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1. Summary

The presence of endocrine disrupting chemicalberaguatic system is a problem of
growing concern. However, several factors comptiche study of their effects in the
aguatic organisms, e.g. their non-monotonic dospemse curves, their different effects
at low concentrations, and their mixture effectsetformed an experiment to study the
effects of a mixture of xenoestrogens containirgjpbénol A and ethinylestradiol on
bleak @Alburnus alburnus) growth, morphology and non-reproductive behavidre T
interactive effects of the chemical treatments wlifferent diets was analyzed. As a
result, | detected an inhibitory effect of ethirstiadiol on fish growth, an increased
shoaling cohesiveness and changes in morhpolo@ddition a slight interactive-
additive effect of chemical and food stressors fwasd. The combination of these
effects on ecologically important traits, as a hestithe presence of a pollutant in water
at environmentally relevant concentrations, cowdenserious consequences in
ecosystem structure and function. Here, | distus®cological consequences that this
effects could have. However, | could not find affe@ of the endocrine disrupting
chemicals mixture that could not be explained leygresence of the ethinylestradiol
alone. Furthermore, | highlight the importancelre tonfounding factors when carrying
out behavioral studies with this fish species.

2. Background

2.1 On endocrine disrupting chemicals

An endocrine disrupting chemical (EDC) can be dafias “an exogenous substance
that causes adverse health effects in an intaaih@m, or its progeny, secondary to
changes in endocrine function” (European workshoghe impact of endocrine
disrupters on human health and wildlife, Europeam{Ssion, 1996). To be classified
as an endocrine disruptor, an EDC should meetdallenfing criteria (Tyleret al.,
1998):

a) Be present in the environment at high concentration
b) Be persistent and bioaccumulative
c) Be continuously released into environment.

There are compounds of both anthropogenic andadaitigin that have similar
properties as endogenous hormones, therefore Bblado interact with endogenous
receptors (Hallgren 2014). EDCs can be classifidldwing their relation with the
receptor as androgenics, anti-androgenics, esticggand anti-estrogenics. Anti-
androgenics and anti-estrogenics would block therabandrogen or estrogen receptor
and therefore the triggering of a response, whillr@genic or estrogenic would bind to
a receptor and mimic the endogenous hormone atiatiing or stimulating a response
(Sumpter 2005). Furthermore, other paths of endedisruption exist, such as
interfering in the synthesis of the endogenous looes (Hallgren 2014).



2.2 The complexity of the study of the effects of EDCs

2.2.1 On the non-linear action of endocrine disruptors. Effectsat low doses.

The study of EDCs is specially complicated in tokigy studies, because they can
have effects at low doses that cannot be predinyexifects at high doses (Vandenberg
et al., 2012), challenging the “the dose makes the poisagima. Two important
concepts have been lately discussed in the toxggdield related to EDCs, a) low dose
effects, and b) non-monotonicity. Low dose effeeter to the effects “observed below
those used for traditional toxicology studies cartdd for risk assessment purposes” by
the US National Toxicology Program (2001). Non-mtomec is a term applied to the
dose-effect response curves where relationshiptimear and the sign of the slope
changes within the studied range of responses @fdetget al., 2012). Traditional
toxicological models have been assuming a dosensgorelationship, and therefore
might be underestimating the low-dose risk (Calsdeeal., 2003). Even more recent
studies, like Caldweltt al. (2012) continue to ignore these concepts, dedpatiethere

Is increasing evidence that low doses of hormoné&Dd&s such as BPA can trigger
responses that are not stimulated at higher dos®sa Saal and Hughes 2005). As a
conclusion, for EDCs risk assessment purposesa@odation from data on effects at
high doses that assume a linear response, shouleensed (Vom Saal and Hughes
2005).

In addition to these difficulties to assess theefbf ECDs at low doses, Vom Saal and
Hughes (2005) highlighted an additional sourceawifgsion for regulatory agencies:
the biased outcome of the research in low-doseest|foh rats) due to the source of
funding. 90% of the 116 reviewed studies with goweental funding showed harmful
effects of BPA at low doses, compared to the 0%hefones financed by chemical
corporations.

2.2.2 Endocrine disruptors cocktails

In nature, chemical pollutants are not found aglsiagents but as mixtures or
“cocktails” (Beyeret al., 2014, Silvaet al., 2002). Even when these individual chemical
are at concentrations under the non-observableteftmcentration, exposure to their
mixture can have toxic effects on organisms (Kdeaenpet al., 2008, Silveet al.,

2002). As toxicity assessment is usually performaasidering the effects of individual
chemicals, environmental effects of cocktail tatyicre being underestimated (Beger
al., 2014).

Given the difficulties of testing all the possiloembinations of chemicals to assess the
mixture effects, some theoretical models are bdmgeloped to achieve this goal. Here
it is important to define the term mode of actithe series of processes by which the
interaction of a chemical contaminant with a tagts takes to changes in the
organisms that result in sublethal or lethal eH¢ttSEPA, 200) It is important to
differentiate chemicals with the same mode of actir mixtures with chemicals
showing similar modes of action, we can apply thiecept of dose addition, meaning
that cocktail effects can be expected even whewiohehl chemicals are under non-
effect concentrations, because they contributeiadditive way as if they were
dilutions of each other (Kortenkangpal., 2008). This diverges from the result obtained
with chemicals with different modes of action, wdéarstead of a concentration addition



an independent action is assumed. Both dose additid independent action concepts
have been used with a fair accuracy for prediatmgure effects, based on the
knowledge of individual effects (Kortenkarepal., 2008). In endocrine disrupting
chemicals mixtures, experiments up till now shogoad approximation of their
toxicity by using an additive model (Figure 1) (@miet al., 2005, Silvaet al., 2002), but
more information is desired to confirm the applitigbof the theoretical models.
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Figure 1. Example of mixture effects on vitellogemduction at low-effect concentrations of
five estrogenic chemicals: EE2 0.12 ng/Ip¥atradiol (E2) 5ng/l, nonylphenol (NP) L4,
octylphenol (OP) @g/l, and BPA 3Q:g/l. Mixture concentration was 40.4/l. From Brian
(2005). Reproduced with permission of the publisher

2.3 Bisphenol A

2.3.1 Characteristics and applications

Bisphenol A (BPA) is the common name for 2,2-(4idydroxydiphenyl) propane, an
organic compound composed of two phenol rings cctiedeby a methyl bridge, and
with two methyl groups bound to the methyl bridgariget al., 2007) (Figure 2). It is
a synthetic product resulting from the condensaiolh moles of phenol with one mole
of acetone (Staples 1998). Most of the BPA manufadtis used in the production of
polycarbonate plastics and epoxy resins (Staple8)18@nd final applications include
consumer and industrial products such as coatmg®éd packaging and beverage
cans, plastic bottles, medical devices, safetymyant, parts of electronic circuits,
paints, flame retardants, adhesives, and coatitigeomal papers. Global production
exceeds 3.5 million tons per year (Vandenberg 2010)
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Figure 2. Chemical structure of Bisphenol A



2.3.2 Sour ces of BPA to environment

Release of BPA to environment can occur duringriggluction, processing, transport,
or after consumption (Flint 2012). Despite a slaif-life, reported to be between 2.5
and 4 days (Staples al., 2009), BPA is highly widespread in the enviromingue to a
continuous release (Oehlmann 2009). ParticularBnters the aquatic systems mostly
from point discharges like water treatment plamis andfill leachates (Kang al.,

2007, Oehlmann 2009). But it can also be detect@adoor and outdoor air samples as
well as in dust (Vandenberg 2007). Furthermore, BBA react with chlorine
producing chlorinated derivatives of BPA, and etlevugh its production seems to be
limited by the low amount of free chlorine in watehlorinated derivatives of BPA
seem to have a more potent estrogenic activityifyabn activate estrogen receptors
compared to estrogen) and lower degradability BRA (Kanget al., 2007). Due to

low hydrophobicity of BPA (Heinoneet al., 2002) a low bioaccumulation capacity is
expected (Flint 2012).

2.3.3 Concentrations of BPA in aquatic system

Kleckaet al., (2009) extensively reviewed the concentratidnBRA in surface fresh
waters of North America and Europe reported int88éiss between 1997 and 2007
(Figure 3). Median concentrations reported wer8@D:@/l in North America and 0.01
19/l in Europe, citing maximum values of 48/I and 43ug/l in North America and
Europe respectively. However, higher values haa beported by Fukazavwat al.
(2002) who detect a BPA maximum concentration & &Yl in a paper-industry
effluent in Japan.
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Figure 3. Concentrations of BPAJ/I) in surface fresh water in North America (A)dan
Europe (B). From Kleckat al. (2009). Reproduced with permission of the pulglish

2.3.4 A short review of the biological effects of BPA in aquatic organisms

Bisphenol A has been considered a weak xenoest(®georsch 2002), defined as
man-made estrogenic chemicals (Rajapakse 200#)edsnding affinity of BPA to the
estradiol receptor is lower than estradiol’s (LL@29). Blair (2000) quantifies this
binding affinity being 0.008% of that of estradiol.



Despite this relatively low activity, existing Ireture describes numerous effects of
BPA on organisms. For example, acute toxicity i in the high:g/l range for the
crustaceamaphnia magna (Chen 2002), with median lethal concentration (QC5
values ranging from even 244/l in 24h (Park and Choi 20p% 12800Qug/l (Chen
2002). LC50 is the concentration of a substaneéhath half of the individuals of a
population die, and it is used as a general indicaftthe substance’s acute toxicity.
Note that 24Q.g/l is remarkably close to environmentally releveomcentrations (see
previous section). Again iD. magna, chronic effects occur at slightly lower
concentrations than for acute toxicity (Oehimanf®0Brennan (2006) detected
inhibition of reproduction and development at 1@Q@. BPA inhibits development,
growth and egg production at 10§/l in the marine copepoficartia tonsa (Andersen
2001) while 0.08ug/l were enough to inhibit larval development ie thidespread
midgeChironomus riparius. BPA can even affect developing eggs when breeding
femaleC. riparius are exposed Oehlmann (2009). In the same spaciels emergence
was delayed at 78 ng/l BPA and higher (Watts 2001).

In fish, in vitro studies have shown the ability of BPA to act asmoestrogen, by
binding and activating the estrogen receptor (l4a®97).In vivo studies show the
feminizing effects of BPA, as well as the increassynthesis of vitellogenin (Vtg) and
zona radiata proteins (Zrp), in different fish dpsccarp Cyprinus carpio), at 100ug/|
(Mandichet al., 2007); fathead minnowP{mephales promelas), at 160ug/I (Brian et

al., 2005); cod Gadus morhua), at 50ug/l (Sohoniet al., 2001); medakadryzias

latipes), at 100Qug/l (Larsenet al., 2006); rainbow trout@ncor hynchus mykiss), at 500
19/l (Ishibashiet al., 2005). Vtg and Zrp are respectively an egg-yol an eggshell
protein synthetized in female teleost fish livereésponse to estrogenic signals.They are
commonly used as biomarkers of exposure of fisketwestrogens (Brian 2005). Note
however the high concentrations used compareceterhironmental values (see
above). Other effects of BPA on fish have beenaletkat environmentally relevant
concentrations (Oehlmann 2009). For example, thgnpatic estrogen/androgen ratio is
altered at concentrations between 188 in carp and juvenile turboS¢ophthal mus
maximus), due to depressed levels of androgens as tesinstand 11-ketotestosterone
(Labadie and Budzinski 2006, Mandich 2007). Theseguiences of these alterations
could be reflected in the following hormone-regethprocesses:
masculinization/feminization of individuals, growttkeleton development, neural
development, or cell cycle (Oehlmann 2009). In addj other effects have been
detected on fish reproductive system, includingrations in gonadal structure from 1
19/l BPA (Mandich 2007), reduced sperm quality, agtdrded or inhibited ovulation in
brown trout Galmo trutta) between 1.75 andug/l (Lahnsteineket al., 2005).

Importantly for my study, inhibition of somatic gvth has been detected after exposure
of fathead minnow from concentrations of G4OBPA/I (Sohoniet al., 2001).

Alterations in behavior have not been as extengistidied as development processes.
Wanget al. (2013) show that exposure to 228-3@@BPA/I caused a decrease in
swimming speed, as well as axial muscle damagaruaé of zebra fisH)anio rerio).

In addition, it has been found that exposure ta0128BPA/l induced changes in the
expression of secondary sexual characteristicseisas/in mate choice in two closely
related fish from the gen@yprinella (Wardet al., 2012).

At the genetic level, Bolognesi (2006) found damafBNA related to exposition at 50
19/l BPA. Various studies have focused on BPA inauncof changes in gene
expression in fish. These show the inductive eftleat this chemical has on the



expression of genes related to oestrogen signdbngnstance the oestrogen receptor
alpha inKryptolebias marmoratus (Lee 2006), and medaka (Hayashi 2007). In addition
to induce the expression of some of the same gbaésatural oestrogen do, BPA was
shown to induce the expression of some other éifitegenes in carp (Moens 2006).
However, these alterations on gene expressionedeeted at very high BPA
concentrations.

BPA does not act exclusively via estrogen signaghiathways, but also through other
neuro-hormonal systems (Oehimann 2009), and toge#dgatively affect biological
processes such as fish reproduction, growth anaviah

2.4 Ethinylestradiol

2.4.1 Characteristics and applications

Ethinylestradiol (EE2, or bethinylestradiol) is a synthetic estrogen derifreth the
natural hormone Pfestradiol (E2), used mainly in birth control pi{lEyler et al .,

1998). It contains an additional ethinyl group atCcompared to E2 (Figure 4). This
additional group provides the EE2 molecule a highsistance to biodegradation than
E2 (Clouzot 2008). Knowing the physico-chemicalgaxies of EE2 can be useful to
predict its behavior in nature (Clouzot 2008)slan organic compound, with an
octanol-water partition coefficient of 4.15 (Lai@) that indicates liposolubility.
Together with a factor of bioaccumulation highearthithe other estrogens, this indicates
that bioaccumulation is likely to occur. Howevdristvalue is still orders of magnitude
lower than for other endocrine disruptors like drodiphenyltrichloroethane (DDT)
(Lai 2002). It is relevant to remark here that ppdic xenobiotics (logKkow>3) are
likely to enter fish circulatory system via thelgi{Kreke and Dietrich 2008). EE2 is
included in a watch list of substances to be moeddy all European Union member
states, with the possibility of being included ne future in the priority substances list
(European Parliament, 2013).
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Figure 4. Chemical structure of @-@éstradiol (A) and la-ethinylestradiol (B). Note the
additional ethinyl group in the latter.



2.4.2 Releases of EE2 to environment

Although EE2 is deactivated before excretion frowa human body, it can be detected
in its biologically active form in effluents fromasgte water treatment plants (WWTPS).
It has been suggested tlistherichia coli present in the waste waters would
metabolize the inactiviewards the active form (Johnson and Willia2@93.

Therefore, human excretion represents the mainaatiior EE2 to enter the aquatic
environment (Hannet al., 2009)

2.4.3 EE2 occurrencein aquatic systems

Some studies have detected EE2 in water not dirdothnstream WWTPs, like the
reported values of 4 ng EE2/I in German riversui@pfet al., 1996, or the 3 and 15

ng/l detected in reservoirs and rivers from Englaadpectively (Ahernet al., 1989).

In addition EE2 has been detected in Canada, Bziha, and Japan freshwaters (Zha
et al., 2008).

Other studies have used a modelling approach itn&st surface water concentrations.
In a study funded by pharmaceutical companies, Baina. (2009) analyzed the
occurrence of EE2 in surface waters in Europe hadJnited States. They take into
account parameters as the amount of EE2 consuninéch ywercentage of it is excreted
by the body and thus is likely to arrive to WWTPsr capita water use and sewage
flows, and removal efficiency of WWTPs. Once thetiraate these concentrations,
they compared its values with published data, nreadoy analytical methods, from
samples taken downstream of WWTPs. By using theefspthey concluded a
maximum full word (STP) effluent concentration & dg EE2/l in Europe and 0.4 ng
EE2/l in the US. This differs from the measuredev@bncentrations, which actually
range from nondetected to 273 ng/I. Thé p@rcentile of measured concentration is 1.7
ng EE2/I, but still 1.5% of the analyzed concembrag exceed the maximum predicted
of 13 ng/l.

2.4.4 A short review of the effects of EE2 in aquatic or ganisms

The effects of EE2 in aquatic organisms have nehlstudied in detail. | will present
some relevant examples, focusing on the low conaom range effects on fish.
Numerous studies have shown the effect of EE2tallogenin-inductor in males of
different fish species, such as rainbow trout (8ehef al., 2001), fathead minnow
(Langeet al., 2001), zebrafisfAnderseret al., 2003), and medaka (Chikakeal.,
2004).

Rainbow trout exposed to 2 ng EE2/I during 3 westl@aved inhibition of testicular
growth, slower spermatogenesis, anf Higher vitellogenin concentrations (Joblietg
al., 1996). Similarly, a 2 weeks exposure of juverdi@bow trout to an EE2-dominated
mixture of oestrogens downstream a STP resultedsimarp increase in vitellogenin
concentration (Larssoet al., 1999). In a larger, multigeneration experimetiz et al.
(2008) assessed the effects of EE2 in Chinesemwemeow (Gobiocyprisrarus). They
found a total inhibition of reproduction of Eho males developed to maturity; no
females produced fertile eggs) at the lowest camaton tested (0.2 ng/l). In addition,
at 16 ng EE2/I, 30-days old larvae showed morphostbgleformations, increased
swimming failure, increased mortality and inhibiteady growth. 120 days after
hatching they showed lower gonadosomatic index YG®patosomatic and renal



somatic indices, which are the organ mass in meldb the body mass. Particullarly,
GSlis commonly used as an indicator of sexual ntgtuBy contrast, with lower EE2
concentrations (0.2 and 1 ng/l) they showed areas®d GSI. In addition, they found
higher plasma vitellogenin in males; higher plast@logenin in females; kidney and
liver histological anomalies; male-feminizationpasiose-dependent female ratio.

Kidd et al. (2007) found that EE2 could cause the collapsefathead minnow
population in a Canadian experimental lake in whigy added EE2 up to a
concentration of 6 ng EE2/I. Fish from the treattriake showed higher levels of liver
vitellogenin mRNA, as well as a different seasqrattern for vitellogenin mRNA
expression compared to fish from reference lakededifrom the experimental lake had
delayed spermatogenesis, gonad malformations, |@8¢wvalues, and increased male
intersexes. As a result of the lack of recruitmém, fish population collapsed after the
second season of EE2 additions.

Finally, little is known about effects of EE2 onmoeproductive behavior on fish.
However there is some evidence of an increasedalsiy behavior measured as time
before leaving the shoal, in adult zebrafish exddeeEE2 (Reyhaniaet al., 2012).

2.5 Ecological relevance of the relations between behavior, morphology,
and growth

Individual variation in behavior can have conseqésmat different levels of ecological
organization (Owens 2006). At the individual leitedan be linked with diet, habitat
use, growth, survival rate, ontogenetic niche shaftd reproductive success. At the
population and community levels it can affect sbsiaucture, group feeding rate,
population dynamics and species interactions (Mitiehet al., 2014). For example it
has been shown how activity rate and boldnessetaiged to fish growth (Mittelbacokt
al., 2014). Behavioral traits have been linked to motpgical traits, as morphological
differences correlate with different foraging beioayi.e. search behavior, prey choice,
among others) and habitat choice (Webb, 1984; gatiand Wilson, 1988; Hjelmt

al., 2000; Robinsomt al., 2000; Svanbéck and EkI6v 2004). A specific organis
morphology would provide the best match in a traffegradient (Robinson 1996).
Therefore altering this characteristic in an indial, without a change in the
environmental conditions, would involve a decreas@ness, which could have
ecological consequences.

3 Aim of this project

Given the importance, but little knowledge, of #ftects that mixtures of EDCs can
have on aquatic organisms, | considered that furdsearch about this issue was
neccesary. As this lack of information is espegidiamatic at low concentrations of
pollutants, a study on the environmental effectE @Cs should consider the low range
of concentrations. Additionally, despite extensivak on ECDs, few studies have
focused on the effects of these on non-reproduti@mavior (but see Reyhaniaral .,
2011, Hallgren 2014), which, as stated before @ ecological consequences at
different organization levels. My aim was to penfioan experiment to test the effects of
EDCs mixtures, at environmentally relevant (lowhcentrations, on non-reproductive
behavior, exploring its relations with morphologydegrowth, in a fish species



occurring naturally in Sweden. Therefore, | testesleffects of BPA and EE2 in bleak
(Alburnus alburnus).

4 Material and methods

4.1 Fish collection and pretreatment

140 bleak Alburnus alburnus) were caught by means of a cast net on 4 and fu&eb
2014 in Biotest basin, Forsmark, Sweden, 72 kmheadt of Uppsala. Bleak were
transported in styrofoam boxes in 5°C water. Onddppsala University, fish were
separated into three 300l black tanks, filled vath water at 5°C. The temperature was
then allowed to gradually increase overnight tamdaemperature (15°C). Fish were
treated with baktopur (nifurpirinol, Sera GmbH, snberg, Germany) during 3 days.
During this acclimatization period they were fedtem day with staple diet (Sera
GmbH, Heisenberg, Germany) and chironomids (Ruto B¥enhuizen, Holland).

After 1 week of acclimatization, on Friday" &ebruary, 120 fish were moved to the
experimental aquariums (70x30x40 cm) with wateoam temperature (15°C). The
remaining 20 fish were kept in 3 100 I-tanks agejfiah. Every aquarium was divided
into two experimental units separated by a plesglaierced plate, which allows water
circulation but acts as a barrier to fish. 6 fistrevput in each aquarium (3 fish per
experimental unit). Light environment was adjugted2h of light and 12h of darkness,
with progressive light increasing and decreasingpitmic natural conditions. Water in
the tanks was kept circulating with a filter purapd 50% of the water was renewed
once a week with tap water.

Four different EDCs treatments were randomly agsigo the aquariums: control,
BPA, BPA+EE2, and EE2. In addition, fish were feithveither frozen chironomids or
frozenDaphnia pulex (Imazo AB, Vara, Sweden), where one side of theasigm were
fed chironomids and the othBaphnia (Figure 5). The fish were fed a quantity of food
equivalent to 10% of initial body weight per dapce a day, as had been previously
used with similar fish species in this researchugrdhis created a design with 4
different EDCs treatments, crossed with 2 diettinests that were replicated 5 times.
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Figure 5. Schematic view of one aquarium withe experimental units.
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The experiment lasted 7 weeks, during which growéiavior and morphology was
studied. At the end of the experimental time, fisre euthanized with an overdose of
MS222 in buckets with aged water from aquaria. Mishe then subjected to dissection.

4.2 Preparation and addition of chemicals

Solutions of EE2 (>98%) and BPA (>99%) (Sigma-Adtiri Steinheim, Germany) were
prepared with acetone following Zha (2008) but vditherent final concentrations, to
reach a final concentration in the aquaria watetyig BPA/I or 10 ng EE2/I. Solution
for combined treatment contained d§ BPA/I and 10 ng EE2/l. These concentrations
were chosen as they were environmentally relevaluieg but still allowing to handle
the small quantities of reactive with the availamleans. Solution for the control
treatment consisted on acetone 50%. Solutions added every week to keep the
desired concentration of EDC in the water, calaugpthe required volume of chemicals
to add from half-life data at this water temperat(8taplest al., 1998).

4.3 Growth

4.3.1 Weight and length

A combined weight of the three fish assigned tdheagerimental unit was measured
with a lab scale (Ohaus Navigator, Ohaus Corparatid, USA) before the
experiment. There were no significant differencesitial weight of the bleak assigned
to receive the different treatments. By contrastjvidual weights and length measures
were not taken to avoid excessive handling of igte following advice about the
sensitivity of this species. The combined weiglitsazh experimental unit as well as
individual weights and lengths (total length) weaken at the end.

4.3.2 Gut length, gonad characteristics

The intestine (gut) was dissected out from the alucavity and the gut length was
measured with a ruler. Gonads were weighed andetexmined from them. Presence
of testicles with oocytes was quantified and fisthwhis condition qualified as intersex
fish. From this data a proportion of intersex fisheach treatment was calculated. GSI
for each sex was calculated from gonads weightaiiadl weight of each individual fish,

applying:
GSI = [gonad weight / total tissue weight] x 100

4.4 Behavior

For measuring behavioral traits, | recorded videef®re the start of the experiment,
after 3 weeks, and just before its termination €&ks). The video recordings (180
seconds) were conducted 2 h after the fish werew#hl a videocamera (SONY HDR-
cx52ove, Sony Corporation, Tokyo, Japan). In tlieej the front side of each
experimental unit was divided with a 5cm-side @grsda coordinate system, allowing to
determine the position of each individual in th® 2pace at each moment, as well as
the distance to each one of the other fish, anditance to the separation plate, at
each moment. By tracking the position of each blady 5s, it was possible to
calculate the distance a fish swam in one minwieo(hotor activity), as well as the
average distance kept to the other fish and te¢paration plate during one minute
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(sociality) (Figure 6). This last measure is intethdo be an approximation of the
tendency to be close to the shoal at the otherditiee plate.

-

Figure 6. Diagram of experimental unit with gria fecording behavior parameters

In addition, at the end of the experiment fish waessayed for their reaction to predator
chemical cues, indicated by the same parametdos #ee behavioral tests indicated
above: locomotor activity, distance to neighbord distance to separation wall. For
this purpose, every tank was video recorded forsE®®nds after adding 2 | of water
taken from a 100 | aquarium where a predator (fitksex lucius) had been kept for 6
months.

4.5 Morphometrics

Morphometry was analysed with landmark-based gewermabrphometrics. At the end
of the experiment, a photograph of the left sidewadry fish was taken using a Nikon
D300s camera (Nikon, Tokyo, Japamhhe pictures were used to digitalize 15
landmarks on each individual fish with tpsDig2. Tke&tive positions of the landmarks
were analyzed with tpsRelw (Rohlf 2013) (FigureTh)is program analyses shape
changes by comparing each fish individual landncaxddinates with the coordinates
of the landmarks of the other individuals. Thegivtes scores of relative warps among
individuals, which describe deformations that gratslly graded and those that are
restricted to an area of the geomemtglditchet al., 2004). TPSRelw corrects the
differences in landmarks due to body size (Baeeds., 2012).

Figure 7. Position of the 15 landmarks digitalifedmorhpological analysis.
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4.6 Statistical Analyses

Statistical analyses and graph productions wer@peed with R (R Core Team, 2012).
For weight change analysis, pseudoreplication aarnt into account by taking the
average values from each experimental unit, iaeh ¢hree fish, as well as the fact of
the repetition of measures of the same individakdag the time. A linear mixed effects
model was run. Post-hoc analysis was performed Tuikkey’s test.

To test the effects of treatments on total lenigifestine length, GSI, sex-ratio and
proportion of intersex individuals, several anayyeévariance (ANOVA) were run
taking into account pseudoreplication in the expental units. A linear regression was
done between the intestine length and fish leragid,the residuals were compared
between treatments with an ANOVA.

Behavior data was statistically analyzed by an AMQW test for significant effects of
the factors treatment groups, diet groups and tBebavior data was log-transformed
to meet the assumption of normality. The positibthe tank in the lab was taken into
consideration for possible effects on fish activag some of them were closer than
others to the area were experimenters were worKinig. was accounted by adding the
factor zone describing the tank’s position witlie toom (Figure 8).

- Zone 3 -

Zone 2

Zone 1

Tank Corridor 2

Tank Corridor 1 | i Tank corridor 3

lEntranceI
Figure 8. Schema of the aquaria room including garigootential disturbances to the fish.
Potential disturbances were expected to be highirei areas closer to the entrance to the room.

For morphometric analysis, a Kruskal Wallis tesswarried out to compare the
difference in relative warps among EDCs and destiments, followed by a Kruskal-
Wallis multiple comparison test as post-hoc whemisicant differences were found.

The data was analyzed considering treatment agrdefeel factor (Control, BPA,
BPA+EE2, EE2), and the diet as a two level fadBaphnia, Chironomids). Treatment,
diet, and time were considered fixed factors ané teumber as random factor. This
design allows to detect synergistic or antagongiects of the mixed treatment,
compared to the single chemical ones. If none eddteffects were detected analyses
were repeated considering two factors (BPA, EE2)voflevels describing the presence
or absence of BPA and EEZ2, in order to enhancsttisstical power.
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5 Reaults

5.1 Fish Growth

5.1.1 Fish Weight

Initial weight was not significantly different bedésn treatments, nor between diets.
(Table 1; p-value- 0.0561).

Table 1. Weight of bleak from different treatmebédore the experiment. Mean valdes
standard deviations (SD) are shown.

Treatment M ean initial weight (g) SD
Control 21.75 4.54
BPA 24.14 4.17
BPA+EE2 18.98 5.03
EE2 19.94 3.19

The weight within groups decreased significantlyhviime (p-value=0.014, F=6.694)
(Figure 9), and there were significant differenoéthis change of weight between
treatments (p-value=0.008, F=4.633). The post bstcrevealed BPA treatment fish to
have a higher final weight than mixture treatmestt {p-value=0.023), and EE2
treatment fish (p-value=0.022). However, no sigaifit difference in final weight was
found between control and any of the other treatewehen considering the repetition
of measurements. There was an interaction of trexattmith diet (marginally
significant, p-value=0.060, F=2.737), (Figure 10y ®aphnia-fed fish had a lower
weight than chironomids-fed fish (p-value=0.047p(fFe 11).
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Figure 9. Mean weight of bleak (g) for each ED@atment, before applying treatment and at
the end of the growth experiment.
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Figure 10. Mean weight of bleak (g) for each ED@atment, before applying ECDs treatment
and at the end of the experiment, for chironomat @A) or daphnia diet (B).
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Figure 11. Mean weight (g) of fish for each dietatment, before and after the growth
experiment.

When considering treatments as presence or absébogh BPA and EE2, results
showed that final weight was significantly lowerfish whose treatment contained EE2
(p<0.005, F=18.193; Figure 12).
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Figure 12. Mean final weight (g) grouping the treants by presence or absence of EE2.

5.1.2 Total Length

There was a significant effect of treatment onltietagth (p-value=0.01), where length
was higher for BPA than for mixture (p-value=0.@8d EE2 (p-value=0.01) treatments
(Figure 13). No effects of diet or tank positionighles were detected. Analyzing data
as presence/absence of BPA and EE2 revealed saymtify lower final length in fish
with EE2 treatments (p-value=0.009, F=7.809).
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Figure 13. Mean total length (mm) at the end ofgtevth experiment, in relation to the EDCs
treatment received.

5.1.3 Intestine length

Intestine length was significantly higher for fishder BPA treatment than control (p-
value=0.024) and EE2 (p-value=0.008) treatmentss iBhalso supported if data is
analyzed as presence/absence of BPA and (p-va@s;(=8.663) (Figure 14).
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Figure 14. Mean gut length (mm) at the end of tlesMing experiment, separated by ECDs
treatment.

The correlation between fish length and intestemgth showed an adjusted R-squared
value of 0.33 (p-value<0.005) (Figure 15). Howether residuals of the regression for
each treatment did not differ significantly (p-ve$0.398)
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Figure 15. Correlation between intestine length tatal length (mm), by ECDs treatment.
(R°=0.33, p<0.005)

5.1.4 Gonadosomatic index (GSl)

GSIl was not different between treatments (Figurgph@alue>0.303), neither for males
or females. However, if analyzing data as presabsehce of BPA/EE2@ositive
effect of BPA on GSI value was detected (p-valué4®6; figure 17).
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Figure 16. Mean Gonadosomatic index by ECDs treattme
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Figure 17. Mean GSI in presence or absence of iBRi#e ECDs treatment.

Proportion of intersex individuals and sex ratio

Significant differences of the proportion of intexandividuals were not found among
treatments (p-valae0.654). Sex ratio was not found to differ sigrafitly between
treatments (p-valee0.156). Male proportion: Control: 0.83+0.17; BPA8+0.26;
BPA+EE2 0.77+0.25; EE2 0.67£0.27, mean * SD)

5.2 Behavior

5.2.1 Locomotor activity

Before applying treatments, there were signifiaifierences in the locomotor activity
of the fish influenced by the tank corridor (p-vet®.008, F=5.794) (Figure 18)
However, no differences among treatments were tiet€p-value=0.06, F=2.875). In
the middle of the experiment, again there wereediffices in basal activity depending
on the tank corridor (p-value=0.026, F=4.199). % end of the experiment, no
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significant differences were found in basal acuyji-value-0.537, F=5.473). When
compared two by two the locomotor activity at theee different times, no significant
differences were found. In addition, when tank posieffects were excluded from the
model, significant differences related to time weegected (p-value=0.037), showing a
decrease in activity with time (Figure 19).
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Figure 18. Locomotor activity depending on the posiof the tank in the lab
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Figure 19. Locomotor activity of the fish along teriment time.

5.2.2 Sociability

Before applying treatments, fish maintained a défifie distance among conspecifics in
the same experimental unit, influenced by zoneglpe~0.035, Figure 20), but not
among treatments (p-value=0.133, F=2.037), nor(gdiealue=0.364, F=0.851). In
addition, they maintained significantly differenstnces to the separating wall also
related to tank corridor (p-value<0.005, F=13.246)
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Figure 20. Distance between fish (cm) dependintherposition of the tank in the different
zones of the laboratory, before applying ECDs tneaits. Lower values of “Position of tank”
indicate higher proximity to the entrance of therm

At the end of the experiments, significant diffezes related to tank corridor (p-
value<0.005, F=12.112) and zones (p-value=0.049,386) were detected which were
not related to treatment or diet (p-vat0el33, F=2.037). They also maintained
significantly different distances to the separativagl (p-value=0.003) associated with
factor zone. However, no significant change ingheameters associated to fish
sociality was detected along the time.

If comparing treatments by absence/presence of ®RIAEE?2, the effects of the
position of the tank were also detected in theedé#it behavior parameters. But, in
addition, it was possible to detect a lower sodisiance kept between the fish whose
treatment included EE2 (p-value=0.04) as well (Feged).
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Figure 21. Distance kept between fish in treatmehfgesence or absence of EE2.

5.2.3 Reaction to predators

There were significant differences in fish actiwithen exposed to predator cues,
although related to tank position parameters. Hanedish fed withDaphnia diet
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(Figure 22) show a higher activity compared to éhfesl with chironomids (p-
value=0.047, F=4.400)
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Figure 22. Fish locomotor activity (log-transformaata)when exposed to a predator chemical
signal, separated by diet treatment.

5.3 Morphometry

Two components of the relative warp showed sigaifiaifferences among treatments.
Fish body form under EE2 and mixture treatmentsvd#iferent from body form from
BPA and control treatments (p-value<0.05) (Fig8e Zhe deformation plots show
that the main trends in morphological variation i@lated to body depth and snout
direction. None of the treatments showed an effecny of the rest of relative warp
components. In addition, no significant differerné¢he relative warp components
between diets was detected.
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Figure 23. Ordination plot showing position of IHestattered along the two relative warps that
showed a significant difference among treatmertte. deformation grids show main trends of
morphological variability by each relative warp.fDenations were exaggerated 5x.
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6 Discussion

6.1 Growth

The first surprising result is the decrease in Wefgr all treatments. The amount of
food provided for both diets was according to samprevious experiments in this lab,
but carried out with other specid2eca fluviatilis). Multiple reasons may explain this
result. Having observed that the experimental distually ate when the food was given,
it seems evident that the amount provided was moagh for the fish requirements. It is
possible that bleak and perch differ in metabddte or activity level at the aquaria
conditions, e.g. temperature.

6.1.1 EDCseffect on final weight.

The more pronounced decrease in weight in EE2ettlefigh is in agreement with
Hallgren (2014), who found that exposure of rodeiiti(us rutilus) to a concentration

of 28 ng EE2/I caused a decrease in fish biomaé&réntly to Hallgren’s results, | did
find a difference in total length when there isgenece of EE2. Hallgren (2014) detected
a decreased foraging efficiency in roach after syp@to EE2, which may explain the
reduced weight. Another plausible explanation ésthie effects of sex steroids on
growth hormone synthesis, which are still contreiadly debated even within species
(Bernieret al., 2009). However, EE2 at low concentrations irex$ with the growth
hormone in developing bony fish (Shvetchl., 2008), a mechanism that may contribute
to the results | obtained. In a mesocosmos expetimtaligren (2014) showed how a
decrease in fish biomass treatment was related bocaease in zooplankton biomass.
The results | obtained would rule out the posgipoif this decrease in fish biomass as a
consequence of the alteration in the zooplanktonneonity, but would support that

EE2 effects on fish would have instead top-downseguences in the aquatic systems,
altering the structure of the community. Althougkge effects were weak in Hallgren’s
(2014) experiments, a longer exposure may altemmanity structure more deeply.

| could not find an inhibitory effect of BPA on satic growth, despite the results found
previously at higher concentrations (Kwak 2001, @vl2001). This may indicate that
BPA by itself does not have a detectable effect@natic growth at this low
concentration, even in combinations with othercgggnic EDCSs.

6.1.2 Diet treatment effects on final weight.

According to the information provided by the supmiand in agreement with De la
Noue and Choubert (198%)aphnia and chironomids have a different nutritional value
where chironomids are richer in fat and proteinsgsam. This seems to be the reason
to find a diet effect on fish weight. It is alsdaresting to highlight the significant
interaction affects of diet and treatment on weigleing the fish with chironomids diet
and control treatment the only group gaining weigfideems that the combination of a
poorer diet with the chemical stressors would enbdhe inhibitory effects of EDCs on
fish growth. In other words, the EDCs effects aarvisible in fish in diet stress. It
has been previously shown that when organismsiesiegal to the limits of their
physiological tolerance range, they become morsises to the action of chemical
stressors (Hoopett al., 2013). More specifically, Hoopet al. (2013) highlight the
sensitiveness of the vertebrate endocrine systeamviwonmental factors such as food
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availability. As a conclusion, the food shortagsatment that the experimental fish
went through, contributes to support the idea tdraction between chemical and non-
chemical stressors to diminish fish performance tontext of global change,
organisms will have to deal with a variety of st@s, including changes in the food
web (Beyeret al., 2014). The increased sensitiveness to EDCs in pcesaf other
stressors should be taken into account in the ptteto predict its effects on aquatic
organisms and systems.

6.1.3 Intestine length, GSI, Intersex proportion.

The longer intestine length for BPA treated fisarttor EE2 treated fish can be simply
attributed to its correlation with fish length, BE2-treated fish are shorter.

Intersex is the presence of male and female gornisdak, at the same time, in an
individual of a fixed-sex species (Tyleral., 2008). Although it has been considered as
an indicator of exposure to EDCs (Tykral., 2008, Bizarraet al., 2014), the fact is

that in several studies it has also been detettedeaence sites (Bahamonetel .,

2013). As a result, a normal base-level of inted®uld be distinguished from
endocrine disruptor — induced intersex. Literatlwes not describe the intersex status
of the bleak, therefore with the results describexrt this species can be grouped along
with the fish that show natural intersex.

6.2 Behavior

In general, we can detect that at any time dutiegeixperiment, bleak locomotor
activity and sociability were strongly influencey the position of the tank in the lab,
being the fish closer from the entrance of thentadve active, which indicates that
experimenter presence would be acting as an impgasteessor. This highlights the
importance of minimizing this effects in future lagioral studies, or, if not possible, at
least do not neglect them in the analysis of data.

Bleak with EE2 in their treatment tended to be efde each other after three weeks of
treatment. Few studies have previously focusedfects of EE2 on non-reproductive
behavior. It has been shown before that EE2 indacetgenic behavior in guppies,
indicated by dwelling and freezing behavior whepased to novel environments
(Hallgrenet al., 2011). Furthermore, an increase in shoaling behaveasured as time
before leaving shoal has also been reported befatte adult zebrafish exposed to EE2
(Reyhaniaret al., 2012), although Hallgreet al., (2011) failed to detect this effect. The
present study supports the results obtained fromhetnarganisms, detecting an increase
in the cohesiveness of the shoal that indicateegnn a non-model fish species as is
the bleak.

The changes in non-reproductive behavior induceBB¥ described here, can have
ecological consequences. Shoaling is a trade-tffden the anti predator benefits that
the group confers and the foraging competitionc{ieit 1996, Hoaret al., 2000).
Cohesiveness tends to increase with the presereceredator as a way of decreasing
predator risk, and tends to decrease when thereégd of reducing the foraging
competition (Morgan 2006). An increase in cohesdgsnn the absence of a predator
would be maladaptative behavior, as it would résecosts of foraging competition
without providing additional protection against giaé&on.
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Predator avoidance

Although ECDs treatment did not have an effechmreaction of bleak to predator
chemical cues, so had the diet. The fact is tkatfeéd withDaphnia, which has been
previously discussed as a poorer diet, showedraehigvel of activity. Huckstordt al.,
(2009) showed how starving conditions altered preédator behavior of roacRutilus
rutilus), and Morgan (2006) detected effects of hungehimaling cohesiveness in
bluntnose meanow®$(mephales notatus). Here, | did not find differences in shoaling
characteristics but in locomotor activity, confingithe predictions made by Sih (1992)
that more hungry individuals take more risks ohiggbredated, in order to gain access
to food.

6.3 Morphometry

Morphology within a fish species can vary when aithgpto a heterogeneous
environment, as an expression of phenotypic plas(leeres-Neto and Magnan 2004,
Olsson and Ekl6v 2005). A specific morphology wopidvide the best match in a
trade-off gradient (Robinson 1996). Therefore aitgthis characteristic in an
individual, without a change in the environmeni@hditions, would involve a decrease
in fitness. This study supports the idea that ED&scause a shift in bleaks
morphology, tending the ones exposed to EE2 to Haeper body and upper bent
snout. Differences in this aspects of fish bodypghlaave been related to differences in
maneuverability, attacking speed, search behapres, choice, and in consequence
affecting foraging efficiency (Webb, 1984; Hjeknal., 2000, Svanbéck and EkI6v
2004). Therefore we can expect a decreasing geiiteeds derived from this changes
in morphology, effects that may be transmitted ssiscales and cause alterations in the
community structure.

7 Conclusions

| could not find any cocktail effects of the mix¢uof BPA and EE2 at environmentally
relevant concentrations. Instead, the changestdeteere attributable to EE2 alone.
However, | found that an inhibitory effect of EERhleak growth possibly due to a
decrease in foraging efficiency, which could hayg-down effects in the aquatic
system as for example in primary production vi@ask of foraging pressure on
zooplankton. | could also find that food shortagesas a stressor that makes bleak
more sensitive to endocrine disrupting chemicdisces on fish growth. This should be
considered in a context of global change were atressors are increasingly present.
EE2 seemed to cause a level of anxiety reflectedmore packed shoal, which can be
considered a maladaptive behavior that can havegical costs. If these combined
effects are strong enough, a general decreaseingiomn fithess could be expected.
Furthermore, although not directly related to EDICguld detect effects of food
shortage on bleak locomotor activity when a predettemical cue is present. In
addition, this study describes a background lef/@ltersex condition in bleak, which to
the best of my knowledge was not studied befonould like to highlight the
importance of a methodological procedure that admitonfounding variables when
performing behavioral experiments in fish.
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