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1  | INTRODUCTION

Understanding environmental influences on animal movement pro-
vides useful insight into ecological motivations that govern the move-
ment (Nathan et al., 2008). However, it is a challenge to observe 
individual movements of free- ranging fish at fine spatiotemporal scales 
under natural conditions. Radio telemetry with manual tracking has 

historically constituted the dominant tracking method in freshwater 
environments (Cooke & Thorstad, 2012). However, manual tracking 
typically yields coarse information on fish positions due to long dura-
tions of several hours, days or even weeks between positional fixes, 
which can severely underestimate swimming activity (Rogers & White, 
2007). In addition, manual tracking requires substantial time and effort 
to cover a large gradient of environmental variation that free- ranging 
fishes experience in the wild. Recent advances in fine- scale acoustic 
telemetry offer promising solutions to study the movement of aquatic 
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Abstract
Fine- scale underwater telemetry affords an unprecedented opportunity to understand 
how aquatic animals respond to environmental changes. We investigated the move-
ment patterns of an aquatic top predator, Eurasian perch (Perca fluviatilis), using a 
three- dimensional acoustic telemetry system installed in Kleiner Döllnsee (25 ha), a 
small, shallow, mesotrophic natural lake. Adult piscivorous perch (N = 16) were tagged 
and tracked in the whole lake at a minimum of 9- s intervals over the course of one 
year. Perch increased swimming activity with higher water temperature and light in-
tensity. Air pressure, wind speed and lunar phase also explained perch movements, 
but the effects were substantially smaller compared to temperature and light. Perch 
showed a strong diel pattern in activity, with farther swimming distances and larger 
activity spaces during the daytime, compared to the night- time. To investigate the in-
fluence of prey distribution, we sampled the prey fish in both littoral and pelagic zones 
in both day and night monthly using gill nets. We found that the prey fish underwent 
diel horizontal migration, using the littoral zone during the day and the pelagic zone 
during the night. However, perch showed the opposite patterns, suggesting either that 
the prey fish avoided predation risk or that the horizontal diel migration of perch was 
driven by other mechanisms. Our results collectively suggest that the movement ecol-
ogy of piscivorous perch is mainly governed by a foraging motivation as a function of 
abiotic variables, especially temperature and light.
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animals in the wild with high spatiotemporal resolutions over long 
periods (Furey, Dance, & Rooker, 2013; Hussey et al., 2015; Krause 
et al., 2013). When combined with concurrent assessment of abiotic 
variables, acoustic telemetry provides a unique opportunity to elu-
cidate the environmental effects on movement patterns in the wild. 
Considering that movement decisions affect individual fitness, pred-
ator–prey interactions, population dynamics and nutrient dynamics 
(Bolker, Holyoak, Křivan, Rowe, & Schmitz, 2003; Palkovacs, Kinnison, 
Correa, Dalton, & Hendry, 2012; Vindenes & Langangen, 2015), iden-
tifying the environmental factors driving movement in the wild is key 
to understand the underlying ecological motivations.

Among other abiotic environmental factors, temperature and 
light are known to exert strong influences on the behaviour of fish 
in the wild (Brown, Laland, & Krause, 2011; Craig, 1977; Magnuson, 
Crowder, & Medvick, 1979). Rising temperature increases food de-
mand through elevated basal metabolism (Brown, Gillooly, Allen, 
Savage, & West, 2004; Ohlberger, Mehner, Staaks, & Hölker, 2012), 
and brighter light increases the ability to sense prey and be sensed 
by predators through enhanced underwater visibility (Jacobsen, Berg, 
Baktoft, Nilsson, & Skov, 2014; Nilsson et al., 2012; Skov, Nilsson, 
Jacobsen, & Brönmark, 2007). In addition, temperature and light can 
indirectly alter movement patterns of predators by influencing primary 
production and prey distribution (de Kerckhove, Blukacz- Richards, 
Shuter, Cruz- Font, & Abrams, 2015). Therefore, temperature and light 
comprise important abiotic factors that regulate movement of fish by 
mediating the trade- off between foraging and predation risk.

Empirical evidence suggests that fish also react to other abiotic 
environmental variables besides light and temperature in the wild. 
For example, a study on northern pike (Esox lucius) found that forag-
ing intensity, estimated as catch rates by angling, was significantly 
influenced by lunar phase and wind strength (Kuparinen, Klefoth, & 
Arlinghaus, 2010). Although the exact mechanisms are unclear, lunar 
phase is suggested to influence a range of biological phenomena 
through changes in electromagnetic fields (Bevington, 2015). With 
regard to wind strength, a study in a large Canadian lake showed that 
strong winds bring prey and predators close to each other in the pe-
lagic zone (de Kerckhove et al., 2015). Further, studies have reported 
that barometric pressure influences the activity of some freshwater 
fish species (Guy, Neumann, & Willis, 1992; Markham, Johnson, & 
Petering, 1991). These observations suggest the potential for inde-
pendent effects of abiotic variables other than temperature and light 
on fish movement in the wild. High- resolution acoustic telemetry at 
the ecosystem scales offers a unique opportunity to investigate the 
effects of abiotic environmental variables on fish activity and move-
ments, as demonstrated in studies in estuaries (Bacheler, Paramore, 
Buckel, & Hightower, 2009; Dance & Rooker, 2015).

Eurasian perch (Perca fluviatilis) is a freshwater fish that commonly 
occurs in temperate regions of Eurasia. Perch undergo characteristic 
ontogenetic niche shifts and become facultative piscivores as they 
grow (Persson & Greenberg, 1990). Piscivorous perch are a widely dis-
tributed top predator in the open- water zones of many European lakes 
(Mehner, Diekmann, Bramick, & Lemcke, 2005). Perch actively chase 
prey fish in groups (Eklöv, 1992) by moving around the ecosystem and 

show no tendencies for homing (Eklöv, 1997; Jacobsen, Berg, Baktoft, 
& Skov, 2015; Jacobsen, Berg, Broberg, Jepsen, & Skov, 2002). As a 
visual predator, perch are reported to be more active during the day-
time (Craig, 1977; Jacobsen et al., 2002; Schleuter & Eckmann, 2006) 
and show two activity peaks a day during the twilight in some lakes 
(Jacobsen et al., 2015). A study using gill nets found that the swim-
ming activity of perch positively correlated with water temperature, 
suggesting an elevated foraging activity as temperature increases 
(Neuman, Thoresson, & Sandström, 1996). By contrast, a field study 
using manual tracking found surprisingly similar activity levels in win-
ter and summer, suggesting that active foraging may continue at cold 
water temperature (Jacobsen et al., 2015).

Here, we present the year- round diel and seasonal 3D move-
ment and habitat use patterns of piscivorous perch and their re-
sponses to the abiotic environment as well as prey fish distribution, 
using a state- of- art acoustic telemetry system covering a whole lake 
(Baktoft et al., 2015). We hypothesised that water temperature reg-
ulates the activity- related movement traits of perch because higher 
water temperature would elevate foraging activity to meet the en-
ergetic demands (Clarke & Johnston, 1999). We also hypothesised 
that light intensity influences the activity- related movement traits 
nonlinearly, such that perch are most active when light intensity is 
intermediate, because strong light intensity could discourage perch 
from being active to avoid predation (Turesson & Brönmark, 2004). 
Further, we explored the influences of other abiotic variables, such 
as air pressure, wind speed and lunar phase on movement traits of 
perch. In addition to abiotic variables, we conducted monthly sam-
pling of prey fish to understand how movement patterns of perch 
were linked to the spatial and temporal distribution of prey. In a 
mesotrophic lake near the study lake, the key prey fish of perch (in 
particular, small roach, Rutilus rutilus) show strong patterns of diel 
horizontal migration (DHM), using the littoral zone as refuge during 
the day and the pelagic zone for foraging on zooplankton during the 
night (Schulze, Dörner, Hölker, & Mehner, 2006). We hypothesised 
that the prey fish also show DHM in our study lake, thereby influ-
encing the spatial distribution of piscivorous perch.

2  | MATERIALS AND METHODS

2.1 | Study lake

The study was conducted in Kleiner Döllnsee (25 ha, mean depth 4.1 m, 
maximum depth 7.8 m), a natural lake located in the north- eastern low-
lands of Germany (N 52°59′32.1″, E 13°34′46.5″). At the time of the 
study, the lake was mesotrophic to weakly eutrophic and characterised 
by intense submerged (primarily Potamogeton spp.) and emergent (pri-
marily Phragmites and Typha spp.) vegetation along the shore (Table 1). 
The perch population is naturally reproducing and unexploited. Other 
top predators in the lake are northern pike and European catfish 
(Silurus glanis), of which the littoral- bound pike is by far more abundant. 
Detailed characterisations of the study lake and its fish community can 
be found elsewhere (Baktoft et al., 2015; Klefoth, Kobler, & Arlinghaus, 
2008; Kobler, Klefoth, Mehner, & Arlinghaus, 2009).
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The lake is installed with a wireless 3D automatic telemetry 
system consisting of 20 submerged hydrophones (WHS 3050; 
200 kHz; Lotek Wireless Inc., Newmarket, ON, Canada). The sys-
tem’s functionality is based on transmitters emitting acoustic sig-
nals that are registered by a network of hydrophones positioned at 
precisely known locations in the lake approximately 1.5 m below 
the water surface (Baktoft et al., 2015). Positions of fish are cal-
culated using hyperbolic triangulation based on the differences in 
arrival time of the transmitter signals at the receivers (Baktoft et al., 
2015; Niezgoda, Benfield, Sisak, & Anson, 2002). The MAP system 
(Lotek Wireless Inc.) installed in Kleiner Döllnee is based on a code- 
division- multiple- access (CDMA) encoding scheme, which allows 
several hundred individual transmitters to be tracked at the same 
time without code collision (Niezgoda et al., 2002).

2.2 | Fish sampling and tracking

Piscivorous perch were collected using two different sampling methods, 
gill netting (N = 10; 355 ± 33 mm TL, mean ± standard deviation) and 
angling (N = 10; 356 ± 23 mm), to maximise behavioural variation in the 
sample (Biro & Dingemanse, 2009). Gill netting was conducted on 25 
September 2010 in the open pelagic zone. Gill nets were set for 1 hr dur-
ing the afternoon to minimise stress on the fish. Immediately after capture, 
perch were placed in large plastic tanks (80 l) filled with fresh lake water. 
Angling was conducted between 23 September 2010 and 11 November 
2010 across the lake using soft plastic shad lures. After capture, perch 
were placed in a boat’s live well and quickly brought to the shore.

Following Hühn, Klefoth, Pagel, Zajicek, and Arlinghaus (2014), 
the fish were anaesthetised, and total length (mm) and wet mass 
(g) were recorded (Table 2). Then, an ultrasonic transmitter was 
implanted into the body cavity of each individual, and the sex 
was identified through the incision. We used combined acous-
tic–radio transmitters (CART) with integrated temperature and 
pressure/depth sensors (type CH- TP- 11- 25; Lotek Wireless Inc.). 
The transmitter (diameter 11 mm, length 65 mm, weight in water 
5.9 g) was programmed to emit an acoustic signal at 9- s intervals 
to detect the location, except that every third signal was replaced 
with a radio signal. The radio signal contained data on depth 

(measurement error of 6 cm in standard deviation) and tempera-
ture. We selectively tagged only large individuals (> 30 cm TL) to 
reduce tag burden, thereby minimising potential influences of a 
transmitter on behaviour (Winter, 1996). This decision resulted in 
a strongly female- biased sample given the sex- dimorphic growth in 
perch (Le Cren, 1958). The calculated tag burden was 0.9 ± 0.3% 
(mean ± standard deviation), below a threshold of 2% often used in 
telemetry (Winter, 1996). The calculated battery life was 323 days, 
with warranted battery life of 259 days. After full recovery in tanks 
with aerated fresh lake water (up to 30 min), fish were released 
back into the lake.

Tracking was conducted from 23 September 2010 to 21 
September 2011. The positions of each fish were calculated using 
manufacturer- supplied software (ALPS v2.30; Lotek Wireless Inc.). 
The positions were further smoothed using a hidden Markov model 
with t- distributed detection errors to correct abnormally large 
jumps in position, which yielded low position errors with an accu-
racy of 3.1 m and a precision of 1.1 m (Baktoft et al., 2015). We 
discarded four individuals from the analysis (Table 2) due to the 
malfunction of the transmitter (two fish) and death immediately 
after the release (two fish). Fish used in analyses (N = 16) were all 
females of comparable sizes (321—394 mm; 359 ± 25 mm, mean 
± standard deviation). We obtained over 12 million effective posi-
tions of these 16 individuals (40% yield of the maximum possible 
positions).

2.3 | Estimation of movement traits

To summarise movement traits of perch, we estimated (i) distance 
travelled, (ii) activity space, (iii) mean distance from shore and (iv) mean 
water depth, both at daily and hourly temporal scales. Distance trav-
elled (km) was estimated for each individual as the sum of the distances 
between two consecutive positions in each hour. Following Baktoft 
et al. (2012), hours with <80 observations (i.e., >45- s intervals among 
positions on average) were excluded from the analysis because low de-
tections could underestimate the total distance when fish do not swim 
straight. Consequently, 5.3% of the total of 12 million positions were 
not used in the analysis on the distance travelled. Daily swimming dis-
tance (km) was estimated from hourly swimming distances shown on 
any given day. The activity space (ha) was estimated as a 95% kernel 
utilisation distribution area from all observed positions for each fish, 
both hourly and daily, using the package “adehabitatHR” version 0.4.11 
(Calenge, 2006) in R (R Core Team, 2014). Distance from shore (m) and 
mean fish depth (m) were averaged by hour and by day using all ob-
served positions for each individual fish. All detections were used in 
the analyses on the activity space, mean distance from shore and mean 
water depth.

2.4 | Abiotic environment variables

To explore the possible effects of abiotic environmental variables 
on movement traits, we obtained hourly mean values of water tem-
perature (°C), light intensity at the water surface (W/m2), air pressure 

TABLE  1 Environmental variables of the study lake (Kleiner 
Döllnsee) in 2010

Variable Value

Area 25 ha

Maximum depth 7.8 m

Mean depth 4.1 m

Emergent macrophyte coverage 20%

Submerged macrophyte coverage 50%

Mean total phosphorus 29 μg/L

Mean chlorophyll A 9.9 μg/L

Mean Secchi depth 3.2 m

Stratified (monomictic) Yes
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(hPa), wind speed (m/s) and lunar phase. After 16 December 2010, 
water temperature and light intensity were continuously collected 
in the lake. Water temperature was recorded every 15 min using an 
underwater probe moored at a water depth of 1.5 m close to the 
deepest point of the lake (YSI 6600, YSI Corporation, Yellow Springs, 
OH, USA). Additionally, we measured water temperature vertically 
at every 10 cm to characterise the thermocline. The measurement 
was conducted every 1–4 weeks at the deepest point of the lake 
(7.8 m). Light intensity was recorded every 10 min 1 m above the 
water surface and close to the shore, using an automatic meteorologi-
cal station equipped with an external pyranometer (ecoTech Meteo 
multisensory, ecoTech, Bonn, Germany). Water temperature and light 
intensity were averaged over each hour. Hourly mean air pressure, 
hourly mean wind speed and hourly total precipitation were obtained 

from a weather station located 28 km east of the lake (Deutscher 
Wetterdienst Angermünde, http://www.dwd.de). Daily mean water 
temperature, light intensity, air pressure and wind speed were ob-
tained by averaging hourly mean values each day, and daily precipi-
tation was obtained by summing hourly values each day (Figure 1). 
Lunar phase (θ) was expressed as an angular measure, with −π and π 
corresponding to the new moon and 0 to the full moon, determined by 
a standard moon calendar (www.timeanddate.com).

There were missing data for hourly water temperature and light in-
tensities before the installation of the sensors (23 September 2010–16 
December 2010) and due to the malfunction of the sensors (5 April 
2011–8 October 2011 for water temperature). The missing data 
amounted to 73.1% of hourly water temperature and 44.5% of hourly 
light intensity at the study lake during the tracking period. We predicted 

ID TL (mm) WW (g) Sex Capture method
Tracking duration 
(start–end)

29800 367 735 F Angling 211 days 
(23/09/10–22/04/11)

29900 340 518 F Angling 136 days 
(12/11/2010–28/03/11)

30100 321 444 F Angling 162 days 
(12/11/2010–23/04/11)

30200 382 916 F Angling 44 days 
(12/11/2010–26/12/10)

30300 368 747 F Angling 211 days 
(23/09/10–22/04/11)

30400 382 888 F Angling 151 days 
(12/11/2010–12/4/11)

30800 337 572 F Angling 233 days 
(23/09/10–14/05/11)

30900 389 860 F Gill net 340 days 
(25/09/10–31/08/11)

31000 353 697 F Angling 337 days 
(25/09/10–28/08/11)

31100 342 535 F Gill net 333 days 
(25/09/10–24/08/11)

31200 400 1005 F Gill net (died in 2 weeks)

31400 438 313 F Gill net (malfunction)

31600 332 547 F Gill net 293 days 
(25/09/10–15/07/11)

31900 331 511 F Angling 237 days 
(12/11/2010–7/7/11)

32000 394 904 F Gill net 361 days 
(25/09/10–21/09/11)

32400 325 519 M Gill net (died in 1 day)

32500 348 606 F Gill net (malfunction)

32700 381 917 F Angling 104 days 
(12/11/2010–24/02/11)

33100 325 505 F Gill net 353 days 
(25/09/10–13/09/11)

33200 383 964 F Gill net 291 days 
(25/09/10–13/07/11)

TABLE  2 Description of tagged perch 
and the duration of tracking. TL is total 
length, and WW is wet weight. F = female, 
M = male

http://www.dwd.de
http://www.timeanddate.com
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these missing data from the environmental data recorded at the weather 
station by fitting generalised additive models to in- lake data using the 
data from 23 September 2009 to 15 November 2013. Predictive vari-
ables used were day of the year, daily mean air temperature (°C), daily 
maximum air temperature (°C), daily minimum air temperature (°C), daily 
mean air pressure (hPa), daily total precipitation (mm), daily mean cloud 
coverage (Octa), daily mean wind speed (m/s) and day of the year. All pre-
dictor variables were fitted as smooth terms in generalised additive mod-
els, specifying quasipoisson errors with a log link. The model specification 
was chosen to maximise the explained deviance. The models explained 
94.1% of deviance for daily mean water temperature and 93.6% for daily 
mean light intensity. Similarly, hourly water temperature and light inten-
sity were predicted from hourly mean air temperature (°C), hourly mean 
air pressure (hPa), hourly total precipitation (mm), hourly mean cloud cov-
erage (Octa), hourly mean wind speed (m/s), hour of the day and day of 
the year. The models explained 94.4% of deviance for hourly mean water 
temperature and 89.5% for hourly mean light intensity. Models were fit-
ted using R package “mgcv” version1.7- 26 (Wood, 2006).

2.5 | Assessment of prey fish distribution

To characterise the spatial distribution of the prey fish for piscivorous 
perch, we estimated the abundance and biomass of the prey fish in 
the study lake monthly. Using gill nets (8- , 12- , 16-  and 20- mm mesh 

size), we sampled prey fish in both littoral and pelagic zones in both 
day (around noon) and night (around midnight), using a 2- hr soak time. 
During each survey, three floating nets (each with all mesh sizes) were 
placed in the pelagic zone to encompass the surface to 6 m in depth 
(in total 317 m² gill net area), and three benthic nets were placed in the 
littoral zone at the outer edge of the reed belts (293 m² total fishing 
area). We collected 13 samples for each of the six sites at random lo-
cations in the lake (three sites in the pelagic zone, three sites in the lit-
toral zone) at approximately monthly intervals (May 2010–May 2011). 
These nets caught prey up to 25 cm in total length (Kobler et al., 
2009), but we confined the analysis to fishes below 20 cm, assum-
ing a maximum victim- to- predator ratio of 0.45 for perch (Persson, 
de Roos, & Bertolo, 2004). We recorded species, total length (mm) 
and wet mass (g) of catch per multimesh net and calculated catch per 
unit effort (CPUE) in abundance (fish/m²/h) and biomass (wet mass 
g/m²/h).

2.6 | Statistical analysis

First, we investigated the effects of abiotic environment (water 
temperature, light intensity, air pressure, wind speed and lunar 
phase) and body size on daily movement traits. We fitted a linear 
mixed- effects model to each of the daily movement traits, specify-
ing the individual as a random effect. To test our hypothesis on the 

F IGURE  1 Daily mean values of the 
environmental variables in Kleiner DöllnseeMonth (2010−2011)
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nonlinear effects of visibility on movement, we further included a 
quadratic term of light intensity. We used orthogonal polynomials 
of light intensity in the models, so that the inclusion of the quad-
ratic term did not influence the parameter estimation of the linear 
term. Lunar phase (θ) was included as cos θ and sin θ in the model. 
Daily swimming distance and activity space were log- transformed 
to improve model fit, and the temporal autocorrelation was alle-
viated by including the first- order autoregressive process. Model 
parameters were estimated using maximum likelihood estimation 
in R package “nlme” version 3.1- 177 (Pinheiro, Bates, DebRoy, & 
Sarkar, 2014).

The importance of the variables was investigated using multimodel 
inference to improve parameter estimation while alleviating multicol-
linearity (Burnham & Anderson, 2002). First, we fitted the models 
with all possible combinations of the independent variables and se-
lected a confidence set that comprised the candidate models using 
Akaike Information Criterion with a correction for finite sample sizes 
(AICc). The confidence set was selected to include all models with 
ΔAICc < 6 (Burnham & Anderson, 2002). When models were nested 

within higher- level models and had lower AICc than the higher- level 
models, we removed the higher- level models from a confidence set to 
avoid false inference on parameter estimation (Richards, 2008). Then, 
the coefficients were averaged for each variable over the confidence 
model set weighted by the model probability (Burnham & Anderson, 
2002; Grueber, Nakagawa, Laws, & Jamieson, 2011). In the same way, 
we fitted the models with the standardised independent variables to 
make the coefficients comparable to one another. Standardisation 
was performed by subtracting the mean and dividing by the stan-
dard deviation, so that each variable has a mean of 0 and a standard 
deviation of 1. We estimated 95% confidence intervals of the coeffi-
cient as the standard error multiplied by 1.96. Model averaging was 
performed using R package “MuMIn” version 1.15- 1 (Barton, 2014).

Second, we explored the seasonal changes in the diel movement 
patterns. By fitting a generalised additive mixed- effects model to each 
of the hourly movement traits (distance travelled, activity space, mean 
distance from shore and mean depth), we estimated a full tensor prod-
uct smooth of the hour of the day and the day of the year, which rep-
resented a predicted response at each hour over the tracking period. 

Predictor Coefficient (95% CI) Standardised coefficient (95% CI)

Distance travelled (10−3 km, log)

(Intercept) 12.567 (8.592, 16.542) 8.577 (8.497, 8.657)

Light (W/m2) 12.727 (9.947, 15.508) 0.217 (0.170, 0.265)

Temperature (°C) 0.023 (0.015, 0.032) 0.144 (0.092, 0.196)

Light2 (W/m2) −4.402 (−6.054, −2.749) −0.075 (−0.103, −0.047)

Pressure (hPa) −0.004 (−0.008, −0.000) −0.039 (−0.076, −0.001)

cos θ −0.054 (−0.106, −0.002) −0.037 (−0.073, −0.001)

Wind speed (m/s) −0.025 (−0.041, −0.008) −0.036 (−0.059, −0.012)

sin θ 0.032 (- 0.016, 0.080) 0.023 (−0.011, 0.058)

Activity space (10-4 ha, log)

(Intercept) 7.761 (4.147, 11.375) 9.948 (9.714, 10.183)

Temperature (°C) 0.078 (0.065, 0.090) 0.481 (0.405, 0.557)

Body size (mm) 0.004 (−0.006, 0.015) 0.106 (−0.156, 0.367)

Distance from shore (m)

(Intercept) 244.026 (121.315, 366.737) 92.973 (86.617, 99.329)

Light2 (W/m2) 95.410 (46.620, 144.201) 1.629 (0.796, 2.462)

Pressure (hPa) −0.147 (−0.268, −0.026) −1.400 (−2.555, −0.244)

Wind speed (m/s) −0.919 (−1.379, −0.459) −1.321 (−1.981, −0.660)

Light (W/m2) −4.348 (−42.452, 33.757) −0.074 (−0.725, 0.576)

Depth (m)

(Intercept) −0.595 (−3.004, 1.814) 4.392 (4.233, 4.550)

Temperature (°C) −0.035 (−0.054, −0.016) −0.216 (−0.332, −0.100)

sin θ −0.080 (−0.132, −0.028) −0.058 (−0.095, −0.020)

Pressure (hPa) 0.005 (0.003, 0.008) 0.050 (0.028, 0.073)

cos θ −0.052 (−0.086, −0.018) −0.036 (−0.060, −0.012)

Light2 (W/m2) 1.814 (0.382, 3.246) 0.031 (0.007, 0.055)

Wind speed (m/s) −0.008 (−0.019, 0.003) −0.011 (−0.027, 0.005)

Light (W/m2) 0.246 (−1.484, 1.975) 0.004 (−0.025, 0.034)

TABLE  3 Summary of linear mixed- 
effects models on daily movement traits: 
total distance travelled (10−3 km, log), 
activity space (10−4 ha, log), mean depth 
(m) and mean distance from shore (m). 
Light intensity was transformed using 
orthogonal polynomials with degree of 2. 
Coefficients were averaged over a 
confidence model set (ΔAICc < 6). The 
standardised coefficients were estimated 
by fitting the model after standardising 
each predictor variable. Predictors were 
sorted in order of decreasing standardised 
coefficients. Predictors in bold indicate 
strong predictability (95% CIs do not 
overlap with zero)
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A tensor product smooth is an extension of a univariate smooth, 
where a single model matrix is produced for the smooth from the ten-
sor product of the basis functions across the different variables (i.e., 
combinations of basis functions across different variables), thereby 
allowing a different penalty for each marginal basis (Wood, 2006). We 
specified individual as a random effect. A cyclic cubic spline was used 
as a smooth term for hour of the day to account for a diel cycle of the 
movement traits. Hourly swimming distance and activity area were 
log- transformed in the model to normalise the residuals. The model 
was fitted using R package “mgcv” version 1.8- 6 (Wood, 2006).

Finally, we investigated the presence of DHM in the prey fish 
from the gill netting data using a hurdle model. We tested the dif-
ference in the proportion of no occurrence between day and night, 
using a generalised linear mixed- effects model with binomial errors. 
In the models, we specified the occurrence (0: no occurrence, 1: oc-
currence) as a response variable, time (day and night) as a fixed fac-
tor, and sampling site and sampling date as crossed random effects. 

In the same way, we tested the difference in the proportion of no 
occurrence between littoral and pelagic zones. Then, nonzero CPUE 
in abundance and biomass of prey fish were analysed using gener-
alised linear mixed- effects models with Gamma errors, specifying 
habitat type (littoral zone vs. pelagic zone), time (day vs. night) and 
the interaction as fixed factors respectively. We specified sampling 
site and sampling date as crossed random effects. To investigate the 
presence of DHM, the significance of the interaction between the 
habitat type and time was tested by comparing the model with a null 
model without the interaction, using a likelihood- ratio test.

3  | RESULTS

3.1 | General perch movement

Across the whole tracking period of 361 days, the daily swim-
ming distance shown by all perch was 6.3 ± 1.9 km (mean of the 

F IGURE  2 Daily movement traits over 
the tracking period in piscivorous perch. (a) 
Swimming distance (km), (b) activity area 
(ha) estimated as 95% kernel utilisation 
distribution area, (c) mean distance 
from shore (m) and (d) mean depth (m). 
Lines and shaded areas are means and 
standard deviations respectively. Dashed 
line in mean depth plot represents the 
thermocline
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individual means ± standard deviation), and the daily activity space 
was 4.3 ± 2.0 ha. Perch were found 4.5 ± 0.4 m below water surface 
and 93.5 ± 14.8 m from shore over the tracking period. The daily mean 
swimming distance showed strong fluctuations over the tracking period, 
from 0.4 km in early September to 21.3 km in mid May, corresponding 

to the spawning period in April and May (Figure 2). Similarly, the activity 
space showed strong fluctuations, from <0.1 ha in early June to 16.7 ha 
in mid June (Figure 2). By contrast, there was little variation in distance 
from shore over the one- year tracking period (Figure 2). Perch were 
found in deep water up to 6 m beneath the water surface in winter and 

F IGURE  4 Effects of daily mean environmental variables on daily movement traits of perch. Effects on (a) swimming distance (km), (b) 
activity space (ha), (c) distance from shore (m) and (d) mean depth (m), when all other variables are set to their means. The bottom axes are on 
the original scales, and the top axes are on the standardised scales. Lines and shaded areas are means and standard deviations respectively. The 
scales of the environmental variables shown on the figures are within the observed range
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F IGURE  5 Hourly movement traits over 
the tacking period using an additive mixed- 
effects model. (a) Swimming distance 
(km, log- transformed), (b) activity space 
(ha, log- transformed), (c) mean distance 
from shore (m) and (d) mean depth (m). 
Colour represents the magnitudes, which 
are noted along the contour lines. White 
dashed lines represent the time at sunrise 
and sunset. The figures were drawn using R 
package “mgcv”
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moved shallower in summer, but perch were never found below 2 m. 
Fish were always found in the oxygenated zone above the summer ther-
mocline (Figure 2). In general, across all four seasons, perch more heavily 
used the sublittoral zone around the lake, while the central parts of the 
pelagic zone received rare or no use at all (Figure 3).

3.2 | Daily movement patterns in relation to 
environmental variables

The models explained influences of several abiotic environmental 
variables on daily movement patterns (Table 3). Particularly, perch 
travelled farther distances as water temperature increased (Figure 4a). 
They also travelled farther distances as light intensity increased, but 
the distance levelled off when light intensity was very high (Figure 4a). 
Distance travelled by perch decreased as air pressure and wind speed 
increased, and around the full moon (Figure 4a). Although model av-
eraging retained the sine of lunar phase, it did not significantly predict 
the distance travelled (0.046 [95% CI: −0.022, 0.115]). Perch ex-
panded the activity space as water temperature increased (Figure 4b). 
Model averaging retained temperature and body size, but body size 
did not significantly predict the activity space (0.211 [−0.312, 0.735]).

Perch moved closer to the shore when light intensity was medium 
and farther from the shore when light intensity was low and high 
(Figure 4c). Perch also moved closer to the shore when air pressure and 
wind speed increased (Figure 4c). Although model averaging retained 
a linear term of light intensity, it did not significantly predict the dis-
tance from shore (0.211 [−0.312, 0.735]). Perch used shallower water 
as water temperature increased and air pressure decreased (Figure 4d). 
The fish used deeper water from the full moon to the third quarter 
phase (Figure 4d). The depth chosen by the fish was explained by light 
intensity, with shallower water chosen at medium light intensity and 
deeper water at low or high light intensity (Figure 4d). Although model 
averaging retained wind speed and a linear term of light intensity, both 
variables did not significantly predict the depth used by perch (−0.022 
[−0.054, 0.009] and 0.008 [−0.051, 0.067] respectively).

3.3 | Diel movement patterns

All hourly movement traits were significantly explained by the ten-
sor product smooth of hour of the day and day of the year (p < .001 
in all cases, Figure 5). The models explained 32.1% of deviance for 
hourly swimming distance, 54.1% for depth, 38.3% for activity area 
and 20.5% for distance from shore.

Synchronised with the sunrise and the sunset, the hourly distance 
travelled showed a distinct diel pattern, with longer distance trav-
elled during the day and shorter distance during the night (Figure 5a). 
Perch showed a single activity peak approximately 3 hr after sunrise 
in June and July (Figure 5a). In other periods, the hourly distance trav-
elled showed a single peak around noon. The hourly distance travelled 
during the night- time in summer was comparable with that during the 
daytime in winter. The hourly activity space showed a trend very sim-
ilar to the hourly distance travelled, with a low activity space during 
the night- time, a high activity space during the daytime, and a single 

peak in the morning in summer (Figure 5b). The hourly mean distance 
from shore showed a diel pattern where perch stayed farther from 
shore during the daytime and closer to the shore during the night- 
time. The diel pattern was less distinct during the spawning period in 
March (Figure 5c). The hourly mean depth use showed no distinct diel 
patterns but strong seasonality, as perch used deeper water in winter 
compared to in summer (Figure 5d).

3.4 | Diel horizontal migration of prey fish

Prey abundance during the daytime was estimated as 0.38 fish/m2/h 
[95% CI: 0.18, 0.71] in the littoral zone and 0.10 fish/m2/h [0.05, 0.18] 
in the pelagic zone. During the night- time, abundance was 0.38 fish/
m2/h [0.18, 0.67] in the littoral zone and 0.24 fish/m2/h [0.12, 0.41] 
in the pelagic zone. Prey biomass during the daytime was 7.0 g/m2/h 
[3.6, 11.6] in the littoral zone and 2.8 g/m2/h [1.4, 4.9] in the pelagic 
zone. During the night- time, the values were 6.7 g/m2/h [3.5, 10.7] 
in the littoral zone and 3.9 g/m2/h [2.0, 6.5] in the pelagic zone. The 
models showed significant interactions between habitat type and time 
period in relation to CPUE, both for abundance and biomass (Figure 6). 
Inclusion of the interaction term significantly improved the model fits 
both in prey abundance (χ2

1
 = 15.18, p < .001) and biomass (χ2

1
 = 5.72, 

p = .017). The results indicated the presence of DHM, with prey fish mi-
grating from pelagic zone to littoral zone during the daytime, and in the 
opposite direction during the night- time. There was no difference in the 
proportion of prey fish occurrence between day and night (0.90 [0.77, 
0.98] vs. 0.95 [0.86, 0.99]; χ2

1
 = 1.59, p = .207) or between littoral and 

pelagic zones (0.94 [0.84, 0.99] vs. 0.91 [0.79, 0.98]; χ2
1
 = 0.57, p = .450).

4  | DISCUSSION

By combining fine- scale, long- term positional data at the ecosystem 
scale with concurrent environmental information, we illustrated the 
detailed movement of free- ranging piscivorous perch in response to en-
vironmental changes at the population level. Our results show that tem-
perature and light exert strong influences on the movement of perch. 
However, movement was also influenced by other environmental fac-
tors, such as air pressure, wind speed and lunar phase. Surprisingly for 
a visual predator, we also found that perch stay active during the night- 
time in summer, with their swimming activity comparable with that dur-
ing the daytime in winter. Perch showed the diel horizontal migration 
patterns in the opposite way of their prey fish, by staying farther from 
the shore during the daytime and closer during the night- time. Our re-
sults partly confirm other studies on perch movement in the wild col-
lected with less detailed methods, while revealing some interesting and 
novel patterns not previously documented for this species.

4.1 | Effects of the abiotic environment on 
perch movement

In agreement with our hypothesis, the movement of piscivorous 
perch in the study lake was strongly explained by water temperature 
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and light. Specifically, we found that perch increased their swimming 
activity at higher temperature and under brighter conditions, the 
latter in a nonlinear way. Through altering physiological processes 
and prey distributions (Brown et al., 2004; Hinch & Rand, 1998; 
Magnuson et al., 1979), temperature influences various behaviours, 
such as swimming intensity (Alabaster & Stott, 1978; Neuman et al., 
1996), foraging rates (Kitchell, Stewart, & Weininger, 1977; Neuman 
et al., 1996), escape ability of prey (Wilson, Lefrancois, Domenici, & 
Johnston, 2010) and timing of migration and spawning (McKinzie, 
Jarvis, & Lowe, 2014). It is likely that perch increased the swim-
ming activity at higher temperature to meet the elevated demand 
for food, considering that higher swimming activity increases prey 
encounter rates (Turesson & Brönmark, 2004, 2007). It is also pos-
sible that the swimming activity increased in warmer water through 
higher activity of prey fish (Jacobsen, Berg, Jepsen, & Skov, 2004; 
Jepsen & Berg, 2002) and higher intraspecific competition for food 
(Ohlberger et al., 2012). In addition, swimming activity was strongly 
elevated before and during the spawning period, suggesting that 
the swimming activity is related to finding spawning places and 
mates. The movement change in response to light is also likely to re-
flect foraging behaviour, considering that perch become more effi-
cient at finding and consuming food as visibility increases (Jacobsen 
et al., 2014). Notably, perch stayed surprisingly active during the 
night- time in summer, which was comparable to the activity during 
the daytime in winter. Considering that perch can hunt even at low 
light levels (Jacobsen et al., 2014), it is likely that perch continue to 
forage during the night- time in summer, possibly to maintain high 
foraging rates in the warm summer period.

The relationship between light intensity and swimming distance 
was nonlinear, with swimming distance levelling off under very bright 
conditions. It is unlikely that the reduction in swimming distance under 
very bright conditions is related to predator avoidance, considering 
that the abundance of large predatory fishes, such as large pike and 
European catfish, is low in the study lake (Pagel, 2009). In addition, 
avian predators such as cormorants (Phalacrocorax spp.) are rarely 
observed in the study lake (Pagel, 2009). Rather, it is more plausible 
that the piscivorous perch experience increased difficulties in forag-
ing under very bright conditions, as both the alertness of prey fishes 
and their ability to evade approaching predators increases (Pitcher & 
Turner, 1986). If this is the case, maintaining high swimming distance 
at very bright light may be energetically costly.

Other abiotic variables besides temperature and light also ex-
plained some of the movement patterns and habitat choice ex-
hibited by perch, although the effects were substantially smaller 
compared to the two key abiotic factors. With increasing baro-
metric pressure, perch decreased swimming distance and moved 
deeper and closer to the shore. Furthermore, barometric pressure 
influenced horizontal and vertical habitat usage. Behavioural re-
sponse to barometric pressure could constitute an evolutionary 
adaptation to predictable environmental changes related to baro-
metric pressure. For example, blacktip sharks (Carcharhinus lim-
batus) are reported to respond strongly to changes in air pressure 
associated with a nearing storm by moving offshore into safer areas 

(Heupel, Simpfendorfer, & Hueter, 2003). We also found that perch 
responded to stronger wind by reducing swimming distance and 
activity area and moving closer the shore. It is possible that wind- 
influenced movement of perch by affecting the accessibility of prey 
fish (de Kerckhove et al., 2015). For example, strong wind can in-
crease the efficiency of foraging littoral prey by causing water tur-
bulence and distraction (Jacobsen et al., 2014). In addition, perch 
increased swimming activity and the use of shallower water as the 
moon was waning from full moon. This could simply be a compen-
satory response to a declining visibility. A previous study in the 
same study lake indicates that northern pike would show a higher 
foraging activity under stronger wind and on full and new moon, 
supported by higher catch rates by angling under these conditions 
(Kuparinen et al., 2010). Further study is needed to clarify effects 
of these abiotic factors on perch behaviour.

4.2 | Foraging motivation or predation risk?

The diel activity patterns are generally governed by a trade- off be-
tween the access to prey and the risk of predation (Werner & Hall, 
1988; Werner & Mittelbach, 1981). In agreement with other studies 
on perch (Craig, 1977; Jacobsen et al., 2002; Jacobsen et al., 2015), 
our results confirmed that perch use sunrise and sunset as a zeitgeber, 
with elevated activity during the daytime compared to the night- time. 
Although studies on perch have reported two peaks of swimming ac-
tivity at dusk and dawn (Jacobsen et al., 2015; Neuman et al., 1996), 
we were unable to find those peaks. Activity peaks during these peri-
ods are arguably indicative of predator–prey interactions, with preda-
tors taking advantage of greater foraging success during these periods 
(Pitcher & Turner, 1986). In our study lake, northern pike, one of the 
potential predators of perch, show activity peaks during these peri-
ods, which corresponds with the elevated catch rate by angling during 
dawn and dusk (Kobler, Klefoth, Wolter, Fredrich, & Arlinghaus, 2008; 
Kuparinen et al., 2010). Hence, if perch were under the risk of preda-
tion by pike, one would expect activity minima during dawn and dusk 
periods; however, this was not the case. Therefore, it is more likely 
that the increased activity of perch during sunrise indicates foraging 
activity and not predator avoidance.

Diel activity patterns of perch could also arise from variation in 
turbidity in different ecosystems. Jacobsen et al. (2015) reported that 
perch showed strong activity peaks during crepuscular periods in a 
clear mesotrophic lake, whereas little diel activity patterns were found 
in a turbid shallow lake. The authors discussed that the absence of 
diurnal activity peaks in the turbid lake was likely related to a lower risk 
of predation, coupled with a more uniform distribution of prey. Our 
study lake has a water visibility comparable to the clear mesotrophic 
lake studied by Jacobsen et al. (2015), but we were not able to find 
activity peaks during crepuscular periods. Further, we did not find an 
activity minimum during the day, when perch are most likely to be de-
tected by visual predators, suggesting that the perch in our study lake 
perceived a low risk of predation. Considering that the comparatively 
clear water of our study lake would not provide a turbidity- caused ref-
uge effect against predators, it is likely that the diel activity patterns 
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of perch in our study lake were mainly caused by foraging and less by 
predator avoidance. Further, lack of significant relationships between 
body size and the behavioural responses to light also indicates a low 
perceived risk of predation, considering that predation risk generally 
decreases with body size in fishes (Lorenzen, 2000).

Yet, the DHM patterns shown by perch in the study lake leave the 
possibility that perch might still experience some level of predation 
risk. Our results show that perch stayed farther offshore during the 
daytime and moved closer to the shore during the night- time. In the 
study lake, pike preferentially reside in the littoral zone (Kobler et al., 
2009) and tend to forage more intensively during twilight (Kobler 
et al., 2008). European catfish, another potential predator of perch in 
the study lake, reside in the sublittoral and benthic areas of the open- 
water zone and tend to be most active at night (Chéret et al. unpub-
lished data). Thus, the horizontal movements by perch could be to 
avoid day- active pike in the littoral zone and night- active catfish in the 
sublittoral and pelagic zones. If so, it is possible that the DHM patterns 
shown by perch are to minimise the risk of predatory attacks, rather 
than to maximise foraging.

4.3 | Activity in the wild

Piscivorous perch in the study lake travelled on average over 6 km per 
day—a distance much greater than previously reported for this species 
(Baktoft et al., 2016; Jacobsen et al., 2002; Jacobsen et al., 2015). In 
Lake Engelsholm in Denmark, for example, perch were reported to 
swim approximately 1 km/day (Jacobsen et al., 2015). The discrepancy 
could arise from differences in lake characteristics. Although compa-
rable in visibility, Lake Engelsholm is more eutrophic than our study 
lake (mean total phosphorus 50 μg/L, compared to about 30 μg/L in 
our study lake). Therefore, Lake Engelsholm may offer a higher abun-
dance of prey and/or potential predators of perch, which could re-
duce the activity of perch to achieve a sufficient prey intake while 
minimising predation risk. Alternatively, the discrepancy could arise 
from different sampling methods. While Jacobsen et al. (2015) used 
manual tracking of radio- tagged perch at coarse intervals of 2.5 h be-
tween fixes over a few days, the present study employed acoustic tags 
tracked at several fixes per minute over the course of approximately 
one year. Because coarse tracking is known to severely underestimate 
actual swimming distances (Hanson et al., 2007; Rogers & White, 
2007), our results underscore the utility of high- resolution tracking to 
illustrate the detailed nature of free- ranging fish.

We tagged only large perch to reduce tag burden (Winter, 1996), 
and accordingly, all individuals used in the analyses were females, due 
to a higher growth rate in female perch (Le Cren, 1958). Differences in 
movement traits between sexes are documented in some species. For 
example, a mark–recapture study in round goby (Neogobius melanos-
tomus) reports longer swimming distance in males (Marentette et al., 
2011), whereas a study in sablefish (Anoplopoma fimbria) reports the 
opposite trend (Morita, Morita, & Nishimura, 2012). Although there is 
no study in perch with regard to sex differences in movement, a higher 
growth rate in female perch (Le Cren, 1958) suggests the possibility, 
considering the positive correlation between growth rate and activity 

found in some animals (Biro & Stamps, 2008). Indeed, an angling study 
on perch showed sex differences in capture rates, indicating potential 
differences in foraging activity between sexes (Heermann et al., 2013). 
Further study is needed to clarify whether perch show sex-  or growth- 
specific differences in movement.

5  | CONCLUSIONS

The movement ecology of perch seems to be mainly driven by the 
struggle for fulfilling foraging demands in the light of seasonally vary-
ing prey abundance and distribution (Heermann et al., 2013) while 
accounting for prey activity, visibility and accessibility. Our results 
suggest that changes in abiotic environments moderate foraging be-
haviour of a top aquatic predator, potentially altering the strength of 
intraspecific competition for food. The recent increase in lake tem-
perature at a global level (Verhoeven, Arheimer, Yin, & Hefting, 2006) 
may intensify foraging activity of perch and exert top- down effects in 
the food web (Ohlberger et al., 2012). The elevated activity with ris-
ing temperature may also increase encounter rates with fishing gears, 
and consequently, vulnerability to fishing (Monk & Arlinghaus, 2017).

Understanding interactions between organisms and their en-
vironment lays the foundation for ecology and evolution. When 
coupled with environmental data, high- resolution telemetry af-
fords an opportunity to re- evaluate our current knowledge about 
the behaviour of free- ranging fishes in the wild and offer new in-
sights. High- resolution telemetry has been applied in many research 
fields, such as animal personality in the wild (Harrison et al., 2015; 
Nakayama, Laskowski, Klefoth, & Arlinghaus, 2016; Taylor & Cooke, 
2014) and correlations between movement and life history traits 
(Nakayama, Rapp, & Arlinghaus, 2017). These efforts promise to ad-
vance the field of movement ecology and its applications to fisheries 
and conservation.
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