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1  | INTRODUC TION

In response to the presence of conspecifics and the spatial distri-
bution of resources, animals tend to avoid areas with a high number 
of competitors (Kuefler, Avgar, & Fryxell, 2013; Leibold, 1995) and 
spend more time in patches with high- quality forage (Benhamou, 
2007; Fretwell & Lucas, 1970) with the aim of increasing energy in-
take. Poor competitors either emigrate from highly contested areas 

to areas with a lower abundance of conspecifics (Elliott, 1994; Grant 
& Kramer, 1990; Matthysen, 2005) and/or move around the periph-
eries of contested areas (Hansen & Closs, 2005; Nakano, 1995) and 
more often change their positions (Beisner & Isbell, 2009). The deci-
sion of animals to maintain positions within preferred areas results 
in less movement, while low food availability induces faster move-
ment (Klaassen, Nolet, & Bankert, 2006). The movement of individ-
uals is further affected by the available information about variably 
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Abstract
The movement of individuals within preferred areas is reduced by a high availability 
of food and information about its distribution, while high number of competitors 
promotes increased movement. Experienced animals use information about social 
and physical environment to improve resources exploitation, tended to maintain po-
sitions within the preferred areas and reuse the environment that is often referred to 
as site fidelity. In this study, radio- telemetry was used to observe the movements of 
98 adult brown trout, Salmo trutta, in oligotrophic streams with different population 
densities; to determine subpopulation site fidelity, 5,195 conspecifics from 14 sub-
populations were individually tagged during spring and autumn. During a 7- year- long 
field study, we tested the hypothesis that brown trout individuals from subpopula-
tions with high site fidelity would display lower movement. The hypothesis was sup-
ported, and reduced movement was further related to high subpopulation density in 
association with high slope indicating the physical environment- influenced move-
ment. The probability of contact between individuals increased with subpopulation 
site fidelity and subpopulation density. No influence of food abundance on brown 
trout movement was found. Furthermore, increased body size predicted higher 
movement (and vice versa). The least movement occurred during the day and during 
the full moons. Our study tended to show that individuals reused preferred areas and 
needed less movement to exploit available resources.
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dispersed	resources	(Dall,	Giraldeau,	Olsson,	McNamara,	&	Stephens,	
2005; Harwood, Griffiths, Metcalfe, & Armstrong, 2003; Klaassen, 
Nolet, & van Leeuwen, 2007; Morales, Moorcroft, Matthiopoulos, 
Merrill, & Haydon, 2010). Experienced individuals ignore areas with 
low food availability and move toward food- rich areas, and less- 
experienced individuals are limited by the continuous search for re-
sources. Hence, the information available about resources can be 
a predictor of movement distances (Dias, Granadeiro, & Palmeirim, 
2009; Klaassen, Nolet, van Gils, & Bauer, 2006). Moreover, infor-
mation about resources motivates individuals to return and reuse 
preferred	areas,	which	 is	often	referred	to	as	site	 fidelity	 (Switzer,	
1993,	 1997;	Ward,	 James,	Wilson,	 &	Webster,	 2013).	 Site	 fidelity	
corresponds to improved resource exploitation and greater fitness 
as	reported,	for	example,	in	amphibians	(Bucciarelli,	Green,	Shaffer,	
Bradley, & Kats, 2016), birds (Lourenco et al., 2016; Piotr, 2016), and 
mammals	(Forrester,	Cassady,	&	Wittmer,	2015;	Geinapp	&	Merilä,	
2011; McIntire, Bester, Bornemann, Tosh, & Nico de Bruyn, 2017). 
However, high site fidelity is also apparently associated with the oc-
currence of animals at preferred, food- rich areas that are host dense 
populations (Edwards, Nagy, & Derocher, 2009). Taken together, 
these trends appeared to impact the behavior of animals in the pre-
ferred areas, where their movement is reduced by the high availabil-
ity of food and information about its dispersal, while, in contrast, the 
high number of competitors promotes increased movement.

Density- dependent changes in behavioral patterns are well doc-
umented	 from	 experimental	 observations	 of	 salmonids.	 Juvenile	
Atlantic salmon (Salmo salar Linnaeus, 1758) were found to emigrate 
from familiar environments with high population densities to new 
environments	 with	 lower	 densities	 of	 conspecifics	 (Steingrímsson	
& Grant, 2003), but the effect of competition on movement and 
position maintenance was inconclusive compared to the effects of 
environmental	parameters.	Similarly,	juvenile	Arctic	charr	(Salvelinus 
alpinus Linnaeus, 1758) showed increased diel activity with increas-
ing abundance as a result of competition for shelters (Larranaga & 
Steingrímsson,	2015)	and	food	(Fingerle,	Larranga,	&	Steingrímsson,	
2016). Furthermore, high population density and decreased food 
availability promoted increased feeding activity, which was fol-
lowed	by	 lower	 growth	 in	Arctic	 charr	 (Guénard	et	al.,	 2012).	 The	
opposite response of faster growth was found in dense brown trout 
(Salmo trutta Linnaeus, 1758) subpopulations with high subpopula-
tion	site	 fidelity	 (Závorka,	Horký,	Höjesjö,	&	Slavík,	2016),	but	be-
cause the available data were collected by different methods and 
from different species, it is difficult to conclude whether site fidel-
ity in salmonids is associated with behavioral changes, for example, 
with changes in local movements at preferred areas. Based on the 
assumption that preferred areas are associated with high food avail-
ability and population density, we tested the hypothesis that brown 
trout, S. trutta, individuals would move less in areas with high sub-
population site fidelity.

To test this hypothesis, we observed the diel movements of 
brown trout in variably abundant subpopulations in the Šumava 
Mountains (Czech Republic, Central Europe) by radio- telemetry and 
determined	the	spatial	distribution	of	the	observed	individuals.	We	

performed observations throughout the diel cycle as the movement 
of brown trout varies over 24 hr, and movement peaks have been 
reported	during	the	day	(Höjesjö,	Økland,	Sundström,	Pettersson,	&	
Johnsson,	2007)	or	night	(Young,	1999).	We	tagged	individuals	from	
several size classes in each studied subpopulation, because the size 
of the areas used by brown trout has been shown to increase with 
body	size	(Gunnarsson	&	Steingrímsson,	2011;	Nicola,	Ayllón,	Elvira,	
&	Almódovar,	 2016).	 Abundance	 of	 individuals	 and	 subpopulation	
site	fidelity	were	monitored	over	a	7-	year	period.	Subpopulation	site	
fidelity was defined as the return and long- term persistence of in-
dividuals at home sites (Bond et al., 2012; Knope, Tice, & Rypkema, 
2017;	 Marnane,	 2000;	 Steingrímsson	 &	 Grant,	 2003;	 White	 &	
Garrott, 1990), and it has previously been reported in brown trout 
(Bridcut & Giller, 1993). In our study, the movement, density, and 
subpopulation site fidelity of brown trout were described in envi-
ronments that were characterized in terms of food abundance and 
by typical parameters such as temperature, water velocity, height 
of the water column, flow, substrata size, and river slope (e.g., 
Heggenes,	Krog,	Lindås,	Dokk,	&	Bremnes,	1993;	Höjesjö,	Johnsson,	
&	Bohlin,	2004;	Larranaga	&	Steingrímsson,	2015;	Steingrímsson	&	
Grant, 2003). In further, we observed light intensity and lunar phase 
during the study as the movement patterns are being affected by 
light intensity (Imre & Boisclair, 2005; Metcalfe, Valdimarsson, & 
Fraser, 1997). In our study, data about brown trout movement in 
subpopulations with variable density and site fidelity were obtained 
and further related to food abundancy and physical parameters of 
environment.

2  | MATERIAL S AND METHODS

2.1 | Study area

The study was carried out in the headwaters of the Otava River, lo-
cated in Šumava National Park, Czech Republic. The overall catch-
ment area of the studied streams, including the two main tributaries 
of	the	Otava	River,	Vydra	and	Křemelná,	is	approximately	224	square	
km (Figure 1). The Otava River has an average discharge of 8 m3/s 
(range during the study period 1.69–104 m3/s), and its headwaters 
consist of mountainous oligotrophic streams with pristine morphol-
ogies. Twenty representative sampling sites distributed across the 
entire studied catchment area were selected based on maps, field 
visits, and knowledge/restrictions of the national park manage-
ment to maximize the representativeness of the stream character-
istics; however, final site selection was also influenced by the access 
granted by the national park. All sampling sites were wadable with 
substrate dominated by pebble and gravel; the average conductivity 
was 20.36 μS/cm	 (range	8.5–40	μS/cm),	 and	 the	average	 flow	var-
ied from 0.01 to 2 m3/s along the longitudinal gradient (Figure 1; see 
Závorka,	Horký,	&	Slavík,	2013	for	detailed	descriptions).	Sampling	
sites were pooled into fourteen synchronized population units for 
further analyses according to a previous study by Závorka et al. 
(2013) that analyzed the synchrony in population abundance within 
the studied catchment area through the correlation of seasonal 
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growth rates and abundance between pairs of sampling sites. These 
synchronized units were labeled “subpopulations” for this study. 
Overall, fisheries management, including stocking and fishing ac-
tivities, is restricted in the studied streams, so the local populations 
consist of only autochthonous brown trout and bullhead (Cottus 
gobio Linnaeus, 1758).

2.2 | Brown trout population data

All twenty sites were sampled twice a year (May and October) over 
the 7- year period from October 2005 to October 2011 (Závorka 
et al., 2016). Every specimen caught via electrofishing (FEG 1500; 
EFKO-	Elektrofischfanggeräte	 GmbH,	 Germany)	 was	 measured	
(standard length LS, mm), weighed (body size, g), and individu-
ally	 tagged	 on	 the	 lower	 left	 jaw	 using	 VIA	 tags	 (Visible	 Implant	
Alphanumeric	tags;	Northwest	Marine	Technology,	USA).	Specimens	
of insufficient size for individual tagging were marked using VIE tags 
(Visible Implant Elastomer tags; Northwest Marine Technology). 
Throughout the study, 5,195 brown trout were tagged (5,013 using 
VIA and 182 using VIE tags, allowing for individual site identification) 
and released at the site of their capture. Regarding the welfare of the 
study animals, a single- pass electrofishing method was used, which is 
considered sufficient for determining the abundance of brown trout 
in mountain headwater streams (Kruse, Hubert, & Rahel, 1998). The 
location and size of the sampling sites, as well as fishing effort, were 
constant throughout the study. The pooling of the sampling sites 
resulted in an average subpopulation unit area of 546 m2 (Závorka 
et al., 2016). The detection of previously tagged fishes was recorded 
as a recapture (overall recapture rate was 9%; Závorka et al., 2013). 
No statistically significant differences were detected between re-
capture rate and environmental (e.g., slope, stream width) as well as 
sampling (e.g., sampling area) characteristics (Závorka et al., 2016).

2.3 | Brown trout behavioral data

The fish used for radio- telemetry tag implantation were caught via 
electrofishing (650 V, 4 A, pulsed D.C.) from eleven sampling sites 
that were identical to those from which the population data were 
obtained (Figure 1). Altogether, 130 individual brown trout were 
radio- tagged from 2006 to 2011 (Table 1). The fish were anaesthe-
tized with 2- phenoxy- ethanol (0.2 ml/L), measured (LS, mm), and 
weighed (g). The types of transmitters available from the manufac-
turer (Lotek Engineering Inc., Canada) differed over the duration 
of our study. Thus, six types of coded radio transmitters (NTQ- 1, 
NTQ- 2, NTC- 3- 2, NTC- M- 2, NTC- M- 3, and MCFT- 3GM; all at a 
frequency of 138.300 MHz), with mean operational life of 33 days 
(range 21–43 days), an average weight of 0.74 g in the air (range 
of 0.26–1.8 g), an average width of 6.36 mm (range of 5–8.2 mm), 
and an average length of 14.5 mm (range of 10–19 mm), were used 
throughout the study. Radio transmitters were implanted into the 
body cavities of brown trout through a midventral incision that was 
closed with three separate stitches using sterile, braided, absorb-
able sutures (Ethicon Coated Vicryl). The mass of the transmitter 
never	exceeded	2%	of	the	body	mass	of	the	fish	(Winter,	1983).	The	
fish were released at or near the point of capture after they recov-
ered and exhibited spontaneous swimming activity (ca. 5 min after 
surgery).

At all study sites, tracking series were carried out weekly until the 
end of transmitter battery life. Tracking predominantly occurred in 
June	(87%	of	data)	with	some	observations	made	in	late	May.	Once	all	
the fish in a particular tracking series were positioned, most (depend-
ing on the tracking conditions) were observed over two subsequent 
24- hr tracking cycles, resulting in 5,520 individual fish positions. 
In a 24- hr cycle, fish positions were determined once during each 
3- hr period (06:00–08:59, 09:00–11:59, 12:00–14:59, 15:00–17:59, 

F IGURE  1 Map of sampling sites in the 
headwaters of the Otava River, located 
in the Šumava National Park, Czech 
Republic.	Subpopulations	are	outlined	
according to Závorka et al. (2013)

Germany
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18:00–20:59, 21:00–23:59, 24:00–02:59, 03:00–05:59 hr). The time 
between measurements varied slightly depending on the tracking 
conditions (3 hr ± 30 min). The fish were positioned with the help 
of	 a	GPS	 unit	 (GPS	map	 76S;	Garmin	 Ltd.,	 USA)	 using	 a	 radio	 re-
ceiver	(Lotek	SRX_400	receiver	firmware	version	W31)	and	a	three-	
element	Yagi	antenna	equipped	with	a	compass.	Compass	bearings	
were taken on the transmitter direction from locations positioned 
with	the	help	of	a	GPS	unit.	A	computer	program	was	developed	to	
obtain fish position coordinates and plot them on a map using the 
biangulation	method	proposed	by	White	and	Garrott	(1990).	The	ac-
curacy of fish positioning across sampling sites was estimated to be 
±1 m based on calibrations using a tag located at the river bottom, 
the position of which an observer did not know.

2.4 | Habitat measurements

Habitat variables were measured using the following devices: 
water temperature (°C) and conductivity (μS/cm;	WTW,	pH/Cond	
340i	SET);	 light	 intensity	 (Ev;	SECONIC	Super	Zoom	Master	L—68	
SECONIC,	 Tokyo,	 Japan);	 and	 lunar	 phase	 (BAR	 928	 H	 Remote	
Weather	 Station,	 Huger	 Electronics,	 Germany).	 Throughout	 the	
study, all the above- mentioned variables were measured once every 
3 hr on the days when fish were tracked. River slopes (%) were meas-
ured	using	a	Pulse	Total	Station	(Topcon	GPT	2000;	Itabashi,	Tokyo,	
Japan)	at	each	sampling	site	 (the	average	sampling	site	 length	was	
266 m; see Závorka et al., 2016 for details). The river slope was cal-
culated	as	the	difference	between	the	water	levels	in	two	adjacent	
stream cross sections (Boiten, 2000). The river substratum was de-
termined by assessing the proportions of sand, gravel, pebbles, and 
boulders	according	to	Wolman	(1954).

2.5 | Food availability

To assess food availability, aquatic invertebrates were quantitatively 
collected from the sampling sites during autumn 2006 before the 
fish	sampling	occurred.	Four	replicate	Surber	samples	were	taken	to	
estimate the densities of benthic invertebrates (350- μm mesh size; 

33	×	33-	cm	quadrat	size;	Surber,	1936).	The	river	bottom	was	sam-
pled randomly with a focus on habitats with high expected inver-
tebrate	abundance,	such	as	pools	and	flows	 (Resh,	1979).	Samples	
were preserved immediately after collection and stored in 80% 
ethanol, and the collected invertebrates were identified to genus 
or species and enumerated. Finally, the overall abundance and the 
abundance of particular orders were determined.

2.6 | Data analyses

The number of trout from the actual year (spring and autumn samples 
were counted together), when the tracking series were conducted, 
and the area used for calculating each “subpopulation density” were 
obtained by pooling all the trout and the areas, respectively, of the 
sampling sites integrated at a given spatial scale (Imre, Grant, & 
Cunjak,	2005).	Accordingly,	river	“slope”	was	calculated	as	an	average	
value for the sampling sites integrated at the subpopulation scale. 
According	to	White	and	Garrott	(1990),	site	fidelity	was	defined	as	
the tendency to remain in an area over an extended period or to re-
turn to a previously occupied area. In our study, the area for which 
site fidelity was assessed included all areas of the sampling sites in-
tegrated at the subpopulation scale, and “subpopulation site fidel-
ity” was calculated as the percentage of recaptured individuals (i.e., 
those displaying site fidelity) relative to the total number of tagged 
individuals within a subpopulation during the entire study. In other 
words, subpopulation site fidelity is an assemblage measure based 
on 7 years of data and represents the proportion of all individuals 
recaptured within a subpopulation, suggesting that these individu-
als either remained in an area over an extended period or returned 
to	it	(White	&	Garrott,	1990);	individuals	who	disappeared	via	emi-
gration	or	mortality	were	not	distinguished	(Steingrímsson	&	Grant,	
2003). The “subpopulation site fidelity ratio” was defined according 
to Závorka et al. (2016) using the PROC Rank procedure to split the 
subpopulation site fidelity values into two distinct groups. Thus, 
subpopulations with site fidelity values lower than 7% were classi-
fied as “low site fidelity” sites, and subpopulations with values higher 
than 7% were classified as “high site fidelity” sites. Radio- telemetry 

Stream name
Number of tagged 
specimens LS (mm) Weight (g) Study period

Březnický	Brook 3 113–188 (145) 19–88 (47) 2008

Filipohuťský	Brook 10 99–192 (148) 13–101 (52) 2010

Hamerský Brook 15 (8) 165–218 (182) 62–136 (80) 2006

Javoří	Brook 20 (15) 98–198 (129) 14–88 (33) 2009

Křemelná 15 (7) 138–195 (163) 47–123 (77) 2011

Luzenský Brook 1 2 140–203 (172) 38–115 (77) 2008

Luzenský Brook 2 10 (6) 108–276 (144) 20–254 (62) 2008

Modravský Brook 1 12 (11) 132–217 (166) 30–119 (60) 2011

Modravský Brook 2 15 96–232 (152) 13–171 (58) 2010

Roklanský Brook 15 (10) 181–260 (221) 83–240 (168) 2007

Vydra 13 (11) 117–238 (178) 21–199 (90) 2011

TABLE  1 Number (number of tagged 
specimens used in the analysis in 
parentheses) and characteristics of tagged 
specimens (standard length and weight 
ranges; means in parentheses) and study 
periods
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data from 98 brown trout were included in our statistical analyses. 
Otters caught fourteen individuals, and eighteen individuals moved 
to inaccessible locations outside of our study sites. These fish were 
excluded from further analyses. The distance (m) between fish posi-
tions at two subsequent 3- hr intervals during a 24- hr cycle is hence-
forth referred to as “movement.” Three “light intervals” (day, twilight, 
and night) were used to describe diel activity patterns. These inter-
vals	were	determined	based	on	illumination	(Ev),	according	to	Slavík,	
Horký,	Bartoš,	Kolářová,	and	Randák	(2007),	that	is,	twilight	ranged	
from between 2 and 6 Ev; day was defined as higher than 6 Ev; and 
night was defined as lower than 2 Ev. Based on the fish positions, 
the “distance” between two tagged individuals was obtained. One- 
to- one analyses were performed for all combinations of tracked in-
dividuals, thus, obtaining pairs of individuals over particular 24- hr 
tracking cycles. The “probability of contact” between two individuals 
was	determined	assuming	a	fish	position	accuracy	of	±1	m.	When	the	
distance was less than 2 m, the probability of contact was considered 
to be “1”; otherwise, the probability of contact was considered to be 
“0.” For every pair of individuals, “weight difference” and “length dif-
ference” values were calculated to assess their “size similarity.” Data 
analysed	during	the	study	are	included	in	the	Tables	S1	-	S4.

2.7 | Statistical analyses

Statistical	analyses	of	movement	as	 the	dependent	variable	were	
performed using a linear mixed model (LMM) with random fac-
tors	 (PROC	MIXED)	 in	 the	 SAS	 software	 package	 (SAS	 Institute	
Inc., version 9.4, www.sas.com). The data (movement, river slope, 
subpopulation site fidelity, and subpopulation density) were log10 
transformed prior to the LMM analyses when necessary to improve 
their fit to the normal distribution of the model (Thode, 2002). The 
random	factors	 (intercept	with	 fish	 ID	as	a	subject)	were	used	to	
account	for	the	repeated	measures	collected	for	the	same	subjects	
(individual fish) over the duration of the experiment assuming com-
plete	 independence	across	 subjects.	The	 significance	of	each	ex-
planatory variable (subpopulation density, body size, light interval, 
moon phase, slope, subpopulation site fidelity, subpopulation site 
fidelity ratio, water temperature, conductivity, substratum) was as-
sessed using F tests to sequentially drop the least significant ef-
fect, beginning with the full model containing all variables and their 
possible two- way interactions (backward selection procedure). 
Fixed effects and their interactions that were not statistically sig-
nificant are not discussed further. The differences between clas-
sification	 variables	 defined	 in	 the	 CLASS	 statement	were	 tested	
with t tests (posthoc analysis following a significant main effect), 
and	 a	 Tukey–Kramer	 adjustment	was	 used	 for	multiple	 compari-
sons. The degrees of freedom were calculated using the Kenward–
Roger method (Kenward & Roger, 1997). The relative importance of 
variables in the final model was assessed according to an Akaike’s 
Information Criterion (AIC) value (Burnham & Anderson, 1998). 
Separate	models	without	a	variable	were	fitted,	considering	the	∆	
AIC comparing their fit with the final model as a sign of the variable 
importance,	that	is,	∆	AIC	showed	how	the	exclusion	of	a	variable	

influenced	the	model	fit.	Variable	with	the	highest	∆	AIC	was	sug-
gested as the most important as its exclusion reduced the fit of the 
model to the greatest extent.

A GENMOD procedure with binomial distributions was designed 
to estimate the probability of contact between two tracked brown 
trout conspecifics (i.e., probability of contact equal to 1) in relation 
to length difference, subpopulation site fidelity, light interval, moon 
phase, weight difference, slope, subpopulation density, subpopu-
lation site fidelity ratio, water temperature, conductivity, and their 
possible	two-	way	 interactions.	We	applied	an	analysis	of	repeated	
measurements based on the generalized estimating equation (GEE) 
approach (Liang & Zeger, 1986), which is an extension of a gener-
alized linear model and provides a semi- parametric approach to 
longitudinal data analysis. To account for the repeated measures col-
lected for the same experimental units (fish pair ID) throughout the 
duration of the experiment, we used a REPEATED statement with 
fish	pair	ID	defined	as	a	subject.

Statistical	analyses	of	subpopulation	site	fidelity	ratio	as	the	de-
pendent	variable	were	also	subjected	to	a	chi-	squared	test	using	the	
GEE approach (Liang & Zeger, 1986) and the GENMOD procedure 
with binomial distributions. In this context, the GENMOD proce-
dure was applied to predict the subpopulation site fidelity ratio in 
response to the aquatic invertebrate and habitat structure variables.

3  | RESULTS

Brown trout behavior was influenced by subpopulation site fidelity 
as well as by the physical environment and individual characteris-
tics. The movement of brown trout across all localities varied from 
0 to 949 m (mean 25 m), while distances varied from 0 to 1,509 m 
(mean 221 m). Brown trout displayed contact in 4% of all pairwise 
observations. Among the aquatic invertebrates used for the food 
availability analyses, individuals belonging to the orders Diptera, 
Plecoptera, and Trichoptera were found most frequently with an 
overall abundance from 15.25 to 139.75 ind/m2 (mean 53.15 ind/
m2; Table 2).

Brown trout movement decreased with increasing subpopula-
tion density (F1,117 = 31.88, p < .0001). There was also an interaction 
between subpopulation site fidelity and river slope (F1,170 = 44.47, 
p < .0001), indicating brown trout movement decreased when 
slope steepened and site fidelity increased (Figure 2a). Accordingly, 
brown trout moved shorter distances in subpopulations with a high 
site fidelity ratio (Figure 3a; F1,140 = 31.88, p < .0001). All variables 
in	 the	 final	model	 improved	 its	 fit	 (range	of	 the	∆	AIC	 from	19.5	
for the model with excluded light interval to 52.9 for the model 
with excluded moon phase). Models with excluded variables de-
scribing	site	fidelity	had	the	second	and	third	highest	∆	AIC	values	
(∆	AIC	40	 for	 the	model	with	excluded	 interaction	of	 river	slope	
and	subpopulation	site	fidelity	and	∆	AIC	27.7	for	the	model	with	
excluded subpopulation site fidelity ratio), suggesting the overall 
importance of site fidelity in brown trout movement explanation. 
Nevertheless, the probability that a subpopulation had a high site 
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fidelity ratio was not influenced by the aquatic insect assemblage 
(Table 2) or habitat structure (Table 3). Brown trout were less ac-
tive when light levels were high; their movements were lowest 
during the day (Figure 4a; F2,5425 = 11.77, p	<	.0001;	Adj.	p < .05) 
and during the full moon (Figure 5a; F7,5419 = 9.70, p	<	.0001;	Adj.	
p < .05). Movement increased with fish body size (F1,175 = 22.82, 
p < .0001).

The probability of contact increased as the size between two 
individuals became more similar (χ2 = 12.39, df = 1; p < .0004). 
The probability of contact further increased with increasing 

Variable Mean (ind/m2) Range (ind/m2) χ2 df p

Overall abundance 53.15 15.25–139.75 0.86 1 <.35

Diptera 13.23 0.25–5.75 0.13 1 <.72

Plecoptera 12.5 1.25–43.5 0.95 1 <.33

Trichoptera 10.66 3–34.25 0.01 1 <.92

Ephemeroptera 7.54 0–35.25 0.22 1 <.64

Crustacea 4.89 0–45.25 0.4 1 <.52

Coleoptera 4.33 0–22 3.35 1 <.07

The results from the GENMOD procedure, which was applied to predict the subpopulation site fidel-
ity ratio in response to the aquatic invertebrate abundance, are given as chi- squared with corre-
sponding p- values.

TABLE  2 Aquatic invertebrate 
assemblage abundance values

F IGURE  2 The relationship between brown trout movement 
(a) and probability of contact (b), plotted against the subpopulation 
site fidelity and slope. Predicted values of brown trout movement 
(a) are from log10- transformed data
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F IGURE  3 Brown trout movement (a) and probability of 
contact (b) across different subpopulation site fidelity ratios. 
Adjusted	means	±	SE of brown trout movement (A) are from log10- 
transformed data
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subpopulation density (χ2 = 24.8, df = 1; p < .0001) and site fidelity 
(χ2 = 25.34, df = 1; p < .0001). The interaction between subpopula-
tion site fidelity and river slope (χ2 = 17.56, df = 1; p < .0001) con-
firmed that the probability of contact increased with subpopulation 
site fidelity, while the influence of river slope was not possible to 
determine (Figure 2b). The probability of contact also increased in 
subpopulations with a high site fidelity ratio (Figure 3b; χ2 = 29.36, 
df = 1; p < .0001). The probability of contact was the highest during 
the day (Figure 4b; χ2 = 12.55, df = 2; p < .0019) and during the wan-
ing moon, that is, the first moon phase after the full moon (Figure 5b; 
χ2 = 70.54, df = 7; p < .0001).

4  | DISCUSSION

4.1 | Movement and site fidelity and slope

This field study revealed reduced movement in brown trout subpop-
ulations showing high site fidelity. The findings can be interpreted 
as the capability of the brown trout to effectively use available re-
sources within the preferred, reused areas.

It is generally known that animals use information to decide 
whether to return to, reuse or avoid specific areas (Morales et al., 
2010), and the available information about resources corresponds 
to not only the local movement of individuals within an area but also 
site	fidelity	(McIntire	et	al.,	2017;	Switzer,	1997;	Wittmer,	McLellan,	
& Hovey, 2006). Comparable data about brown trout movement 
and subpopulation site fidelity are not available, but our findings 
are indirectly supported by some previous studies. For example, 
newcomer coral fish (Stegastes diencaeus	 Jordan	and	Rutter,	1897)	
showed higher movement and lower food intake compared with 
residents, and they experienced more attacks, indicating that re-
locating to a new territory induces higher energy costs, including 
those associated with stress, as well as decreased energy intake 
(McDougall	&	Kramer,	2007).	Similarly,	prior	residency	reduced	the	
movement of catfish (Silurus glanis Linnaeus, 1758) during competi-
tion for shelter; that is, to acquire available resources, intruders in-
creased	their	movement	more	than	residents	(Slavík,	Horký,	Maciak,	
&	Wackermannova,	2016).	Specifically,	 individuals	 familiar	with	an	

TABLE  3 Slope	and	substrate	values

Variable Mean (%) Range (%) χ2 df p

Slope 4.42 0.68–35 0.93 1 <.34

Sand 2.11 0–7 0.16 1 <.69

Gravel 39.77 5–83 0.6 1 <.44

Pebble 42.7 11–64 0.41 1 <.52

Boulder 15.38 1–51 0.15 1 <.70

The results from the GENMOD procedure, which was applied to predict 
the subpopulation site fidelity ratio in response to the habitat variables, 
are given as chi- squared with corresponding p- values.

F IGURE  4 Brown trout movement (a) and probability of 
contact (b) across different light intervals (day, night twilight). 
Adjusted	means	±	SE of brown trout movement (a) are from log10- 
transformed data
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F IGURE  5 Movement (a) and probability of contact (b) across 
eight different moon phases. Number five represents the full moon. 
Adjusted	means	±	SE of brown trout movement (a) are from log10- 
transformed data
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area tend to be more successful in designating that area as a ter-
ritory, so the specific behavior patterns of intruders, for example, 
increased movement, may be motivated by an effort to obtain more 
information about the local environment (Bruinzeel & van de Pol, 
2004).	 Spatial	 information	 about	 a	 physical	 habitat,	 including	 the	
available resources, is considered crucial for achieving site familiar-
ity (e.g., Piper, 2011). Although no relationship between movement 
and	 side	 fidelity	 was	 found	 in	 juvenile	 salmon,	 higher	 emigration	
rates of conspecifics from a high- density area have been reported 
(Steingrímsson	&	Grant,	2003).

A similar relationship that shown between brown trout move-
ment and subpopulation site fidelity occurred in the interaction with 
slope, that is, the reduced movement of brown trout from subpop-
ulations with high site fidelity was observed in the stretches with 
higher	slopes.	Water	velocities	affect	the	spatial	and	temporal	dis-
tribution of salmonids (see Klemetsen et al., 2003 for review). For 
example,	juvenile	salmon	preferred	stretches	with	high	velocities	in	
allopatry	with	older	conspecifics	(Höjesjö,	Kaspersson,	&	Armstrong,	
2016), and the effectiveness of nocturnal feeding appeared to be a 
combination of the intensity of lunar illumination and water velocity 
(Metcalfe et al., 1997). A negative correlation between the intensity 
of	brown	 trout	migrations	and	 river	 slope	was	 reported	by	Slavík,	
Horký,	Randák,	Balvín,	 and	Bílý	 (2012),	 and	wider	 spatial	distribu-
tions	of	juvenile	salmon	in	stretches	with	lower	velocities	were	found	
by	Steingrímsson	and	Grant	(2003).	Our	results	tended	to	show	that	
brown trout from stretches with higher slopes remained within a sin-
gle habitat, for example, pools, to reduce their daily energy costs. 
An inverse relationship between feeding mobility and water velocity 
in salmonids including brown trout was reported by an early study 
(Tunney	&	Steingrímsson,	2012).	Similarly,	brown	trout	prefer	to	oc-
cupy positions in a stream that favor the intake of food that is drift-
ing with the flow (Bachman, 1984; Fausch, 1984), so fish at positions 
with higher slope- related velocities may show reduced movement. 
Further, substrate size increases with increasing river slope (Chow, 
1959), and large boulders increase visual isolation and reduce the 
size	of	brown	trout	territories	 (Höjesjö	et	al.,	2004;	 Imre,	Grant,	&	
Keeley, 2002) that can be defended, reducing the required amount 
of movement. It can be assumed that the data presented here for 
brown trout movement represent the different energy costs related 
to resources exploitation in different habitats. The energy costs of 
movement in slope- related velocities can be compensate by benefits 
of the environment represented, for example, by facilitated intake of 
drifting prey and/or reduced agonistic behavior.

4.2 | Movement and population density

Brown trout displayed reduced movement in high- density subpopu-
lations, which agrees with former studies that found reduced activ-
ity to be a consequence of competitive pressure related to resource 
allocation in Atlantic salmon (Armstrong & Griffiths, 2001) and bull-
head	(Davey,	Doncaster,	&	Jones,	2009).	It	is	generally	agreed	that	
individuals	adjust	their	spatial	distribution	to	avoid	contact	and	com-
petition with conspecifics (Kuefler et al., 2013; Leibold, 1995), which 

is	consistent	with	our	results.	With	increasing	population	density,	an	
increase in competitive pressure can be expected (Harrison, Blount, 
Inger,	Norris,	&	Bearhop,	2011;	Rose,	Cowan,	Winemiller,	Myers,	&	
Hilborn, 2001), which often appears as spatial and temporal changes 
in	a	distribution	 (Einum,	Sundt-	Hansen,	&	Nislow,	2006;	Kronfeld-	
Schor	 &	 Dayan,	 2003),	 such	 as	 shown	 for	 Arctic	 charr	 (Fingerle	
et	al.,	2016;	Guénard	et	al.,	2012;	Larranaga	&	Steingrímsson,	2015).	
Furthermore, higher aggressiveness and stress accompanying an 
increase	in	abundance	have	been	recorded	in	 juvenile	brown	trout	
(Kaspersson,	Höjesjö,	&	Pedersen,	2010).	Although	 these	parame-
ters were not observed during our study, we can assume that lower 
movement is as an adaptation to avoid pressure from conspecifics in 
high- density populations.

4.3 | Body size- related movement

In riverine environments, body size determines most of the variabil-
ity	related	to	the	spatial	needs	of	 juvenile	salmonids	(Elliott,	1990;	
Grant	 &	 Kramer,	 1990;	 Grant,	 Noakes,	 &	 Jonas,	 1989;	 Keeley	 &	
Grant, 1995). In our study, the largest individuals moved the most, 
corresponding with earlier studies that reported higher mobil-
ity by larger conspecifics in salmonids (Armstrong, Braithwaite, & 
Huntingford,	1997;	Parra,	Almódovar,	Ayllón,	Nicola,	&	Elvira,	2011),	
other	 fish	 species	 (Kobler,	Klefoth,	Wolter,	Fredrich,	&	Arlinghaus,	
2008; Landsman et al., 2015), and amphibians (Marzeole, 2001). 
Accordingly, the metabolic hypothesis (i.e., see Brown & Braithwaite, 
2004; Krause, Loader, McDermott, & Ruxton, 1998) predicts that 
changes in movement are related to physiological status (e.g., hun-
ger level, size of energy reserves) rather than body size itself. For 
example, smaller individual zebrafish (Danio rerio Hamilton, 1822) 
were more active in areas with a potentially higher predation risk 
(Polverino,	 Bierbach,	 Killen,	 Uusi-	Heikkilä,	 &	 Arlinghaus,	 2016).	
Similarly,	smaller	catfish	(S. glanis) showed more motivation to search 
for	 shelter	 than	 larger	 conspecifics	 (Slavík	 et	al.,	 2016).	 However,	
the results from the field study presented here tended to show a 
positive relationship between body size and movement at the sub-
population	level.	Similar	questions	have	been	raised	about	the	rela-
tionship between body size and territory or the size of feeding areas 
in brown trout and other salmonids, with studies generally reporting 
a positive correlation but also high intra-  and interspecies variability, 
the interpretations of which are not clear (see Nicola et al., 2016).

4.4 | Movement during 24- hr and lunar cycles

The results presented here agree with former studies observ-
ing brown trout feeding activity over a 24- hr cycle (Elliott, 1973; 
Kalleberg, 1958), with peaks occurring during twilight and at night 
(Young,	1999).	The	key	factors	responsible	for	the	nocturnal	activ-
ity of salmonids are reported to be lower predation risk (Metcalfe, 
Fraser, & Burns, 1999) and reduced aggressiveness (Valdimarsson & 
Metcalfe, 2001), which both facilitate food intake. Furthermore, the 
lowest movement in our study occurred during the full moon, sup-
porting the assumption that prey changes their spatial distribution to 



     |  4503SLAVÍK et AL.

avoid visual predators benefitting from lunar illumination (Longland 
& Price, 1991). For example, to avoid predation risks during their 
return to refuges (Riou & Hamer, 2008), prey species stayed hid-
den	 (Kotler,	 Brown,	 &	Hasson,	 1991;	 Price,	Waser,	 &	 Bass,	 1984)	
or showed lower movement activity (Morrison, 1978), which was 
followed	 by	 reduced	 activity	 of	 aquatic	 (Horký,	 Slavík,	 Bartoš,	
Kolářová,	&	Randák,	2006)	or	terrestrial	predators	(Sábato,	de	Melo,	
Magni,	Young,	&	Coelho,	2006).	However,	 increases	 in	the	activity	
of predators have rarely been observed within the lunar cycle. For 
example, Eurasian eagle–owls (Bubo bubo Linnaeus, 1758) nurturing 
offspring displayed increased activity during a full moon, but soli-
tary individuals did not (Penteriani, Kuparinen, Delgado, Lourenco, 
&	Campioni,	2011).	Juvenile	salmon	were	more	effective	at	feeding	
during bright nights under a full moon when they fed in stretches 
with high water velocities and on dark nights when they shifted to 
habitats with lower velocities (Metcalfe et al., 1997). The lowest in-
tensity of brown trout spawning migrations was observed during a 
full moon in an earlier study performed within the same catchment 
area	(Slavík	et	al.,	2012).	However,	based	on	the	available	data,	it	is	
not possible to conclude whether reduced brown trout movement 
corresponded with antipredation behaviors or feeding strategy.

4.5 | Probability of contact between tagged 
individuals

Presented results indicate that changes in distance between radio- 
tagged individuals were not random showing a higher probability 
of contact between individuals in subpopulations with high site 
fidelity and density. The long- term relation to preferred areas, 
that is, site fidelity forms a social population structure displayed 
by lower spatial requirements and reduced agonistic interactions 
(Stamps,	1991;	Wolf	&	Trillmich,	2007).	The	influence	of	social	fa-
miliarity on effective food intake, higher fitness, better protection 
from predators and less aggressive interactions were reported for 
brown	 trout	 (Griffiths,	 Brockmark,	 Höjesjö,	 &	 Johnsson,	 2004;	
Höjesjö,	 Johnsson,	 Petersson,	 &	 Järvi,	 1998).	 High	 site	 fidelity	
increases social familiarity, and more frequent contact between 
individuals does not necessarily result in aggressive behavior asso-
ciated with stress; hence, brown trout could display faster growth 
than growth observed in subpopulations with low density and site 
fidelity as shown by Závorka et al. (2016). Furthermore, the results 
presented here show a high probability of contact between two 
similarly sized individuals in a subpopulation, while the probability 
that large individuals meet smaller conspecifics decreases with in-
creasing differences in their sizes. Correspondingly, different size 
groups of salmonids occupy different environments, for example, 
differentiated by velocities (Armstrong, Kemp, Kennedy, Ladle, & 
Milner,	2003;	Höjesjö	et	al.,	2016).	Additionally,	the	higher	proba-
bility of contact between individuals was recorded during daylight, 
when fish also showed lower movement, suggesting the higher 
usage	of	 preferred	 areas	with	 concealments.	 Salmonids	 are	 able	
to share concealments as reported by earlier studies (Griffiths & 
Armstrong, 2002; Valdimarsson, Metcalfe, Thorpe, & Huntingford, 

1997). The lower probability of contact occurred during twilight 
and dark, which can be associated with movement among feed-
ing	 areas	 (Metcalfe	 et	al.,	 1999;	 Steingrímsson	 &	 Grant,	 2008).	
Although the full moon significantly reduced the movement of 
brown trout, a similar relationship was not shown for the probabil-
ity	of	contact.	The	high	probability	of	contact	occurred	just	after	
the full moon, which again, indicates the usage of concealments in 
preferred areas; however, further observations are required for a 
more satisfactory interpretation.

5  | CONCLUSIONS

The findings presented here illustrate the ability of animals to alter 
movement based on social and physical conditions and the tendency 
to reuse preferred areas. Brown trout showed reduced movement 
in subpopulations with high site fidelity and density and within the 
high- slope stretches. The results tended to show the influence of site 
fidelity on the social structure of the brown trout subpopulation, and 
the spatial requirements and energy costs of their movement sup-
ported the reuse of preferred areas. This study also revealed the re-
duced movement of brown trout in the wild was correlated with the 
full moon and daylight indicating the influence of physical conditions 
on the spatial distribution of individuals. Behavioral ecology research 
is mostly performed under experimental conditions in laboratories, 
but there are examples that show considerable differences in activ-
ity patterns of the same species or even the same individual between 
the laboratory and the natural environment (Calisi & Bentley, 2009; 
Hut,	Kronfeld-	Schor,	van	der	Vinne,	&	de	la	Iglesia,	2012).	Thus,	ob-
servations of animals in the wild appear to be necessary for verifying 
the reported effects of population and environmental parameters.

ACKNOWLEDG MENTS

The	study	was	financially	supported	by	the	Czech	Science	Foundation	
(no.	16-	06498S)	and	by	a	grant	from	the	Internal	Grant	Competition	
of	the	Czech	University	of	Life	Sciences	Prague,	No.	20182005.	The	
authors wish to thank O. K. Berg, associated editor, and two anony-
mous referees for their valuable and constructive comments on the 
manuscript,	 and	A.	 Slavikova	 for	 assistance	with	 early	 versions	 of	
the manuscript.

CONFLIC T OF INTERE S T

None declared.

AUTHOR CONTRIBUTIONS

Ondřej	 Slavík	 conceived	 and	 designed	 the	 experiments,	 per-
formed the experiments, wrote the paper, and reviewed drafts of 
the paper. Pavel Horký conceived and designed the experiments, 
performed the experiments, analyzed the data, prepared figures or 
tables, contributed materials/analysis tools, and reviewed drafts 



4504  |     SLAVÍK et AL.

of the paper. Matúš Maciak analyzed the data, developed the sta-
tistical model, contributed materials/analysis tools, and prepared 
figures. Petra Horká analyzed the data and reviewed drafts of the 
paper. Iva Langrová analyzed the data and reviewed drafts of the 
paper.

ORCID

Ondřej Slavík  http://orcid.org/0000-0003-3443-4125 

R E FE R E N C E S

Armstrong,	J.	D.,	Braithwaite,	V.	A.,	&	Huntingford,	F.	A.	(1997).	Spatial	
strategies of wild Atlantic salmon parr: Exploration and settlement in 
unfamiliar areas. Journal of Animal Ecology, 66, 203–211. https://doi.
org/10.2307/6022

Armstrong,	J.	D.,	&	Griffiths,	S.	W.	(2001).	Density-	dependent	refuge	use	
among	over-	wintering	wild	Atlantic	salmon	juveniles.	Journal of Fish 
Biology, 58,	1524–1530.	https://doi.org/10.1111/j.1095-8649.2001.
tb02309.x

Armstrong,	J.	D.,	Kemp,	P.	S.,	Kennedy,	G.	J.	A.,	Ladle,	M.,	&	Milner,	N.	
J.	(2003).	Habitat	requirements	of	Atlantic	salmon	and	brown	trout	
in rivers and streams. Fisheries Research, 62, 143–170. https://doi.
org/10.1016/S0165-7836(02)00160-1

Bachman, R. A. (1984). Foraging behaviour of free- ranging wild and 
hatchery brown trout in a stream. Transactions of the American 
Fisheries Society, 113, 1–32. https://doi.org/10.1577/1548-8659(198
4)113&lt;1:FBOFWA&gt;2.0.CO;2

Beisner, B. A., & Isbell, L. A. (2009). Movement ecology in a captive 
environment: The effects of ground substrate on movement paths 
of captive rhesus macaques, Macaca mulatta. Animal Behaviour, 78, 
1269–1277.	https://doi.org/10.1016/j.anbehav.2009.09.004

Benhamou,	S.	(2007).	How	animals	really	do	the	levy	walk?	Ecology, 88, 
1962–1969. https://doi.org/10.1890/06-1769.1

Boiten,	W.	 (2000).	Hydrometry. IHE Delft lecture note series. Rotterdam, 
the Netherlands: A. A. Balkema.

Bond, M. E., Babcock, E. A., Pikitch, E. K., Abercombie, D. L., Lambs, N. 
F., & Chapman, D. D. (2012). Reef sharks exhibit site- fidelity and 
higher relative abundance in marine reserves on the Mesoamerican 
Barrier Reef. PLoS One, 7,	e32983.	https://doi.org/10.1371/journal.
pone.0032983

Bridcut,	E.	E.,	&	Giller,	P.	S.	(1993).	Movement	and	site	fidelity	in	young	
brown trout Salmo trutta in a southern Irish stream. Journal of Fish 
Biology, 43,	 889–998.	 https://doi.org/10.1111/j.1095-8649.1993.
tb01163.x

Brown,	C.,	&	Braithwaite,	V.	A.	(2004).	Size	matters:	A	test	of	boldness	
and body mass in natural populations of the poecilid Brachyrhaphis 
episcopi. Animal Behavior, 68,	1325–1329.	https://doi.org/10.1016/j.
anbehav.2004.04.004

Bruinzeel,	 L.	W.,	&	 van	 de	 Pol,	M.	 (2004).	 Site	 attachment	 of	 floaters	
predicts success in territory acquisition. Behavioral Ecology, 15, 290–
296. https://doi.org/10.1093/beheco/arh019

Bucciarelli,	 G.	M.,	 Green,	 D.	 B.,	 Shaffer,	 H.,	 Bradley,	 H.,	 &	 Kats,	 L.	 B.	
(2016). Individual fluctuations in toxin levels affect breeding site fi-
delity in a chemically defended amphibian. Proceedings of the Royal 
Society B, 283, 20160468. https://doi.org/0.1098/rspb.2016.0468

Burnham, K. P., & Anderson, D. R. (1998). Model selection and inference: 
A practical information-theoretic approach.	New	York,	NY:	 Springer-
Verlag. https://doi.org/10.1007/978-1-4757-2917-7

Calisi, R. M., & Bentley, G. E. (2009). Lab and field experiments: Are 
they	the	same	animal?	Hormones and Behavior, 56, 1–10. https://doi.
org/10.1016/j.yhbeh.2009.02.010

Chow, V. T. (1959). Open-channel hydraulics	 (pp.	 680).	 New	 York,	 NY:	
McGraw-Hill.

Dall,	S.	R.	X.,	Giraldeau,	L.-A.,	Olsson,	O.,	McNamara,	J.	M.,	&	Stephens,	
D.	 W.	 (2005).	 Information	 and	 its	 use	 by	 animals	 in	 evolutionary	
ecology. Trends in Ecology & Evolution, 20, 187–193. https://doi.
org/10.1016/j.tree.2005.01.010

Davey,	A.	 J.	H.,	Doncaster,	C.	P.,	&	Jones,	O.	D.	 (2009).	Distinguishing	
between interference and exploitation competition for shelter in a 
mobile fish population. Environmental Modeling and Assessment, 14, 
555–562. https://doi.org/10.1007/s10666-008-9171-5

Dias,	M.	P.,	Granadeiro,	 J.	P.,	&	Palmeirim,	 J.	M.	 (2009).	 Searching	be-
haviour of foraging waders: Does feeding success influence their 
walking?	Animal Behavior, 77,	1203–1209.	https://doi.org/10.1016/j.
anbehav.2009.02.002

Edwards,	M.	 A.,	 Nagy,	 J.	 A.,	 &	Derocher,	 A.	 E.	 (2009).	 Low	 site	 fidel-
ity and home range drift in a wide- ranging, large Arctic omnivore. 
Animal Behavior, 77,	23–28.	https://doi.org/10.1016/j.anbehav.2008. 
09.025

Einum,	S.,	Sundt-Hansen,	L.,	&	Nislow,	K.	H.	(2006).	The	partitioning	of	
density- dependent dispersal, growth and survival throughout ontog-
eny in a highly fecund organism. Oikos, 113, 489–496. https://doi.
org/10.1111/j.2006.0030-1299.14806.x

Elliott,	J.	M.	(1973).	The	food	of	brown	and	rainbow	trout	(Salmo trutta 
and S. gairdneri) in relation to the abundance of drifting inverte-
brates in a mountain stream. Oecolgia, 12, 329–347. https://doi.
org/10.1007/BF00345047

Elliott,	 J.	 M.	 (1990).	 Mechanisms	 responsible	 for	 population	 regula-
tion in young migratory trout, Salmo trutta. III. The role of territo-
rial behaviour. Journal of Animal Ecology, 59, 803–818. https://doi.
org/10.2307/5015

Elliott,	J.	M.	(1994).	Quantitative ecology and the brown trout. Oxford, UK: 
Oxford University Press.

Fausch, K. D. (1984). Profitable stream position for salmonids: Relating 
specific growth rate to net energy gain. Canadian Journal of Zoology, 
62, 441–452. https://doi.org/10.1139/z84-067

Fingerle,	 A.,	 Larranga,	 N.,	 &	 Steingrímsson,	 S.	 Ó.	 (2016).	 Density-	
dependent diel activity in stream- dwelling Arctic charr Salvelinus alpi-
nus. Ecology and Evolution, 20, 3965–3976. https://doi.org/10.1002/
ece3.2177

Forrester,	D.	 T.,	Cassady,	D.	 S.,	&	Wittmer,	H.	U.	 (2015).	Home	 sweet	
home: Fitness consequences of site familiarity in female black- tailed 
deer. Behavioral Ecology and Sociobiology, 69, 603–612. https://doi.
org/10.1007/s00265-014-1871-z

Fretwell,	S.	D.,	&	Lucas,	H.	L.	Jr	(1970).	On	territorial	behavior	and	other	
factors influencing habitat distribution in birds I. Theoretical devel-
opment. Acta Biotheoretica, 19, 16–36.

Geinapp,	P.,	&	Merilä,	J.	(2011).	Sex-	specific	fitness	consequences	of	dis-
persal	in	Siberian	jays.	Behavioral Ecology and Sociobiology, 65, 131–
140. https://doi.org/10.1007/s00265-010-1017-x

Grant,	J.	W.	A.,	&	Kramer,	D.	L.	(1990).	Territory	size	as	a	predictor	of	the	
upper	 limit	 to	population	density	of	 juvenile	 salmonids	 in	 streams.	
Canadian Journal of Fisheries and Aquatic Science, 47, 1724–1737. 
https://doi.org/10.1139/f90-197

Grant,	 J.	W.	A.,	Noakes,	D.	 L.	G.,	&	 Jonas,	K.	M.	 (1989).	 Spatial	 distri-
bution of defense and foraging in young- of- the- year brook charr, 
Salvelinus fontinalis. Journal of Animal Ecology, 58, 773–784. https://
doi.org/10.2307/5123

Griffiths,	S.	W.,	&	Armstrong,	J.	D.	(2002).	Rearing	conditions	influence	
refuge	use	among	over-	wintering	Atlantic	salmon	juveniles.	Journal of 
Fish Biology, 60,	363–369.	https://doi.org/10.1111/j.1095-8649.2002.
tb00286.x

Griffiths,	S.	W.,	Brockmark,	S.,	Höjesjö,	J.,	&	Johnsson,	J.	I.	(2004).	Coping	
with divided attention: The advantage of familiarity. Proceedings of 
the Royal Society of London, Series B: Biological Sciences, 271, 695–699. 
https://doi.org/10.1098/rspb.2003.2648

http://orcid.org/0000-0003-3443-4125
http://orcid.org/0000-0003-3443-4125
https://doi.org/10.2307/6022
https://doi.org/10.2307/6022
https://doi.org/10.1111/j.1095-8649.2001.tb02309.x
https://doi.org/10.1111/j.1095-8649.2001.tb02309.x
https://doi.org/10.1016/S0165-7836(02)00160-1
https://doi.org/10.1016/S0165-7836(02)00160-1
https://doi.org/10.1577/1548-8659(1984)113%3c1:FBOFWA%3e2.0.CO;2
https://doi.org/10.1577/1548-8659(1984)113%3c1:FBOFWA%3e2.0.CO;2
https://doi.org/10.1016/j.anbehav.2009.09.004
https://doi.org/10.1890/06-1769.1
https://doi.org/10.1371/journal.pone.0032983
https://doi.org/10.1371/journal.pone.0032983
https://doi.org/10.1111/j.1095-8649.1993.tb01163.x
https://doi.org/10.1111/j.1095-8649.1993.tb01163.x
https://doi.org/10.1016/j.anbehav.2004.04.004
https://doi.org/10.1016/j.anbehav.2004.04.004
https://doi.org/10.1093/beheco/arh019
https://doi.org/0.1098/rspb.2016.0468
https://doi.org/10.1007/978-1-4757-2917-7
https://doi.org/10.1016/j.yhbeh.2009.02.010
https://doi.org/10.1016/j.yhbeh.2009.02.010
https://doi.org/10.1016/j.tree.2005.01.010
https://doi.org/10.1016/j.tree.2005.01.010
https://doi.org/10.1007/s10666-008-9171-5
https://doi.org/10.1016/j.anbehav.2009.02.002
https://doi.org/10.1016/j.anbehav.2009.02.002
https://doi.org/10.1016/j.anbehav.2008.09.025
https://doi.org/10.1016/j.anbehav.2008.09.025
https://doi.org/10.1111/j.2006.0030-1299.14806.x
https://doi.org/10.1111/j.2006.0030-1299.14806.x
https://doi.org/10.1007/BF00345047
https://doi.org/10.1007/BF00345047
https://doi.org/10.2307/5015
https://doi.org/10.2307/5015
https://doi.org/10.1139/z84-067
https://doi.org/10.1002/ece3.2177
https://doi.org/10.1002/ece3.2177
https://doi.org/10.1007/s00265-014-1871-z
https://doi.org/10.1007/s00265-014-1871-z
https://doi.org/10.1007/s00265-010-1017-x
https://doi.org/10.1139/f90-197
https://doi.org/10.2307/5123
https://doi.org/10.2307/5123
https://doi.org/10.1111/j.1095-8649.2002.tb00286.x
https://doi.org/10.1111/j.1095-8649.2002.tb00286.x
https://doi.org/10.1098/rspb.2003.2648


     |  4505SLAVÍK et AL.

Guénard,	G.,	Boisclair,	D.,	Ugedal,	O.,	Forseth,	T.,	Fleming,	I.	A.,	&	Jonsson,	
B. (2012). The bioenergetics of density- dependent growth in Arctic 
charr (Salvelinus alpinus). Canadian Journal of Fisheries and Aquatic 
Science, 69, 1651–1662. https://doi.org/10.1139/f2012-093

Gunnarsson,	G.	S.,	&	Steingrímsson,	S.	Ó.	 (2011).	Contrasting	patterns	
of territoriality and foraging mode in two stream- dwelling salmo-
nids, Arctic charr (Salvelinus alpinus) and brown trout (Salmo trutta). 
Canadian Journal of Fisheries and Aquatic Science, 68, 2090–2100. 
https://doi.org/10.1139/f2011-127

Hansen, E. A., & Closs, G. P. (2005). Diel activity and home range size 
in relation to food supply in a drift- feeding stream fish. Behavioral 
Ecology, 3, 640–648. https://doi.org/10.1093/beheco/ari036

Harrison,	 X.	 A.,	 Blount,	 J.	 D.,	 Inger,	 R.,	 Norris,	 D.	 R.,	 &	 Bearhop,	 S.	
(2011). Carry- over effects as a drivers of fitness differences 
in animals. Journal of Animal Ecology, 80, 4–18. https://doi.
org/10.1111/j.1365-2656.2010.01740.x

Harwood,	A.	J.,	Griffiths,	S.	W.,	Metcalfe,	N.	B.,	&	Armstrong,	J.	D.	(2003).	
The relative influence of prior residency and dominance on the early 
feeding	 behaviour	 of	 juvenile	 Atlantic	 salmon.	 Animal Behavior, 65, 
902–908.

Heggenes,	 J.,	Krog,	W.	M.	O.,	 Lindås,	R.	O.,	Dokk,	G.	 J.,	&	Bremnes,	
T. (1993). Homeostatic behavioural responses in a changing en-
vironment: Brown trout (Salmo trutta) become nocturnal during 
winter. Journal of Animal Ecology, 62, 295–308. https://doi.
org/10.2307/5361

Höjesjö,	 J.,	 Johnsson,	 J.	 I.,	 &	Bohlin,	 T.	 (2004).	Habitat	 complexity	 re-
duces the growth of aggressive and dominant brown trout (Salmo 
trutta) relative to subordinates. Behavioral Ecology and Sociobiology, 
56, 286–289.

Höjesjö,	 J.,	 Johnsson,	 J.	 I.,	Petersson,	E.,	&	Järvi,	T.	 (1998).	The	 impor-
tance of being familiar: Individual recognition and social behaviour 
in sea trout (Salmo trutta). Behavioral Ecology, 9, 445–451. https://doi.
org/10.1093/beheco/9.5.445

Höjesjö,	J.,	Kaspersson,	R.,	&	Armstrong,	J.	D.	(2016).	Size-	related	hab-
itat	use	 in	 juvenile	Atlantic	 salmon:	The	 importance	of	 intercohort	
competition. Canadian Journal of Fisheries and Aquatic Science, 73, 
1182–1189.	https://doi.org/10.1139/cjfas-2015-0446

Höjesjö,	J.,	Økland,	F.,	Sundström,	L.	F.,	Pettersson,	J.,	&	Johnsson,	J.	I.	
(2007). Movement and home range in relation to dominance; a te-
lemetry study on brown trout Salmo trutta. Journal of Fish Biology, 70, 
257–268.	https://doi.org/10.1111/j.1095-8649.2006.01299.x

Horký,	 P.,	 Slavík,	O.,	 Bartoš,	 L.,	 Kolářová,	 J.,	 &	Randák,	 T.	 (2006).	 The	
effect of the moon phase and seasonality on the behaviour of pike-
perch in the Elbe River. Folia Zoologica, 55, 411–417.

Hut,	R.	A.,	Kronfeld-Schor,	N.,	van	der	Vinne,	V.,	&	de	 la	 Iglesia,	H.	O.	
(2012). In search of a temporal niche: Environmental factors. In 
A. Kalsbeek, M. Merrow, T. Roenneberg, & R. G. Foster (Eds.), The 
neurobiology of circadian timing (pp. 281–304). Oxford, UK: Elsevier. 
https://doi.org/10.1016/B978-0-444-59427-3.00017-4

Imre, I., & Boisclair, D. (2005). Moon phase and nocturnal den-
sity	 of	 Atlantic	 salmon	 parr	 in	 the	 Sainte-	Marguerite	 River,	
Quebec. Journal of Fish Biology, 66, 198–207. https://doi.
org/10.1111/j.0022-1112.2005.00592.x

Imre,	I.,	Grant,	J.	W.	A.,	&	Cunjak,	R.	A.	(2005).	Density-	dependent	growth	
of young- of- the- year Atlantic salmon Salmo salar in Catamaran Brook, 
New Brunswick. Journal of Animal Ecology, 74, 508–516. https://doi.
org/10.1111/j.1365-2656.2005.00949.x

Imre,	I.,	Grant,	J.	W.	A.,	&	Keeley,	E.	R.	(2002).	The	effect	of	visual	iso-
lation	on	territory	size	and	population	density	of	juvenile	steelhead	
trout (Oncorhynchus mykkis). Canadian Journal of Fisheries and Aquatic 
Science, 59, 303–309. https://doi.org/10.1139/f02-010

Kalleberg, H. (1958). Observation in a stream tank of territoriality 
and	 competition	 in	 juvenile	 salmon	 and	 trout	 (Salmo salar L. and 
S. trutta L.). Institute of Freshwater Research Drottningholm Report, 
39, 55–98.

Kaspersson,	R.,	Höjesjö,	J.,	&	Pedersen,	S.	(2010).	Effects	of	density	on	
foraging success and aggression in age- structured groups of brown 
trout. Animal Behavior, 79,	 709–715.	 https://doi.org/10.1016/j.
anbehav.2009.12.025

Keeley,	E.	R.,	&	Grant,	J.	W.	A.	(1995).	Allometry	of	diet	selectivity	in	ju-
venile Atlantic salmon (Salmo salar). Canadian Journal of Fisheries and 
Aquatic Science, 54, 1894–1902.

Kenward,	M.	G.,	&	Roger,	J.	H.	(1997).	Small	sample	inference	for	fixed	
effects from restricted maximum likelihood. Biometrics, 53, 983–997. 
https://doi.org/10.2307/2533558

Klaassen, R. H. G., Nolet, B. A., & Bankert, D. (2006). Movement of for-
aging Tundra swans explained by spatial pattern in cryptic food den-
sities. Ecology, 87, 2244–2254. https://doi.org/10.1890/0012-9658(
2006)87[2244:MOFTSE]2.0.CO;2

Klaassen,	R.	H.	G.,	Nolet,	B.	A.,	van	Gils,	J.	A.,	&	Bauer,	S.	(2006).	Optimal	
movement between patches under incomplete information about 
the spatial distribution of food items. Theoretical Population Biology, 
70,	452–463.	https://doi.org/10.1016/j.tpb.2006.04.002

Klaassen, R. H. G., Nolet, B. A., & van Leeuwen, C. H. (2007). 
Prior knowledge about spatial pattern affects patch assess-
ment rather than movement between patches in tactile- feeding 
mallard. Journal of Animal Ecology, 76, 20–29. https://doi.
org/10.1111/j.1365-2656.2006.01184.x

Klemetsen,	A.,	Amundsen,	P.-A.,	Dempson,	J.	B.,	Jonsson,	B.,	Jonsson,	N.,	
O′Connell,	M.	F.,	&	Mortensen,	E.	(2003).	Atlantic	salmon	Salmo salar 
L., brown trout Salmo trutta L. and Arctic charr Salvelinus alpinus (L.): 
A review of aspects of their life histories. Ecology of Freshwater Fish, 
12,	1–59.	https://doi.org/10.1034/j.1600-0633.2003.00010.x

Knope,	M.	L.,	Tice,	T.	A.,	&	Rypkema,	D.	C.	(2017).	Site	fidelity	and	hom-
ing behavior of intertidal sculpins revisited. Journal of Fish Biology, 90, 
341–355.	https://doi.org/10.1111/jfb.13182

Kobler,	A.,	Klefoth,	T.,	Wolter,	C.,	Fredrich,	F.,	&	Arlinghaus,	R.	 (2008).	
Contrasting pike (Esox lucius L.) movement and habitat choice be-
tween summer and winter in a small lake. Hydrobiologia, 601, 17–27. 
https://doi.org/10.1007/s10750-007-9263-2

Kotler,	B.	P.,	Brown,	J.	S.,	&	Hasson,	O.	 (1991).	Factors	affecting	gerbil	
foraging behaviour and rates of owl predation. Ecology, 72, 2249–
2260. https://doi.org/10.2307/1941575

Krause,	J.,	Loader,	P.	S.,	McDermott,	J.,	&	Ruxton,	D.	G.	(1998).	Refuge	use	
by fish as a function of body length- related metabolic expenditure 
and predation risk. Proceedings of the Royal Society of London, Series 
B: Biological Sciences, 265, 2373–2379. https://doi.org/10.1098/
rspb.1998.0586

Kronfeld-Schor,	N.,	&	Dayan,	T.	(2003).	Partitioning	of	time	as	an	ecolog-
ical resource. Annual Review of Ecology and Systematics, 34, 153–181. 
https://doi.org/10.1146/annurev.ecolsys.34.011802.132435

Kruse,	 C.	 G.,	 Hubert,	 W.	 A.,	 &	 Rahel,	 F.	 J.	 (1998).	 Single-	pass	 elec-
trofishing predicts trout abundance in mountain streams with 
sparse habitat. North American Journal of Fisheries Management, 
18, 940–946. https://doi.org/10.1577/1548-8675(1998)018
&lt;0940:SPEPTA&gt;2.0.CO;2

Kuefler,	 D.,	 Avgar,	 T.,	 &	 Fryxell,	 J.	 M.	 (2013).	 Density-		 and	 resource-	
dependent movement characteristic in a rotifer. Functional Ecology, 
27, 232–328.

Landsman,	S.	J.,	Martins,	G.	E.,	Gutowsky,	F.	L.,	Suski,	D.	C.,	Arlinghaus,	
R.,	&	Cooke,	S.	J.	(2015).	Locomotor	activity	patterns	of	muskellunge	
(Esox masquinongy) assessed using tri- axial acceleration sensing 
acoustic transmitters. Environmental Biology of Fishes, 98, 2109–
2121. https://doi.org/10.1007/s10641-015-0433-1

Larranaga,	N.,	&	 Steingrímsson,	 S.	Ó.	 (2015).	 Shelter	 availability	 alters	
diel activity and space use in a stream fish. Behavioral Ecology, 26, 
578–586. https://doi.org/10.1093/beheco/aru234

Leibold, M. A. (1995). The niche concept revisited: Mechanistic mod-
els and community context. Ecology, 76, 1371–1382. https://doi.
org/10.2307/1938141

https://doi.org/10.1139/f2012-093
https://doi.org/10.1139/f2011-127
https://doi.org/10.1093/beheco/ari036
https://doi.org/10.1111/j.1365-2656.2010.01740.x
https://doi.org/10.1111/j.1365-2656.2010.01740.x
https://doi.org/10.2307/5361
https://doi.org/10.2307/5361
https://doi.org/10.1093/beheco/9.5.445
https://doi.org/10.1093/beheco/9.5.445
https://doi.org/10.1139/cjfas-2015-0446
https://doi.org/10.1111/j.1095-8649.2006.01299.x
https://doi.org/10.1016/B978-0-444-59427-3.00017-4
https://doi.org/10.1111/j.0022-1112.2005.00592.x
https://doi.org/10.1111/j.0022-1112.2005.00592.x
https://doi.org/10.1111/j.1365-2656.2005.00949.x
https://doi.org/10.1111/j.1365-2656.2005.00949.x
https://doi.org/10.1139/f02-010
https://doi.org/10.1016/j.anbehav.2009.12.025
https://doi.org/10.1016/j.anbehav.2009.12.025
https://doi.org/10.2307/2533558
https://doi.org/10.1890/0012-9658(2006)87[2244:MOFTSE]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87[2244:MOFTSE]2.0.CO;2
https://doi.org/10.1016/j.tpb.2006.04.002
https://doi.org/10.1111/j.1365-2656.2006.01184.x
https://doi.org/10.1111/j.1365-2656.2006.01184.x
https://doi.org/10.1034/j.1600-0633.2003.00010.x
https://doi.org/10.1111/jfb.13182
https://doi.org/10.1007/s10750-007-9263-2
https://doi.org/10.2307/1941575
https://doi.org/10.1098/rspb.1998.0586
https://doi.org/10.1098/rspb.1998.0586
https://doi.org/10.1146/annurev.ecolsys.34.011802.132435
https://doi.org/10.1577/1548-8675(1998)018%3c0940:SPEPTA%3e2.0.CO;2
https://doi.org/10.1577/1548-8675(1998)018%3c0940:SPEPTA%3e2.0.CO;2
https://doi.org/10.1007/s10641-015-0433-1
https://doi.org/10.1093/beheco/aru234
https://doi.org/10.2307/1938141
https://doi.org/10.2307/1938141


4506  |     SLAVÍK et AL.

Liang,	K.	Y.,	&	Zeger,	S.	L.	(1986).	Longitudinal	data	analysis	using	gener-
alized linear models. Biometrika, 73, 13–22. https://doi.org/10.1093/
biomet/73.1.13

Longland,	W.	S.,	&	Price,	M.	V.	 (1991).	Direct	observations	of	owls	and	
heteromyid	 rodents:	 Can	 predation	 risk	 explain	 microhabitat	 use?	
Ecology, 72, 2261–2273. https://doi.org/10.2307/1941576

Lourenco,	P.	M.,	Alves,	J.	A.,	Reneerkens,	J.,	Jelle	Loonstra,	A.	H.,	Potts,	
P.	M.,	Granadeiro,	J.	P.,	&	Catry,	T.	(2016).	Influence	of	age	and	sex	
on winter site fidelity of sanderlings Calidris alba. PeerJ, 4, e2517. 
https://doi.org/10.7717/peerj.2517

Marnane,	M.	J.	 (2000).	Site	fidelity	and	homing	behaviour	in	coral	reef	
cardinalfishes. Journal of Fish Biology, 57, 1590–1600. https://doi.
org/10.1111/j.1095-8649.2000.tb02234.x

Marzeole,	 M.	 J.	 (2001).	 Amphibian	 activity,	 movement	 patterns,	 and	
body size in fragmented peat bogs. Journal of Herpetology, 35, 13–20.

Matthysen, E. (2005). Density- dependent dispersal in birds 
and mammals. Ecography, 28, 403–416. https://doi.
org/10.1111/j.0906-7590.2005.04073.x

McDougall,	P.	T.,	&	Kramer,	D.	L.	(2007).	Short-	term	behavioural	conse-
quences of territory relocation in a Caribbean damselfish, Stegastes 
diencaeus. Behavioral Ecology, 18, 53–61. https://doi.org/10.1093/
beheco/arl055

McIntire, T., Bester, M. N., Bornemann, H., Tosh, C. A., & Nico de 
Bruyn,	 P.	 J.	 (2017).	 Slow	 to	 change?	 Individual	 fidelity	 to	 three-	
dimensional foraging habitats in southern elephant seals, Mirounga 
leonina. Animal Behavior, 127,	 91–99.	 https://doi.org/10.1016/j.
anbehav.2017.03.006

Metcalfe, N. B., Fraser, N. H. C., & Burns, M. D. (1999). Food avail-
ability	 and	 the	 nocturnal	 vs.	 diurnal	 foraging	 trade-	off	 in	 juve-
nile salmon. Journal of Animal Ecology, 68, 371–381. https://doi.
org/10.1046/j.1365-2656.1999.00289.x

Metcalfe,	N.	B.,	Valdimarsson,	S.	K.,	&	Fraser,	N.	H.	C.	 (1997).	Habitat	
profitability	and	choice	 in	sit	a	wait	predator:	Juvenile	salmon	pre-
fer slower currents on darker nights. Journal of Animal Ecology, 66, 
866–875. https://doi.org/10.2307/6002

Morales,	 J.	 M.,	 Moorcroft,	 P.	 R.,	 Matthiopoulos,	 J.,	 Merrill,	 E.	 H.,	 &	
Haydon, D. T. (2010). Building the bridge between animal move-
ment and population dynamics. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 365, 2289–2301. https://doi.
org/10.1098/rstb.2010.0082

Morrison,	D.	W.	(1978).	Lunar	phobia	in	a	neotropical	fruit	bat,	Artibevs 
jamaicensis (Chiroptera: Phyllostomidae). Animal Behavior, 26, 852–
855. https://doi.org/10.1016/0003-3472(78)90151-3

Nakano,	S.	(1995).	Individual	differences	in	resource	use,	growth	and	em-
igration under the influence of a dominance hierarchy in fluvial red- 
spotted masu salmon in a natural habitat. Journal of Animal Ecology, 
64, 75–84. https://doi.org/10.2307/5828

Nicola,	 G.	 G.,	 Ayllón,	 D.,	 Elvira,	 B.,	 &	 Almódovar,	 A.	 (2016).	 Territorial	
and	 foraging	 behaviour	 of	 juvenile	 Mediterranean	 trout	 under	
changing conditions of food and competitors. Canadian Journal of 
Fisheries and Aquatic Science, 73, 990–998. https://doi.org/10.1139/
cjfas-2015-0304

Parra,	 I.,	 Almódovar,	 A.,	 Ayllón,	 D.,	 Nicola,	 G.	 G.,	 &	 Elvira,	 B.	 (2011).	
Ontogenetic variation in density- dependent growth of brown trout 
through habitat competition. Freshwater Biology, 56, 530–540. 
https://doi.org/10.1111/j.1365-2427.2010.02520.x

Penteriani, V., Kuparinen, A., Delgado, M. M., Lourenco, R., & Campioni, 
L. (2011). Individual status, foraging effort and need for conspic-
uousness shape behavioural responses of a predator to moon 
phases. Animal Behavior, 82,	 413–420.	 https://doi.org/10.1016/j.
anbehav.2011.05.027

Piotr,	M.	 (2016).	 Reproduction	 and	 survival	 in	 the	 city:	Which	 fitness	
components	 drive	 urban	 colonization	 in	 a	 reed-	nesting	waterbird?	
Current Zoology, 62, 79–87.

Piper,	W.	H.	(2011).	Making	habitat	selection	more	“familiar”:	A	review.	
Behavioral Ecology and Sociobiology, 65, 1329–1351. https://doi.
org/10.1007/s00265-011-1195-1

Polverino,	G.,	Bierbach,	D.,	Killen,	S.	S.,	Uusi-Heikkilä,	S.,	&	Arlinghaus,	
R. (2016). Body length rather than routine metabolic rate and body 
condition	correlates	with	activity	and	risk-	taking	in	juvenile	zebraf-
ish Danio rerio. Journal of Fish Biology, 89, 2251–2267. https://doi.
org/10.1111/jfb.13100

Price,	M.	V.,	Waser,	N.	V.,	&	Bass,	T.	A.	(1984).	Effects	of	moonlight	on	
microhabitat use by desert rodents. Journal of Mammalogy, 65, 353–
356. https://doi.org/10.2307/1381183

Resh,	V.	H.	 (1979).	 Sampling	 variability	 and	 life	 history	 features:	Basic	
considerations in the design of aquatic insect studies. Journal of 
the Fisheries Research Board of Canada, 36, 290–311. https://doi.
org/10.1139/f79-047

Riou,	 S.,	 &	 Hamer,	 K.	 C.	 (2008).	 Predation	 risk	 and	 reproductive	 ef-
fort: Impacts of moonlight on food provisioning and hick growth 
in Manx shearwaters. Animal Behavior, 76, 1743–1748. https://doi.
org/10.1016/j.anbehav.2008.08.012

Rose,	 K.	 A.,	 Cowan,	 J.	 H.,	 Winemiller,	 K.	 O.,	 Myers,	 R.	 A.,	 &	
Hilborn, R. (2001). Compensatory density dependence in 
fish populations: Importance, controversy, understand-
ing and prognosis. Fish and Fisheries, 2, 293–327. https://doi.
org/10.1046/j.1467-2960.2001.00056.x

Sábato,	M.	A.	L.,	de	Melo,	L.	F.	B.,	Magni,	E.	M.	V.,	Young,	R.	J.,	&	Coelho,	
C. M. (2006). A note on the effect of the fool moon on the activity of 
wild maned wolves, Chrysocyon brachyurus. Behavioural Processes, 73, 
228–230.	https://doi.org/10.1016/j.beproc.2006.05.012

Slavík,	 O.,	 Horký,	 P.,	 Bartoš,	 L.,	 Kolářová,	 J.,	 &	 Randák,	 T.	 (2007).	
Diurnal	 and	 seasonal	 behaviour	 of	 adult	 and	 juvenile	 European	
catfish as determined by radio- telemetry in the River Berounka, 
Czech Republic. Journal of Fish Biology, 71, 101–114. https://doi.
org/10.1111/j.1095-8649.2007.01471.x

Slavík,	 O.,	 Horký,	 P.,	 Maciak,	 M.,	 &	 Wackermannova,	 M.	 (2016).	
Familiarity, prior residency, resource availability and body mass as 
predictors of the movement activity of the European catfish. Journal 
of Ethology, 34, 23–30. https://doi.org/10.1007/s10164-015-0441-9

Slavík,	 O.,	 Horký,	 P.,	 Randák,	 T.,	 Balvín,	 P.,	 &	 Bílý,	 M.	 (2012).	 Brown	
trout spawning migration in fragmented central European headwa-
ters: Effect of isolation by artificial obstacles and the moon phase. 
Transactions of the American Fisheries Society, 141, 673–680. https://
doi.org/10.1080/00028487.2012.675897

Stamps,	 J.	 A.	 (1991).	Why	 evolutionary	 issues	 are	 reviving	 interest	 in	
proximate behavioral mechanisms. American Zoologist, 31, 338–348. 
https://doi.org/10.1093/icb/31.2.338

Steingrímsson,	S.	Ó.,	&	Grant,	 J.	W.	A.	 (2003).	patterns	and	correlates	
of movement and site fidelity in individually tagged young- of- the- 
year Atlantic salmon (Salmo salar). Canadian Journal of Fisheries and 
Aquatic Science, 60, 193–202. https://doi.org/10.1139/f03-012

Steingrímsson,	 S.	 Ó.,	 &	 Grant,	 J.	 W.	 A.	 (2008).	 Multiple	 central-	
place territories in wild young- of- the- year Atlantic salmon 
Salmo salar. Journal of Animal Ecology, 77, 448–457. https://doi.
org/10.1111/j.1365-2656.2008.01360.x

Surber,	 E.	W.	 (1936).	 Rainbow	 trout	 and	 bottom	 fauna	 production	 in	
one mile of stream. Transactions of the American Fisheries Society, 66, 
193–202.

Switzer,	P.	V.	(1993).	Side	fidelity	in	predictable	and	unpredictable	hab-
itats. Evolutionary Ecology, 7, 533–555. https://doi.org/10.1007/
BF01237820

Switzer,	 P.	 V.	 (1997).	 Factors	 affecting	 site	 fidelity	 in	 a	 territorial	 an-
imal. Animal Behavior, 53, 865–877. https://doi.org/10.1006/
anbe.1996.0352

Thode,	H.	J.	(2002).	Testing for normality.	New	York,	NY:	Marcel	Dekker.	
https://doi.org/10.1201/9780203910894

https://doi.org/10.1093/biomet/73.1.13
https://doi.org/10.1093/biomet/73.1.13
https://doi.org/10.2307/1941576
https://doi.org/10.7717/peerj.2517
https://doi.org/10.1111/j.1095-8649.2000.tb02234.x
https://doi.org/10.1111/j.1095-8649.2000.tb02234.x
https://doi.org/10.1111/j.0906-7590.2005.04073.x
https://doi.org/10.1111/j.0906-7590.2005.04073.x
https://doi.org/10.1093/beheco/arl055
https://doi.org/10.1093/beheco/arl055
https://doi.org/10.1016/j.anbehav.2017.03.006
https://doi.org/10.1016/j.anbehav.2017.03.006
https://doi.org/10.1046/j.1365-2656.1999.00289.x
https://doi.org/10.1046/j.1365-2656.1999.00289.x
https://doi.org/10.2307/6002
https://doi.org/10.1098/rstb.2010.0082
https://doi.org/10.1098/rstb.2010.0082
https://doi.org/10.1016/0003-3472(78)90151-3
https://doi.org/10.2307/5828
https://doi.org/10.1139/cjfas-2015-0304
https://doi.org/10.1139/cjfas-2015-0304
https://doi.org/10.1111/j.1365-2427.2010.02520.x
https://doi.org/10.1016/j.anbehav.2011.05.027
https://doi.org/10.1016/j.anbehav.2011.05.027
https://doi.org/10.1007/s00265-011-1195-1
https://doi.org/10.1007/s00265-011-1195-1
https://doi.org/10.1111/jfb.13100
https://doi.org/10.1111/jfb.13100
https://doi.org/10.2307/1381183
https://doi.org/10.1139/f79-047
https://doi.org/10.1139/f79-047
https://doi.org/10.1016/j.anbehav.2008.08.012
https://doi.org/10.1016/j.anbehav.2008.08.012
https://doi.org/10.1046/j.1467-2960.2001.00056.x
https://doi.org/10.1046/j.1467-2960.2001.00056.x
https://doi.org/10.1016/j.beproc.2006.05.012
https://doi.org/10.1111/j.1095-8649.2007.01471.x
https://doi.org/10.1111/j.1095-8649.2007.01471.x
https://doi.org/10.1007/s10164-015-0441-9
https://doi.org/10.1080/00028487.2012.675897
https://doi.org/10.1080/00028487.2012.675897
https://doi.org/10.1093/icb/31.2.338
https://doi.org/10.1139/f03-012
https://doi.org/10.1111/j.1365-2656.2008.01360.x
https://doi.org/10.1111/j.1365-2656.2008.01360.x
https://doi.org/10.1007/BF01237820
https://doi.org/10.1007/BF01237820
https://doi.org/10.1006/anbe.1996.0352
https://doi.org/10.1006/anbe.1996.0352
https://doi.org/10.1201/9780203910894


     |  4507SLAVÍK et AL.

Tunney,	D.	T.,	&	Steingrímsson,	S.	O.	(2012).	Foraging	mode	variation	in	
three stream- dwelling salmonid fishes. Ecology of Freshwater Fish, 21, 
570–580.	https://doi.org/10.1111/j.1600-0633.2012.00577.x

Valdimarsson,	 S.	 K.,	 &	 Metcalfe,	 N.	 B.	 (2001).	 Is	 the	 level	 of	 aggres-
sion	 and	dispersion	 in	 territorial	 fish	dependent	on	 light	 intensity?	
Animal Behavior, 61, 1143–1149. https://doi.org/10.1006/anbe. 
2001.1710

Valdimarsson,	S.	K.,	Metcalfe,	N.	B.,	Thorpe,	J.	E.,	&	Huntingford,	F.	A.	
(1997).	Seasonal	changes	in	sheltering:	Effect	of	light	and	tempera-
ture	on	diel	activity	 in	 juvenile	salmon.	Animal Behavior, 54, 1405–
1412. https://doi.org/10.1006/anbe.1997.0550

Ward,	A.	J.	W.,	James,	R.,	Wilson,	A.	D.	M.,	&	Webster,	M.	M.	(2013).	Site	
fidelity and localized homing behaviour in three- spined sticklebacks 
(Gasterosteus aculeatus). Behaviour, 150, 689–1708.

White,	 G.	 C.,	 &	Garrott,	 R.	 A.	 (1990).	Analysis of wildlife radio-tracking 
data.	New	York,	NY:	Academic	Press.

Winter,	 J.	 D.	 (1983).	 Underwater	 biotelemetry.	 In	 A.	 L.	 Nielsen,	 &	 D.	
Johnsen	 (Eds.),	 Fisheries techniques (pp. 371–395). Bethesda, MD: 
American	Fisheries	Society.

Wittmer,	H.	U.,	McLellan,	B.	N.,	&	Hovey,	F.	W.	(2006).	Factors	influenc-
ing variation in the site fidelity of woodland caribou (Rangifer taran-
dus caribou) in southeastern British Columbia. Canadian Journal of 
Zoology, 84, 537–545. https://doi.org/10.1139/z06-026

Wolf,	 W.	 B.	 J.,	 &	 Trillmich,	 F.	 (2007).	 Beyond	 habitat	 requirements:	
Individual fine- scale site fidelity in a colony of the Galapagos 
sea lion (Zalophus wollebaeki) creates conditions for social struc-
turing. Oecologia, 152, 553–567. https://doi.org/10.1007/
s00442-007-0665-7

Wolman,	M.	G.	(1954).	A	method	of	sampling	coarse	riverbed	material.	
Transactions American Geophysical Union, 35, 951–956. https://doi.
org/10.1029/TR035i006p00951

Young,	M.	K.	(1999).	Summer	diel	activity	and	movement	of	adult	brown	
trout	in	high-	elevation	streams	in	Wyoming,	USA.	Journal of Fish Biology, 
54,	181–189.	https://doi.org/10.1111/j.1095-8649.1999.tb00621.x

Závorka,	L.,	Horký,	P.,	Höjesjö,	J.,	&	Slavík,	O.	(2016).	Effect	of	 individ-
uals ‘local persistence, and spatial and temporal scale, on density- 
dependent growth: A study in brown trout Salmo truta. Ethology 
Ecology & Evolution, 28, 272–283. https://doi.org/10.1080/0394937
0.2015.1037360

Závorka,	 L.,	Horký,	 P.,	 &	 Slavík,	O.	 (2013).	Distribution	 and	 growth	 of	
brown trout in pristine headwaters of Central Europe. Central 
European Journal of Biology, 8, 263–271.

SUPPORTING INFORMATION

Additional	 Supporting	 Information	 may	 be	 found	 online	 in	 the	
 supporting information tab for this article.    

How to cite this article:	Slavík	O,	Horký	P,	Maciak	M,	Horká	
P, Langrová I. Diel movement of brown trout, Salmo trutta, is 
reduced in dense populations with high site fidelity. Ecol Evol. 
2018;8:4495–4507. https://doi.org/10.1002/ece3.3981

https://doi.org/10.1111/j.1600-0633.2012.00577.x
https://doi.org/10.1006/anbe.2001.1710
https://doi.org/10.1006/anbe.2001.1710
https://doi.org/10.1006/anbe.1997.0550
https://doi.org/10.1139/z06-026
https://doi.org/10.1007/s00442-007-0665-7
https://doi.org/10.1007/s00442-007-0665-7
https://doi.org/10.1029/TR035i006p00951
https://doi.org/10.1029/TR035i006p00951
https://doi.org/10.1111/j.1095-8649.1999.tb00621.x
https://doi.org/10.1080/03949370.2015.1037360
https://doi.org/10.1080/03949370.2015.1037360
https://doi.org/10.1002/ece3.3981

