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Exploiting species-speciﬁc behavioural responses of ﬁsh to light is an increasingly promising technique to reduce the
entrainment or impingement of ﬁsh that results from the diversion of water for human activities, such as hydropower or
irrigation. Whilst there is some evidence that white light can be an eﬀective deterrent for Chinook salmon smolts, the
results have been mixed. There is a need to test the response of ﬁsh to diﬀerent spectra and strobing frequencies to
improve deterrent performance. We tested the movement and spatial response of groups of four ﬁsh to combinations of
light-emitting diode (LED) spectra (red, green, blue and white light) during the day and night, and strobing frequencies
(constant and 2Hz) during the day, using innovative LED technology intended as a behavioural guidance device for use in
the ﬁeld. Whilst strobing did not alter ﬁsh behaviour when compared to constant light, the red light had a repulsive eﬀect
during the day, with ﬁsh under this treatment spending signiﬁcantly less time in the half of the arena closest to the behavioural guidance device compared to both the control and blue light. Importantly, this eﬀect disappeared at night, where
there were no diﬀerences in movement and space use found between spectra. There was some evidence of a potential
attractive response of ﬁsh to the blue and green light during the day. Under these light treatments, ﬁsh spent the highest
amount of time closest to the behavioural guidance device. Further tests manipulating the light intensity in the diﬀerent
spectra are needed to verify the mechanistic determinants of the observed behaviours. Results are discussed in reference
to the known spectral sensitivities of the cone and rod photopigments in these ﬁsh, and further experiments are suggested
to better relate the work to mitigating the eﬀects on ﬁsh of infrastructure used for hydropower and irrigation.
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the variable eﬀects of LED spectral wavelength
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Introduction

Research into the sensory ecology and conservation
physiology of ﬁshes has conceptualised the general idea of
exploiting a ﬁsh’s innate behavioural response to visual,
auditory or tactile environmental stimuli to distance themselves from harmful infrastructure; either by repelling ﬁsh
from a dangerous path or directing them to a favourable
path such as a bypass channel (Coutant, 1999; Noatch and
Suski, 2012). White strobe lighting and mercury vapour
bulbs are known to repel juvenile Chinook in large, lowvelocity water bodies (Nemeth and Andersen, 1992; Brown,
2000; Mueller et al., 2001; Johnson et al., 2005; Richard et
al., 2007), however, there are mixed results. For example,
differences in the light intensity can change the stimulus
from being repulsive to attractive (Nemeth and Andersen,
1992), and the required power is a major implementation
cost (Patrick et al., 1985; Brown, 2000; Richards et al.,
2007). In river simulation conditions, where hydraulic conditions play a part, strobe lighting (4 × 200 lumens ﬂashing
white light-emitting diode (LED)) increased entrainment
rates (Mussen et al., 2014). Therefore, whilst there is some
strong evidence that lighting can be used effectively for
behavioural guidance (Brown, 2000; Nemeth and Andersen,
1992), there is speciﬁc need to test a range of light frequencies and to manipulate strobe frequency for improved
performance.
The development of LED technology has allowed for simple, cheap and ﬂexible programming of light stimuli at a variety of spectra and strobing frequencies. This is a useful tool
as spectral sensitivity varies among species (Lythgoe, 1980).
The spectra that a ﬁsh may be most sensitive to or ﬁnd
attractive or repulsive will be determined proximately by the

Paciﬁc salmon (Oncorhynchus sp.) have a well-developed
broad-spectrum colour vision (Niwa and Tamura, 1969;
Nakano et al., 2006), but their spectral sensitivity changes as
the ratio of visual pigments in their photoreceptors change
throughout their life cycle (Beatty, 1966; Alexander, 1994;
Novales-Flamarique, 2004, 2005; Nakano et al., 2006;
Temple et al., 2006) and in accordance to environmental
stimuli (Beatty, 1966; Tsin and Beatty, 1977; Tsin, 1979;
Allen and Munz, 1983; Cheng and Novales-Flamarique,
2004). For example, measures of visual pigment absorbance
determined by microspectrophotometry in Chinook salmon
smolts during March (60–80 days post-hatch (dph)) displayed max absorbance peaks of 430 nm in S-wave cones,
520 nm in M-wave cones, 560 nm in L-wave cones (all in
bright light conditions) and 500 nm in rods (in dim light conditions) (Novales-Flamarique, 2005). These peaks shifted
positively by May (100–140 dph), particularly in the L-wave
cones, which increased by 40–600 nm (Novales-Flamarique,
2005). Using this information, in combination with other
research on salmon vision (Beatty, 1966; Niwa and Tamura,
1969; Alexander et al., 1994; Alexander, 1998; Parker and
Hawryshyn, 2000; Hasegawa et al., 2002; Allison et al.,
2006; Nakano et al., 2006; Temple et al., 2006; 2008), and
work investigating the spectral sensitivities and behavioural
guidance of other ﬁsh species (Hino, 1979; Furuse, 1999;
Sillman et al., 1995; Kawamura and Kishimoto, 2002;
Sillman et al., 2007; Sullivan et al., 2016; Ford et al., 2018),
we have designed an experiment to test Chinook salmon
smolt attraction and repulsion behaviour in controlled
laboratory conditions.
We tested shoals of four ﬁsh as individuals of this species
are rarely found in isolation in nature and are most likely to
be in small schools at the life stage tested. Chinook salmon
smolt spectral sensitivities (Parker and Hawryshyn, 2000;
Novales-Flamarique, 2005) are similar to Acipenser transmontanus, which was found to be most attracted by green
light and repulsed by red light (Ford et al., 2018). Therefore,
we tested green and red light, as well as blue and white light,
as potential candidates for behavioural guidance of Chinook
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The disruption of freshwater river systems, resulting from
hydropower infrastructure such as dams and water diversion
for irrigation, can have negative effects on biodiversity and
ecosystem functioning (Fahrig, 2003; Dudgeon et al., 2006;
Vorosmarty et al., 2010). Chinook salmon (Oncorhynchus
tshawytscha) are susceptible to water infrastructure where
they can either get impinged against intake screens or forced
into turbines. They are also susceptible to water diversions
where ﬁsh are either impinged or entrained and transferred
into machinery and irrigation ditches (Mussen et al., 2013;
2015). These processes have been included as one of the reasons for population declines of Chinook salmon in
California’s central valley, USA (Moyle et al., 2011). There
is a continued need to create affordable and effective manipulations to water intake structures to reduce ﬁsh impingement and entrainment susceptibility without reducing the
volume of water extracted and there is evidence that integrative techniques using sensory stimuli, in concert with physical
barriers, can enhance ﬁsh protection systems (Nestler and
Davidson, 1995; Ploskey et al., 1998; Popper & Carlson,
1998; Sager et al., 2000; Perry et al., 2014; Ford et al.,
2017).

types of photoreceptors in its retina (and the ratios of visual
pigment within these photoreceptors). Ultimately, however,
spectral sensitivity will be determined by the ﬁsh’s evolutionary history; including the inﬂuence of natural environmental
light on prey detection and predator avoidance behaviour
(Lythgoe, 1979; 1980; Munz and McFarland, 1977; Levine
and MacNichol, 1979; Douglas and Hawyshyn, 1990).
Sensitivity to certain wavelengths is likely an adaptation to
the light environment that ﬁsh live in and is a good indication that these wavelengths are particularly useful for detecting objects in the water column (Lythgoe, 1979, 1980; Munz
and McFarland, 1977; Levine and MacNichol, 1982;
Lythgoe and Partridge, 1989; Novales-Flamarique and
Hawryshyn, 1993, 1994, 1997). However, spectral sensitivity does not necessarily lead to attractiveness or repulsiveness, and this can only be determined behaviourally.
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Methods
Fish were acquired from the US Fish and Wildlife Service’s
Coleman National Fish Hatchery (Anderson, California) in
January 2017. Approximately 1000 ﬁsh were placed evenly
into two 455-L ﬂow through circular tanks supplied with
groundwater from a well at UC Davis’ Center for Aquatic
Biology and Aquaculture. Tanks were held outside in natural
light conditions, with ﬁne black mesh lids. Fish were held at
11°C for 3 months, before being raised to 16°C 3 weeks
before experiments began. The ﬁsh were fed ad libitum commercial salmonid diet. Experiments were conducted in May
2017 when ﬁsh were ~150 dph. The mean ± SE fork length
was 10.18 ± 0.11cm and the mean ± SE weight was 13.8 ±
0.46 g (N = 160).

Three experiments were conducted to test the behaviour
of groups of four ﬁsh in response to combinations of spectra
and strobing frequencies emitted from an underwater LED
light. The light was developed by ATET-Tech, Inc.
(Thornhill, ON) as a behavioural guidance device for migratory ﬁshes, designed for use in a ﬁeld setting. The device (35
× 12 × 9cm) consists of 162 LED modules that can each produce red, green and blue light and strobe at rates up to
40 Hz for all colour combinations.
The ﬁrst two experiments consisted of ﬁve spectra treatments (blue, green, red, white light and a control treatment;
where the behavioural guidance device was turned off (hereafter OFF)). Experiment 1 was conducted during the day
from 9:00 to 14:00 h (6 May–10 May) and Experiment 2
was conducted during the night from 21:00 to 02:00h (15
May–19 May). We tested the ﬁsh at night (rather than in the
dark during the day) as we wanted to capture any behavioural effects of circadian rhythm, not exclude them by keeping experimental time consistent. Experiment 3 consisted of
three spectra treatments (blue, red and OFF) and two strobing frequencies (consistent and 2 Hz) and was conducted
during the day from 09:00 to 14:00 h (23 May–26 May).
Each day or night, two replicates of every treatment were
conducted in a random order. Treatments in each experiment were repeated for a total of 10 times for Experiments 1
and 2, and nine times for Experiment 3, for a total of 616
ﬁsh used across the three experiments. All ﬁsh were naïve to
the experimental conditions and only used once.
Experiments were conducted within a 4000-L indoor
ﬂume set at a 0.15-m/s sweeping velocity to simulate a river
current (Fig. 1). The test arena was a 92 cm × 256 cm section
of the ﬂume ﬁlled to a water depth of 30 cm. The two ends of
the arena were sectioned off with stainless steel mesh wire to
prevent ﬁsh escape. The ﬂoor of the arena was covered with
black polyvinyl chloride (PVC) panels in Experiment 1 to
reduce ﬁsh stress response (Barton, 2002). Pilot studies with
Chinook salmon showed marked freezing and abnormal

Figure 1: Overhead diagram of the arena showing dimensions, location of behavioural guidance device, release point, sections A–H and the
quantum ﬂux light readings (μmoles/m2/s) for day (D) and night (N) experiments. Blue arrows represent direction of water ﬂow (0.15 m/s) inside
the ﬂume
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salmon smolts. We hypothesized that red will be most repulsive and green the most attractive during the day. We also
tested the responses of smolts to different wavelengths of
light at night because juvenile salmon often migrate during
the night (Chapman et al., 2013). Juvenile Chinook salmon
are primarily diurnal feeders (Sager and Glova, 1988;
Schabetsberger, 2003) and may also likely avoid bright light
at night as it potentially leaves them more exposed to predators (Yurk and Trites, 2000). Different visual systems are
used in bright (photopic) and dim (scotopic) light conditions
and different responses to white light have been found to
occur across the photoperiod in salmon (Simmons et al.,
2004). At night, we hypothesize that the same spectra will be
attractive (green) and repulsive (red), but that overall, ﬁsh
will be more repulsed by light at night than during the day.
The effect of an unnatural strobing of the light source is also
predicted to increase the repulsive effects of light (Brown,
2000; Sager et al., 2000; Noatch and Suski, 2012; Ford
et al., 2018) and was tested at different spectra as ﬁsh can
have different spectral sensitivities to ‘on’ and ‘off’ responses
(Parker and Hawryshyn, 2000).
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At the beginning of an experimental trial, the behavioural
guidance device was set to the required spectra and strobing
frequency. Different coloured LEDs have different intensity
outputs, such is the nature of LEDs. Red (longer wavelengths) have a greater photon density and intensity output
than, for example, the blue LEDs (shorter wavelengths). The
light intensity levels (μmoles/m2/s) within each section of the
ﬂume were therefore calculated using a quantum ﬂux metre
(LI-COR LI-1400) during the day, and during the night
(Fig. 1). Four naive ﬁsh were then placed into a cylindrical
cage created out of wire mesh (‘release point’ Fig. 1, diameter
45 cm) at the downstream end of the arena. After 5 min
(Ford et al., 2018), the cage was raised to 1 cm below the
water surface using a rope and pulley system and ﬁsh were
left to swim freely within the arena for 20 min. All trials
were ﬁlmed and recorded using a Q-SEE security camera
(4MP QTH8071B) mounted centrally 150 cm above the arena and connected to a DVR hard drive (Q-SEE QTH85) and
an HD computer monitor. The arena was divided into eight
sections (A–H), 32 cm apart. The section each ﬁsh was in
was recorded every 30 s, giving 40-time points for each trial.
These methods resemble other studies examining behavioural
response to a light source (Marchesan et al., 2005; Sullivan
et al., 2016). Also recorded was the number of times each
ﬁsh crossed the halfway point of the arena (‘HW’), which
was used as a measure of general activity. At the end of
the 20-min trial, ﬁsh were netted and placed into a separate
455-L ﬂow through tank. Ten trials were run consecutively
each day, with each treatment replicated twice a day.
We performed a series of calculations to examine how
spectra and strobing frequency affected the ﬁsh’s space use
within the arena. To ensure independence of data points for
analysis, for each time point in each trial, we summed the
frequency of counts in Sections E through H and divided this
by the total number of observations made during the trial
(i.e. 160) to create a new variable ‘E-H,’ which is the proportion of time ﬁsh spent in the half of the arena closest to the
light source, where light intensity of each spectra varied
across the four sections (Fig. 1). We were also interested in
how the ﬁsh responded to the highest light intensity of each
spectrum, which occurred in Section H. Therefore, we ran
the same calculations for section H alone and created a new

variable ‘H’. As a measure of time ﬁsh spent in the E-H
Section per visit (‘TEH’), we divided ‘E-H’ by the number of
times ﬁsh crossed the halfway line of the arena (‘HW’). As
the shading of the PVC ﬂooring was not consistent between
all experiments, the data was analysed separately for each
experiment using analysis of variance (ANOVA), with light
treatment as the independent variable and proportion of
time in the E-H Section (‘E-H’), proportion of time in H
Section (‘H’), general activity (‘HW’) or time per visit to the
E-H Section (‘TEH’) as the dependent variable. Alpha was
set at 0.05 and post-hoc assessments were Tukey-HSD tests.
‘E-H’ and ‘H’ were log transformed to meet assumptions of
ANOVA. Assumptions of ANOVA could not be attained for
the ‘HW’ or ‘TEH’ variables, in any of the three experiments,
therefore they were analysed by Kruskall–Wallis H tests with
Dunn tests used for post-hoc assessments. All analyses were
conducted in R (v. 3.2.3, 2015).

Results
In Experiment 1 (Day), spectral frequency had a signiﬁcant
effect on the proportion of time spent in the E-H Section
(F4,45 = 4.099, P = 0.00645) (Figs 2a and 3a; Table 1), the
proportion of time spent in Section H (F4,45 = 2.773, P =
0.0383) (Figs 2a and 3b; Table 1), on general activity (H4 =
12.358, P = 0.0148) (Fig. 4a; Table 1) as well as the amount
of time spent in E-H per visit (H4 = 12.519, P = 0.0139)
(Fig. 4d; Table 1). The smallest proportion of time spent in
E-H and H was in the red treatment, and this was signiﬁcantly different from both the OFF treatment (P = 0.046)
and the blue treatment (P = 0.005) for Sections E-H (Figs 2a
and 3a; Table 1), and the blue treatment for section H (P =
0.038) (Figs 2a and 3b; Table 1). Activity was highest in the
OFF treatment (Fig. 4a; Table 1) which corresponded to ﬁsh
in this treatment having a low amount of time in E-H per visit, although the shortest time in E-H per visit was with the
red treatment (Fig. 4d; Table 1).
In Experiment 2 (Night), spectra frequency had no
effect on either the proportion of time spent in E-H Section
(F4,45 = 0.542, P = 0.706) (Figs 2b and 3c; Table 1) or
Section H (F4,45 = 0.563, P = 0.69) (Figs 2b and 3d;
Table 1), general activity (H4 = 1.4942, P = 0.8277)
(Fig. 4b; Table 1), or the amount of time spent in E-H per
visit (H4 = 1.4248, P = 0.839) (Fig. 4e, Table 1).
In Experiment 3 (Strobe), spectra frequency had a signiﬁcant effect on the proportion of time spent in E-H Section
(F4,45 = 3.327, P = 0.019) (Figs 2c and 3e; Table 1) and
Section H (F4,45 = 2.806, P = 0.038) (Figs 2c and 3f;
Table 1) but neither on general activity (H4 = 5.1731, P =
0.27) (Fig. 4c; Table 1) nor the amount of time spent in E-H
per visit (H4 = 4.3292, P = 0.363) (Fig. 4f; Table 1). The
smallest proportion of time spent in E-H was in the red treatment and the red strobe treatment, and these were both signiﬁcantly different from the OFF treatment (P = 0.022 and
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burst swimming behaviour in the arena with a white ﬂoor,
presumably because the ﬁsh were too exposed in a novel
environment. The ﬂoor of the arena was changed to dark
grey PVC panels for the night experiments so that the ﬁsh
were visible under infra-red ﬂoodlights (850 nm). Experiment
3 was also conducted with the dark grey PVC sheeting. For
each experiment, the behavioural guidance device was placed
at the upstream end of the arena, 55 cm in front of the mesh
wire, and a model of the behavioural guidance device was
placed at the downstream end (55 cm behind the mesh wire)
as a visual control (Fig. 1). The entire experimental arena was
surrounded by white curtains to reduce external disturbance
and to ensure an even dispersion of background light.
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P = 0.047, respectively) (Figs 2c and 3e; Table 1). For
Section H, red strobe treatment was signiﬁcantly different
from the OFF treatment (P = 0.03) (Figs 2c and 3f, Table 1).

Discussion
Our data show that the behavioural response of Chinook
salmon smolts to an LED behavioural guidance device
depends on both the spectra emitted and the time of day.
The most notable discovery was that the red light during the
day had a moderate repulsive effect, with ﬁsh spending 26%
less time in the half of the arena closest to the light source
compared with the control OFF treatment. No colour had an
attractive effect. Chinook salmon have developed colour
vision to ensure their vision can function effectively under a
wide range of environmental conditions (Munz and
McFarland, 1977; Levine and MacNichol, 1979, 1982), and
are known to have photoreceptors sensitive to all spectral
wavelengths tested (Novales-Flamarique, 2005). Fish, however, was repulsed by the red light speciﬁcally and not the
other spectra. The maximum rod (500 nm) and cone
(520 nm) spectral sensitivities of Chinook smolts (dph 83)
(Novales-Flamarique, 2005) closely match the green, middle

wavelength dominated background light environment of the
Paciﬁc coastal and river systems (Novales-Flamarique and
Hawryshyn, 1993). This ‘sensitivity hypothesis’ is thought to
allow predators to optimally detect prey items against background light (Munz and McFarland, 1977; Lythgoe, 1979;
1980; Lythgoe and Partridge, 1989). For objects brighter
than the background light (e.g. the behavioural guidance
device), better contrast is attained if the ﬁsh’s wavelength
sensitivity is ‘offset’ from the background light environment
(Lythgoe and Partridge, 1989). Therefore, for wild Chinook
smolts swimming in relatively dim, greenish background
light, a bright red light may stand out better than a bright
green light, even though their maximum spectral sensitivity
is in the middle wavelengths.
Crucially, however, the background light environment of
the ﬂume during the day was white, not the green of their
natural environment, so it is less likely that the red light contrasting best with the background light explains the differences found between spectra, as all spectra would have been
equally offset to the background light. Still, there may be an
inherent sensitivity to red, because under natural conditions
it contrasts best with background light. The spectral sensitivity of various salmonids (including Onchorynchus sp.) under
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Figure 2: Bar graphs showing the proportion of time (y-axis) ﬁsh spent in each of the Sections (A–H) (x-axis) during each of the light
treatments. The text below each x-axis and the colour of the bars represent the diﬀerent spectra and strobing treatments emitted by the
behavioural guidance device. ‘OFF’ = no light emitted, ‘B’ = Blue, ‘G’ = Green, ‘R’ = Red, ‘W’ = White, ‘BS’ = Blue and strobing at 2Hz, ‘RS’ = Red
and strobing at 2Hz. Error bars represent SE
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white light background conditions has been examined. The
OFF response (voltage change in the optic nerve after a ‘decrement’ of a light stimulus) is dominated by middlewavelength green-light sensitivity, however, the ON-response
(voltage change in the optic nerve after an ‘increment’ of a
light stimulus) is dominated by long-wavelength red-light
sensitivity (Coughlin and Hawryshyn, 1994a, 1994b;
Novales-Flamarique and Hawryshyn, 1997; Parker and
Hawryshyn, 2000).
Maximal spectral sensitivity may therefore not be a perfect predictor of the behavioural response to a light source
in this species. However, it is possible that an ONresponse sensitivity to longer wave lengths under whitelight background conditions played a part in determining
the behavioural response of Chinook salmon smolts to the
red light treatment. The red light had the highest light
intensities (Fig. 1) compared to the other spectra (especially the blue and the green) which likely inﬂuenced
results (Nemeth and Andersen, 1992). The effect of white
light, which had the next highest light intensity, was intermediary between red light and blue and green light. We
tested the brightest LED output from the behavioural

guidance device for each spectral frequency, as these intensities are of practical use for large-scale use of the device
in the ﬁeld. The red light from the LEDs inherently has a
greater photon density than the other spectral frequencies,
which means it was not possible with the current data to
tease apart spectral frequency and light intensity. Closer
examination of the light intensities emitted by each colour
in the different sections does suggest that it is not intensity
alone that determines repulsiveness, as the photon density
of the red light in Section G is less than or equal to that
of the green and blue light in Section H, and yet the red
light was still repulsive. There are spatial confounds with
this type of examination and our results to date are merely
suggestive. More stringent tests are needed in the future to
adequately describe the precise mechanisms determining
the behaviours observed. The light intensity of the different spectra may enhance their potential repulsiveness or,
particularly in the case of blues and greens, their potential
attractiveness (Nemeth and Andersen, 1992). Future tests
will have to speciﬁcally vary light intensity with spectral
frequency so that, for example, reds and blues of the same
light intensity can be compared to verify both the effect of
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Figure 3: Boxplots of the proportion of time (y-axis) ﬁsh were in section E-H and H across each of the light treatments. The text below each xaxis and the colour of the bars represent the diﬀerent spectra and strobing treatments emitted by the behavioural guidance device. ‘OFF’ = no
light emitted, ‘B’ = Blue, ‘G’ = Green, ‘R’ = Red, ‘W’ = White, ‘BS’ = Blue and strobing at 2 Hz, ‘RS’ = Red and strobing at 2 Hz. Boxes represent
ﬁrst and third quartiles and whiskers extend to the highest value that is within 1.5 times the inter-quartile range.
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Table 1: Summary statistics for the proportion of time spent in Section E-H (‘E-H’), the proportion of time spent in Section H (‘H’), the number
of times ﬁsh crossed the halfway line (general activity ‘HW’) and the time spent in Section E-H per visit (‘TEH’). The spectra treatments are:
‘OFF’ = no light emitted, ‘B’ = Blue, ‘G’ = Green, ‘R’ = Red, ‘W’ = White, ‘BS’ = Blue and strobing at 2Hz, ‘RS’ = Red and strobing at 2 Hz.
Superscript letters represent signiﬁcant diﬀerences between treatments within experiments
EH

Spectra
Mean

1-Day

OFF

3-Day Strobe

0.34

B

a,b

0.44

G

0.32a,b

R

2-Night

b

a

0.08

a,b

H
SE

Mean
0.16

a,b

0.08

0.19

b

0.08

0.15a,b

0.05

0.03

0.02

a
a,b

TEH
SE

Median

Min

HW
Max

Median

Max

11

99

0.74

0.05

4.26

a,b

0.52

21.2

11.5

3

36

0.04

3.42a,b

0.39

14

11.5a,b

2

70

2.88

b

0

37

a,b

0

42

0.04

0.5

a,b

0.06

1.4

a

0.01

W

0.23

0.09

0.13

OFF

0.44

0.05

0.18

0.02

B

0.32

0.05

0.14

0.03

G

0.41

0.07

0.14

R

0.38

0.06

0.19

0.18

0.25

6.21

a,b

Min

b

56.5

b

19

0.33

18.67

5

2.3

0.57

6.07

30.5

14

60

2.47

0.41

15.5

23.5

2

39

0.04

3.99

1.1

13

19

8

42

0.03

1.89

0.57

6.5

27

2

126

W

0.40

0.07

0.19

0.05

3.15

0.53

9.2

20

8

53

OFF

0.60b

0.11

0.36b

0.11

7.71

0.76

39

17

4

38

B

0.45a,b

0.09

0.21a,b

0.07

6.6

0.56

21

10

4

38

0.08

0.17

a,b

0.05

4

0.72

40

12

0

25

a,b

0.03

2.36

0.5

7

12

0

35

0.05

1.89

0

16.29

11

0

41

BS

a,b

0.30

R

a

0.20

0.06

0.09

RS

0.24a

0.09

0.07a

colour, intensity and diurnal differences in avoidance
behaviour, especially in relation to red light.
In a closely related species, O. masou masou, differences in spectra were not found to have any inﬂuence in
attempts to behaviourally guide the ﬁsh with light
(Terazono et al., 1998) nor were there differences found
between light treatments for behavioural guidance of
Micropterus salmoides (Sullivan et al., 2016) despite the
fact that this species is known to have spectral sensitivity
to red wavelengths (Kawamura and Kishimoto, 2002).
Maximal spectral sensitivity, however, has been a good
predictor of behavioural response in other species, with
Plecoglossus altivelis, effectively frightened by red light
(570 nm), which is close to its peak spectral sensitivity
(Hino, 1979; Furuse, 1999) and A. transmontanus found
to be most attracted to green light which most closely
matched their peak spectral sensitivities (Ford et al.,
2018). Similar to Chinook salmon and P. altivelis, A.
transmontanus were repulsed by red light in well-lit conditions, as were the marine Lithognathus mormyrus and the
euryhaline Mugil cephalus (Marchesan et al., 2005).
Unfortunately, these papers did not report light intensity
levels (μmoles/m2/s) of the different colours they tested,
and therefore we cannot comment on what role any inherent differences in light intensity of the different spectral
frequencies may have played in these experiments.

Juvenile Chinook salmon are primarily diurnal feeders
(Sager and Glova, 1988; Schabetsberger, 2003) and the lack
of response to different spectra at night may be related to
their feeding motivation. However, activity levels generally
increased at night in this study compared to during the day,
except for in the OFF treatment, where light level was so low
that any visual stimulus may have been absent. In our night
experiment, ﬁsh likely perceived the darker conditions to be
safer to move in. This latter idea is supported by our observation that there was less of a ‘U-shaped’ distribution to the
spatial data at night (see Fig. 2a and b), and ﬁsh spent more
time in the middle sections (e.g. Section E), which would naturally have led them to cross the HW line more often.
Activity and space use were generally different for ﬁsh during
Experiment 3 compared with Experiment 1, most noticeably
there was a drop in activity in the OFF treatment, and ﬁsh
spent more time upstream in the E–H Sections in all treatments. It is not entirely clear why there was a change in movement behaviour between the two-day experiments as ﬁsh
were always naive and external conditions such as ﬂow rate,
lighting and time of day were consistent between the experiments. Additional replication may have cleared up the differences between experiments. The only variable that changed
was the shading of the ﬂooring, which was dark grey rather
than black, and it is intuitive to suggest ﬁsh felt safer to
explore more on the darker background. However, it is very
encouraging that the repulsive effects of the red light were
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robust to a behavioural change between the two separate
experiments and to the slight differences in the shading of the
ﬂoor.
During Experiment 1, under the blue and green-light
treatments, ﬁsh had the greatest amount of time spent in
E–H per visit (Fig. 4d), suggesting these spectra engaged the
attention of the ﬁsh. However, further testing is needed to
conﬁrm these wavelengths were attractive under these conditions or whether it was the speciﬁc light intensity emitted.
Indeed, in Experiment 3, where ﬁsh did not show very high
levels of exploratory activity in the OFF treatment, there was
no signiﬁcant difference between the OFF or blue treatment
in either the proportion of time spent in the E–H Sections
(‘E–H’), or the time spent in E–H per visit (‘TEH’).
However, the blue light was intermediate to the consistently
repulsive red treatment.
The strobing effect (2 Hz) of the blue and the red light did
not differentially affect ﬁsh behaviour, with red strobe having a repulsive effect like the constant red light and with the

blue strobe having a similar effect to the constant blue light.
There was a small amount of evidence that the strobing red
light may have a stronger repulsive effect than the constant
red light if one only considers the time spent in the section
closest to the light source (‘H’). However, differences were
minimal and more tests are needed. The strobing rate in our
experiment was quite low at 2 Hz and this rate should have
been discernable by juvenile Chinook salmon (Johnson et al.,
2005). Red strobing magniﬁed the repulsive effect of red
light during the day in A. transmontanus (Ford et al., 2018).
It is known that strobing white light can be effective for
Chinook behavioural guidance (Johnson et al., 2005,
although see Mussen et al., 2014), therefore it is not surprising the red strobe treatment had an effect considering other
Oncorhynchus sp. of similar size (Oncorhynchus mykiss and
Oncorhynchus c clarki) are known to have high red light
sensitivity of the ON-response (Coughlin and Hawryshyn,
1994a, 1994b; Parker and Hawryshyn, 2000).
Whilst this study provides some evidence that light spectra may inﬂuence behavioural guidance of Chinook salmon
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Figure 4: Boxplots of general activity (number of times ﬁsh passed the HW line) (y-axis) across each of the light treatments. Boxplots of time in
Section E-H per visit (frequency of counts in Sections E–H divided by the number of times ﬁsh passed the halfway line) for each treatment. The
text below each x-axis and the colour of the bars represent the diﬀerent spectra and strobing treatments emitted by the behavioural guidance
device. ‘OFF’ = no light emitted, ‘B’ = Blue, ‘G’ = Green, ‘R’ = Red, ‘W’ = White, ‘BS’ = Blue and strobing at 2 Hz, ‘RS’ = Red and strobing at 2 Hz.
Boxes represent ﬁrst and third quartiles and whiskers extend to the highest value that is within 1.5 times the inter-quartile range
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Animal movement is strongly inﬂuenced by an individual’s motivation, but it is the interaction with external
environmental conditions that ultimately determines where
an animal moves (Nathan et al., 2008). A ﬂow velocity of
0.15 m/s was used to simulate a river current, and ﬁsh were
started downstream as they showed positive rheotaxis, but
from a ﬁsh management perspective (hydropower or irrigation), it is necessary to conduct future tests with ﬁsh starting
upstream of the behavioural guidance device and at higher
ﬂows up to 0.3 m/s. Therefore, we suggest that further tests
should occur in situ or in larger ﬂumes that more accurately
represent the hydraulic conditions near water diversion infrastructure (e.g. Perry et al., 2014; Mussen et al., 2013, 2014).
The reason for this is that responses of ﬁsh to ﬂow can dominate their behavioural decisions, limiting or downgrading
their response to other behavioural stimuli (Patrick et al.,
1985; Carlson, 1994; Popper and Carlson, 1998; Enders
et al., 2009). Future experiments should also consider the
effects of temperature (due to its effect on exploration and
activity rates as well as photopigment ratio (Allen and
McFarland, 1973; McFarland and Allen, 1977; Tsin and
Beatty, 1977; Alexander et al., 1994)), as well as turbidity.
Increased particulate matter (‘gelbstoff’: shortwave absorbing
compounds) in turbid waters causes substantial changes in
light intensity and spectral frequency, shifting background
light into longer wavelengths (Levine and MacNichol, 1979;
Utne-Palm, 2002). What produces an effect in some
hydraulic or environmental conditions may not be effective
in others, and we need a systematic assessment of ﬁsh
response to light stimuli for combinations of environmental
factors that are manipulated along gradients.
In conclusion, we have built on the body of work examining light as a behavioural guidance device for migrating
Chinook salmon smolts by testing the effect of a lightemitting behavioural guidance device on their movement and
space use in a laboratory setting. Whilst there was some evidence that the blue and the green light may attract the attention of Chinook smolts during the day, there was no effect of
different spectra during the night and more studies manipulating light intensity alongside spectral frequency are needed.
Strobing a spectrum at 2 Hz made no signiﬁcant difference.
The primary result, of interest to those studying basic visual

ecology and behaviour of Onchorynchus sp., as well as those
in ﬁsheries management, is that the red light from the behavioural guidance device had a moderate repulsive effect during
the day but not during the night.

Acknowledgements
We thank the US Fish and Wildlife Service’s Coleman
National Fish Hatchery (Anderson, California) for supplying
ﬁsh, the Centre for Aquatic Biology and Aquaculture for
access to facilities, Trinh Nguyen for technical assistance,
Ted Grosholtz for use of the quantum ﬂux metre and the
Fangue lab for ﬁsh care. We also thank the anonymous
reviewers for their constructive comments on this manuscript. This work was conducted in accordance with the
University of California, Davis Institutional Animal Care
and Use Committee (IACUC) Protocol 19 794.

Funding
This work was supported by the University of California,
Davis Agricultural Experiment Station [grant # 2098-H] and
the Woodland Davis Clean Water Agency [Agreement
#A29651].

Conﬂicts of Interest
P.H.P. and M.S. are principals of ATET-Tech, the manufacturer of the LED device tested here. None of the other
authors has a ﬁnancial stake in ATET-Tech. Although
P.H.P. and M.S. were involved in study design and interpretation, all data were collected by the academic research team.
S.J.C. is the Editor-in-Chief of Conservation Physiology, so
the paper was handled by a different editor and done so in a
manner where all editorial matters regarding the paper were
blinded from Cooke.

References
Alexander G, Sweeting R, McKeown B (1994) The shift in visual pigment dominance in the retinae of juvenile coho salmon
(Oncorhynchus kisutch): an indicator of smolt status. J Exp Biol 195:
185–197.
Alexander G (1998) The role of thyroid hormones in visual pigment
changes in juvenile coho salmon (Oncorhynchus kisutch). Biological
Sciences. Simon Fraser University, Vancouver, p 170.
Allen DM, McFarland WN (1973) The eﬀect of temperature on rhodopsinporphyropsin ratios in a ﬁsh. Vision Res 13(7): 1303–1309.
Allen DM, Munz FW (1983) Visual pigment mixtures and scotopic
spectral sensitivity in rainbow trout. Environ Biol Fishes 8: 185–190.
Allison WT, Dann SG, Veldhoen KM, Hawryshyn CW (2006)
Degeneration and regeneration of ultraviolet cone receptors during development in rainbow trout. J Comp Neurobiol 466: 702–715.

..............................................................................................................................................................

9

Downloaded from https://academic.oup.com/conphys/article-abstract/6/1/coy032/5043526 by Carleton University Library user on 13 September 2018

smolts, continued experiments are necessary. This is particularly true if behavioural guidance of different aged Chinook
is needed, since the ratio of their photopigments changes
throughout their life history (Beatty, 1966; Alexander et al.,
1994; Alexander, 1998; Hasegawa et al., 2002; Cheng and
Novales Flamarique, 2004; Allison et al., 2006; Temple
et al., 2006, 2008) suggesting that their behavioural response
to different wavelengths also changes during ontogeny.
Future work must concentrate on manipulating light intensity as well as spectral frequency, and should include evaluation of ﬁner scale differences in movement (speed, turning
speed, intermittent locomotion characteristics) and shoaling
behaviour (inter-individual distances and shoal position).

Research article
Conservation Physiology • Volume 6 2018
..............................................................................................................................................................
Furuse M (1999) Spectral response properties of S-potentials in the
retina of the ayu, Plecoglossus altivelis. Nippon Suisan Gakkaishi 65:
903–904.

Beatty DD (1966) A study of the succession of visual pigments in
Paciﬁc salmon (Oncorhynchus). Can J Zool 44: 429–455.

Hasegawa EI, Saito T, Seki J (2002) Composition changes in retinal pigments according to habitat of chum and pink salmon. J Fish Biol
61: 1305–1308.

Brown R (2000) The potential of strobe lighting as a costeﬀective
means for reducing impingement and entrainment. Environ Sci
Policy 3: 405–416.

Hino S (1979) Avoidance reaction to the light stimulation in ayu,
Plecoglossus altivelis. Jogyouhoukokusyo 42–45.

Carlson TJ (1994) Use of sound for ﬁsh protection at power production
facilities: a historical perspective of the state of the art. Battelle
Paciﬁc Northwest Laboratories, Portland, OR.

Johnson PN, Bouchard K, Goetz FA (2005) Eﬀectiveness of strobe
lights for reducing juvenile salmonid entrainment into a navigation lock. North Am J Fish Management 25: 491–501.

Chapman ED, Hearn AR, Michel CJ, Ammann AJ, Lindley ST, Thomas
MJ, Sandstrom PT, Singer GP, Peterson ML, MacFarlane RB, et al
(2013) Diel movements of out-migrating Chinook salmon
(Oncorhynchus tshawytscha) and steelhead trout (Oncorhynchus
mykiss) smolts in the Sacramento/San Joaquin watershed. Environ
Biol Fishes 96: 273–286.

Kawamura G, Kishimoto T (2002) Colour vision, accommodation and
visual acuity in the largemouth bass. Fish Sci. 68: 1041–1046.

Cheng CL, Novales Flamarique I (2004) Opsin expression: a new mechanism for modulating colour vision. Nature 428: 279.
Coughlin DJ, Hawryshyn CW (1994a) The contribution of ultraviolet
and short-wavelength sensitive cone mechanisms to color vision
in rainbow trout. Brain Behav Evol 43: 219–232.
Coughlin DJ, Hawryhshyn CW (1994b) Ultraviolet sensitivity in the
torus semicircularis of juvenile rainbow trout (Oncorhynchus
mykiss). Vision Res 11: 1407–1413.
Coutant CC (1999) Think like a ﬁsh! Emphasising the ‘behaviour’ in
behavioural guidance systems. Hydrol Rev 17: 18–24.
Douglas RH, Hawyshyn CW (1990) Behavioural studies of ﬁsh vision:
an analysis of visual capabilities. In Douglas R, Djamgoz M, eds.
The Visual System of Fish. Springer, Netherlands.
Dudgeon D, Arthington AH, Gessner MO, Kawabata ZI, Knowler DJ,
Lévêque C, Naiman RJ, Prieur-Richard AH, Soto D, Stiassny ML,
et al (2006) Freshwater biodiversity: importance, threats, status
and conservation challenges. Biol Rev 81: 163–182.
Enders EC, Gessel MH, Williams JG (2009) Development of successful
ﬁsh passage structures for downstream migrants requires knowledge of their behavioural response to accelerating ﬂow. Can J Fish
Aquat Sci 66: 2109–2117.
Fahrig L (2003) Eﬀects of habitat fragmentation on biodiversity. Annu
Rev Ecol Evol Syst 34: 487–515.
Ford MI, Elvidge CK, Baker D, Pratt TC, Smokorowski KE, Sills M, Patrick
P, Cooke SJ (2018) Preferences of age-0 white sturgeon for diﬀerent colours and strobe rates of LED lights may inform behavioural
guidance strategies. Environ Biol Fishes 101: 667–674.
Ford MI, Elvidge CK, Baker D, Pratt TC, Smokorowski KE, Patrick P, Sills
M, Cooke SJ (2017) Evaluating a light-louver system for behavioural guidance of age-0 white sturgeon. River Res Appl 33:
1286–1294.

Levine JS, MacNichol EF (1979) Visual pigments in teleost ﬁshes: eﬀect
of habitat, microhabitat, and behaviour on visual system evolution.
Sens Processes 2: 95–131.
Levine JS, MacNichol EF (1982) Colour vision in ﬁshes. Sci Am 246:
140–49.
Lythgoe JN (1979) Ecology of Vision. Clarendon Press.
Lythgoe JN (1980) Vision in ﬁsh: ecological adaptations. In Ali MA, ed.
Environmental physiology of ﬁshes. Plenum Press, New York, pp
431–446.
Lythgoe JN, Partridge JC (1989) Visual pigments and the acquisitions
of visual information. J Exp Biol 146: 1–20.
Marchesan M, Spoto M, Verginella L, Ferrero EA (2005) Behavioural
eﬀects of artiﬁcial light on ﬁsh species of commercial interest. Fish
Res 73: 171–185.
McFarland WN, Allen DM (1977) The eﬀect of extrinsic factors on two
distinctive rhodopsin–porphyropsin systems. Can J Zool 55:
1000–1009.
Moyle PB, Katz JV, Quiñones RM (2011) Rapid decline of California’s
native inland ﬁshes: a status assessment. Biol Conserv 144:
2414–2423.
Mueller RP, Neitzel DA, Amidan BG (2001) Evaluation of infra-sound
and strobe lights for eliciting avoidance behaviour in juvenile salmon and char. In Coutant CC, ed. Behavioural Technologies for Fish
Guidance, 26. American Fisheries Society, Symposium, Bethesda,
Maryland, pp 79–89.
Munz FW, McFarland WN (1977) Evolutionary Adaptation of Fishes to
the Photic. In Crescitelli F, ed. Environment. In The Visual System in
Vertebrates. Springer-Verlag, Berlon Heidenberg New York, pp
193–274.
Mussen TD, Cocherell D, Hockett Z, Ercan A, Bandeh H, Kavvas ML,
Cech JJ, Fangue NA (2013) Assessing juvenile Chinook
salmon behaviour and entrainment risk near unscreened water
diversions: large ﬂume simulations. Trans Am Fish Soc 142:
130–142.

..............................................................................................................................................................

10

Downloaded from https://academic.oup.com/conphys/article-abstract/6/1/coy032/5043526 by Carleton University Library user on 13 September 2018

Barton BA (2002) Stress in ﬁshes: a diversity of responses with particular reference to changes in circulating corticosteroids. Integr Comp
Biol 42: 517–25.

Research article
Conservation Physiology • Volume 6 2018
..............................................................................................................................................................
Mussen TD, Patton O, Cocherell D, Ercan A, Bandeh H, Kavvas ML,
Cech JJ Jr, Fangue NA (2014) Can behavioural ﬁsh-guidance
devices protect juvenile Chinook salmon (Oncorhynchus tshawytscha) from entrainment into unscreened water-diversion pipes?
Canadian. J Fish Aquat Sci 71: 1209–1219.

Nakano N, Kawabe R, Yamashita N, Hiraishi T, Yamamoto K,
Nashimoto K (2006) Colour vision, spectral sensitivity, accommodation, and visual acuity in juvenile masu salmon Oncorhynchus
masou. Fisheries Science 72: 239–249.
Nathan R, Getz WM, Revilla E, Holyoak M, Kadmon R, Saltz D, Smouse
PE (2008) A movement ecology paradigm for unifying organismal
movement research. Pro Natl Acad Sci 105: 19052–19059.
Nestler JM, Davidson RA 1995. Imaging smolt behavior on an
extended-length submerged bar screen and an extended-length submerged traveling screen at The Dalles Dam in 1993, Waterways
Experiment Station, Technical Report EL-95-23. Vicksburg
Mississippi: U.S. Army Corps of Engineers.
Nemeth RS, Andersen JJ (1992) Response of juvenile Coho and
Chinook salmon to strobe and mercury vapour lights. North Am J
Fish Manag 12: 684–692.
Niwa H, Tamura T (1969) Investigation of ﬁsh vision by means of Spotential. II. Spectral sensitivity and colour vision. Rev Can Biol 28:
79–88.
Noatch MR, Suski CD (2012) Non-physical barriers to deter ﬁsh movements. Environ Rev 20: 71–82.
Novales-Flamarique I (2005) Temporal shifts in visual pigment absorbance in the retina of Paciﬁc salmon. J Comp Physiol A 191: 37–49.
Novales-Flamarique I, Hawryshyn CW (1993) Spectral characteristics of
salmonid migratory routes from southern Vancouver Island (British
Columbia). Can J Fish Aquacultural Sci 50: 1706–1716.
Novales-Flamarique I, Hawryshyn CW (1994) Ultraviolet photoreception contributes to prey search behaviour in two species of zooplanktivorous ﬁshes. J Exp Biol 186: 187–198.
Novales-Flamarique I, Hawryshyn CW (1997) Is the use of underwater
polarized light by ﬁsh restricted to crepuscular time periods?
Vision Res 37: 975–989.
Parker DC, Hawryshyn CW (2000) Spectral and ultraviolet-polarisation
sensitivity in juvenile salmonids: a comparative analysis using electrophysiology. J Exp Biol 203: 1173–1191.
Patrick PH, Christie AE, Sager D, Hocutt C, Stauﬀer J Jr (1985)
Responses of ﬁsh to a strobe light/air-bubble barrier. Fish Res 3:
157–172.
Perry RW, Romine JG, Adams NS, Blake AR, Burau JR, Johnston SV,
Liedtke TL (2014) Using a non-physical behavioural barrier to alter

Ploskey G, Nestler J, Weeks G (1998) Evaluation of an integrated ﬁshprotection system. In Cassedy JJ, ed. Waterpower. American
Society of Civil Engineers, New York, pp 162–171.
Popper AN, Carlson TJ (1998) Application of sound and other stimuli
to control ﬁsh behaviour. Trans Am Fish Soc 127: 673–707.
Richards NS, Chipps SR, Brown ML (2007) Stress response and avoidance behaviour of ﬁshes as inﬂuenced by high frequency strobe
lights. North Am J Fish Manag 27: 1310–1315.
Sager PM, Glova GL (1988) Diel feeding periodicity, daily ration and
prey selection of a riverine population of juvenile chinook salmon, Oncorhynchus tshawytscha (Walbaum). J Fish Biol 33:
643–653.
Sager DR, Hocutt CH, Stauﬀer JR Jr (2000) Avoidance behavior of
Morone americana, Leiostomus xanthurus and Brevoortia tyrannus
to strobe light as a method of impingement mitigation. Environ Sci
Policy 3: 393–403.
Schabetsberger R (2003) Prey selectivity and diel feeding chronology
of juvenile chinook (Oncoryhnchus tshawytscha) and coho (O.
kisutch) salmon in the Columbia River plume. Fish Oceanogr 12:
523–540.
Sillman AJ, Sorsky M, Loew E (1995) The visual pigments of wild white
sturgeon (Acipenser transmontanus). Can J Zool 73: 806–809.
Sillman AJ, Ong EK, Loew ER (2007) Spectral absorbance, structure,
and population density of photoreceptors in the retina of the lake
sturgeon (Acipenser fulvescens). Can J Zool 85: 574–587.
Simmons MA, Johnson RL, McKinstry CA, Simmons CS, Cook CB,
Brown RS, Tano DK, Thorsten SL, Faber DM, Lecaire R, et al 2004.
Strobe light deterrent eﬃcacy test and ﬁsh behaviour determination at Grand Coulee Dam Third Powerplant Forebay. Paciﬁc
Northwest National Laboratory PNNL-14512. Department of
Energy USA.
Sullivan BG, Wilson AD, Gutowsky LF, Patrick PH, Sills M, Cooke SJ
(2016) The behavioural responses of a warmwater teleost to diﬀerent spectra of light-emitting diodes. North Am J Fish Manag 36:
1000–1005.
Temple SE, Plate EM, Ramsden S, Haimberger TJ, Roth WM,
Hawryshyn CW (2006) Seasonal cycle in vitamin A1/A2-based visual pigment composition during the life history of coho salmon
(Oncorhynchus kisutch). J Comp Physiol A 192: 301–313.
Temple SE, Ramsden SD, Haimberger TJ, Veldhoen KM, Veldhoen
NJ, Carter NL, Roth WM, Hawryshyn CW (2008) Eﬀects of
exogenous thyroid hormones on visual pigment composition in
coho salmon (Onchorhynchus kisutch). J Exp Biol 211:
2134–2143.
Terazono K (1998) The use of light to guidance system of masu salmon in dam pool. Dam Eng 129(part 1): 50–58.

..............................................................................................................................................................

11

Downloaded from https://academic.oup.com/conphys/article-abstract/6/1/coy032/5043526 by Carleton University Library user on 13 September 2018

Mussen TD, Cocherell DE, Patton O, Jauregui D, Ercan A, Bandeh H,
Meier D, Thomas S, Kavvas ML, Cech JJ, et al (2015) Modiﬁed water
diversion structures can behaviorally deter juvenile Chinook salmon from entrainment. Trans Am Fish Soc 144: 1070–1080.

migration routing of juvenile chinook salmon in the SacramentoSan Joaquin river delta. River Res Appl 30: 192–203.

Research article
Conservation Physiology • Volume 6 2018
..............................................................................................................................................................
Tsin ATC, Beatty DD (1977) Visual pigment changes in rainbow trout
in response to temperature. Science 195: 1358–60.
Tsin ATC (1979) The visual pigment composition of rainbow trout.
Vision Res 19: 131–135.

Yurk H, Trites AW (2000) Experimental attempts to reduce predation
by harbor seals on out-migrating juvenile salmonids. Trans Am Fish
Soc 129: 1360–66.

..............................................................................................................................................................

12

Downloaded from https://academic.oup.com/conphys/article-abstract/6/1/coy032/5043526 by Carleton University Library user on 13 September 2018

Utne-Palm AC (2002) Visual feeding of ﬁsh in a turbid environment:
physical and behavioural aspects. Mar Freshw Behav Physiol 32:
111–128.

Vörösmarty CJ, McIntyre PB, Gessner MO, Dudgeon D, Prusevich A,
Green P, Glidden S, Bunn SE, Sullivan CA, Liermann CR, et al (2010)
Global threats to human water security and river biodiversity.
Nature 467: 555–561.

