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Almost all life on earth has adapted to natural cycles of light and dark by evolving circadian and circannual rhythms to syn-
chronize behavioural and physiological processes with the environment. Artificial light at night (ALAN) is suspected to
interfere with these rhythms. In this study we examined the influence of ALAN on nocturnal melatonin and sex steroid
blood concentrations and mRNA expression of gonadotropins in the pituitary of European perch (Perca fluviatilis) and
roach (Rutilus rutilus). In a rural experimental setting, fish were held in net cages in drainage channels experiencing either
additional ALAN of ~15 lx at the water surface or natural light conditions at half-moon. No differences in melatonin concen-
trations between ALAN and natural conditions were detected. However, blood concentration of sex steroids (17β-estradiol;
11-ketotestosterone) as well as mRNA expression of gonadotropins (luteinizing hormone, follicle stimulating hormone) was
reduced in both fish species. We conclude that ALAN can disturb biological rhythms in fish in urban waters. However,
impacts on melatonin rhythm might have been blurred by individual differences, sampling methods and moonlight. The
effect of ALAN on biomarkers of reproduction suggests a photo-labile period around the onset of gonadogenesis, includ-
ing the experimental period (August). Light pollution therefore has a great potential to influence crucial life history traits
with unpredictable outcome for fish population dynamics.
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Introduction
Light is fundamental for the existence of flora and fauna on
earth. It serves not only as a source of energy but also as a
source of information to organisms that drives daily and sea-
sonal cycles of behaviour, phenology and physiological change.
The natural variation in the length of the day and night sets

the internal clock of organisms and ensures that behaviours
and physiological processes are synchronized with the time
of day and the season (Gaston et al., 2013). This is particu-
larly important in reproduction of many animals, for
example, in timing of courtship and mating, which ensures
that rearing of offspring can be coordinated with the avail-
ability of natural resources, optimizing survival.
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However, especially in urban areas, nightscapes are increas-
ingly polluted by artificial light at night (ALAN) (Hölker et al.,
2010a; Kyba et al., 2017a). Streetlights, illuminated advertising
and other kinds of public lighting are causing direct glare.
Furthermore, since they are frequently unshielded against the
sky, their irradiance is reflected by airborne particles, aerosols
and other molecules. The result is that the nocturnal urban sky
can be brighter than a full moon night (Kyba et al., 2011,
2015). Ecological consequences are known for almost all classes
of organisms (Rich and Longcore, 2006; Schroer and Hölker,
2016). Impacts on humans, such as psychological, cardiovascu-
lar and metabolic alterations or even an increased cancer risk,
have also been discussed (Haim and Portnov, 2013; Cho et al.,
2015). Birds and insects that migrate at night can be greatly
attracted to artificial light, become trapped and lose important
energy reserves (Eisenbeis, 2006; Gauthreaux and Belser, 2006;
La Sorte et al., 2017). Also impacts on reproductive physiology
and behaviour have been reported (Botha et al., 2017; McLay
et al., 2017).

In aquatic environments, impacts of ALAN on the biomass
and composition of primary producers in benthic communities
have been found (Grubisic et al., 2017). Also microbial diver-
sity and respiration are altered under the influence of ALAN
(Hölker et al., 2015). Zooplankton, such as daphnids, exhibit
changes in their daily vertical migration pattern in response to
ALAN at the very low light levels produced by skyglow
(Moore et al., 2006). Drift patterns of aquatic insect larvae are
likewise modified by ALAN at ~1 lx (Perkin et al., 2014b). In
sum, this may lead to general changes of food web interactions
and ecosystems functions (Perkin et al., 2011).

In fish, many behavioural and physiological activities under-
lie either daily or seasonal rhythms. The European eel (Anguilla
anguilla), for example, performs a spawning migration from
freshwater to the ocean between autumn and spring. Eels
migrate during dark nights and rest during bright nights around
full moon (Stein et al., 2015). ALAN is able to disrupt this
migration (Lowe, 1952; Vøllestad et al., 1986), which is also
known for other migratory fish species such as salmon (Salmo
salar) (Hansen and Jonsson, 1985; Greenstreet, 1992). Thus,
it is reasonable to assume that illuminated bridges or embank-
ment lighting can interfere with traits relevant to reproduc-
tion. In fish, several reproductive traits are controlled by internal
clocks and depend on light as an important cue. Along with
other photoreceptor systems and endogenous oscillators,
the photosensitive pineal complex is considered to be highly
important in regulating rhythmicity (Ekström and Meissl,
1997; Falcón et al., 2010). The daily fluctuations of the ‘night’
hormone melatonin always follow the photoperiodical changes.
Since melatonin secretion is suppressed by light, levels are
high at night and low during daytime. Thus, the pineal com-
plex transduces photoperiodic information into hormonal sig-
nals (here melatonin) that can be used by other organs to
synchronize physiological and behavioural processes with day-
time and season.

It is commonly accepted that light plays a key role in mediat-
ing reproductive processes in temperate freshwater fish. It is a
common practice in science and aquaculture to control these
processes by manipulating the photoperiod with artificial light.
Consequently, research is focusing on the interaction between
light and reproduction (Kolkovski and Dabrowski, 1998;
Porter et al., 1998, 1999; Zakes and Szczepkowski, 2004;
Maitra et al., 2013). Gametogenesis and final maturation are
regulated by a hormonal cascade of the brain–pituitary–gonad
(BPG) axis, including gonadotropin-releasing hormone (GnRH),
pituitary gonadotropins, luteinizing hormone (LH), follicle
stimulating hormone (FSH) and sex steroids. Light is known
to manipulate these axis components. In general, maturation,
onset of gonadogenesis, or spawning events can be controlled
by photoperiod manipulation. Fish farmers and scientists are
using this to induce off-season spawning in fish that normally
reproduce only once per year or to prevent precocity in com-
mercial aquaculture species (Carrillo et al., 2009; Kolkovski
and Dabrowski, 1998; Macquarrie et al., 1979; Rodríguez
et al., 2005).

However, this kind of research has predominantly been
conducted in the lab or in artificial environments with high
intensity night lighting. The potential impacts of ALAN on
fish in a natural context at typical light levels found in light-
polluted areas are not well studied. In previous experiments
we assessed the impact of low light intensity ALAN on the
circadian rhythm of melatonin and mRNA expression of
gonadotropins of European perch (Brüning et al., 2015,
2016) and roach (Brüning et al., 2018) under laboratory
conditions. We found that the melatonin rhythm was sub-
stantially diminished even at light intensities as low as 1 lx.
Furthermore, mRNA expression of LH and FSH was signifi-
cantly impaired in perch.

Falcón et al. (2010) reviewed the possible interactions
between melatonin and the BPG axis and suggested that
fishes possess a photo-labile period. One such period in fish
species of temperate waters is autumn, when daylength is
decreasing. In this period, Falcón et al. suggest fish are sus-
ceptible to photoperiod manipulation, and continuous light
decreases synthesis and secretion of gonadotropins and sex
steroids, causing gonadal maturation to fail.

In the present field study ALAN is represented by streetlights
along an embankment in a naturally dark environment.

The experimental fish species are European perch and
roach, two of the most abundant fish species in European
freshwaters, which inhabit a wide range of habitats, includ-
ing all types of lakes and most streams and ditches (Kottelat
and Freyhof, 2007).

European perch are known to feed on zooplankton when
young, but undergo an ontogenetic niche shift towards a diet
of benthic organisms and fish when older (Persson, 1986).
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They are diurnal and crepuscular consumers. During the
daytime perch can be found in pelagic and littoral zones of
lakes whereas at night high numbers of motionless perch are
often observed at the bottom of shallow littoral areas where
ALAN could become a relevant stressor (Hölker et al.,
2007). Gonadogenesis begins in late summer, around the
end of August and September (Sulistyo et al., 1998, 2000)
and spawning takes place during April and May (Treasurer,
1988; Wang and Eckmann, 1994).

Roach are also diurnal and crepuscular (Hölker and
Breckling, 2005), but nocturnal feeding has been reported
for roach in periurban lakes experiencing ALAN (Okun and
Mehner, 2005). They feed on benthic invertebrates, zoo-
plankton and plant material. Roach often undertake diel
horizontal migrations between the relatively safe and shallow
littoral lake habitats during the daytime towards the more
risky, but also more profitable upper layer of the pelagic
zone at night (Hölker et al., 2007). Gonadogenesis appears
to begin around August and spawning takes place between
April and May (Trubiroha et al., 2012).

Because many ditches and small streams are quite shallow,
both perch and roach could be particularly vulnerable to
exposure to artificial light throughout the year. The objective
of this study was to investigate the effect of ALAN on perch
and roach in a natural context, especially on melatonin and
reproductive hormones during a suspected photo-labile period
in late summer (August/September). We hypothesize that ALAN
experienced during this period is able to significantly decrease
levels of melatonin and sex steroids [11-ketotestosterone
(11-KT) and 17β-estradiol (E2)] in the blood and significantly
reduce mRNA expression of gonadotropins (LH, FSH) in the
pituitaries of the experimental fish.

Methods
Field site
The field site is situated ~70 km north-west of Berlin,
Germany, in the Westhavelland Nature Park (52′69° N,
12′46° E). The Nature Park is one of the least-illuminated
areas of Germany and has recently been designated an
‘International Dark-Sky Reserve’ by the International Dark-
Sky Association (IDA) (www.darksky.org).

The experimental field sites consisted of two light-naïve
grassland fields along a drainage ditch that were under agri-
cultural use (mown twice per year, not fertilized). The ditch
itself is ~5m wide and 50–80 cm deep, depending on precipi-
tation. Each of the fields was equipped with 12 streetlights
(20 m apart) in 3 rows parallel to the ditch. The first row
(four streetlights) was installed 3m away from the edge of
the water. On one field (lit field) the streetlights were
equipped with high-pressure sodium lamps at 4.75m height
(70W, 2000 K, 96 l mW−1; Osram Vialox NAV-T Super 4Y,
Munich, Germany; Holzhauer et al., 2015). The spectrum of

the lamps can be found in Fig. 3 in Holzhauer et al. (2015).
The high-pressure sodium lamps show peaks in the blue-
green, green, yellow and red parts of the visible spectrum.

Nocturnal light levels in the lit field ranged from 13.3 to
16.5 lx at the water surface and 6.8–8.5 lx at 50 cm depth
(Hölker et al., 2015). The control field experienced natural
light levels between ~0.002 lx (new moon) and 0.1 lx (full
moon) at the water surface and between 0.001 and 0.05 lx at
50 cm depth, respectively. The experimental sites are sepa-
rated by 600m (Euclidian distance) and a row of trees
ensures that there is no influence of the experimental lights
on the control site (Hölker et al., 2015) The streetlights in
the other field (dark field) were not equipped with lamps.

In front of each streetlight at the first row along the ditch,
two net cages (1 × 1 × 1m3, aluminium frame with nylon
net, 1 mm mesh size) were installed in the ditch, ~1m away
from the water edge, thus in total there were eight net cages
per field. Water depth during the experimental period was
~80 cm, so that the cages covered the water column from
bottom to surface. The two sites were similar in terms of
morphology, catchment characteristics and abiotic para-
meters (Holzhauer et al., 2015). On 7 August 2012 each net
cage was equipped with six perch and six roach for 1 month.

Experimental fish
European perch, Perca fluviatilis, and roach, Rutilus rutilus,
from the stock of the Leibniz Institute of Freshwater Ecology
and Inland Fisheries (IGB) in Berlin, Germany, originated
from the nearby Lake Müggelsee, a periurban lake sur-
rounded by forests and housing and thus partly experiencing
ALAN (Perkin et al., 2014a). Before transportation to the
field site fish were kept in indoor tanks for ~4 weeks (perch)
and several months (roach) in a flow-through system with
tap water and aeration under natural photoperiod (natural
light through windows). They were fed daily with frozen
chironomid larvae (perch) and dry food (roach). Temperature
was 15.5°C and water parameters were regularly controlled to
maintain optimum conditions. The mean fish biomass was
32.1 ± 13.2 g (mean ± standard deviation) for perch and 29.6 ±
11.9 g for roach.

Blood and tissue sampling
Sampling took place in 4 consecutive nights around half-
moon from 6–9 September 2012. Due to the half-moon, nat-
ural nocturnal light levels of up to 0.02 lx were measured at
the water surface of the control site. Four cages per night
were sampled, two from each field in randomized order.
Sampling took place between 21:00 in the evening and 05:00
in the morning.

The fish were taken out with a landing net and transferred
to a black bucket with ice water covered with a light-proof
lid. Sampling was carried out with dim white LED-light
switched on only shortly for orientation and to check if cages
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were empty. Fish were immediately sampled in a transporter
equipped with a mobile laboratory.

Blood samples were taken with heparinized syringes from
the caudal vein and centrifuged at 7000 rpm for 2min. The
serum was stored in a light-proof polystyrene box containing
a freezing mixture (crushed ice + NaCl, −20°C) for the dur-
ation of the sampling and transferred to a freezer thereafter.
Fish were weighed and measured. After decapitation, the
pituitary was dissected and transferred to RNAlater (Sigma-
Aldrich) to preserve the mRNA. The pituitary tissue was left
in RNAlater for ~24 h at 4°C and frozen thereafter. The sex
of the fish was determined by inspection of gonads. All ves-
sels containing blood and tissue samples were stored and
transported in light-proof cryoboxes.

Hormone extraction and assay
Blood serum samples (70–100 μl) were transferred to 5ml glass
vials and 500 μl ethyl acetate (J.T.Baker) was added to each
vial. Each vial was vortexed for 30 s and then left for 5min to
allow phase separation. Afterwards the vials were frozen at
−80°C for 15min and the liquid phase was transferred to a
new vial. The procedure was repeated once and the supernatant
of both extractions was pooled for each sample.

The supernatant was then evaporated under a stream of
nitrogen at 45°C. The residue was reconstituted with 0.5 mL
EIA-buffer (1M phosphate solution containing 1% BSA,
4M sodium chloride, 10 mM EDTA and 0.1% sodium
azide, Cayman Chemicals).

Melatonin, E2 and 11-KT levels were measured by enzyme
linked immunosorbent assay (ELISA) using commercial kits
[RE54021, RE52041, CM582751 (Cayman Chemicals), IBL,
Hamburg, Germany].

RNA extraction and reverse transcription
RNA extraction and reverse transcription followed the protocol
used in Brüning et al. (2015). Total pituitary RNAwas extracted
with RNeasy extraction kit (Qiagen) following the manufac-
turers protocol. Concentration of total RNA was measured by
UV absorption spectrometry with a Nanodrop ND-1000 spec-
trophotometer (Thermo Fisher Scientific).

Reverse transcription of total RNA was performed using
Affinity Script Multiple Temperature Reverse Transcriptase
(Stratagene).

mRNA expression analysis by RT-qPCR and
relative mRNA quantification
RT-qPCR and relative mRNA quantification followed the
protocol used in Brüning et al. (2015). For LHß, FSHβ and
ribosomal protein L8 (rpL8) as housekeeping gene, we used
primers established by Trubiroha et al. (2009) for roach and
for perch we used primers established by Brüning et al.
(2016) (Table 1). The identity of the products was confirmed

by direct sequencing (SEQULAB, Göttingen) and comparison
with the database homology search tool BLAST.

PCR was carried as previously described by Brüning et al.
(2016). PCR efficiencies were determined with pooled pituit-
ary cDNA and ranged between 1.90 and 2.02; mRNA
expression was determined by comparative CT method
(ΔΔCT) with using a calibrator sample (pooled pituitary
cDNA) and correction for the PCR efficiency according to
Pfaffl (2001).

Data handling and statistical analysis
Hormone data were standardized to pgml−1. After log-
transformation of the hormone data to meet the assumptions
of the test (normality of residuals), hormone and mRNA
expression data were analysed using Linear Mixed Models
(LMM, fixed factor: treatment; random factor: cage number,
to account for possible variation between and dependency of
fish within cages). The statistical tests were performed with
IBM SPSS Statistics (Version 19).

Results
Melatonin
There were no significant differences in the concentration of
melatonin in blood serum of perch subjected to either ALAN or
natural half-moon conditions (treatment effect; female: F1,45 =
0.349, P = 0.557; male: F1,24 = 0.081, P = 0.778). Also for
roach no significant differences in serum concentrations of
melatonin were found (treatment effect; female: F1,13.9 = 4.469,
P = 0.053; male: F1,8 = 0.000, P = 0.993) (Fig. 1).

mRNA expression of gonadotropins
mRNA expression analyses of LHβ and FSHβ from female
and male perch subjected to ALAN or no ALAN revealed
significant differences in both, FSHß and LHß mRNA expres-
sion (FSH: F1,28 = 55.410, P ≤ 0.001 (female) and F1,21 =
13.923, P = 0.001 (male); LH: F1,28 = 96.980/F1,21 = 20.063,
P ≤ 0.001 (male/female)) being highest in the control (dark)
treatment and significantly lowered in the ALAN treatment
(Fig. 2). Also in roach significant differences in mRNA expres-
sion of gonadotropins were found. mRNA expression of
FSHß was significantly lowered in the ALAN treatment (female:
F1,7.107 = 26.895, P = 0.001; male: F1,6 = 17.818, P = 0.006;
Fig. 3). Also LHß expression was significantly lowered by
ALAN in female (F1,51 = 91.274, P ≤ 0.001) and male (F1,6 =
13.260, P = 0.011) roach.

11-Ketotestosterone
The analyses of the blood serum of perch revealed significant
differences in 11-KT concentrations between ALAN and control
treatment in female (F1,47 = 12.321, P = 0.001) and male (F1,25 =
8.318, P = 0.008). The serum of perch subjected to natural
half-moon conditions (control) contained up to 10 times more
11-KT compared to the ALAN treatment (Fig. 4). Similar results
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were obtained for roach (Fig. 4). 11-KT concentrations in blood
serum were likewise significantly lower in the ALAN treatment
compared to the control treatment in female (F1,73 = 15.578, P ≤
0.001) and male roach (F1,9 = 142.748, P ≤ 0.001).

17ß-Estradiol
The concentrations of E2 were significantly lowered by
ALAN compared to the control treatment in female of both,
perch (F1,47 = 7.244, P = 0.010) and roach (F1,73 = 5.981,
P = 0.017) and in male perch (F1,12.995 = 7.581, P = 0.016).
However, E2 concentrations in male roach were not affected
by ALAN (F1,9 = 7.581, P = 0.717) (Fig. 5).

Discussion
This study demonstrated that ALAN had a strong effect on
reproductive traits in European perch and roach under in

situ conditions. mRNA expression of LH and FSH and the
production of sex steroids were profoundly affected by
ALAN in both species. No effect on serum melatonin was
detectable, which seems to contradict our previous results in
the lab (Brüning et al., 2015; Brüning et al., 2018) where
1 lx white light already caused a substantial drop in mela-
tonin. However, a NOEC (no observed effect concentration)
was not found in the above mentioned study that investi-
gated four different light levels (0, 1, 10 and 100 lx). This
suggests that the threshold is lower than 1 lx and even the
light emitted at intermediate moon phases may suppress
melatonin production. The sampling for the present experi-
ment took place around half moon, when light levels were
up to 0.02 lx at the water surface. Although this might ini-
tially seem very low, several fish species are known to be
affected by very low light intensities. European perch, for
example, are still able to capture prey at 0.02 lx (Bergman,
1988). The European eel, A. anguilla, in its glass eel stage

Table 1: Overview of primer specific PCR conditions (primer sequences L8, FSHß, LHß)

Target
gene

Forward primer Reverse primer TA (°C)
Primer

conc. (nM)
Product
size (bp)

PCR-
efficiency

Perca
fluviatilis

L8 GTTATCGCCTCTGCCAAC ACCGAAGGGATGCTCAAC 62 375 167 2.02

FSH CCTACTGGCAGGGAAGAAC CCTACTGGCAGGGAAGAAC 64 375 85 1.92

LH GGCTGTCCAAAGTGTCACCT GGGAGAACAGTCAGGGAGCTTAA 62 188 158 1.9

Rutilus
rutilus

L8 ATCCCGAGACCAAGAAATCCAGAG CCAGCAACAACACCAACAACAG 62 375 94 1.98

FSH CTGTCGGCTTTCCAATATC GGCTACGGTAAACTCTTTC 62 375 119 1.93

LH TAGGTGATGTGCGGGTCCAC AAGAGCTGTCCGAAATGC 62 375 187 1.94

TA—annealing temperature.

Figure 1: Concentrations of melatonin in blood serum. Comparison between effects of ALAN (‘Light’) and natural half-moon conditions (‘Dark’)
on female [light: N (number of fish) = 22; dark: N = 23] and male (light: N = 5; dark: N = 19) perch and female (light: N = 33; dark: N = 35) and
male (light: N = 3; dark: N = 5) roach. Data is presented as box plots [Box: median, IQR (interquartile range); whisker: 5–95% values]. No
significant differences were found.
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avoids light levels of 0.07 lx or less (Bardonnet et al., 2005)
and the common bream, Abramis brama, is able to detect
prey at light levels of 0.005 lx (Townsend and Risebrow,
1982). In tench, Tinca tinca, melatonin levels dropped to
daytime levels after a 1h light pulse of 0.3 lx in the middle of
the night (Vera et al., 2005), which is comparable to a full

moon scenario (Kyba et al., 2017b). Lunar spawners like
rabbitfish, which synchronize their reproduction with the
moon, are special cases. The pineal organs of the golden
rabbitfish, Siganus guttatus, are able to perceive light inten-
sities as low as 0.1 lx (Takemura et al., 2006). Also in the lat-
ter two studies, no NOEC was found, suggesting that the

Figure 2: Relative mRNA expression of follicle-stimulating hormone (β-subunit; FSHβ) and luteinizing hormone (β-subunit; LHβ) in brain–
pituitary tissue of P. fluviatilis, subjected ALAN (‘Light’) or natural half-moon conditions (‘Dark’): female, (dark: N = 13, light: N = 15) and male
(dark: N = 13, light: N = 8). Data is shown as mean ± SD. Significant differences are represented by asterisks (***P ≤ 0.001). mRNA expression of
FSHβ and LHβ was significantly reduced in the ALAN treatment.

Figure 3: Relative mRNA expression of follicle-stimulating hormone (β-subunit; FSHβ) and luteinizing hormone (β-subunit; LHβ) in brain–
pituitary tissue of R. rutilus subjected ALAN (‘Light’) or natural half-moon conditions (‘Dark’): female (dark: N = 25, light: N = 28) and male (dark:
N = 5, light: N = 3) Data is shown as mean ± SD. Significant differences are represented by asterisks (***P ≤ 0.001; **P ≤ 0.01; * P ≤ 0.05).
mRNA expression of gonadotropins was significantly reduced in the light treatment.
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threshold light intensities are even lower than the investi-
gated light levels. Perch and roach were observed to use the
whole water column during the day and in the light field also
during the night. Since the water in the ditches was very shal-
low and clear during the experiment, it is likely that both
perch and roach were able to perceive the natural half-moon
intensities via the pineal complex, retinal cells or other

melatonin influencing photoreceptors. Thus, melatonin levels
in perch and roach might have been influenced by natural
half-moon light conditions during sampling. The differences
in melatonin levels between ALAN and natural half-moon
conditions are therefore smaller than those in the lab experi-
ments in Brüning, et al. (2015) where the controls were
almost completely dark. The sampling procedure could be

Figure 4: Concentration of 11-KT in blood serum of perch and roach. Comparison between effects of ALAN (‘Light’) and natural half-moon
conditions (‘Dark’) on female (light: N = 22; dark: N = 23) and male (light: N = 5; dark: N = 19) perch and female (light: N = 33; dark: N = 35)
and male (light: N = 3; dark: N = 5) roach. Data is presented as box plots [Box: median, IQR (interquartile range); whisker: 5–95% values].
Significant differences are represented by asterisks (***P ≤ 0.001; **P ≤ 0.01). 11-KT concentrations of female and male of both species are
significantly reduced in the ALAN-treatment.

Figure 5: Concentration of E2 in blood serum of perch and roach. Comparison between effects of ALAN (‘Light’) and natural half-moon
conditions (‘Dark’) on female (light: N = 22; dark: N = 23) and male (light: N = 5; dark: N = 19) perch and female (light: N = 33; dark: N = 35)
and male (light: N = 3; dark: N = 5) roach. Data is presented as box plots [Box: median, IQR (interquartile range); whisker: 5–95% values].
Significant differences are represented by asterisks (***P ≤ 0.001; **P ≤ 0.01). E2 concentrations are significantly reduced by ALAN in female
and male perch and female but not male roach.
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another factor responsible for the unexpected results. The
sampling of and the movement between the cages (dark field
and lit field) took 1.5 h per cage. Consequently, it was not
possible to sample each cage at the same time. Together with
the high individual variability (Fig. 1), this may have blurred
possible differences between the treatments. However, this
interpretation remains hypothetical, since empirical data on
blood levels of melatonin at different times of day and night
and different moon phases are lacking.

Even though the melatonin rhythm of fishes is very sus-
ceptible to diurnal and also sudden light changes (Vera,
et al., 2005; Vuilleumier et al., 2006), reproduction in fishes
from temperate waters is determined by a seasonal rhythm,
which is expressed not only by the melatonin rhythm, but
also by other hormones and sites such as the thyroid stimu-
lating hormone (TSH), which is rhythmically produced in
the saccus vasculosus (Nakane et al., 2013). This might
explain why ALAN clearly affected reproductive rhythms in
our study (Figs 2–5). Gonadotropins, and thereby sex ster-
oids, are sensitive endpoints when studying reproductive
rhythms. Thus, the impact of ALAN on sex steroids and
gonadotropins corresponds to our expectations that light
pollution in a natural context has a great potential to disrupt
crucial rhythms like reproduction in fish.

For the seasonal reproduction rhythm, photoperiod and
temperature are regarded as the most important zeitgeber for
the majority of species (de Vlaming, 1972; Migaud et al.,
2010; Hermelink et al., 2011). Thus, light likely interferes
with the BPG axis. In European perch, for example, the
decreasing photoperiod in autumn is necessary to induce gam-
etogenesis (Migaud et al., 2003) and an artificially increasing
photoperiod or continuous lighting can severely disturb the
schedule of reproduction (Fontaine et al., 2006). Studies in sal-
monids and a Neotropical silverside species have shown that
light can act directly on the upper part of the axis, the GnRH
by manipulating its timing (Amano et al., 1994; Miranda
et al., 2009). The main task of GnRH is to stimulate the
expression and secretion of gonadotropins, FSH and LH.
Consequently, gonadotropins can be a target for photo-
induced disruption too. In the present study the mRNA
expression of gonadotropins of European perch and roach
was substantially reduced (Figs 2 and 3). In an earlier lab
study we already demonstrated that low light intensities sup-
press gonadotropin expression in perch (Brüning, et al.,
2016). As reported in different fish species, gonadotropins
play a critical role in the early stages of gonadal maturation,
in the synthesis of sex steroids, and consequently in spermato-
genesis and vitellogenesis (Patiño and Sullivan, 2002; Schulz
and Miura, 2002; Mateos et al., 2003; Yaron et al., 2003).
Little data is available on the influence of low intensity
ALAN, as referred to as light pollution, on gonadotropin
expression in fish. However, gonadotropin mRNA expression
was inhibited by continuous light of 650 lx (Rodríguez, et al.,
2005), and daily plasma concentrations of LH and its storage
were significantly altered by artificial light in European sea

bass (D. labrax) (Bayarri et al., 2004). These studies used high
light intensities as practiced in aquaculture. However, previ-
ous studies on perch and roach substantiated the lack of dose
response relationship for hormones above 1 lx since little or
no additional impact was seen at higher light intensities (10
and 100 lx) (Brüning, et al., 2018). In Brüning et al. (2016) we
verified a significant reduction in mRNA expression of both
gonadotropins at low intensity white (1 lx) and coloured light
(0.15–2.2 lx) in perch (P. fluviatilis) under artificial conditions.
There is also strong evidence that photoperiod manipulation,
such as mimicking short or long day photoperiods, can change
the timing of gonadotropin production, subsequent spawning
events (Breton et al., 1977; Bromage et al., 1982; Felip et al.,
2008; Miranda, et al., 2009), and even parental care behav-
iour (Foster et al., 2016). However, most of these studies were
carried out under artificial conditions. The present study is—
to our knowledge—the first study, which demonstrates that
light pollution in a realistic natural context can suppress
gonadotropin mRNA expression in the preparatory phase of
reproduction and confirms the previous results of our lab
experiments (Brüning, et al., 2016).

One of the major roles of gonadotropins is to trigger the
synthesis of sex steroids from the gonads. Sex steroids in turn
exhibit positive or negative feedback on gonadotropins and
the brain. They are also involved in vitellogenesis, final gamete
maturation, and the control of sexual behaviour and spawn-
ing (Zohar et al., 2010). In our study the plasma concentra-
tions of 11-KT were significantly reduced by ALAN in both
sexes of perch and roach (Fig. 4). Plasma levels of E2 were
likewise reduced in the light treatment in female perch, female
roach, and male perch (Fig. 5). However, in male roach E2
levels were already low in the control treatment, thus no effect
of ALAN was detectable. These findings are in accordance
with studies in roach (Trubiroha et al., 2010) where E2 levels
in males were significantly lower than in females. The suppres-
sion of sex steroids by ALAN has also been reported for other
fish species. As shown in male sea bass, continuous light was
very effective in inhibiting the increase of 11-KT in plasma
during the reproductive cycle (Rodríguez, et al., 2005; Felip,
et al., 2008). Also in Senegalese sole plasma E2 levels in
female and 11-KT levels in male fish were significantly lower
compared to conspecifics under a natural photoperiod (García-
López et al., 2006). A concomitant failure in gonad maturation
was reported for several fish species, including sea bass
(Begtashi et al., 2004), Atlantic cod (Taranger et al., 2006),
turbot (Imsland et al., 2003) or Nile tilapia (Rad et al., 2006).
Furthermore Migaud et al. (2004) found a significant suppres-
sion of E2 by high intensity continuous light (500 lx) in male
and female perch. These results were obtained in the lab in
September (experimental period 1 September—6 October)
whereas in July/August (experimental period 17 July—1 September)
no differences were found. This is in contrast to our field
results where an exposure in August/September (7 August to
6–9 September) elicited a significant suppression. However,
Migaud et al. (2004) found no differences in plasma 11-KT in
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either of the two experimental periods. This could be explained
by a photo-labile period when fish are particularly susceptible
to additional light at night or photoperiod manipulations.
Recently, evidence for such a period was found in some fish
species. Falcón et al. (2010) suggested a photo-labile period
for fish in general, coinciding with a species-specific onset of
gonadogenesis when photoperiods are increasing or decreas-
ing in spring or autumn. Indeed, in male sea bass this period
spans a narrow time frame of ~2 months, including September
(Rodríguez et al., 2012). In Atlantic cod photoperiod manipu-
lations were effective when the photoperiod was decreasing in
autumn (Davie et al., 2007). In our lab study with roach (win-
ter light conditions), we failed to demonstrate a suppression of
gonadotropin expression. In contrast, the experiments with
perch under late summer light conditions (onset of gonado-
genesis) resulted in a significant suppression of gonadotropin
expression with ALAN. The clear inhibition of parts of the
BPG axis in perch and roach in this study suggest for both
species that the photo-labile period must be the period
around the onset of gonadogenesis, including August, when
our experiments took place.

Altogether it becomes clear that ALAN can interfere with
various components of the BPG axis. Although photoperiod
manipulation can be a powerful aquacultural tool for con-
trolling reproductive events, ALAN might be an unpredict-
able threat for light sensitive species, communities and
consequently biodiversity (Hölker et al., 2010b).

Given the fact that the study was performed at only one
sampling site, and that other interfering biotic and abiotic
factors cannot be completely excluded, the outcome initially
applies only for this location. We tried to capture potential
effects by carefully monitoring important environmental
variables in the two experimental fields (Holzhauer et al.
2015). Since we found no differences likely to influence the
experiments, we can confidently ascribe the observed effects
to ALAN. Likewise, the experimental installation of street-
lights in a natural setting allowed us to disentangle the effects
of ALAN from other aspects of urbanization such as pollu-
tion, noise, and habitat alteration, which confound most
studies. Considering the results of our previous lab studies
and the research discussed above, we think that our results
provide a clear hint that ALAN in naturally dark environ-
ments can disrupt physiological rhythms of fish. These find-
ings can be relevant to policy-makers and conservation
practitioners to improve the success of future management
and conservation interventions (Cooke et al., 2013).
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Zanuy S (2003) Molecular characterization of sea bass gonado-
tropin subunits (α, fshβ, and lhβ) and their expression during the
reproductive cycle. Gen Comp Endocrinol 133: 216–232.

McLay LK, Green MP, Jones TM (2017) Chronic exposure to dim artifi-
cial light at night decreases fecundity and adult survival in
Drosophila melanogaster. J Insect Physiol 100: 15–20.

Migaud H, Davie A, Taylor JF (2010) Current knowledge on the photo-
neuroendocrine regulation of reproduction in temperate fish spe-
cies. J Fish Biol 76: 27–68.

Migaud H, Fontaine P, Kestemont P, Wang N, Brun-Bellut J (2004)
Influence of photoperiod on the onset of gonadogenesis in eur-
asian perch Perca fluviatilis. Aquaculture 241: 561–574.

Migaud H, Mandiki R, Gardeur JN, Kestemont P, Bromage N, Fontaine
P (2003) Influence of photoperiod regimes on the eurasian perch
gonadogenesis and spawning. Fish Physiol Biochem 28: 395–397.

Miranda LA, Strüssmann CA, Somoza GM (2009) Effects of light and
temperature conditions on the expression of gnrh and gth genes
and levels of plasma steroids in Odontesthes bonariensis females.
Fish Physiol Biochem 35: 101–108.

Moore MV, Kohler SJ, Cheers MS (2006) Artificial light at night in fresh-
water habitats and its potential effects. In Rich C, Longcore T, eds.
Ecological Consequences of Artificial Night Lighting. Island Press,
Washington, DC, pp 365–384.

Nakane Y, Ikegami K, Iigo M, Ono H, Takeda K, Takahashi D, Uesaka M,
Kimijima M, Hashimoto R, Arai N, et al. (2013) The saccus vasculo-
sus of fish is a sensor of seasonal changes in day length. Nat
Commun 4: 2108.

Okun N, Mehner T (2005) Distribution and feeding of juvenile fish on
invertebrates in littoral reed (phragmites) stands. Ecol Freshw Fish
14: 139–149.

Patiño R, Sullivan C (2002) Ovarian follicle growth, maturation, and
ovulation in teleost fish. Fish Physiol Biochem 26: 57–70.

Perkin EK, Hölker F, Heller S, Berghahn R (2014a) Artificial light and
nocturnal activity in gammarids. PeerJ 2: e279.

Perkin EK, Hölker F, Richardson JS, Sadler JP, Wolter C, Tockner K (2011)
The influence of artificial light on stream and riparian ecosystems:
questions, challenges, and perspectives. Ecosphere 2: art122.

Perkin EK, Hölker F, Tockner K, Richardson JS (2014b) Artificial light as
a disturbance to light-naïve streams. Freshw Biol 59: 2235–2244.

Persson L (1986) Effects of reduced interspecific competition on
resource utilization in perch (Perca fluviatilis). Ecology 67: 355–364.

Pfaffl MW (2001) A new mathematical model for relative quantifica-
tion in real-time RT-PCR. Nucleic Acids Res 29: e45–e45.

Porter MJR, Duncan NJ, Mitchell D, Bromagea NR (1999) The use of
cage lighting to reduce plasma melatonin in atlantic salmon
(Salmo salar) and its effects on the inhibition of grilsing.
Aquaculture 176: 237–244.

Porter MJR, Randall CF, Bromage NR, Thorpe JE (1998) The role of
melatonin and the pineal gland on development and smoltifica-
tion of atlantic salmon (Salmo salar) parr. Aquaculture 168:
139–155.

Rad F, Bozaoğlu S, Ergene Gözükara S, Karahan A, Kurt G (2006)
Effects of different long-day photoperiods on somatic growth and
gonadal development in nile tilapia (Oreochromis niloticus L.).
Aquaculture 255: 292–300.

Rich C, Longcore T (2006) Ecological Consequences of Artificial Night
Lighting. Washington, DC: Island Press.

Rodríguez L, Begtashi I, Zanuy S, Carrillo M (2005) Long-term exposure
to continuous light inhibits precocity in European male sea bass
(Dicentrarchus labrax, L.): hormonal aspects. Gen Comp Endocrinol
140: 116–125.

Rodríguez R, Felip A, Cerqueira V, Hala E, Zanuy S, Carrillo M (2012)
Identification of a photolabile period for reducing sexual matur-
ation in juvenile male sea bass (Dicentrarchus labrax) by means of
a continuous light regime. Aquac Int 20: 1071–1083.

Schroer S, Hölker F (2016) Impact of lighting on flora and fauna. In
Karlicek R, Sun C-C, Zissis G, Ma R, eds. Handbook of Advanced Lighting
Technology. Springer International Publishing, Cham, pp 1–33.

Schulz RW, Miura T (2002) Spermatogenesis and its endocrine regula-
tion. Fish Physiol Biochem 26: 43–56.

Stein F, Doering-Arjes P, Fladung E, Brämick U, Bendall B, Schröder B
(2015) Downstream migration of the European eel (Anguilla anguilla)
in the Elbe River, Germany: movement patterns and the potential
impact of environmental factors. River Res Appl 32: 666–676.

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

11

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Conservation Physiology • Volume 6 2018 Research article

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article-abstract/6/1/coy016/4969923 by Bundesinstitut fuer R

isikobew
ertung user on 06 Septem

ber 2018



Sulistyo I, Fontaine P, Rinchard J, Gardeur J-N, Migaud H, Capdeville B,
Kestemont P (2000) Reproductive cycle and plasma levels of ster-
oids in male Eurasian perch Perca fluviatilis. Aquat Living Resour 13:
99–106.

Sulistyo I, Rinchard J, Fontaine P, Gardeur J-N, Capdeville B,
Kestemont P (1998) Reproductive cycle and plasma levels of sex
steroids in female Eurasian perch Perca fluviatilis. Aquatic Living
Resour 11: 101–110.

Takemura A, Ueda S, Hiyakawa N, Nikaido Y (2006) A direct influence
of moonlight intensity on changes in melatonin production by cul-
tured pineal glands of the golden rabbitfish, Siganus guttatus.
J Pineal Res 40: 236–241.

Taranger GL, Aardal L, Hansen T, Kjesbu OS (2006) Continuous light
delays sexual maturation and increases growth of atlantic cod
(Gadus morhua L.) in sea cages. ICES J Mar Sci 63: 365–375.

Townsend C, Risebrow A (1982) The influence of light level on the
functional response of a zooplanktonivorous fish. Oecologia 53:
293–295.

Treasurer J (1988) The distribution and growth of lacustrine 0+ perch,
Perca fluviatilis. Environ Biol Fish 21: 37–44.

Trubiroha A, Kroupova H, Wuertz S, Frank SN, Sures B, Kloas W (2010)
Naturally-induced endocrine disruption by the parasite Ligula
intestinalis (cestoda) in roach (Rutilus rutilus). Gen Comp Endocrinol
166: 234–240.

Trubiroha A, Kroupova H, Wuertz S, Kloas W (2012) Up-regulation of
gonadotropin mrna-expression at the onset of gametogenesis in
the roach (Rutilus rutilus): evidence for an important role of brain-

type aromatase (cyp19a1b) in the pituitary. Gen Comp Endocrinol
178: 529–538.

Trubiroha A, Wuertz S, Frank SN, Sures B, Kloas W (2009) Expression of
gonadotropin subunits in roach (Rutilus rutilus, cyprinidae) infected
with plerocercoids of the tapeworm Ligula intestinalis (cestoda). Int
J Parasitol 39: 1465–1473.

Vera LM, López‐Olmeda JF, Bayarri MJ, Madrid JA, Sánchez‐Vázquez FJ
(2005) Influence of light intensity on plasma melatonin and loco-
motor activity rhythms in tench. Chronobiol Int 22: 67–78.

Vøllestad LA, Jonsson B, Hvidsten NA, Næsje TF, Haraldstad Ø, Ruud-
Hansen J (1986) Environmental factors regulating the seaward
migration of European silver eels (Anguilla anguilla). Can J Fish
Aquat Sci 43: 1909–1916.

Vuilleumier R, Besseau L, Boeuf G, Piparelli Al, Gothilf Y, Gehring WG,
Klein DC, Falcón J (2006) Starting the zebrafish pineal circadian clock
with a single photic transition. Endocrinology 147: 2273–2279.

Wang N, Eckmann R (1994) Distribution of perch (Perca fluviatilis L.)
during their first year of life in lake constance. Hydrobiologia 277:
135–143.

Yaron Z, Gur G, Melamed P, Rosenfeld H, Elizur A, Levavi-Sivan B (2003)
Regulation of fish gonadotropins. In Kwang WJ, ed. International
Review of Cytology, Vol. 225. San Diego, CA: Academic Press, pp
131–185.

Zakes Z, Szczepkowski M (2004) Induction of out-of-season spawning
of pikeperch, Sander lucioperca (L.). Aquac Int 12: 11–18.

Zohar Y, Muñoz-Cueto JA, Elizur A, Kah O (2010) Neuroendocrinology
of reproduction in teleost fish. Gen Comp Endocrinol 165: 438–455.

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

12

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Research article Conservation Physiology • Volume 6 2018

D
ow

nloaded from
 https://academ

ic.oup.com
/conphys/article-abstract/6/1/coy016/4969923 by Bundesinstitut fuer R

isikobew
ertung user on 06 Septem

ber 2018


	Influence of artificially induced light pollution on the hormone system of two common fish species, perch and roach, in a r...
	Introduction
	Methods
	Field site
	Experimental fish
	Blood and tissue sampling
	Hormone extraction and assay
	RNA extraction and reverse transcription
	mRNA expression analysis by RT-qPCR and relative mRNA quantification
	Data handling and statistical analysis

	Results
	Melatonin
	mRNA expression of gonadotropins
	11-Ketotestosterone
	17ß-Estradiol

	Discussion
	Acknowledgements
	Funding
	References


