emerged macrophytes. Compared to emerged macrophytes, precision (EM: 

20.5 ± 28.5 m) was significantly better (compare Table 14) in all habitats (submerged 

macrophytes: 4.4 ± 9.6 m; sublittoral: 4.2 ± 12.9 m; pelagic: 1.5 ± 5.1 m). Position solution 

was highest in the pelagic (69.3 ± 19.7%) and differed significantly (compare Table 14) 

between all habitats (sublittoral: 68.6 ± 30.6%; submerged macrophytes: 25.4 ± 32.7%; 
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emerged macrophytes: 8.7 ± 15.2%). Time difference between consecutive positions was 

significantly highest (compare Table 14) in emerged macrophytes (435 ± 628 s) compared 

to all other habitats (submerged macrophytes: 96 ± 122 s; sublittoral: 28 ± 19 s; pelagic: 20 

± 11 s). Moved distance was least overestimated in the pelagic (0.24 ± 0.44 m/min) and 

significantly lower (compare Table 14) compared to emerged macrophytes (0.81 

± 1.38 m/min) and compared to the sublittoral (0.61 ± 0.96 m/min). For submerged 

macrophytes (0.67 ± 1.05 m/min), there was a clear trend (p = 0.058, compare Table 14) 

for a higher overestimation of moved distance compared to the pelagic.  

The covariate “number of positions per hour” had a significant effect (Table 14) in 

the model assessing time difference. It approves the assumption that time difference 

between consecutive positions depends on position solution. However, this covariate was 

not significant in the model assessing induced movement, which points to the fact that 

induced movement is independent of position solution. 

The beforehand mentioned directional pattern of outlier positions occurred in 8 (29%) 

out of 28 cases in emerged macrophytes, 4 (14%) in submerged macrophytes, 11 (39%) in 

the sublittoral and 5 (18%) occurred in the pelagic zone. Taking a closer look on the 

visualization of those data (Figure 23), it appears that directional outliers depend on the 

spatial configuration of the data logger array, i.e. tests located outside the data logger array 

seemed to be more prone to generating directional outliers. 

 



Results 

53 
 

Figure 23: Positions (black dots) yielded in all stationary tests (after HMM 
processing, i.e. the HMM 0 dataset) in different habitat types. The whole data logger array 
is projected to show that directional outliers (which are arranged in a straight line away 
from the test’s location) seemed to depend on the whole data logger arrays spatial 
configuration. Based on stationary tests 
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Figure 24: Accuracy, precision and position solution in differently structured habitats 
(EM = emerged macrophytes, SM = submerged macrophytes, S = sublittoral, P = pelagic). 
Error bars indicate ± SE, different letters indicate significance. Based on stationary tests 
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Table 13: Overall and habitat specific performance measures (EM = emerged 
macrophytes, SM = submerged macrophytes, S = sublittoral, P = pelagic). Based on 
stationary tests 

Performance measure Habitat Mean SD Range N 
Accuracy [m] EM 20.83 22.44 1.95 – 62.05 15 

 SM 7.68 10.17 1.76 – 39.94 19 
 S 7.67 18.85 0.60 – 114.52 45 
 P 2.23 2.42 1.02 – 18.43 50 
 overall 7.09 15.21 0.60 – 114.52 129 
      

Precision [m] EM 20.46 28.48 0.03 – 89.30 15 
 SM 4.40 9.61 0.23 – 40.81 18 
 S 4.22 12.90 0.19 – 78.97 45 
 P 1.45 5.13 0.13 – 35.53 50 
 overall 5.06 14.09 0.03 – 89.30 128 
      

Position solution [%] EM 7.9 13.8 0 – 57.2 30 
 SM 23.5 29.6 0 – 85.4 30 
 S 57.5 24.3 3.6 – 90.6 45 
 P 69.3 19.7 18.4 – 90.9 50 
 overall 45.1 33.1 0 – 90.9 155 
      

Time difference [s] EM 435 628 21 – 2320 15 
 SM 96 122 14 – 479 19 
 S 28 19 14 – 95 45 
 P 20 11 13 – 67 50 
 overall 82 256 13 – 2320 128 
      

Induced movement 
[m/min] 

EM 0.81 1.38 0.00 – 4.34 15 

 SM 0.67 1.05 0.02 – 4.29 18 
 S 0.61 0.96 0.03 – 4.77 45 
 P 0.24 0.44 0.03 – 3.21 50 
 overall 0.50 0.91 0.00 – 4.77 128 
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Table 14: Results of LMEMs assessing the effect of differently structured habitats 
(Emerged macrophytes is the reference category, SM = submerged macrophytes, S = 
sublittoral, P = pelagic) on performance measures. Based on stationary tests 

Model 
(response 
variable) 

Explanatory 
variable 

Estimate SE DF T value P value 

Accuracy Intercept 2.463 0.194 127 12.72 < 0.001*** 
 SM -0.675 0.259 127 -2.60 0.010** 
 S -0.972 0.224 127 -4.35 < 0.001*** 
 P -1.386 0.221 127 -6.28 < 0.001*** 
       

Precision Intercept 1.937 0.239 126 8.11 < 0.001*** 
 SM -0.910 0.324 126 -2.81 0.006** 
 S -1.074 0.276 126 -3.89 < 0.001*** 
 P -1.438 0.272 126 -5.28 < 0.001*** 
       

Position 
solution 

Intercept 23.081 12.169 153 1.90 0.060 

 SM 45.996 17.209 153 2.67 0.008** 
 S 145.625 15.710 153 9.27 < 0.001*** 
 P 180.389 15.392 153 11.72 < 0.001*** 
       

Time 
difference 

Intercept 5.519 0.119 126 46.48 < 0.001*** 

 SM -0.564 0.162 126 -3.49 < 0.001*** 
 S -0.807 0.152 126 -5.30 < 0.001*** 
 P -0.736 0.162 126 -4.55 < 0.001*** 
 covariate: 

No. of pos./h 
-0.009 0.001 126 -14.80 < 0.001*** 

       
Induced 

movement 
Intercept 0.379 0.098 126 3.85 0.002** 

 SM -0.075 0.134 126 -0.56 0.574 
 S -0.138 0.126 126 -1.10 0.275 
 P -0.346 0.134 126 -2.58 0.011* 
 covariate: 

No. of pos./h 
0.001 0.001 126 1.55 0.124 
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3.1.4 Performance in different depths in the pelagic 

There was no significant effect of transmitter depth on accuracy, precision, position 

solution and moved distance (GLMs, compare Table 16) considering stationary tests 

conducted in the pelagic. Only transmitter depth showed a very small (slope-estimate: -

0.01805) but significant effect (p = 0.0158; compare Table 16) on time differences 

between consecutive positions indicating a slightly decreasing time interval between 

consecutive positions with increasing transmitter depth. It is therefore indicated, that the 

placement of the transmitter in the vertical water column has, apart from a slightly worse 

signal transmission with increasing depth, no effect on the systems performance. Tests 

with transmitters placed in a depth zone between 6 and 6.99 m depth (n = 5, all placed in 

6.90 m depth) were excluded from these GLMs as they were likely to had sunk into the 

mud-covered ground of the lake (as they were attached to a rope fastened on a heavy 

concrete anchor) and therefore most probably yielded biased data in terms of assessing an 

effect of transmitter depth (compare Figure 25 and Table 15). To avoid any potential bias 

caused by habitat structure (i.e. transmitter sunken into mud or biased due to close vicinity 

to mud), only tests with transmitters installed in 0 – 5.99 m depth (n = 45) were included in 

the statistical analyzes. Excluding tests in the vicinity of the ground considerably improved 

the most profound performance measures within the pelagic zone (compare Table 15), i.e. 

average accuracy improved from 2.23 m to 1.82 m and average precision improved from 

1.45 to 0.54 m. 
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Figure 25: Performance measures in different depths within the pelagic zone. Note 
that depth categories 0 - 0.99 m and 2 – 2.99 m contained only one test (i.e. sample size = 
1); compare Table 15 for further sample sizes. Error bars indicate ± SE, different letters 
indicate significances. Based on stationary tests. To test for differences between depth 
categories (LMEMs with (ln+1) transformed dependent variables, tests are not shown), 
depth categories 0 – 0.99, 2 -2.99 (low sample sizes) and 6 – 6.99 (likely biased due to a 
sink in of the transmitter into mud) were excluded. There were no significant differences 
(tests not shown) for any tests placed in different depth zones except significantly lower 
(slope-estimate: 0.070; SE: 0.024; z-value: 2.883; Tukey-adjusted p = 0.020) induced 
movement for tests conducted between 5 – 5.99 m depth compared to tests conducted 
between 3 – 3.99 m depth 
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Table 15: Overall and depth-specific performance measures for the pelagic zone 
Based on stationary tests 

Performance measure Depth category [m] Mean SD Range N 
Accuracy [m] 0 – 0.99 1.88 -- -- 1 

 1 – 1.99 1.79 0.47 1.17 – 2.65 14 
 2 – 2.99 1.76 -- -- 1 
 3 – 3.99 1.69 0.51 1.15 – 2.91 14 
 4 – 4.99 2.28 1.47 1.02 – 4.17 5 
 5 – 5.99 1.96 0.59 1.23 – 3.37 10 
 6 – 6.99 5.62 7.25 1.37 – 18.43 5 
 overall: 0 – 6.99 2.23 2.45 1.02 – 18.43 50 
 overall: 0 – 5.99 1.82 0.66 1.02 – 4.17 45 
      

Precision [m] 0 – 0.99 0.41 -- -- 1 
 1 – 1.99 0.45 0.28 0.18 – 1.17 14 
 2 – 2.99 2.12 -- -- 1 
 3 – 3.99 0.4 0.26 0.13 – 1.07 14 
 4 – 4.99 0.64 0.38 0.28 – 1.29 5 
 5 – 5.99 0.66 0.66 0.21 – 2.42 10 
 6 – 6.99 9.63 15.28 0.28 – 35.53 5 
 overall: 0 – 6.99 1.45 5.18 0.13 – 35.53 50 
 overall: 0 – 5.99 0.54 0.47 0.13 – 2.42 45 
      

Position solution [%] 0 – 0.99 89.83 -- -- 1 
 1 – 1.99 76.95 20.65 21.63 – 90.92 14 
 2 – 2.99 90.48 -- -- 1 
 3 – 3.99 67.7 18.57 18.38 – 90.47 14 
 4 – 4.99 75.15 12.41 55.37 – 88.2 5 
 5 – 5.99 66.79 14.1 39.66 – 84.42 10 
 6 – 6.99 43.49 20.15 30.55 – 79.19 5 
 overall: 0 – 6.99 69.33 19.87 18.38 – 90.92 50 
 overall: 0 – 5.99 72.20 17.85 18.38 – 90.92 45 
      

Moved distance [m/min] 0 – 0.99 0.3 -- -- 1 
 1 – 1.99 0.21 0.1 0.05 – 0.47 14 
 2 – 2.99 0.6 -- -- 1 
 3 – 3.99 0.12 0.06 0.03 – 0.25 14 
 4 – 4.99 0.16 0.06 0.09 – 0.23 5 
 5 – 5.99 0.21 0.15 0.06 – 0.54 10 
 6 – 6.99 0.75 1.37 0.06 – 3.21 5 
 overall: 0 – 6.99 0.24 0.44 0.03 – 3.21 50 
 overall: 0 – 5.99 0.19 0.12 0.03 – 0.60 45 
      

Time difference [s] 0 – 0.99 13.53 -- -- 1 
 1 – 1.99 18.53 11.34 13.5 - 56.46 14 
 2 – 2.99 13.53 -- -- 1 
 3 – 3.99 21.14 13.5 13.54 - 66.64 14 
 4 – 4.99 16.66 3.25 13.9 - 22.15 5 
 5 – 5.99 19.31 5.06 14.53 - 30.95 10 
 6 – 6.99 31.58 9.62 15.46 - 40.41 5 
 overall: 0 – 6.99 20.33 10.64 13.5 – 66.64 50 
 overall: 0 – 5.99 19.08 10.08 13.5 – 66.64 45 
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Table 16: Results of GLMs assessing the effect of transmitter depth on performance 
measures in the pelagic zone. Based on stationary tests 

Model (response 
variable) 

Explanatory 
variable 

Estimate SE DF T value P value 

       
Accuracy Intercept 0.983 0.064 43 15.41 < 0.001*** 

 Transmitter depth 0.014 0.018 43 0.76 0.452 
       
       

Precision Intercept 0.332 0.074 43 4.51 < 0.001*** 
 Transmitter depth 0.022 0.021 43 1.05 0.299 
       
       

Position solution Intercept 233.538 15.706 43 14.87 < 0.001*** 
 Transmitter depth -6.957 4.404 43 -1.58 0.122 
       
       

Time difference Intercept 4.285 0.062 43 69.48 < 0.001*** 
 Transmitter depth -0.018 0.007 43 -2.52 0.0158* 

 
Covariate: no. of 

pos/h 
-0.006 0.000 43 -25.32 < 0.001*** 

       
Moved distance Intercept -0.101 0.057 43 -1.76 0.0853 

 Transmitter depth 0.004 0.007 43 0.58 0.5624 

 
Covariate: no. of 

pos/h 
0.001 0.000 43 5.36 < 0.001*** 

 

3.1.5 Performance of depth sensors 

Overall deviation of depth estimates yielded by the transmitters built-in pressure 

sensors from the true transmitter depth as recorded in the field was 0.20 ± 0.16°m 

(n = 128). This deviation was within the range of the resolution of the depth sensors 

(0.21 m). Measurements taken in the field were strongly correlated with estimates obtained 

from the pressure sensors (Pearson’s r: 0.99; CI = 0.98 – 0.99; t = 74.87; df = 127; 

p < 0.001; compare Figure 26). The lowest deviation between depth sensor estimates and 

in field measurements was achieved in the sublittoral (0.12 ± 0.09 m) and in emerged 

macrophytes (0.13 ± 0.11 m; compare Figure 27). Deviation in the pelagic (0.26 ± 0.19 m) 

and in submerged macrophytes (0.27 ± 0.18 m, compare Table 17 for ranges) were 

significantly higher (compare Table 18) when comparing both with both emerged 

macrophytes and the sublittoral. 
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Figure 26: Correlation between transmitter depth as recorded in the field and 
transmitter depth as estimated by the telemetry system (based on the built-in pressure 
sensors of transmitters and based on stationary tests) 

 

Figure 27: Deviation of depth estimates yielded by the transmitter’s built-in depth 
sensor in differently structured habitats (EM = emerged macrophytes, SM = submerged 
macrophytes, S = sublittoral, P = pelagic). Error bars indicate ± SE, different letters 
indicate significance. Based on stationary tests 

 



Results 

62 
 

Table 17: Performance of depth sensors in HMM filtered, ALPS, PSR processed 
datasets in differently structured habitats (EM = emerged macrophytes, SM = submerged 
macrophytes, S = sublittoral, P = pelagic). Based on stationary tests 

Habitat Mean [m] SD [m] Range [m] N 
EM 0.13 0.11 0.00 – 0.43 15 
SM 0.27 0.18 0.01 – 0.55 19 
S 0.12 0.09 0.00 – 0.31 45 
P 0.26 0.19 0.00 – 0.89 50 

overall 0.20 0.16 0.01 – 0.89 129 
 

Table 18: Results of a LMEM assessing the effect of differently structured habitats 
on the deviation of depth sensor estimates (emerged macrophytes is the reference category; 
SM = submerged macrophytes, S = sublittoral, P = Pelagic). Based on stationary tests 

Model 
(response 
variable) 

Explanatory 
variable 

Estimate SE DF T value P value 

Deviation Intercept 0.135 0.039 125 3.48 < 0.001*** 
 SM 0.138 0.052 125 2.66 0.009** 
 S -0.019 0.045 125 -0.42 0.6733 
 P 0.126 0.044 125 2.85 0.005** 

 

3.2 Moving tests 

Performance was determined based on 18 moving tests (Figure 28) which covered the 

habitats pelagic, sublittoral and submerged macrophytes. Accuracy averaged 5.4 ± 4.6 m 

and precision averaged 7.9 ± 5.7 m (compare Table 19), respectively. Position solution 

averaged 60.6 ± 21.0% and ranged from 17.7 – 91.2%. Hence, all 18 tests comprising 

moving transmitters yielded positions and position solution was never zero. Average time 

difference between consecutive positions was 28 ± 15 s. Moved distance amounted on 

average to 88 ± 15% of the distance recorded via DGPS and was therefore on average 

underestimated by 12 ± 15%. Transmitters placed in the same position (i.e. mounted to the 

same steel tube) in different depths, i.e. at 1.0; 1.3 and 1.6 m, did not show any significant 

differences (compare Table 20 and Figure 29) in accuracy, precision, time difference and 

moved distance. However, position solution was significantly (compare Table 20) lowest 

for transmitters placed in 1.6 m depth. The model assessing time difference included a 

significant (Table 20) covariate “number of positions per hour” which was not significant 

(Table 20) in the model assessing “moved distance”. This indicates that time difference 

between consecutive positions depends on position solution whereas moved distance does 

not.  
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Figure 28: DGPS-recorded tow tests and corresponding telemetry positions for 
transmitters placed in different depths 

 



Results 

64 
 

Figure 29: Performance measures for moving tests. Error bars indicate ± SE, different 
letters indicate significance. Note that “moved distance” refers to the underestimation of 
telemetry based moved distance compared to length of DGPS recorded transects 
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Table 19: Performance measures in moving tests, categorized by different depths. 
*Moved distance is given as the ratio of telemetry based moved distance and DGPS-
recorded moved distance (i.e. values below 100% indicate underestimation of moved 
distance and values above 100% indicate overestimation of moved distance) 

Performance measure Transmitter depth Mean SD Range N 
Accuracy [m] 1 5.38 4.60 1.89 – 15.23 6 

 1.3 4.23 2.66 2.04 – 9.80 6 
 1.6 6.18 3.90 2.55 – 14.19 6 
 overall 5.26 3.89 1.89 – 15.23 18 
      

Precision [m] 1 7.87 5.66 2.32 – 17.77 6 
 1.3 4.76 3.92 1.76 – 13.34 6 
 1.6 8.52 4.68 3.76 – 15.97 6 
 overall 7.05 5.08 1.76 – 17.77 18 
      

Position solution [%] 1 57 11 40 – 74 6 
 1.3 59 13 39 – 76 6 
 1.6 36 17 16 – 69 6 
 overall 51 17 16 – 76 18 
      

Moved distance* [% of m/min] 1 92 8 81 – 105 6 
 1.3 94 13 72 – 109 6 
 1.6 77 18 41 – 94 6 
 overall 88 15 41 – 109 18 
      

Time difference [s] 1 22 4 17 – 30 6 
 1.3 22 5 16 – 31 6 
 1.6 40 19 18 – 75 6 
 overall 28 15 16 – 75 18 
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Table 20: Results of LMEMs assessing the effect of different depths [1.0 m (= 
reference category); 1.3 m and 1.6 m] on performance measures in moving tests 

Model 
(response 
variable) 

Explanatory 
variable 

Estimate SE DF T value P value 

       
Accuracy Intercept 1.661 0.224 16 7.42 < 0.001*** 

 1.3 -0.111 0.317 16 -0.35 0.730 
 1.6 0.184 0.317 16 0.58 0.570 
       

Precision Intercept 1.993 0.240 16 8.29 < 0.001*** 
 1.3 -0.406 0.340 16 -1.19 0.252 
 1.6 0.145 0.340 16 0.43 0.676 
       

Position 
solution 

Intercept 167.57 18.338 16 9.14 < 0.001*** 

 1.3 6.625 25.933 16 0.26 0.802 
 1.6 -60.028 25.933 16 -2.32 0.035* 
       

Time 
difference 

Intercept 4.336 0.116 16 37.31 < 0.001*** 

 1.3 0.031 0.064 16 0.47 0.643 
 1.6 0.060 0.075 16 0.81 0.432 
 covariate: No. 

of pos./h 
-0.007 0.001 16 -11.36 < 0.001*** 

       
Moved 
distance 

Intercept -13.406 6.243 16 -2.15 0.050* 

 1.3 -0.037 3.453 16 -0.011 0.992 
 1.6 -1.655 4.014 16 -0.41 0.686 
 covariate: No. 

of pos./h 
0.062 0.034 16 1.79 0.095 

 

3.3 Comparison of performance between moving and stationary tests 

To allow for an approximate comparison between moving and stationary tests (Figure 

30), emerged macrophytes were excluded from the comparisons as they were not 

accessible to be covered in moving tests. Considering the habitats pelagic, sublittoral and 

submerged macrophytes of stationary tests, average accuracy was 5.29 ± 12.94 m (range: 

0.60 – 114.52 m; n = 114), average precision was 3.02 ± 9.72 m (range: 0.13 – 78.97 m; 

n = 113) and position solution was: 54 ± 29.98% (range: 0 – 91%; n = 125). Comparing 

these measures with measures obtained in moving tests (compare section “Moving tests”), 

results appeared to be comparable (compare Figure 30). Accuracy appeared to be equal. 

Precision appeared to be worse in moving tests which might be attributed to a much lower 

sample size in moving tests. Moved distance is not comparable as stationary test can only 
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be overestimated. However, the difference between overestimation in stationary tests and 

underestimation of moved distance in moving tests points to a challenge when interpreting 

movement data from tagged fish which might remain sedentary for longer periods of time. 

Position solution appeared to be comparable between stationary and moving tests whereas 

time difference was lower (compare Figure 30) for moving tests, indicating a lesser extent 

of periods of non-detection for moving transmitters. Note that, in a strict sense, a 

comparison of performance measures between stationary tests and moving tests is not 

approvable as standardization between both is missing. Therefore the term “appeared to 

be” was used in this section and comparisons are just approximate. 

Figure 30: Performance measures compared between stationary and moving tests. 
Error bars indicate ± SE. Note that all comparisons are only approximate as there was no 
standardization between moving and stationary tests, therefore no statistical tests were 
conducted 
 

3.4 Further observations and resulting improvements 

During data processing and after the results of the calibration experiment had been 

completed, further observations have been made which resulted in suggestions how to 

improve manufacturer supplied processing software ALPS V2.22. These observations will 

be briefly described in the following two sub-chapters and considered the selection of the 
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beacon and the selection of the order of binary data files involved in positioning within 

sub-arrays. The observations and suggestions resulted in an upgrade from ALPS V2.22 to 

ALPS V2.30, which was released on April, 12th, 2012. The new version allows for 

selection of an optimal beacon and for selection of an optimal order of binary data files for 

positioning of (sub-) arrays.  

3.4.1 Beacon effect 

When processing the same datasets but using different beacons which were all 

considered of equal quality, different quantities of data were obtained. A beacon was 

considered suitable when its signals were received at least once a day within a sub-array. 

As 21 beacons were installed in the lake, signals from up to 11 beacons were received on a 

daily basis in a sub-array. For example, 8 beacons were available to process data from the 

calibration experiment in Array B (compare Table 21). Those beacons were all considered 

of equal quality and thus same yields after positioning in ALPS were expected. However, 

when processing each sub-array with each of those beacons once, different amounts of 

positions were generated (compare Table 21). For instance, when using beacon-ID 11975 

for positioning data of Array B, considerably more positions were yielded for all 

transmitters processed compared to the amount of positions when using any of the other 

beacons. On the other hand, when using beacon-ID 15585 in Array B, no position was 

generated at all for any transmitter. The results of this observation indicate that it not only 

matters, whether a beacon signal was received on a daily basis in a sub-array, but also how 

often it was received each day. As a consequence, ALPS V2.30 was designed to identify 

beacons fulfilling this requirement and manufacturers recommended to select beacons that 

have been received each 30 – 90 min. The results of this observation further indicate that in 

most cases sub-optimal beacons have been used for the calibration experiment presented in 

this thesis. As a consequence, position solutions of the calibration experiment are 

underestimated. Besides these key findings, it was also identified that Beacon IDs 45; 

3875; 3919; 9686; 11623; 13560 and 13604 were never received by all hydrophones within 

any sub-array during the calibration experiment. This indicates that those beacons are 

placed in sub-optimal locations. Signals stemming from beacon ID 9686 were never 

received of any hydrophone which most likely indicates that this beacon did not function 

properly. 
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Table 21: Number of positions obtained in each sub-array when using different beacons for positioning of 10 transmitters. Beacons and 
corresponding number of positions used in the calibration experiment are highlighted in bold (this table continues on the next 2 pages) 

Beacon ID Transmitter-ID 
 29500 34600 34700 35000 35200 35900 38600 39000 39100 39800 

Array A 
1 899 1109 817 759 863 1613 730 620 0 524 

1938 1634 3208 1099 2333 2396 2235 1164 1928 49 1760 
7793 1787 3214 1108 2329 2711 2625 1295 2070 66 1687 

Array B 
1938 1043 2428 742 1585 799 1627 149 1666 255 776 
5812 1730 3059 1191 1927 1494 1713 414 2647 373 1069 
5856 1680 3169 1232 2046 1631 1736 280 2753 367 1094 
7749 1679 3176 1207 2009 1577 1725 389 2753 378 1097 
7793 1680 3165 1195 1945 1554 1729 405 2683 346 1074 
9730 1678 2852 1216 1905 1431 1723 396 2477 434 1081 
15585 0 0 0 0 0 0 0 0 0 0 
11975 3796 3655 1742 2596 2309 3520 1041 3061 887 2026 

Array C 
11667 0 472 3108 733 179 581 1527 3 2547 64 
13560 1449 636 3358 825 208 775 2154 119 2786 309 
15629 0 1 1780 559 204 337 902 3 1553 63 
11975 1479 1199 4086 1506 948 3326 3008 303 4805 540 

Array D 
5812 2777 3751 1699 2431 2231 2340 389 3714 658 2492 
5856 2761 3746 1702 2491 2296 2340 398 3718 617 2497 
7749 2780 3762 1628 2396 2294 2333 407 3724 629 2500 
7793 2758 3805 1632 2413 2271 2329 275 3731 621 2456 
9730 2843 3772 1701 2346 2165 2317 366 3716 600 2480 
15585 2592 3445 1531 2362 2183 2272 251 3367 381 2211 
11975 2745 3795 1681 2312 2311 2455 298 3878 596 2552 

           



Results 

70 
 

Beacon ID Transmitter-ID 
 29500 34600 34700 35000 35200 35900 38600 39000 39100 39800 

Array E 
1938 1247 2676 3204 2921 1170 3541 1110 1616 639 1040 
15585 1282 2692 3185 2847 1163 3522 1106 1587 639 1089 
11975 1167 2615 3336 2585 1377 3648 1416 1586 674 962 

Array F 
5812 1439 785 1467 785 1330 2275 1721 1755 2016 778 
5856 1457 787 1467 716 1293 2160 1500 1771 2022 778 
7749 1466 833 1399 719 1277 2273 1718 1772 1975 785 
9730 1449 836 1332 839 1267 2270 1735 1764 1978 776 
11975 2618 1440 2643 1683 1679 4333 2240 2725 3751 1459 

Array G 
1 3906 4519 2532 4916 3078 5743 2421 3478 2984 2063 

1938 4308 4529 2496 4907 3084 5639 2290 3461 3048 2057 
1982 2412 1679 842 1737 1102 3079 972 1038 1098 1175 
5812 2103 4470 2091 4802 2930 5531 2245 3369 2458 2002 
7749 3939 4508 2599 4924 3092 5749 2557 3460 2980 2061 
9730 4054 4511 2622 4819 3024 5731 2547 3385 2976 1976 
11667 1322 148 389 12 466 606 219 25 78 582 
15585 4437 4534 2558 4947 3055 5688 2369 3457 3000 1969 
15629 4176 4492 2586 4899 3044 5654 2533 3340 2855 2040 
11975 4063 4466 2447 5434 3298 5815 2535 3477 3361 2079 

Array H 
1938 1378 2395 965 2419 1337 3130 1312 1335 401 1340 
5812 1633 2770 1247 2478 1621 3220 1819 1659 447 1641 
5856 1676 2783 1225 2475 1675 3238 1600 1678 455 1633 
7749 1681 2783 1221 2451 1658 3227 1797 1637 458 1582 
7793 1634 2760 1191 2455 1613 3233 1767 1634 350 1599 
9730 1630 2611 1206 2498 1620 3216 1821 1545 357 1591 
15585 1360 2476 1109 2425 1683 3209 1782 1365 321 1277 
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Beacon ID Transmitter-ID 
 29500 34600 34700 35000 35200 35900 38600 39000 39100 39800 

11975 2717 4343 1594 3211 2693 4987 1615 3217 790 2386 
Array I 

1938 818 1172 4654 3192 1466 5265 2954 1293 3955 1114 
11667 559 810 4146 3043 1255 5139 2739 791 4014 885 
13648 634 1019 4644 3237 1463 5059 2961 1476 3874 813 
15541 4 352 3031 1304 669 2592 1758 140 2222 242 
15585 824 1157 4525 3305 1517 5281 2914 1314 3878 1032 
11975 525 1013 4766 3525 1621 5392 3092 1352 4224 1006 

Array J 
1982 1769 1962 2595 4522 3515 5509 3300 1725 3666 1725 
5812 1098 2068 2164 3925 2579 5281 2922 1578 3170 1512 
7749 902 1965 2646 4480 3515 5482 3306 1692 3614 1728 
7793 849 1972 2651 4461 3528 5493 3292 1688 3602 1728 
9730 1119 2066 2629 4468 3550 5502 3287 1723 3618 1740 
11667 572 1313 1857 3966 2116 4548 2725 1042 3339 809 
15585 2984 1968 2624 4661 3596 5517 3295 1750 3668 1699 
15629 1247 1969 2642 4438 3518 5521 3289 1714 3667 1757 
11975 779 1956 2490 4486 3735 5648 3304 1691 3697 1742 

Array K 
1 -- 2234 -- 3140 2113 1352 537 1925 -- 1310 

1938  2304 -- 3177 1610 1275 479 1921 -- 1457 
7793 -- 2582 -- 3600 2199 1420 778 2185 -- 1461 

Array L 
1938 -- 696 -- 2329 854 872 700 970 -- 556 

Array M 
1938 283 1849 -- 3808 1119 1469 688 2111 -- 1157 
7793 284 1899 -- 3861 1147 1477 700 2118 -- 1172 
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3.4.2 Hydrophone configuration 

The order of adding binary data files in the positioning engine ALPS affected data 

quantity. It was also observed, that excluding one of eight binary data files from processing 

within an array increased number of positions in some cases (Huehn, unpublished data). To 

briefly elucidate these observations, sub-array B, and within sub-array B the beacon 

yielding most data were selected. Thirteen different orders (O1 – O13, Table 22) of 

implementing hydrophones – correctly binary data files – in the positioning engine ALPS 

were selected arbitrarily. Numbers of positions were only different in one case (O5) when 

the master hydrophones were different (O1 – O8). When the master hydrophone remained 

the same but the order of subsequent hydrophones changed (O1; O11 – O13), no 

differences were observed. When one hydrophone (O9) or two hydrophones (O10) were 

excluded, number of positions decreased. These results indicate that the order of 

hydrophones in the positioning engine ALPS can have an effect on data quantity. 

Exclusion of one or two hydrophones did not increase data quantity. 
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Table 22: Number of positions obtained when adding hydrophones (i.e. binary data files) in different orders (O1 – O13) into the positioning 
engine ALPS in Array B. The order and corresponding number of positions used in the calibration experiment are highlighted in bold and different 
results compared to those are highlighted in dark fields. The first number of the binary data file corresponds to the master hydrophone. O1 – O8 use 
different master hydrophones. O9 excluded one hydrophone. O10 excluded two hydrophones. O11 – O13 used the same master hydrophone as the 
calibration experiment but implemented different orders of subsequent hydrophones 

Order of binary data files Transmitter-IDs 
 29500 34600 34700 35000 35200 35900 38600 39000 39100 39800 
 Number of positions 

O1: 71-72-73-74-75-76-69-83 3796 3655 1742 2596 2309 3520 1041 3061 887 2026 
O2:  69-71-73-74-75-76-72-83 3796 3655 1742 2596 2309 3520 1041 3061 884 2026 
O3:  72-71-73-74-75-76-69-83 3796 3655 1742 2596 2309 3520 1041 3061 887 2026 
O4:  73-72-71-74-75-76-69-83 3796 3655 1742 2596 2309 3520 1041 3061 887 2026 
O5:  74-72-71-73-75-76-69-83 2777 3655 643 2596 1716 2212 773 3061 476 2026 
O6:  75-72-71-73-74-76-69-83 3796 3655 1742 2596 2309 3520 1041 3061 887 2026 
O7:  76-71-72-73-74-75-69-83 3796 3655 1742 2596 2309 3520 1041 3061 887 2026 
O8:  83-72-73-74-75-76-69-71 3796 3655 1742 2596 2309 3520 1041 3061 887 2026 
O9:  71-72-73-74-75-76-69 3275 3329 750 1587 1893 1485 581 2337 561 1018 
O10:  71-72-73-74-75-76 2824 1893 515 524 1061 708 154 2086 450 660 
O11:  71-76-83-75-72-73-69-74 3796 3655 1742 2596 2309 3520 1041 3061 887 2026 
O12:  71-83-69-73-76-75-74-72 3796 3655 1742 2596 2309 3520 1041 3061 887 2026 
O13:  71-69-73-83-72-74-76-75 3796 3655 1742 2596 2309 3520 1041 3061 887 2026 
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3.5 Habitat choice and movement in periods of non-detection 

A. Visually comparing consecutive locations of the same individual in either the  reed 

belt or the open water zone, revealed a clear contrast (compare Figure 31 as an example): 

pike located inside the reed belt moved less  and showed a lower variability in their 

movement as when located in the open water. The average moved distances between 

consecutive locations (three hours apart) was 11 ± 3 m (range: 5 – 15 m) inside the reed 

belt and 55 ± 41 m (range: 9 – 152 m, compare Table 24) in the open water zone, resulting 

in highly significant (compare Table 23 and Figure 34) differences between moved 

distance of pike located in the reed belt and the open water zone. The mobility of pike was 

five times higher inside the reed belt as compared to outside the reed belt. Additionally, 

pike showed a very low level of variability in their displacement between consecutive 

positions in the reed belt, indicating a high level of residency (compare Table 24 and 

Figure 34). The opposite was the case for pike when found in the open water zone. These 

results indicate that pike are much less active, though not totally inactive, inside the reed 

belt compared to pike in the open water zone. 

B. When located inside the reed belt, pike moved within a restricted area inside the 

reed belt (compare Figure 32). They never moved around the whole reed belt within 

consecutive locations, nor did they leave the area in which they were located. Only a few 

pike (pike IDs 11, 14, 16; Figure 32) covered distances over 200 m inside the reed belt. 

However, Figure 32 shows, for reasons of feasibility, consecutive locations which are up to 

23 h apart, thereby overestimating movement distances. If there is more than 100 m 

covered distance in Figure 32, then locations were more than 3 h apart as pike never 

covered distances greater than 98 m between consecutive locations which were three hours 

apart within the reed belt (compare ranges of RB in Table 24). These results indicate that 

pike do move when located inside the reed belt, though to a low extent and most often 

within the same, restricted area. 

C. Pike covered considerable distances when they left the reed belt and moved into 

the open water zone (Figure 33 and Figure 34). Distances covered of individual pike were 

often even larger than 100 m (compare RB – OW ranges in Table 24). As locations were 

3 h apart and pike have also covered large distances in that time, it remains unclear 

whether the point where the pike had left the reed belt was the same as, or close, to the last 

location inside the reed belt (compare connected points in Figure 34). However, an 

important finding has been made with this analysis: The average movement of pike 
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heading from the reed belt into the open water zone (83.2 ± 47.8 m) was significantly 

higher (Table 23) compared to moved distance inside the reed belt (11 ± 3 m) and also 

significantly higher (Table 23) compared to moved distance within the open water zone 

(55 ± 41 m), indicating that pike become highly active when leaving the reed belt. 

 

Figure 31: Consecutive locations of pike ID 3 inside the reed belt and within the open 
water zone. Based on radio-telemetry tracking with 3 h-tracking intervals 
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Figure 32: Consecutive locations of pike within the reed belt. Consecutive locations 
with a tracking interval < 24 h are connected with a line. Based on radio-telemetry tracking 
with 3 h-tracking intervals 

 

Figure 33: Moved distances between two consecutive positions (connected with a 
line) when pike moved from the reed belt to the open water zone. Based on radio-telemetry 
tracking with 3 h-tracking intervals 
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Figure 34: Moved distances between consecutive positions of pike (n = 14) when 
located within the reed belt (RB), within the open water zone (OW) and when moving 
from the reed belt into the open water zone (RB to OW). Based on radio-telemetry tracking 
with 3 h-tracking intervals. Error bars indicate ± SE, different letters indicate significance 

 

Table 23: Results of a LMEM model comparing moved distances between 
consecutive positions of pike located within the reed belt (RB), within the open water zone 
(OW) and when moving from the reed belt into the open water zone (RB to OW). Based on 
radio-telemetry tracking with 3 h-tracking intervals. RB is the reference category 
Model (response 

variable) 
Explanatory 

variable 
Estimate SE DF T value P value 

Moved distance Intercept 1.492 0.588 25 2.32 0.018* 
 OW 1.314 0.215 25 6.10 < 0.001*** 
 OW to RB  1.840 0.215 25  < 0.001*** 

 
covariate: 
TLtagging 

0.017 0.010 12 1.56 0.119 
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Table 24: Moved distances of individual pike between consecutive positions located within the reed belt (RB), within the open water zone 
(OW) and when moving from the reed belt into the open water zone (RB to OW). Based on radio-telemetry tracking with 3 h-tracking intervals 
Pike 
ID 

TL [cm] RB OW RB to OW 

  
Mean 
[m] 

SD 
[m] 

Range 
[m] 

N 
(locations) 

Mean 
[m] 

SD 
[m] 

Range 
[m] 

N 
(locations) 

Mean 
[m] 

SD [m] 
Range 
[m] 

N 
(locations) 

1 56 11 11 1 – 66 40 49 83 0 – 513 106 81 64 11 - 180 10 
2 52.2 14 12 1 – 51 25 35 52 2 – 371 120 46 39 5 - 107 9 
3 51.1 13 11 0 – 46 50 29 27 1 – 114 73 42 24 11 – 115 15 
4 52.3 8 5 1 – 19 15 53 59 1 – 290 144 176 101 75 – 278 2 
5 49.3 10 10 1 – 40 36 82 108 3 – 507 91 59 67 4 – 224 9 
6 73.8 14 14 0 – 98 141 23 24 1 – 83 15 62 27 22 – 107 12 
8 63 11 6 5 – 17 2 60 70 1 – 506 161 72 42 23 – 156 7 
11 73.5 13 15 1 – 94 78 152 99 2 – 388 36 -- -- -- 0 
14 73 6 5 1 – 22 28 132 116 3 – 533 84 150 103 8 – 388 26 
16 54.3 15 18 2 – 82 34 15 13 1 – 73 127 96 58 7 – 206 15 
17 51.5 11 11 1 – 77 106 19 25 1 – 101 18 42 40 3 – 98 3 
18 48.8 11 9 0 – 52 156 9 -- -- 1 19 19 1 – 65 16 
19 46.2 11 11 1 – 59 29 58 72 1 – 493 109 146 136 15 – 490 8 
20 45 5 3 2 – 11 4 51 56 1 – 324 153 75 39 19 – 105 3 
            

 Overall 
Overall (based on 
individual means) 

N (pike) 
Overall (based on 
individual means) 

N (pike) 
Overall (based on individual 

means) 
N (pike) 

 
Mean ± 
SD [cm] 

Mean ± SD; Range [m]  Mean ± SD; Range [m]  Mean ± SD; Range [m]  

All 56 ± 10 11 ± 3; 5 – 15 14 55 ± 41; 9 – 152 14 83 ± 48; 19 – 176 14 
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D. Experimental track 01, an acoustic transmitter moved inside the reed belt around 

the whole lake, did not yield any data. Position solution of this transmitter was accordingly 

zero. Therefore, no recognition of movement of a tagged fish which moves deeper inside a 

complex habitat structure is indicated. Experimental track 02, which was a transmitter 

moved just in front of the reed belt, yielded only 10 data points (i.e. positions) which 

corresponds to a position solution of 3.52 %. Exact accuracy of positions was not identified 

as DGPS-clock and telemetry clock have not been synchronized. However, all 10 positions 

were clearly displaced from the real DGPS-recorded track (compare Figure 35). This 

indicates that a fish moving on the border of a complex habitat structure will be sooner or 

later detected by the telemetry system. However, positions might be displaced if the fish 

continues moving in sub-optimal data-logger geometry, i.e. as far away as possible from 

the outer border of the whole data-logger array, which is in front of the reed belt. Total 

moved distance as recorded by the telemetry system (167 m) underestimated total moved 

distance as recorded via DGPS (1952 m) by 91 %. The time frame (1651 s) in which the 

telemetry system yielded positions was underestimated by 53 % compared to the duration 

of the test (3480 s). 

 

Figure 35: Telemetry positions and the corresponding DGPS-track of an acoustic 
transmitter which was moved in front of the reed belt once around Kleiner Döllnsee in 
November 2011  
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3.6 Data yielded from tagged pike: first observations 

Movement data embracing one week in September 2009 was marked by extended 

periods of non-detection which lasted from several hours to several days for all 15 pike 

(compare Figure 36). For example, pike ID 31300 did not yield any positions for over 5.5 

consecutive days and pike IDs 30000 and 31800 did not yield any positions within the 

observation period (i.e, one week). However, all pike yielded positions considering data 

between 16.09 and 02.10.2009 (Figure 37), indicating that periods of non-detections can 

last up to over one week. 

MDPD averaged 648 ± 355 m and corrected MDPD averaged 349 ± 269 m. MDPH 

averaged 54.1 ± 28.5 m and corrected MDPH averaged 14.7 ± 14.2 m.  

Ranks of MDPD and corrected MDPD for pike were significantly correlated 

(Spearman’s rho = 0.64; S = 130; p = 0.021, n = 15), indicating that it is justifiable to 

assume inactivity of pike in periods of non-detection. However, ranks of MDPH and 

corrected MDPH were not correlated (Spearman’s rho = 0.18; S = 298; p = 0.554). 

Considering MDPH and corrected MDPH for different daytimes, ranks were significantly 

correlated during dawn (Spearman’s rho = 0.72; S = 103.6; p = 0.006), during dusk 

(Spearman’s rho = 0.98; S = 8.5; p < 0.001) but not during day (Spearman’s rho = 0.43; 

S = 206; p = 0.140) and not during night (Spearman’s rho = 0.01; S = 360; p = 0.978). 

Position solution averaged 7.4 ± 6.7% (range: 0 – 24.6%) and time difference 

between consecutive positions averaged 128.9 ± 58.4 s (range: 58.7 – 279.7 s) in hours 

with position solution > 0%. Pike preferred lake depths of 2.6 ± 0.6 m (range: 1.9 -3.2 m) 

while moving in a (sensor) depth of 2.2 ± 0.6 m (range: 1.5 – 3.2 m) and maintaining a 

distance to the lake’s bottom of 0.9 ± 0.6 m (range: 0.3 – 1.3 m). Pike also preferred areas 

with macrophyte heights of 0.7 ± 0.3 m (range: 0.3 -1.5 m), keeping a distance of 0.2 

± 0.7 m (range: -0.5 – 1.2 m) to submerged macrophytes. Compare Table 25 for details and 

daytime-based values. 

There were no significant (Table 26 and Figure 37) differences for any daytime for 

both MDPH and corrected MDPH, though MDPH was highest at dusk (69.3 ± 61.3 m) and 

lowest at night (43.4 ± 46.4). There were also no significant ((Table 26) differences for any 

daytime for the parameters time difference, bathymetry (lake depth), macrophyte heights, 

sensor depth and distance to macrophytes, though time difference was lowest at night (92.3 

± 51.3 s), bathymetry (lake depth) was highest at dusk (3.3 ± 0.6 m), sensor depth was 

highest at dusk (2.4 ± 0.7 m) and distance to macrophytes was highest at dawn (0.5 

± 1.0 m) and lowest at night (0.1 ± 0.7 m). Position solution was significantly lower 
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(Tukey post hoc test: Z: -2.97; p = 0.015) during day (5.7 ± 6.1%) compared to dusk (11.5 

± 8.9%). Compared to dawn (1.2 ± 0.7 m), pike stayed significantly closer (Tukey post hoc 

test: Z: -2.83; p = 0.024) to the lake’s bottom at night (0.7 ± 0.6 m). 

 

 
Pike ID 30000 and Pike ID 31800 (none positions for each) 

 
Pike ID 31300 

 
Pike ID 31500 

 
Pike ID 31700 

 
Pike ID 32100 

 
Pike ID 32300 

 
Pike ID 32600 

(Figure continues on next page) 
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Pike ID 32800 

 
Pike ID 33300 

 
Pike ID 33400 

 
Pike ID 34500 

 
Pike ID 36300 

 
Pike ID 36700 

 
Pike ID 36800 

Figure 36: Screenshots of histograms from ArcGIS Tracking Analyst (modified) 
showing number of positions in a time series of one week in September 2009. There is no 
y-axis in Tracking Analyst implemented and therefore no scale for the y-axis given. 
Periods of non-detection lasting from several hours to several days can be seen for all pike 
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(Figure continues on next page)  
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Figure 37: Positions yielded for pike tracked by acoustic telemetry. All positions 
between 16.09.2009 and 02.10.2009 are shown and Pike IDs are given in the Figure 
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Figure 38: MDPH, corrected MDPH and additional parameters (mean of individual 

means ± SE) of pike (N = 15) at different daytimes in Kleiner Döllnsee 
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Table 25: Movement parameter of tagged pike. Sample sizes are n = 15 pike. Based 
on means of individual values per hour and *per day 

Parameter Daytime Mean SD Range 
MDPH [m] Day 57.6 27.7 30.3 – 108.7 

 Night 43.4 46.4 1.3 – 186.8 
 Dawn 59.0 47.8 0.7 – 175.1 
 Dusk 69.3 61.3 0.9 – 226 
 Overall 54.1 28.5 26.8 – 139.9 

Corrected MDPH [m] Day 12.9 10.1 0 – 28.5 
 Night 13.4 25.6 0 – 103.4 
 Dawn 18.4 15.7 0 – 47.9 
 Dusk 27.4 34.4 0 – 129.2 
 Overall 14.7 14.2 0 – 55.0 

*MDPD [m] -- 648 355 177 – 1582 
*Corrected MDPD [m] -- 349 269 0 – 983 
Position solution [%] Day 5.7 6.1 0 – 20.3 

 Night 9.0 8.9 0 – 27.5 
 Dawn 7.4 10.5 0 – 41.5 
 Dusk 11.5 8.9 0 – 30.8 
 Overall 7.4 6.7 0 – 24.6 

Time difference [s] Day 135.8 94.0 20 – 399.5 
 Night 92.3 51.3 16.3 – 173.1 
 Dawn 123.6 135.3 36.0 – 436.7 
 Dusk 155.5 206.2 16.3 – 696 
 Overall 128.9 58.4 58.7 – 279.7 

Bathymetry (lake depth) [m] Day 3.1 0.5 2.1 – 4.0 
 Night 3.3 0.6 2.5 – 4.5 
 Dawn 3.1 0.4 2.5 – 3.9 
 Dusk 3.1 0.3 2.5 – 3.5 
 Overall 3.1 0.5 2.1 – 4.5 

Macrophyte heights [m] Day 0.8 0.4 0.3 – 1.6 
 Night 0.7 0.3 0.3 – 1.3 
 Dawn 0.7 0.4 0.2 – 1.8 
 Dusk 0.7 0.4 0.3 – 1.4 
 Overall 0.7 0.3 0.3 – 1.5 

Sensor depth [m] Day 2.1 0.6 1.1 – 3.3 
 Night 2.3 0.6 1.6 – 3.3 
 Dawn 2.0 0.6 1.2 – 3.2 
 Dusk 2.4 0.7 1.4 – 3.5 
 Overall 2.2 0.6 1.5 – 3.2 

Distance to lake bottom [m] Day 1.0 0.8 0.1 – 2.8 
 Night 0.7 0.6 0 – 1.7 
 Dawn 1.2 0.7 0.3 – 2.4 
 Dusk 1.0 0.7 0.1 – 2.3 
 Overall 0.9 0.6 0.3 – 1.3 

Distance to Macrophytes [m] Day 0.3 0.9 -0.7 – 2.4 
 Night 0.1 0.7 -0.6 – 1.3 
 Dawn 0.5 1.0 -1.2 – 2.1 
 Dusk 0.3 0.6 -0.4 – 1.3 
 Overall 0.2 0.7 -0.5 – 1.2 
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Table 26: Results of LMEM assessing the effect of different daytimes on different 
movement parameters 
Model (response variable) Explanatory 

variable 
Estimate SE DF 

T 
value 

P value 

MDPH [m] Intercept 3.488 1.240 36 2.81 0.008** 
 Dawn 0.072 0.372 36 0.19 0.848 
 Day 0.324 0.372 36 0.87 0.389 
 Night -0.257 0.372 36 -0.69 0.492 
 Covariate: TL 0.000 0.003 11 0.13 0.895 

Corrected MDPH [m] Intercept -0.969 1.696 42 -0.57 0.571 
 Dawn 0.154 0.290 42 0.53 0.598 
 Day -0.082 0.290 42 -0.28 0.780 
 Night -0.455 0.290 42 -1.57 0.125 
 Covariate: TL 0.008 0.004 13 1.97 0.070 

Position solution [%] Intercept 7.413 2.261 42 3.28 0.002** 
 Dawn 4.100 2.029 42 2.02 0.049* 
 Day -1.727 2.029 42 -0.85 0.400 
 Night 1.560 2.029 42 0.77 0.446 

Time difference [s] Intercept   4.660 0.266 35 17.50 < 0.001*** 
 Dawn 0.034 0.341 35 0.10 0.922 
 Day 0.188 0.336 35 0.56 0.579 
 Night -0.096 0.336 35 -0.29 0.777 
 Covariate: No. 

of pos./h 
-0.022 0.014 35 -1.56 0.128 

Bathymetry (lake depth) 
[m] 

Intercept 1.407 0.033 36 42.07 < 0.001*** 

 Dawn 0.054 0.029 36 1.86 0.072 
 Day -0.007 0.029 36 -0.23 0.820 
 Night -0.010 0.029 36 -0.34 0.735 

Macrophyte heights [m] Intercept 4.117 0.136 36 30.23 < 0.001*** 
 Dawn 0.035 0.099 36 0.36 0.724 
 Day 0.133 0.099 36 1.34 0.190 
 Night -0.006 0.099 36 -0.06 0.956 

Sensor depth [m] Intercept 1.270 0.048 36 26.64 < 0.001*** 
 Dawn 0.071 0.048 36 1.49 0.146 
 Day 0.012 0.048 36 0.26 0.797 
 Night -0.004 0.048 36 -0.09 0.931 

Distance to lake bottom 
[m] 

Intercept 0.717 0.093 36 7.68 < 0.001*** 

 Dawn -0.080 0.077 36 -1.03 0.308 
 Day -0.062 0.077 36 -0.81 0.425 
 Night -0.210 0.077 36 -2.72 0.010** 

Distance to macrophytes 
[m] 

Intercept 0.810 0.099 36 8.22 < 0.001*** 

 Dawn -0.007 0.099 36 -0.07 0.948 
 Day -0.049 0.099 36 -0.50 0.621 
 Night -0.116 0.099 36 -1.17 0.251 

  



Results 

89 
 

3.7 Consequences of tagging pike 

CART-tagged pike had an impaired growth compared to untagged pike. Daily 

increment of untagged pike (0.0148 ± 0.0135%) was higher by a factor of above 2 than 

daily increment of tagged pike (0.0069 ± 0.0088%, compare Figure 39 and Table 27). 

Differences in daily increment between the two classes were significant (compare Table 

28), indicating reduced growth for transmitter-implanted pike. Considering the interaction 

term between “TL at tagging” and “transmitter pike” (p = 0.068; compare Table 28) a trend 

was indicated that the growth of transmitter implanted pike was the more reduced, the 

smaller the pike were (TL), when the transmitter was implanted.  

Figure 39: Differences in pike daily increment for transmitter-tagged and transmitter-
untagged pike. Error bars indicate ± SE, different letters indicate significance 

 

Table 27: Daily increment of transmitter-tagged and transmitter-untagged pike 
Daily increment [%] of tagged pike Daily increment [%] of untagged pike 

Mean SD Range N Mean SD Range N 
0.0069 0.0088 0 – 0.0300 6 0.0207 0.0148 0 – 0.0402 20 
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Table 28: Results of a LMEM comparing daily increments between transmitter-
tagged and transmitter-untagged pike 

Model 
(response 
variable) 

Explanatory 
variable 

Estimate SE DF T value P value 

Daily 
increment 

Intercept 0.089 0.032 22 2.773 0.011* 

 Tagged pike -0.077 0.035 22 -2.225 0.037* 
 TLtagging -1.442 x 10-4 6.716 x 10-5 22 -2.147 0.043* 

 
Interaction 

term: TLtagging 
x tagged pike 

1.355 x 10-4 7.068 x 10-5 22 1.917 0.068 
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4 Discussion 

This study is the first to assess performance of a wireless acoustic telemetry system 

developed and supplied by Lotek Inc. and its processing software. It is also the first study 

to assess the effect of an additional data smoothing model and the effect of differently 

structured habitats in standardized test, thereby increasing our understanding of acoustic 

telemetry and expanding recent findings (Bergé et al. 2012; Cooke et al. 2005; Espinoza et 

al. 2011) on the functionality of 3-D positioning systems. This is the first study considering 

not only accuracy but also precision of positions and time differences between consecutive 

positions and an over- or underestimation of moved distances. It also complements 

available knowledge as results of this study proofed user settings of processing software to 

yield different quantities and also qualities of data as has also been shown by Bergé et al. 

(2012). The final performance was within the range of sub-decameter which is comparable 

to the performances of a positioning system supplied by Vemco (Espinoza et al. 2011) and 

a positioning system supplied by HTI (Bergé et al. 2012). This performance was only 

achieved after applying a data smoothing model. When using only yields of manufacturer 

supplied processing software neither sub-meter, nor sub-decameter accuracy was achieved. 

Complexly structured habitats especially altered signal transmission and both habitat 

structure and receiver array geometry altered data quantity and quality. The 

synchronization interval of time drifts between receiver stations affected data quantity 

more than expected. Assessing pike movement, periods of non-detection were prevalent 

during a one week observation period, covering up to the whole week. This observation 

required the introduction of some sort of correction (Payne et al. 2010). Therefore, 

corrected MDPD and MDPH were determined by setting movement to “zero” during those 

periods. Corrected MDPD provided more precise estimates of pike movement, whereas 

careful interpretation is required when using corrected MDPH as the rank orders of MDPH 

and corrected MDPH changed. Pike carrying an implanted CART tag were impaired in 

growth compared to untagged pike, urging careful interpretations of behavioral data of 

positioning data stemming from tagged pike. 
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4.1 General issues on accuracies of positions using manufacturer supplied software 

Accuracy and precision of the resulting positions were far away from “sub-meter”, 

which was contrary to the manufacturer’s statement. The accuracy also contradicted 

reports or statements of other studies using comparable but wired systems supplied by the 

same manufacturer to study movement patterns of fish: (Cote et al. 1998) referred to 

calibration experiments without giving any details and stated that an accuracy of ± 1 m or 

less was realizable inside a data logger array. The authors also stated that accuracy would 

diminish outside the data logger array. Cote et al. (2003) and Cote et al. (2002) also stated 

a potential accuracy of ± 1 m, but without giving any references for that statement. Other 

studies stating sub-meter accuracy (Hanson et al. 2008b; Hanson et al. 2007a; Hanson et al. 

2007b; Hasler et al. 2007) either referred to Cooke et al. (2005), to Hanson et al. (2007a) or 

to Niezgoda et al. (2002). Hanson et al. (2008a) referred to filtering of positions exceeding 

sub-meter accuracies by means of GDOP (based on DOP), however, the authors also 

indicated that additional filtering was necessary after this step as positions on land and 

physically impossible movements of fish occurred. Thus, sub-meter accuracy based on 

GDOP was not guaranteed in their study. Niezgoda et al. (2002) used mathematical 

modeling to determine DOP values of positions and to indicate sub-meter accuracy. 

However, the authors also pointed to the same fact as Hanson et al. (2008a), i.e. the 

occurrence of impossible positions and impossible movements of fish after DOP based 

filtering. Finally, Cooke et al. (2005) moved five transmitters through the littoral zone but 

assessed positions only visually in plots. To determine the stated sub-meter accuracy, the 

authors used the same mathematical modeling as introduced in Niezgoda et al. (2002). 

Summa samarium, none of the above-mentioned studies reporting sub-meter accuracy is 

based on standardized tests. Further, DOP values seem to be unreliable indicators for sub-

meter accuracies, making the reported accuracies of sub-meter questionable. Nevertheless, 

all the previous studies used a wired system which might be capable of achieving different 

accuracies as wireless systems. 

Studies applying and assessing acoustic telemetry systems supplied by different 

manufacturers also did not achieve sub-meter accuracies. The studies achieved sub-

decameter accuracies in standardized tests using manufacturer supplied software (HTI: 

Bergé et al. 2012; Vemco: Espinoza et al. 2011). Bergé et al. (2012) conducted 114 

stationary tests (duration: 15 s each) and four moving tests in a fast flowing river. The 

stationary tests were performed outside, whereas the moving tests were done inside the 

data logger array. The authors reported accuracies of 9.5 m for stationary tests and 3.6 m 



Discussion 

93 
 

for moving tests. Espinoza et al. (2011) conducted 10 stationary tests (duration_ ~2 h each) 

and two moving tests in an estuarine environment. They reported an accuracy of 2.6 

± 4.1 m for stationary tests and an accuracy of 4.1 ± 2.5 m for moving tests. However, 

these analyzes were based on geometric means considering each position as an 

independent sample, thereby biasing their estimates.  

There are several explanations, why the accuracy after applying manufacturer 

supplied processing software in this study was 21.1 m ± 23.7 m, and not sub-meter. Those 

were the size of the data logger array, the habitat structure and also a standardization of 

tests and data analyzes. This study used a data logger array consisting of 20 receiver 

stations. This is the largest array in use for 3-D positioning to date. The limitation of ALPS 

software to process maximally eight binary data files at a time required segmentation of 

this whole data logger array into sub-arrays. This segmentation might have been a major 

source of outliers weakening overall accuracies. Accuracy has been reported to diminish 

with distance to the arrays center (e.g. Cote et al. 1998; Niezgoda et al. 2002). Due to the 

sub-array structure in this study, some transmitters were always far away from some signal 

receiving sub-arrays. Secondly, this study took habitat structure into account, whereas all 

previous assessments were based on tests conducted without any influence of aquatic 

vegetation. Hence, habitat structure is a factor explaining the lower performance in this 

study. Lastly, this calibration study was conducted in 470 h, consisting of 155 stationary 

and 18 moving tests, each of which was regarded a sampling unit. Thus, this study 

provides the largest sample size ever used to assess performance of a telemetry system and 

might therefore also provide more comprehensive estimates. 

All calibration studies, regardless if based on field tests or on mathematical modeling, 

describe estimated performances which indicate achievable accuracies in acoustic 

telemetry in general. However, comparability between studies is limited, as a. different 

systems are compared, b. different processing software is used, c. different environments 

are considered and d. tests and data analyzes are not standardized between different 

studies. 

4.2 ALPS processing software – PSR options 

Hypothesis one was supported by this study, as each of the PSR options offered in 

ALPS yielded different quantities and different performance of data. Two options (PSR 1 

and PSR 2) aimed to reconstruct fragmentary signals and thus to improve position solution. 

Even though both options increased position solution, they also created biased data by 
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generating impossible positions both in space and time. Impossible positions stem from 

bad array geometry in relation to the location of the transmitter (Niezgoda et al. 2002). The 

amount of identified impossible positions amounted to less than 0.5 % for each option. 

This amount is the lower limit as impossible positions might also have fallen into the 

timeframe of a test, thereby remaining unnoticed. For instance, Zamora & Moreno-Amich 

(2002) reported that 15 % of positions generated by positional software were errors, 

necessitating a post-analysis. Despite these impossible positions, PSR 1 and PSR 2 

processed datasets had a much lower accuracy and precision compared to datasets 

processed with PSR 0. For this reasons, PSR 1 and PSR 2 are not considered to be suitable 

for positioning of tagged animals and were excluded from further analyzes in this study. 

These results shows the importance of critically examining the performance of software (-

options) extrapolating positions, when offered by the positioning software. 

4.3 Data smoothing with a HMM – overall performance 

Positional data obtained using ALPS – PSR 0 were further smoothed with a HMM, 

thereby increasing the overall performance of the system. This observation also supports 

Hypothesis one. Accuracy improved by a factor 3 and precision by a factor 10, which 

highlights the success of the HMM in reducing outliers. Both accuracy and precision 

improved to the range of sub-decameter which resembles the overall performance of the 

applied telemetry system. Hence, a HMM provides a viable tool to considerably improve 

accuracies of position estimates obtained by means of manufacturer supplied software. 

This result, however, still contradicts previous experiences with comparable systems from 

the same manufacturer, reporting accuracies in the range of sub-meter, as described before. 

On the other hand, sub-decameter accuracies have also been achieved in studies using 

other acoustic telemetry systems (Bergé et al. 2012; Espinoza et al. 2011), thus supporting 

the overall conclusion that accuracies of acoustic telemetry systems used nowadays might 

be limited to sub-decameter. 

As estimated positions always show some variability around a true position, false 

movement is induced in transmitters which in reality are stationary. This movement 

amounted to 0.50 ± 0.91 m each minute for the present system and needs to be taken into 

account when interpreting positional data of fish such as pike, which are known to remain 

stationary for longer periods of time. For instance, Diana (1980) reported that pike were 

sedentary about 80 % of the time tracked. Longer sedentary periods might moreover result 

in system based directional outliers as was shown in stationary tests resulting in an even 
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more severe overestimation of moved distance. Distinguishing these directional outliers 

from real movement is one major weakness of the system and will remain a challenge to 

deal with in future. One possibility to minimize the effect of such outliers is to filter out 

positions which extend a species specific threshold for moved distance per unit time. For 

example, Hanson et al. (2008a) filtered out positions exceeding six body lengths of 

Largemouth bass per second. Some of these threshold values for certain freshwater fish 

species such as pike or perch can be found in Wolter & Arlinghaus (2003) and could be 

applied in future studies. However, preliminary observations in this study (not described in 

this thesis) have shown that movement patterns of pike did not change after such a 

correction. 

4.4 Performance in differently structured habitats 

Habitat structure had a clear effect on the performance of the telemetry system, 

thereby supporting hypothesis two. Transmitters placed inside emerged macrophytes 

performed considerably worse than transmitters placed in the sublitoral. Both habitats were 

located outside the data logger array, indicating that habitat structure indeed had a major 

effect on performance. Transmitters placed in submerged macrophytes and in the sublitoral 

performed equally in terms of accuracy and precision. Only position solution was 

considerably lower in submerged macrophytes. This similarity in accuracy and precision 

contradict the overall finding of an effect of habitat structure. However, tests conducted in 

submerged macrophytes consisted of transmitters placed inside and also above 

macrophytes. Of the former, most (11 out of 15) transmitters did not yield any data. As a 

first consequence, this explains the lower position solution in submerged macrophytes. As 

a second consequence, it also explains similar accuracy and precision in both habitats, as 

most data in the habitat submerged macrophytes stemmed from transmitters placed above 

submerged macrophytes. Hence, transmitters placed in submerged macrophytes “double 

proof” results obtained in the sublitoral. They further indicate that the type of the bottom 

substrate has no influence on accuracy and precision. The bottom substrate was a mud 

covered ground in the sublitoral and submerged macrophytes in the habitat submerged 

macrophytes. In conclusion, performance of the telemetry system seems not to be 

influenced by submerged vegetation, provided that the transmitter (swimming fish) is 

positioned above submerged macrophytes. Comparable accuracy and precision but 

different position solution in those two habitats further indicates that habitat structure 

might primarily lower signal transmission and thus position solution. Lowered signal 
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transmission due to habitat structure was also found by Zamora & Moreno-Amich (2002) 

and by Carol et al. (2007), who reported that signal transmission in the littoral zone 

declined to zero due to aquatic vegetation. The latter authors also reported that 77.9 % out 

of a 92.3 % of failure in triangulation were related to aquatic vegetation.  

In addition to the effect of habitat structure, there was also an effect of array geometry 

present. Transmitters were placed in the sublitoral, which was located outside the data 

logger array, and transmitters were placed in the pelagic, which was located inside the data 

logger array. Both habitats were without any structuring effect caused by aquatic 

vegetation. However, performance in the sublitoral was worse than in the pelagic, 

indicating an effect of spatial geometry of the whole data logger array. Various studies 

have also reported a decrease in position solution with an increase in distance to the array’s 

center (Bégout Anras et al. 1999; Carol et al. 2007; Espinoza et al. 2011; Klimley et al. 

2001; O’Dor et al. 1998; Sauer et al. 1997; Zamora & Moreno-Amich 2002). Recently, the 

probability of acoustic signal transmission has been reported to be Gaussian shaped with 

distance from the receiver (Hobday & Pincock 2012). The finding presented here, 

however, not only indicates a constrained signal transmission with increasing distance to 

the whole data logger array, but also indicates decreased accuracy and precision of 

positions with increasing distance to the whole data logger array. 

Induced movement in stationary tests was least pronounced in the pelagic compared 

to all other habitats which were equally overestimated in movement. This indicates that 

movement is most overestimated when position solution is lowest. Hence, movement of 

sedentary fish located in complex habitat structures is likely to be most overestimated 

compared to moving fish inside complex habitats and compared to both moving and 

sedentary fish located outside complexly structured habitats.  

4.5 Performance in different water depths 

Water depth did not affect accuracy, precision, position solution and moved distance. 

However, time difference was slightly but significantly lower in low water depths. Before 

discussing this result, a methodological issue of this analysis should be discussed first.  

When looking at the performance of tests placed in different depth zones within the 

pelagic, it shows that tests conducted between 6 and 7 m depth performed worse in terms 

of all performance measures. All transmitters placed in this depth zone were placed at 

6.4 m depth, in close proximity of the mud-covered bottom. The mud layer in the pelagic 

of Kleiner Döllnsee is known to be thick and it is therefore likely that some of those 
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transmitters sank into the mud layer as a consequence of a sink-in of the heavy anchor 

holding the rope on which the transmitters were attached. Hence, it is likely that those five 

tests were influenced by a sink-in into mud, or by their vicinity to the muddy bottom, 

resulting in attenuated signal transmission due to scattering of the acoustic signal 

(MacLennan & Simmonds 1992). Therefore, transmitters in close vicinity to the muddy 

bottom were excluded from this analysis to maintain “habitat structure-free” conditions.  

After exclusion of those five tests, there was no effect of transmitter depth on 

accuracy, precision, position solution or moved distance. A similar accuracy in different 

depths is in accordance to findings of Espinoza et al. (2011). However, time difference 

between consecutive positions was slightly affected by water depth, with lower time 

differences in lower water depths. This finding is especially surprising, as position solution 

was almost equal in all depths.  

4.6 Performance of depth sensors 

Accuracy of depth estimates yielded from transmitter built-in depth sensors were in 

the range of sub-meter and hence in accordance with specifications of the manufacturers. 

Deviation in depth estimates corresponded to the given recording interval of 20.7 cm. Also, 

measurements taken in the field and depth sensor estimates were correlated by 99 %. 

Depth information retrieved from transmitters placed in the pelagic and submerged 

macrophytes were less accurate than from transmitters placed in emerged macrophytes and 

in the sublitoral. The average estimated error was 14 cm between those habitats and might 

have been related to a prevalent softer bottom substrate which might have led to a 

subsidence of the concrete anchor over the course of the duration of each test, thus biasing 

the manually recorded depth measurements in the field. However, regarding the resulting 

overall vertical resolution of positions (~20 cm) and the horizontal resolution of positions 

(~7 m), slight differences in depth estimates can be considered negligible. 

4.7 Potential sources of additional performance alterations 

Time drift between data loggers must be considered a possible source of outliers 

weakening overall performance of wireless telemetry systems. Beacons were considered as 

suitable when their signals were received at least once a day within a sub-array. However, 

beacons varied in the amounts of received signals within a day. Processing same datasets 

with different beacons, which were all considered suitable, yielded different amounts of 

positions. This result indicates that performance of wireless positioning systems depends 
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on proper and frequent time synchronization of receiver stations. Contrary to wireless 

systems, wired systems allow for a continuous synchronization of time drifts of receiver 

stations, making the use of beacons and a post-synchronization redundant. Consequently, 

wireless system might not be capable of providing the same performance as wired systems. 

An additional source potentially influencing performance is not only the spatial 

configuration of (sub-) arrays, but also the order in which the hydrophones are 

implemented in the process of positioning. It has been shown in this study that the amounts 

of positions can change when the order of hydrophones changes within the positioning 

engine (ALPS). Based on this observation, manufacturers recommended to start with the 

largest binary data file (“Master-hydrophone”) when processing the data. 

Considering position solution, all transmitters used in this study were considered to 

emit an equal amount of signals at the same acoustic frequency. However, it has been 

shown that signal strength can vary among transmitters, even if those stem from the same 

batch, model and even if those were manufactured at the same time (Melnychuk 2012). 

Consequently, difference in signal strength between the transmitters used in this calibration 

experiment might have caused an additional positioning error. However, considering 

calibration experiments, this effect should have been accounted for as all 10 transmitters 

used were installed in all habitat types. Therefore, differential performance of acoustic 

transmitters yielding lower position solution in complex habitat types can be ruled out. 

Other sources of signal attenuation might be differing depths and reflections on the bottom 

substrate (Heupel et al. 2006; Simpfendorfer et al. 2002), reflections on the water surface 

or attenuations caused by internal stratifications such as the thermocline (MacLennan & 

Simmonds 1992). For instance, Cote et al. (1998) reported that detections of tagged 

Atlantic cod (Gadus morhua) were only found in the warm water above the thermocline. 

However, different depths and bottom substrate have been indicated to have no effect in 

this study and no thermocline was formed during the calibration experiment, also ruling 

out these possibilities. Reflections on the water surface would primarily influence 

transmitters placed in low depths. As transmitters placed in different depths performed 

equally in accuracy, precision and position solution, it is suggested that performance 

alterations due to reflections on the water surface were negligible. 

4.8 Moving tests 

Accuracy and precision in moving tests were comparable to accuracy and precision in 

stationary tests. However, accuracy and precision in moving tests represent approximations 
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as they were calculated as minimum distances between telemetry positions and the 

corresponding DGPS-recorded track and not the corresponding DGPS-position. Therefore, 

accuracy and precision are underestimated for moving tests. Nevertheless, they represent 

an approximate indicator showing that accuracy and precision of all moving tests are 

comparable to the accuracy and precision of stationary tests. These findings are supported 

by Espinoza et al. (2011), who also showed no difference in performance between 

stationary and moving transmitters. There was also no difference in the position solution in 

moving tests as compared to the stationary tests. In the moving tests, position solution was 

worst for transmitters that moved in 1.6 m depth as compared to transmitters that moved in 

1.0 and 1.3 m. Transmitters placed in 1.6 m depth might have been temporarily entrapped 

in submerged vegetation as they were close to the lake’s bottom when the transmitters 

were moved in shallower parts of the lake. This speculation is supported by the fact that 

positions were missing when transmitters were moved in shallow areas, colonized with 

submerged macrophytes (compare Figure 28, Figure 3 and Figure 4). On the other hand, 

considering visualization of e.g. tow 6 (compare Figure 28), very few positions were 

yielded as long as this tow was located outside the whole data-logger array. This indicates 

that the spatial geometry might also have influenced performance of moving tests. 

In contrast to the stationary tests, the moved distance was underestimated by 12 % in 

the moving tests. Taking into account that accuracy and precision are almost identical in 

1.0 and 1.6 m, slightly better in 1.3 m depth, and position solution and moved distance are 

worse in 1.6 m than in both other depths, it is indicated that the underestimation of moved 

distance stems primarily from a lowered transmission of signals (i.e. position solution). 

Hence, the lower the position solution for a tagged fish that is moving, the greater the 

underestimation of its moved distance. Underestimation of moved distances has recently 

been pointed out as an unsolved challenge in telemetric studies (Rowcliffe et al. 2012). 

Rowcliffe et al. (2012) determined an underestimation of up to 93% for moved distances of 

different animals in a telemetry simulation experiment and concluded that several positions 

per minute would be necessary to obtain accurate estimates of moved distances. Taking 

together induced, i.e. “overestimated” movement when a fish remains stationary and 

underestimated movement when a fish is moving, movement patterns of fish have to be 

interpreted with care and further research is needed to possibly develop a correction factor 

or a correction algorithm that can be applied on movement data of fish before their 

interpretation. The easiest way of correcting moved distances for fish that are indeed 
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moving (and not residing stationary), moved distance could be corrected by a factor of 

0.88. 

4.9 Habitat choice and movement in periods of non-detection 

Results of radio-telemetry based tracking supported the expectation that pike can be 

considered almost inactive when located inside the reed belt, thus supporting hypothesis 

three. Pike moved significantly less inside the reed belt compared to the open water zone. 

The visualization of consecutive movements within the reed belt showed that pike never 

moved around the whole lake inside the reed belt and that movement is rather restricted to 

a certain area. It has to be pointed out, that the visualization overestimated movement 

within the reed belt as positions within 23 hours were considered as consecutive; hence, in 

reality, pike covered even smaller areas than shown in Figure 32. These results are 

conform with Kobler et al. (2009) who also showed that a behavioral type of pike 

specifically selecting the reed belt as key habitat moved least in Kleiner Döllnsee. They 

extend Kobler et al.’s (2009) observations by showing that not only reed-selectors but all 

behavioral types move significantly less when located inside the reed belt, as no behavioral 

types were distinguished in the present study. Consequently, pike are not totally inactive 

when located inside a complex habitat structure such as the reed belt but activity is limited 

to very low levels. Pike further showed bursts of activity when leaving from the reed belt 

into the open water zone. As spontaneous swimming activity and food consumption are 

directly related (Casselman 1978; Cook & Bergersen 1988; Koed et al. 2006) these activity 

bursts might be a consequence of hunger-induced hunting (Skov et al. 2002). From a 

technical perspective of acoustic telemetry, this implicates that pike cover large distances 

when leaving a complex habitat structure and thus indicates that detection likelihood 

increases after a period of non-detection, finally leading to recognition of high activity 

levels of pike. This finding is especially important when considering no signal 

transmission of a transmitter moved deeply inside the reed belt but signal detection of a 

transmitter moved in front of the reed belt. Together with this result, the previous finding 

of high detection likelihood of signals from tagged fish displaying activity bursts while 

leaving complex habitat structures is undermined. It also indicates that periods of non-

detection are related to individuals displaying very low activity levels while residing in 

complex habitats. Consequently, low activity levels during periods of non-detection justify 

setting activity of pike individuals during those periods.  
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Signal transmission was surprisingly low when moving a transmitter in front of the 

reed belt and totally attenuated when moving a transmitter inside the reed belt. However, 

this experiment suggests that fish movement will be detected as soon as the fish leaves a 

complex habitat structure and heads into the open water zone. 

The very low signal reception observed in this experiment might be accounted to 

array geometry and to bio-fouling. Array geometry is known to alter signal transmission 

(Heupel et al. 2006; Simpfendorfer et al. 2008). Further, receiver stations have accidentally 

not been cleaned for a period of six months at the time the transmitter-moving experiment 

in complex structures has been conducted. Therefore, it is very likely that a bio-fouling 

cover sticked to the hydrophones of receiver stations, thereby hindering signal reception 

(Heupel et al. 2008). Hence, the likelihood of detecting a fish leaving complex habitat 

structures is suggested to be very high when receiver stations are maintained properly and 

regularly. 

4.10 Movement data yielded from tagged pike 

Periods of non-detection were pronounced in movement data of pike obtained by 

acoustic telemetry. Periods of non-detection lasting up to 24 h have also been described by 

Diana (1980). Based on results of radio-based tracking, a corrected MDPD and MDPH 

were applied. Ranks of MDPD and corrected MDPD were correlated, whereas ranks of 

MDPH and corrected MDPH were not. These results indicate that activity patterns of 

individual pike can change by setting movement in periods of non-detection zero, if 

activity is considered on a high resolution basis (MDPH). If activity is considered more 

generally (MDPD), rank orders do not change for individual pike.  

Average MDPD was 648 m and corrected MDPD was 349 m. Average MDPH was 

54.1 m and corrected MDPH was 54.1 m. Kobler et al. (2008b) found a MDPH of 20.4 

± 4.4 m in summer and 12.0 ± 2.8 m in winter for n = 11 pike in Kleiner Döllnsee. In other 

water bodies, pike moved 385 m/d (Cook & Bergersen 1988) and 303 m/d (Vehanen et al. 

2006), indicating that corrected MDPD and corrected MDPH might provide more accurate 

estimates of real activity of pike.  

Baktoft et al. (2012) provided contrary results. The authors assessed mean daily 

movement of 29 pike between March 2009 and October 2010 and showed that average 

MDPD of individual pike ranged from 621 – 938 m in 2009 and from 928 – 1248 m 

in2010. Accordingly, their results indicate that MDPD might provide a better estimate of 

pike activity compared to corrected MDPD. However, the study lake in Baktoft et al. 
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(2012) does not offer any structured habitats and is merely free of aquatic vegetation. As a 

consequence, pike might follow different foraging strategies requiring active hunting 

(Skov et al. 2002) compared to structured habitats where pike are known to ambush their 

prey as a sit and wait predator (review: Raat 1988).  

MDPH provide more accurate estimates of real activity of pike even though rank 

orders are not correlated. Pike ID 31300 and 31500 shall serve as an example. MDPH and 

corrected MDPH were 60.2 m and 7.2 m, respectively, for pike 31300 and 34.4 and 27, 

respectively, for pike 31500. Pike 31300 was only sporadically moving (compare Figure 

36) but covering large distances, hence assigned a high rank in MDPH but a very low rank 

in corrected MDPH. Contrary, pike 31500 which was moving continuously but covering 

medium distances was assigned a low rank in MDPH, but a very high rank in corrected 

MDPH. Consequently, MDPH was much lower for pike 31500, just because it was active 

over the course of many hours. As pike 31300 was active only in a couple of hours, 

corrected MDPH was very low. Therefore, ranks changed with the correction. The 

suggestion that corrected MDPH resemble better estimates is also supported when 

comparing corrected MDPH of the two pike (31300: 7.2 m) and 31500 (31500: 27 m) with 

their amount of positions shown in Figure 36 and covered distances in Figure 37. Pike 

31500 has indeed been more active than pike 31300. It is therefore suggested that the 

introduced correction in this thesis is specific for the prevailing conditions and pike in 

Kleiner Döllnsee, and likely to provide more accurate estimates of pike activity than 

uncorrected estimates, both for MDPD and MDPH.  

Position solution was significantly lower during day than during dusk. This might be 

partly attributed to higher movement of pike during dusk, increasing the chance of signal 

reception. It might also be partly attributed to higher photosynthesis of aquatic 

macrophytes during the day, which attenuates signal transmission due to the formation of 

gas bubbles (MacLennan & Simmonds 1992). Even though overall average position 

solution was only 7.4%, a position was generated on average every 129 seconds.  

Mean water depth (sensor depth, vertical location below water surface) of pike 

locations was 2.2 ± 0.6 m. It is comparable to 3.3 ± 3.4 m determined by Vehanen et al. 

(2006). Mean depth of the lake at locations of pike was 3.1 ± 0.5 m and comparable to 

averages of 3.1 and 3.4 m for summer and winter, respectively, identified by Cook and 

Bergersen (1988). Comparable depths indicate pike’s preference for shallower parts of the 

lake, even though larger pike might prefer deeper water (Chapman & Mackay 1984). 

Water depth in particular but also lake depth might be better interpreted if the vertical 
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location of the fish is known and distance of the fish to the lake’s bottom is given as well. 

So was the average distance of pike to the bottom in Kleiner Döllnsee 0.9 ± 0.6 m, 

indicating that pike prefer to stay in vicinity to the ground, independently of the vertical 

spread of the water column. It has to be noted that macrophyte heights and distance to 

macrophytes as determined in this thesis might provide useful determinants of pike 

behavior; however macrophyte heights used in this thesis were recorded in August 2010 

whereas pike movement analyzed here dates to September 2009. Therefore, values might 

be biased even though it is likely that equal areas were colonized with macrophytes as in 

the following year. 

4.11 Consequences of tagging pike 

Growth of transmitter implanted pike in Kleiner Döllnsee was impaired after 259 –

 384 days, thus supporting hypothesis four. However, it was not in particular assessed, 

whether impaired growth was due to transmitter weight or size (review: Jepsen et al. 2002), 

due to the transmitter’s antenna protruding the body cavity (e.g. Bauer & Loupal 2007), 

due to the surgical implantation (e.g. Caputo et al. 2009) or due to the acoustic sound 

emitted by transmitters (review: Popper 2003). All of those aspects might potentially affect 

the pike’s welfare and thus growth and also behavior. Depending on the transmitter applied 

and the species studied, adverse effects have been reported on survival, growth and 

behavior (compare Pires et al. 2010 and references therein). For Northern pike, radio-

transmitters with external antennas did not significantly affect growth rates, even though 

some individuals had lost weight during the observation period (Jepsen & Aarestrup 1999). 

Koed et al. (2006) also reported no effects of surgically implanted radio-transmitters on 

length of pike. The implantation of transmitters into the body cavity as conducted in this 

study has been shown to be the most reliable method to avoid tag losses when compared to 

gastric insertion and external attachment in American eels (Anguilla rostrata Lesueur) 

(Cottrill et al. 2006). Regardless the suitability of implantations of tags into the body cavity 

of fish, impaired growth and consequently impaired behavioral patterns might occur in 

case studies as prevailing conditions are always different. 
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5 Concluding remarks 

Positioning data from a high resolution acoustic positioning system were combined 

with a detailed assessment of aquatic vegetation, both covering a whole-lake ecosystem, 

and provided high resolution data on fish movements. As performance of the data was the 

better the less structured the habitat was and as performance decreased in close vicinity to 

the lake’s bottom, the system might be best suitable to elucidate movement patterns of 

pelagic fish species with high movement rates and low affinity to complex habitat 

structures. Contrary, movement patterns fish species bound to complex habitat structures 

might be rather biased, requiring specific corrections. Future research on movement data of 

fish in Kleiner Döllnsee might provide different results compared to this thesis. 

Differences of various variables might be more pronounced over different daytimes when 

longer observation periods will be considered. In general, providing high spatial accuracy 

together with high temporal resolution, acoustic telemetry offers new opportunities to 

study behavioral patterns of fish. New possibilities might especially be offered when 

linking positioning data to bioenergetics (e.g. metabolic rate), to ecological modeling (e.g. 

response to human impacts such as stocking or recreational angling) or to analyzes of 

social networks (e.g. swarm intelligence). Determining fine-scale behavior of fish also 

provides the chance to study different fish personalities and food web structures such as 

predator-prey interactions. Basically, a whole lake covering acoustic telemetry system 

installed in a natural environment changes the field site into a large natural laboratory and 

opens paramount opportunities in interdisciplinary behavioral research. Taking into 

account accuracy which is achievable in manual radio telemetry based tracking (6 m; 

Klefoth et al. 2008; Kobler et al. 2008a), acoustic telemetry is capable of providing huge 

amounts of data of comparable quality, but on a regular basis and without requiring human 

power for manual tracking sessions. However, the way of data processing requires careful 

consideration and receiver stations require regular maintenance. 
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