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The mobility pattern of brown trout related to the spawning season was studied in two reaches along the 
Noguera-Pallaresa River (NE Spain). One reach was located downstream of a hydroelectric plant presenting 
an altered flow regime with fluctuating daily flows (i.e. hydropeaking). The second reach was located 
upstream the hydropower plant and was considered as the control. A radio-frequency transmitter was 
implanted on 34 trout and their movements were recorded by radio tracking from September to December 
2012. An increase in mobility was found during a few weeks before and after the spawning period 
(upstream and downstream movement, respectively). This pattern was found in both river reaches, however, 
both prespawning and postspawning mobility was significantly higher in the river reach affected by 
hydropeaking. This reach was hydrological less stable than the control reach, therefore trout have to move 
further to find different types of habitat conditions, especially looking for suitable spawning areas. 

 

1 INTRODUCTION  

Hydropeaking events are inherent to the regular operation of hydropower plants. They provide a precise and 
efficient fit between the daily production of energy and instantaneous energy demand. In essence, hydropeaking 
is a sudden increase in river flow that occurs in one or more daily cycles when there is an increase in energy 
demand. The effects of hydropeaking on river ecosystems have been widely studied from different points of 
view such as alteration of physical habitat, changes in water quality [1], and effects on fish populations and 
riparian vegetation [2, 3, 4]. 

The population structure of salmonids, especially brown trout (Salmo trutta), is highly dependent on 
physical habitat conditions such as water velocity and water depth [5, 6]. Consequently, hydropeaking has a 
significant effect on the trout populations which can explain changes in population density [7]. It can also 
significantly influence trout behavior affecting their growth [8], adjusting its feeding pattern of 
macroinvertebrate drift [9] or altering their displacements [10]. 

Brown trout exhibit strong site fidelity [11], but it can move great distances during the fall spawning season 
[12, 13]. The objective of this study was to assess the effects of hydropeaking on the mobility patterns of brown 
trout related to the spawning season. There are studies on the effects of hydropeaking on brown trout movements 
in boreal regions [14], but little information is available for Mediterranean rivers. This study was performed in a 
Mediterranean river of the Pyrenees and focused on the comparison of the extent and direction of brown trout 
movements recorded by radio-tracking between a river reach affected by daily flow pulses and a control reach 
not affected by hydropeaking. 

 



 

2 METHODS 

2.1 Study area 

The study area is located at the Noguera Pallaresa River, a tributary of the Segre River in the Ebro River basin 
(NE Spain). The river area studied has a total length of 2760 m including both, a hydropeaking affected reach 
located downstream a hydropower plant (Esterri-Unarre hydropower plant) with a total length of 1670 m, and a 
control reach 1090 m long located upstream the hydropower plant. No physical barriers lie within the 2760 m 
river area studied. The hydropower plant is supplied with water from the Boren reservoir and Unarre River 
(Figure 1). The average slope of the total study area is 1.1% and the average river reach width is 13.2 m, ranging 
from 5.1 m to 18.5 m. Fish catching, tagging and release was carried out in two river sections (each section about 
200 m long) located 700 m upstream and 1000 m downstream the hydropower plant (control reach and 
hydropeaking affected reach respectively) (Figure 1). Water temperature regime was monitored from August, 
28th to November, 12th and there was no significant differences between hydropeaking reach (mean: 10.4 ± 3.0 
ºC) and control reach (mean: 10.1 ± 2.9 ºC). 
 
 

 
 
Figure 1. Location of the study area at the Noguera-Pallaresa River in the Ebro River basin (NE Spain): river 
reaches (A: control reach located upstream the hydropower plant. B: hydropeaking affected reach located 
downstream the hydropower plant) and river sections (1: Fish catching, tagging and release point at control 
reach. 2: Fish catching, tagging and release at hydropeaking affected reach). Dashed lines in figure show the 
pipelines supplying water to the hydropower plant . 
 
 

The Noguera Pallaresa River at the control reach is under semi-natural flow regime, since even though there 
is a small reservoir (Borén reservoir) located upstream the study area that supplies water to the hydropower 
plant, most of the river flow is provided by the Bonaigua River, a tributary of the Noguera Pallaresa River under 



natural flow regime (Figure 1). Average daily flow (average of hourly flows from each day) during the study 
period was 3.2 m3/s for the hydropeaking reach and 1.4 m3/s for the control reach. Maximum daily flows were 
7.8 m3/s and 4.8 m3/s for the hydropeaking and control reaches, whereas minimum daily flow was 0.3 m3/s for 
both reaches when hydropower plant was off. An example of hydropeaking characteristics and timing 
distribution is showed in Figure 2 for both, one month (October 2012) and one standard day. 
 
 

 
 
Figure 2. Hydropeaking characteristics and its temporal distribution at the study area in two standard day (left) 
and the whole month of October 2012 (right). Flow in the control reach corresponds to the base flow in both 
hydrographs. 
 

2.2 Sampling design 

A total of 34 brown trout individuals were tagged: 18 individuals at the hydropeaking affected reach and 16 
individuals at the control reach. Most of the individuals of brown trout (n=21) were tagged on August 28th and 
31st. The other 13 individuals were tagged on October 15th in order to increase the data set. 

Fork length of tagged trout ranged from 188 mm to 420 mm (average 239 mm sd ± 47), whereas mass 
ranged between 81 g and 675 g. Implanted transmitters were Lotek Wireless MST-720, MST-820 and MST-930, 
with a weight in air of 1.3 g, 2.1 g and 4.0 g respectively. Transmitters were adapted to the size of the fish. The 
weight of the transmitter was as an average 1.24% (range 0.59% to 1,96%) of the body weight, and did not 
exceed in any case 2% of body weight. Transmitters were surgically inserted into the peritoneal cavity of the fish 
[15]. Tagged trout were located using a 3 element Yagi antenna and a manual receiver (ICOM, RC20). The 
location points were recorded with a GPS (± 5 m of accuracy). 

Tracking of individuals were performed from beginning September to the end of December. According to 
field observations, spawning time occurred during November with a peak of activity located around the middle 
of the month, as it was found in other areas of the Pyrenees [5]. The location of tagged trout and spawning areas 
were recorded every 10 days by walking on the river bank everywhere in the study reaches. Displacements were 
considered as position shifts of ≥ 5m (i.e. the limit of accuracy of triangulation) recorded in two consecutive 
samplings. 

Data of fish movements were computed as the distance between relocations, and maximum displacement as 
the total distance between the furthest upstream and downstream position recorded during the tracking period.  

Results of mobility pattern (length and direction of displacements) and maximum displacement from the 
hydropeaking affected reach and the control reach were statistically compared using a Mann-Whitney U test (Z-
value) and Chi-square test. Displacements at different dates were analyzed using Kruskal-Wallis test (H-value). 

A physical and biological characterization of the study area (substrate, mesohabitat or hydromorphological 
unit types, trout density and biomass, spawning areas) was made in order to get a more accurate comparison 
between the hydropeaking affected reach and the control. 
 



3 RESULTS AND DISCUSSION 

3.1 Abiotic and biotic characterization of study area 

In general, both reaches at the study area showed similar physical and biological characteristics. Substrate 
characteristics were quite similar for both studied reaches, nevertheless, the percentage of fine substrate (sand 
and gravel) was lower just downstream the hydropower plant because of the dragging effect of the small particle 
sizes by the hydropeaking. This percentage increased downstream due to the sediments supply by the Unarre 
River (Figure 1). Fine substrate (sand and gravel) was usually found as patches along the whole study area. 

Both study reaches showed similar hydromorphological units under non-extreme flows (ranging between 
flow equalled or exceeded 10 % of the time and flow equalled or exceeded 90% of the time), characterized by 
the presence of alternative riffles and glides. Downstream the hydropower plant, during hydropeaking conditions 
a mesohabitat homogenization occurs (mainly to deep runs). 

There were no major differences in trout populations between the hydropeaking reach and the control (Table 
1). Density of fry and adult brown trout was similar in both reaches, whereas density of juveniles in the 
hydropeaking affected reach was slightly lower than in the control. Biomass downstream of the hydropower 
plant was found higher than in the control, suggesting a larger size of fish in the hydropeaking affected reach. 
 
Table 1. Density and biomass for different life stages of tagged brown trout in both control and hydropeaking 
affected reaches. 

 Density (ind/m²) Biomass (g/m²) 
Reach Fry Juvenile Adult Fry Juvenile Adult 

Control 0,10 0,07 0,07 0,68 2,39 5,92 
Hydropeaking 0,09 0,03 0,07 0,56 0,90 8,65 

 
A total of three spawning areas (average area of 0.8 m²) were found in the hydropeaking affected reach, all 

of them located downstream the confluence with the Unarre River. Only one spawning area was found in the 
control reach, although it was much larger (10 m²) than the ones of the hydropeaking affected area. All spawning 
areas were 20 cm to 40 cm deep.  
 

3.2 Mobility pattern of brown trout 

A total of 31 individuals were finally considered for the statistical analysis since three tagged fish (2 from the 
hydropeaking affected reach and 1 from the control reach) were not further located after their release. There were 
no statistical differences on tagged fish size between control and hydropeaking affected reach (Mann-Whitney 
U-test: Z = -0.83, p > 0.05). 

A total of 224 positions from tagged trout were recorded. Overall, 63% of tracking data were considered as 
displacements (change in location recorded in two consecutive samplings). Of these fish that moved, 47.9% were 
upstream displacements whereas 52.1% were downstream displacements. The number and direction of the 
displacements was strongly related to the spawning season (Chi-square = 28.06, p < 0.01) and the pattern 
differed between the hydropeaking affected reach and the control reach (Figure 3). Trout at the hydropeaking 
affected reach showed a significant increase of upstream displacements before the spawning period, and 
downstream displacements after the spawning (Chi-square = 16.52, p < 0.05). Accordingly, maximum 
displacement in the hydropeaking affected reach was statistically larger than in the control reach (Mann-Whitney 
U-test: Z = -3.46, p < 0.01) (Table 2). 
 

 



   
Figure 3. Frequency of trout displacements related to the spawning period for all radio-tracked trout (n=31) at 
the hydropeaking reach (left; n=15) and the control reach (right; n=16). “+” and “–” symbols indicate significant 
differences (p < 0.05) between observed and expected frequency. 
 
 

 
Table 2. Fish length and maximum displacement of radio-tracked brown trout during the study period 
(September to December 2012) for the hydropeaking affected reach and control reach. 
 

# Brown trout 
individuals 

Total length 
(mm) 

Maximum 
displacement 

(m) 
Hydropeaking reach  

8 285 334 
9 294 934 

14 350 592 
15 221 27 
16 223 1255 
21 221 1355 
22 223 1107 
23 275 659 
24 203 18 
25 268 610 
27 205 769 
28 238 10 
31 237 771 
32 202 46 
33 217 1060 
34 225 79 

Control reach  
1 206 4 
2 188 4 
3 219 9 
4 205 9 
5 227 8 
6 232 111 
7 221 5 

10 215 57 
11 220 33 
12 223 34 
13 420 104 
17 243 195 
20 210 38 
26 243 20 
30 261 23 

 



 
 
Figure 4. Box-plots for maximum displacements of tagged trouts at the two reach (hydropeaking and control). 
The box corresponds to 25th and 75th percentiles, the line inside the box represents the median, and error bars are 
the maximum and minimum values. 
 

Average maximum displacement for the hydropeaking affected reach was 566 m, with some movements 
longer than 1000 m. On the other hand, average maximum displacement for the control reach was 44 m, with 
values always lower than 200 m (Figure 4). 

The difference in mobility of trout between reaches could be explained by the availability of suitable areas 
for spawning. Brown trout usually prefers substrates with particles from 10 mm to 30 mm in diameter for 
spawning [8]. Such substrates are more frequent in the control reach but hardly present on the hydropeaking 
affected reach due to dragging of fine particles caused by repeated flow peaks. In the hydropeaking reach this 
substrate size is poor represented and distributed in small patches. Conversely, in the control reach this substrate 
is clearly more abundant and allows the existence of a large spawning area. 

 

4 CONCLUSION 

Results of this study indicate that hydropeaking conditions exert significant influence on spawning-related 
mobility of brown trout. Compared to control reach, in the hydropeaking affected reach there was an increase in 
the number and extent of displacements of trout. These differences could correspond to an indirect effect of 
hydropeaking related to the availability of suitable areas for spawning. Therefore, the availability of the substrate 
particles suitable for spawning appear to be an important factor to take into account when analyzing the effects 
of hydropeaking and proposing management measures. 
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