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Abstract

By measuring levels of tolerance to toxicants ignatbial communities using functional toxicity tests
under controlled conditions, pollution-induced coomity tolerance (PICT) approaches offer an
effect-based tool to assess the ecological riskhafmicals in aquatic systems. However, induced
tolerance of exposed microbial communities canhotygs be attributed solely to the presence of
toxicants as various environmental factors, suckeagperature, can also be involved. Several PICT
studies have been conducted to assess the effezpmer (Cu) on phototrophic periphyton, but dittl

is known about the influence of temperature onrdsponse of these microbial communities to acute
and chronic exposure to Cu. Here, we report on@anosm approach to assess the effects of two
contrasting temperatures (18 °C and 28 °C) onh@) baseline level of Cu tolerance in non-Cu-
exposed phototrophic periphyton (i.e. effect of penature on tolerance baseline), (ii) Cu tolerance
acquisition by phototrophic periphyton in respotse 3-week chronic exposure to Cu at a nominal
concentration of 6Qg L— 1 (i.e. effect of temperature on PICT selattiand (iii) tolerance measured
during short-term toxicity tests (i.e. effect ofrfgerature on PICT detection). The aim was to etalua
how temperature conditions during the differentgaisaof the PICT approaches may modify the causal
relationship between chronic Cu exposure and meddDu tolerance levels. Our results evidence the
influence of temperature both on the basal capadifghototrophic periphyton to tolerate subsequent
exposure to Cu (i.e. influence on tolerance basglmd on its capacity to acquire tolerance folimvi
chronic exposure to Cu (i.e. influence on PICT ct@@). Hence temperature must be considered
when using PICT to establish causal links betwdenric Cu exposure and effects on phototrophic

periphyton.
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1. Introduction

Periphyton is a complex assemblage of phototrophit heterotrophic microorganisms that can be a
valuable indicator of toxic pollution in aguaticstgms (Sabater et al., 2007). However, it is n@cgss
to in situ distinguish toxicant effects from thadge to other environmental variables. The pollution
induced community tolerance (PICT) approach oféergay to isolate, at least partially, the effedts o
individual toxicants or classes of toxicants (adarg to their mode of action) within an ecosystem
subjected to multiple stressors by studying shiftcommunity sensitivity (Schmitt-Jansen et al.,
2008; Tlili et al., 2016). PICT assumes that cheomposure of a biological community to toxicants
can drive a species succession in which sensifpexiss are superseded by more tolerant ones
(Blanck, 2002), and/or specific mechanisms of aatégt such as detoxification occur (Tlili and
Montuelle, 2011). The resulting tolerance at comityulevel can then be evaluated using short-term
toxicity tests on selected microbial functions &tetmine effective concentrations (e.g. EC50) after
acute exposure to the toxicant exerting the seleqgtressure (or a toxicant with a similar mode of
action), using the dose-response toxicology mdaehinitt-Jansen et al., 2008).

Heavy metals, which are common contaminants ofhwesers, are potentially toxic for aquatic
microbial communities (e.g. Gustavson and WangkE3¥§5; Fechner et al., 2010; Rotter et al., 2011).
Copper (Cu) is a widespread contaminant in rivespecially those draining agricultural catchments,
notably due to its use as a fungicide in both cativaal and organic agriculture (Barén et al., 1995
Copper is an essential element for microorgani#nsgrves as a cofactor in a number of enzymes that
catalyze a wide variety of functions such as phgttteetic and mitochondrial electron transport or
several redox reactions (Ladomersky and Petris5;28tlams et al., 2016). However, it is known
since several decades that Cu can also exert eéffeicts on microorganisms. Toxicity mechanisms of
Cu notably involve the generation of reactive oxygpecies (Okamoto et al., 2001; Sabatini et al.,
2009). Toxic effects of Cu on phototrophic micraamgms also include lipid peroxidation (Rijstenbil
et al., 1994) and increased membrane permeabiiiy ét al., 1995), decrease in chlorophyll and
accessory pigments content (Rijstenbil et al., }984d reduction in growth rates (Prasad et al.,
1998). At community level, chronic exposure to Gun dunctionally impair phototrophic microbial
communities by reducing photosynthetic activityl(foand Behra, 2000; Lambert et al., 2012). It can
also impact community structure via changes indistribution of algal classes and the taxonomic
composition of diatom communities (Morin et al. 120 Serra and Guasch, 2009). These changes can
ultimately increase phototrophic community tolemata Cu, in line with the PICT concept (Soldo and
Behra, 2000; TIili et al., 2010). In lotic ecosyst® tolerance levels of phototrophic periphyton
communities to metals are generally assessed bgurieg photosynthetic parameters (e.g. Dorigo et
al., 2010; Foulquier et al., 2015).

Several recent case studies have demonstratedotbatipl of PICT approaches to help assess the
ecological status of aquatic ecosystems (Larraal.e2016; Pesce et al., 2016; Tlili et al., 2017).
However, integrating PICT in monitoring programal $aces a number of challenges (Tlili et al.,
2016) including (i) the need to define tolerancesdbaes which are the tolerance levels for
communities which have not been previously exptsedselected toxicant or other toxicants with the
same mode of action, (Pesce et al., 2016), anthéineed to improve the distinction between effect
of toxicants and confounding effects due to othevirenmental factors so as to obtain a better
understanding of how communities respond to contbisteess (Schmitt-Jansen et al., 2016). Both
tolerance baseline and toxicant-induced tolerarmeelbe modified by external factors, such as light



(Guasch et al., 1998; Guasch and Sabater, 1998jemts (Tlili et al., 2010) or other toxicants
favoring co-tolerance effects (Schmitt-Jansen gt2008), and by internal characteristics such as
periphyton biomass (Guasch et al., 2003; Lambeat. e2015) or community composition and species
interactions (Guasch et al., 1998; Bérard et 809).

Global warming and increasing frequency of extratiate events (Easterling et al., 2000; Wreford
and Adger, 2010) mean that freshwaters may inarghsiundergo strong fluctuations in water
temperature that can extend beyond normal seasodatlaily temperature variations (Smith, 2011).
In lotic ecosystems, such variations in water tenafpee can impact periphyton, and thus potentially
influence community tolerance to toxicants. Boiwh al. (2005) showed that periphytic bacterial
communities growing at 14 °C and 20 °C under Cuosype were respectively three and six times
more Cu-tolerant than communities growing at 10 B@rras et al. (2013) showed that spring
lacustrine phototrophic periphyton growing at 18WW&s more sensitive to a herbicide mixture than
that growing at higher temperatures (i.e. 21 °C7@4and 28 °C). Contrastingly, Morin et al. (2017)
recently suggested a decrease in Cu tolerance rdemphototrophic periphyton with temperature
(from 8 °C to 23 °C), where higher temperatureseiesed diatom species diversity and exacerbated
community sensitivity towards Cu. While being searhese earlier results suggest that temperagure i
an important environmental parameter to consideennimterpreting results from PICT approaches
seeking to establish firm causal links between mioraCu exposure and effects on phototrophic

periphyton.

Since little is known about the influence of tengiare on the response of phototrophic periphytic
communities to acute and chronic exposure to Cmf{ieat et al., 2016; Morin et al., 2017), the aim of
this microcosm study (Fig. 1) was to assess thectffof two contrasting water temperatures (18 °C
and 28 °C) on (i) the baseline level of Cu tolemimcnon-exposed phototrophic periphyton (i.e.ctffe
of temperature on tolerance baseline), (ii) Curtoslee acquisition by phototrophic periphyton in
response to 3-week chronic exposure to Cu at amambncentration of 6Qg L- 1 (i.e. effect of
temperature on PICT selection) and (iii) the résgliCu tolerance levels measured after short-term
toxicity test on photosynthetic efficiency (i.efeft of temperature on PICT detection). Based on
previous studies showing that a 10 °C temperahaease could significantly modify the community
structure of phototrophic periphyton (Di Pippo &t 2012; Larras et al., 2013; Lambert et al., 2016
Morin et al., 2017) and select diatom species eatthigblower tolerance to Cu (Morin et al., 2017 w
hypothesized that communities growing at 28 °Chwit without Cu exposure, would be less tolerant
to subsequent acute exposure to Cu during PICTilmiethan communities growing at 18 °C.

2. Materialsand Methods

2.1. Experimental set-up

The microcosm experiment was carried out usingnti2pendent aquariums (glass, 40 x 20 x 25 cm)
incubated in two tanks (polyethylene, 250 L, 12&1xx 33 cm) containing water thermoregulated at
18 °C (i.e. close to the average temperature meddarthe field during the sampling period) and
28 °C, respectively (Fig. 1). This high 28 °C temgtere was chosen as a worst-case scenario, based
on the temperatures recorded in the Morcille rivehere the periphyton used in this study was
sampled (26.9 °C recorded at 6:00 pm on 21/07/201/%e downstream section of the Morcille river,
unpublished data).

In each tank, six microcosms were filled with 1§i.ke. 20 cm depth) of reconstituted water consistin
of 3:1 (v/v) distilled water:groundwater supplemezhtvith nutrients to adjust conductivity (i.e. abou
180 uS cnt+ 1) and nutrient concentrations (i.e. 15 mg L— 1 silica; 8 mg L— 1 nitrates; 0.2 mg L— 1
phosphates) to the characteristics of the Mordider (Dorigo et al., 2010) (Table 1). Each micrsgp
was fitted with a submerged pump (New Jet 800)eipkthe water constantly mixed and oxygenated,



and each tank was fitted with three submerged putopsomogenize water temperature. High-
pressure sodium lamps were used to deliver a aarigjat intensity of 3500 Ix (42.dmol m— 2 s— 1)
under a 13 h/11 h light/dark photoperiod, correslirog to the field conditions at the sampling date
(May 19th, 2014). For each temperature conditian (8 °C and 28 °C), three microcosms were used
as control microcosms (without Cu addition), ange¢éh“Cu” microcosms were supplemented with
CuS04:5H20 to obtain a Cu concentration close tpg@Q- 1. This high Cu exposure level was
chosen based on previous studies (e.g. Tlili e28t10; Lambert et al., 2012) in order to promdie t
selection of tolerant species and induce significhianges in community composition compared with
the non-exposed control microcosms. To limit Cuogplson by the experimental equipment during
the exposure period, Cu microcosms (including ghlisies and pumps) were contaminated using the
same Cu concentration for 24 h before the statttefxperiment. All the microcosms were filled with
uncolonized artificial substrates (glass slidesatow periphyton settlement during the experiment.
Just before the experiment started, stones welected at the reference upstream site of the Mercil
river to retrieve periphyton (Beaujolais, Easterariee, see Montuelle et al. (2010) for details)e Th
periphyton was scraped and suspended in river wat@btain a periphytic inoculum, which was
homogenized, and then added in equal volumes tthalmicrocosms at the start of the experiment
(Week 0).

The study lasted 5 weeks. During Week 1, the wlateal of each microcosm was adjusted, and each
nutrient was added to maintain the initial tropbnditions. Water was then renewed weekly to
maintain Cu exposure and avoid nutrient depletilom Week 2 to Week 5, the main physical and
chemical water parameters were measured in eadriagqubefore and 2 h after each water renewal.
Conductivity, pH, and dissolved oxygen concentragiaere measured using portable meters (WTW,
Germany). Water samples were collected at the siamecfor subsequent laboratory analyses.

Water temperature was recorded every hour with ldggers (HOBO® Pendant Temperature/Light,
Prosensor). Water temperatures in the microcosme alese to the target temperatures, with mean
values of 18.3 °C (x 0.5; min 17.5, max 19.9) add2C (+ 1.8; min 22.9, max 29.4), respectively,
with no significant difference between control &l microcosms.

Non-Cu-exposed Cu-exposed Fig. 1.
communities (Control) communities (Cu)

Microcosm experimental
Short-term

Growth temperature toxicity test Growth temperature design and strategy.
(3 weeks) temperature (5 weeks)
{2 hours)

Microcosm 1 Microcosm 7
— 18°c Microcosm 2 é’ 18°C b— Microcosm & 18°c =
Microcosm 3 1 Ej_‘fect Of 2. Eﬁe{'f Df Microcosm &
temperature temperature
on tolerance on PICT

Microcasr 4 mCrocosm 10

baseline ? selection ?
- 28°c Microcosm & é 280(: b‘ Microcosm 11 zsgc -

Microcasm B Micracasen 2

3. Effect of temperature on PICT detection?
> | 23°C | €

2.2. Chemical analyses

Standard operating procedures were followed torohte the concentrations of orthophosphates
(PO4; NF EN ISO 6878), nitrates (NO3; NF EN ISO Q€83 nitrites (NO2; NF EN 26777),
ammonium (NH4; NF T 90-015-2), silica (SiO2; NF U-907) and dissolved organic carbon (DOC;
NF EN 1484).



To measure dissolved Cu concentrations, 30 mL efonosm water was sampled before and after
each water renewal, filtered (0.48n polyvinylidene difluoride (PVDF) filter, Whatmangcidified
with 0.5% (v:v) nitric acid (Suprapur, Merck), agtbred at 4 °C until analysis. Filtered water saspl
were analyzed using inductively coupled plasma ssvspectrometry (ICP-MS XSeries Il, Thermo
Electron). Quality controls were routinely checkesing a certified reference material (Environment
Canada, TM 27-3, Lake Ontario natural water) tockh@nalytical accuracy (97%) and precision (+
12%).

In the control microcosms, dissolved Cu concemirgtiremained very low (0.4 + Ogdg L- 1)
throughout the experiment. In all Cu microcosms2dt after water renewal, mean dissolved Cu
concentrations were 63.0 = 88 L- 1 with no significant difference among treanitsee As
previously observed in similar microcosm experirsghtambert et al., 2012, 2016), Cu concentrations
decreased strongly between each water renewal @3¥h to 60% according to the sampling time).
Mean dissolved Cu concentrations before water rahesgre 32.2 £ 8.,g L- 1, with no significant
difference among treatments.

Initial conditions (after water Conditions after 1 week (before water Table 1.
renewal) renewal)
All microcosms (n = 12) Control {n = 3) Cu(n=3) Physical-chemical characteristics of water
in the control and Cu microcosms for the
18°C 28°C 18°C 28°C o ]
four tested conditions before (i.e.
7 £ q q g g
PH 87204 85¢03 88+02 83£03 B5£05 conditions after 1 week) and 2 h after
Conductivity 146 + 4 132£13  127+22  148+4 153 + 11 each water renewal (i.e. initial
(uS cm™1) conditions), for 5 weeks (means value +
DO (mg L~ 1) 8.64 £ 0.62 953+054 8684037 932037 811:069 standard deviation [s.d.], n = 3).
DOC (mg L) <05 1014041 121£027 060010 087+068 . .
DO, dissolved oxygen; DOC, dissolved
NO, {mg L) 6.43 053 260£240 2402110 526105 5412154 groanic carbon
NO, (mg L) <0.02 <002 003+£002 002+001 008+0.04
NH, (mg L~ 1) <0.02 <002 <0.02 003001 007+005
PO, (mg L~ ") 0.20 +0.04 0.04£0.01 <0.03 010+006 007+005
5i0, (mg L~ 1) 440074 110+106 076048 440101 483145

2.3. Periphyton characterization and tol erance assessment

The biofilm growth cycle includes successive phasasiely initial cell attachment to a surface,
microcolony formation, biofilm maturation and ddtawent (also termed dispersal). Given the
importance of the growth state on PICT measurertiearnhbert et al., 2015), the sampling strategy
used to collect periphyton in the microcosms wasetlaon growth curve analysis to perform PICT
analysis on biofilms collected during their advahstage of maturation (and before cell detachment).
Periphytic communities were collected at the endhef exponential growth (i.e. mature state) to
assess the tolerance levels on mature assembldmgleslimiting the cell detachment process. In the
control microcosms, algal biomass rapidly increagedl a mature periphyton was obtained within
three weeks. By contrast, Cu induced a slower ggakth, and periphyton became mature only after
5 weeks. Accordingly, periphyton characterizatiom @olerance assessment were performed after 3
weeks of development for control communities (tmitli cell detachment) and after 5 weeks of
development for Cu communities. About 15 slidesenandomly collected in each microcosm, and
periphyton was carefully scraped off with a raztadie, suspended in 1:1 (v/v) demineralized:mineral
water (Volvic, France), and homogenized to obtaie periphyton suspension per microcosm. Each
suspension was divided up into different volumes&asure the following parameters.



To measure algal cell density, 2 mL of periphytogmension was immediately fixed in formalin (37%
formaldehyde, Prolabo, France) for counting. Eamimme was counted using a Nageotte counting
chamber (Marienfeld, Germany). After homogenizatib®5ulL of sample was placed in the counting
chamber, and the total number of cells was recoiraé® fields of the gridded area (1.2b each, 0.5
mm depth) under light microscopy at x 400 magniitza(Olympus BX51 upright microscope, UK).
Microalgae were counted individually (i.e. enuminatof all cells when forming colonies) and
discriminated, based on their morphological feaumto diatoms, chlorophytes and cyanobacteria.
For diatoms, dead and live organisms before fixatieere distinguished by observation of the
turgidity and color of the chloroplast, as desatibeMorin et al. (2010).

Aliquots of periphyton suspension (3 mL) were alsed to determine total chlorophyll a (chl a) and
photosynthetic efficiency by multiwavelength pulseplitude-modulated (PAM) fluorimetry on a
Phyto-PAM system (H. Walz, Germany) as describedsehmitt-Jansen and Altenburger (2008).
Photosynthetic efficiency was based on measuremwietite maximum PSIlI quantum vyield (PSII)
(Schmitt-Jansen and Altenburger, 2008), a meastiré¢he physiological state of phototrophic
communities (Tlili et al., 2010).

Photosynthetic efficiency was also used as endpoiassess the tolerance of phototrophic periphyton
communities to Cu in the PICT approach, followingntbert et al. (2015) with slight modifications.
Given the influence of periphyton biomass on PICdasurement (Lambert et al., 2015), we diluted
the initial periphyton suspension with an equivalaixture of demineralized water and mineral water
(Volvic, France) to obtain a periphyton suspensioncentration of about 200@y chl a L- 1 (as
measured with the Phyto-PAM fluorimeter) for eacdmple before exposure of periphyton to
increasing Cu concentrations.

A semi-logarithmic series of Cu concentrations whasshly prepared in the same 1:1

demineralized:mineral water mixture to obtain n@e concentrations, ranging from 0.32 to 3200 mg
L- 1. The Cu concentration of each solution wadyaea by ICP-MS as described above; 1.8 mL of
the periphyton suspension was then exposed foto20t@ mL of the different Cu solutions, to obtain

final Cu concentrations ranging from 0.1 to 1000lmgdL.

The short-term (2 h) incubation was performed immatic chambers (MLR-350 Versatile
Environmental Test Chamber, Sanyo) under artifiigtit (1400 Ix). To evaluate the influence of
growth temperature on tolerance acquisition (isirdy the PICT selection phase), the short-term
incubation was carried out at the temperature @fniicrocosms during growth (i.e. 18 °C and 28 °C,
respectively) (Fig. 1). To assess the influencenotibation temperature on tolerance measurement
(i.e. during the PICT-method detection phase),dhert-term incubation was also carried out at the
intermediate temperature between the two temperatumditions tested (i.e. 23 °C) (Fig. 1).

After 2 h incubation with the nine Cu solutionsréé independent analytical replicates per replicate
sample and per concentration) and the water bk ihdependent analytical replicates per repécat
sample), periphyton suspensions were kept for 30 imia dark chamber, and maximum quantum
yield of PSIl was then measured on the Phyto-PAGS (6m).

2.4. Satigtical analysis

Variations in water and periphyton characteris{isysical and chemical characteristics, chl a, PSII
yield, cellular density) between temperature coodg (during growth and toxicity tests) were tested
by ANOVA followed by a post hoc Tukey test usingv&sion 2.15.0 (R Development Core Team,
2012). Data were log-transformed before statiséeellysis to satisfy the conditions of normalitylan

homogeneity of variances. The analysis of resutismfshort-term bioassays was conducted using
functions from the ‘drc’ package (Ritz and Strejl®#§05) in R version 2.15.0 (R Development Core



Team, 2012). For each microcosm, the dose-respomnse was fitted to the data using the four-
parameter log-logistic model given by the formula:

d-c
1+ exdb X (|Og(DOSe) - |09(e))}

)

response=c +

where b is slope of the curve around e, ¢ and dtleelower and upper limits of the curve,
respectively, and e is EC50, the dose producirgspanse half-way between the upper and the lower
limit of the curve. The response variable was esggd as the percentage of the yield of the
uncontaminated control assay. EC50 was derived &aamn dose-response curve. ANOVAs followed
by Tukey HSD tests were used to determine sigmfib@tween-treatment differences in EC50, upper
and lower limits, slope and percentage of inhihbitio

3. Resultsand discussion

3.1. Effect of temperature on tolerance baseline

One limitation to the use of PICT in monitoring grams is the lack of knowledge about theoretical
tolerance baselines that would preclude the needeference samples in field studies (Pesce et al.,
2016). The difficulty defining baseline values igedto spatial and seasonal variability in basal
community tolerance related to the effects of wasicenvironmental factors, which cannot be
controlled during in situ exposure and can act @¥faunding factors (Coulaud et al., 2011). To
evaluate the potential influence of a drastic cleang temperature on the baseline tolerance of
phototrophic periphyton to Cu, we assessed thetedfiea 10 °C temperature rise on the Cu tolerance
levels of non-Cu-exposed communities. The magnitnld range of the temperature increase were
chosen as representative of extreme climatic everitee Morcille river where the periphyton used in
this study was sampled (e.g. increase in water ¢emyppre from 18.3 °C to 25.8 °C between
21/06/2015 and 01/07/2015, unpublished data).

To avoid temperature stress during the measuremeriiaseline tolerance, toxicity tests were
performed at growth temperature (i.e. 18 °C and@8or periphyton growing at 18 °C and 28 °C,
respectively). After a growing period of three week 18 °C, which was representative of the river
temperature during the initial sampling of perigint the basal tolerance of control phototrophic
communities was characterized by an EC50(18 °Q)evédr Cu of 2.58 + 0.31 mg L- 1 (Table 2).
EC50(28 °C) values obtained with non-Cu-exposedngsonties growing at 28 °C (0.71 = 0.41 mg
L- 1) were about three orders of magnitude lowemtlthose obtained with 18 °C communities,
revealing a notable decrease in their toleranc€uceven if it was not statistically significant #p
0.99). This result is consistent with the recendifigs of Morin et al. (2017) who observed that
warming (from 8 °C to 23 °C) significantly decredsthe basal tolerance of phototrophic biofilms
towards acute exposure to Cu. In their study, bHange in basal tolerance was mainly attributabke to
change in phototrophic community structure sinceperature appeared to be an important driver for
several diatom species (Morin et al., 2017) asiptesly shown (De Nicola, 1996; Larras et al., 2013)
In the present study, the increase in the sertyitioiCu at higher temperature in control photoliop
communities may stem, at least partially, from el changes. In our experimental conditions, the
10 °C temperature increase was an important daf/@hototrophic community evolution, where we
found an increase in algal densities (Fig. 3),artipular in cyanobacteria, either solitary or famg
short filaments. The observed decrease in basalatte may also have been due to physiological
stress induced by the marked temperature increabech could have weakened phototrophic
communities, thus increasing their sensitivity absequent stress (i.e. Cu exposure during theityxic
test). This hypothesis is supported by the sigaificdecrease observed in PSIlI values at 28 °C (p =



0.006; Fig. 2), which revealed an inhibitory effefttemperature on photosynthesis. The influence of
temperature on periphyton photosynthesis has heEsealy researched, and results differ signifigantl
among studies. For example, at variance with osult® Baulch et al. (2005) reported an increase in
photosynthetic activity of periphyton when temperatincreased by 4.5 °C (with initial temperatures
ranging between 9.3 °C and 14.3 °C), whereas Latras (2013) found that increasing the growing
temperature from 18 °C to 28 °C had no effect anrfaximum PSIl quantum yields of lacustrine
periphyton. This inconsistency among studies cdwdd due to differences in initial taxonomic
composition, and/or to differences in temperatuadignts tested. It is well known that the thermal
optimum for photosynthesis varies according to ladgecies (Necchi, 2004). In our case, the 10 °C
temperature rise probably exceeded a temperatudétad threshold for community tolerance.

Control Cu

Growth temperature (°C) 18 28 18 28

Incubation temperature (°C) 18 23 28 23 18 23 28 23

ECso (mg/L) 2.58+0.31(a) 201+041 (a) 0.71+ 0.41 (a) 1.35£0.68 (a) 44.82 £14.13 (a) 40.02£2.32 (a) 141+ 0.14 (b) 1.76 £0.90 (b)
Slope 0.57 +0.11 (a) 0.64 +0.09 (a) 1.09+0.47 (a) 1.00 + 0.45 (a) 1.90+0.37 (a) 2.34+0.20 (a) 1.00 +0.38 b) 0.89 +0.30 (b)
Upper limit (yield; relative unit) 0.52+0.01 (a) 0.56 +0.02 (a) 0.46 £ 0.02 (a) 0.45 +0.07 (a) 0.53+0.01 (a) 0.52 +0.01 (a) 0.32£0.03 (b) 0.28 £0.07 b)
Lower limit (yield; relative unit) 0.00 +0.00 (a) 0.00 +0.00 (a) 0.00 + 0.00 (a) 0.03 £0.05 (a) 0.19 +0.06 (a) 0.15+0.04 (a) 0.01+0.01 (b) 0.00 £0.01 (b)
PSII (% of control) 100 +0 (a) 100 +0 (a) 100 0 (a) 93+13 (a) 64+11 (a) 71+8 (a) 98 +3 (b) 99 +2 (b)

Table 2. Tolerance measurements: summary of parameters derived from the dose-response curves obtained from
short-term bioassays for control and Cu-exposed community microcosms. For a given parameter and a given Cu
exposure context, different lower case letters indicate significant differences (p < 0.05) between temperature. Values
are means * standard deviation for each microcosm (n = 3).

These results reveal that changes in temperataraatably modify the basal capacity of phototrophic
periphyton to tolerate subsequent exposure to Gis. Means that temperature is an important factor
to consider when modeling the influence of envirental parameters to determine theoretical basal
tolerance to metals. However, given the extremeé&zature rise tested in the present work as well as
the lack of statistical significance of the obsenteend effect, further research is needed to naake
more accurate assessment of how the basal tolecancke influenced by more realistic temperature
variations (e.g. seasonal and daily temperaturati@ns or gradual increase following a prolonged
heat event).
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3.2. Effect of temperature on PICT selection

The literature reports strong evidence that sewgeslk exposure to Cu at environmental
concentrations of some tensy@f L- 1 (e.g. about 10g L— 1 in Tlili et al., 2011; about 25 ug L— 1 in
Lambert et al., 2012) can induce structural chamgesototrophic periphytic communities, leading to
an increase in their Cu tolerance (i.e. PICT silakt In our experiment, phototrophic communities
were exposed to Cu concentrations betweem@4 - 1 (i.e. lowest concentration recorded before
water renewal) and 69y L- 1 (i.e. highest concentration recorded aftatevrenewal). This exposure



level remains environmentally relevant given that@@ncentrations can reach several hungget-

1 in highly contaminated rivers (e.g. Hirst et &002; Cantonati et al., 2014). Unsurprisingly,
phototrophic periphyton growing for 5 weeks at £8With no heat stress treatment and under such Cu
exposure exhibited high tolerance levels to Cu (TS °C) of 44.8 + 14.1 mg-L1; Table 2). The
EC50 value was thus 17 times higher than that ebdein control communities growing for 3 weeks
at 18 °C (2.6 £ 0.3 mg L- 1). Despite the differenno growth duration between control and Cu-
exposed communities, which prevents statistical paomaon, this large difference evidenced an
adaptation of phototrophic periphyton to Cu follagyichronic exposure. This result is in accordance
with Soldo and Behra (2000), who reported a 6-folitease in tolerance of phototrophic periphyton
communities (based on EC50 values using photossistinates measured by the 14C technique) after
12 weeks of exposure to Cu at 631§ L- 1 (nominal concentration). To assess the eftdc
temperature on PICT selection, phototrophic petiphgommunities were simultaneously exposed to
Cu and subjected to a 10 °C increase. The EC5@28f°Cu-exposed communities at 28 °C was over
30 times lower (1.41 + 0.14 mg L- 1) than the EAB0{C) of Cu-exposed communities at 18 °C
(44.8 £ 14.1 mg E 1; Table 2), highlighting that the 10 °C increase in temperature led to a sharp,
significant decrease in tolerance levels of Cu camities (p < 0.001). Furthermore, the lower limit
observed in the dose-response curves showed thhyiEfel was almost completely inhibited (i.e.
98%) when Cu-exposed communities growing at 28 &tevexposed to the highest Cu concentration
tested (3200 mg L- 1) in bioassays, whereas thé W&t of Cu-exposed communities growing at
18 °C was only reduced by about 64% (p < 0.001jerah Moreover, the upper limit revealed that
basal PSIl yield of Cu-exposed communities was fomte28 °C (0.32 + 0.03) than at 18 °C (0.53 £
0.01; p < 0.001). The same significant decreadeSh yield between 18 °C- and 28 °C-Cu-exposed
communities was also observed when the measuremantmade immediately after periphyton
sampling in the microcosms (p < 0.001; Fig. 2).sTkirong decrease in PSII yield revealed a
significant effect of the temperature increaset@pghysiological state of the chronically Cu-exgbse
phototrophic communities. This effect could haveakemed the Cu-exposed communities growing at
28 °C, decreasing their capacity to tolerate aegipsnt acute exposure to copper, as suggestee by th
EC50 values. As mentioned above for non-exposedraarities, changes in phototrophic community
composition may also explain the increased vulriifylof periphyton towards acute exposure to Cu
(Morin et al.,, 2017). With long-term Cu exposuraatdms were almost eliminated from the
community: at 18 °C; diatoms only accounted forwhb®01% of the communities (Fig. 3), with a
mortality of 15.7 + 9.7%. This suggests that greégae and cyanobacteria were more Cu-tolerant.
However, the 10 °C increase in temperature lechamges in the growth forms of both green algae
and cyanobacteria. At 18 °C, soft algae in Cu-egdasommunities were mostly solitary, or formed
short 3-5 cell fragments, whereas the higher teatpeys favored long filamentous colonies. The
more heterogeneous algal community growing at 18 mostly composed of solitary cells with
probably different sensitivity levels to Cu, couleiplain the higher tolerance to low Cu
concentrations, and the sharp decrease in PSH gielund the EC50, as shown by the significantly
higher slope (Table 2) at 18 °C (1.90 + 0.37) tha8 °C (1.00 £ 0.38) (p = 0.022).
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These results thus suggest that in our experimeataditions, temperature and metal stress acted
antagonistically on community tolerance acquisitiaith a reduced tolerance to copper of the Cu-
exposed communities grown at 28 °C. These findargsconsistent with our initial hypothesis which
was based on the results of Morin et al. (2017) ¥dund that a temperature gradient increase from
8 °C to 23 °C selected for less Cu-tolerant diapecies, leading to a decrease in Cu-induced
community tolerance. Assessing in laboratory comalét the effects of Cu on the structure of mature
biofilms collected in Dutch rivers, Barranguet dt €002, 2003) observed that phototrophic
communities collected in summer (at a water tentpegaof 19.5 °C) were more strongly impacted by
Cu than communities collected in spring (11.5 °&Yased mature biofilms collected in Dutch rivers
to copper in laboratory conditions. Their work slealithat water temperature may lead to contrasting
responses of diatoms to Cu exposure. Performingy@ab in situ study in a river contaminated by
cadmium and zinc, Morin et al. (2015) demonstratet the effects of metal pollution on diatom
diversity were more drastic during the hottest swmsm Altogether, present and previous results
evidence the influence of temperature on the aitiuisof tolerance of phototrophic periphytic
communities to Cu and other metals. That meanstémaperature is an important factor to consider
when using PICT to establish causal links betwdenric Cu exposure and effects on phototrophic

periphyton.
3.3. Effect of temperature on PICT detection

Besides the influence of growth temperature onraolee baseline and PICT selection, we also
evaluated the influence of incubation temperatureaderance measured during short-term toxicity
tests, both for determining tolerance baseline {@onexposed communities) and for assessing
induced tolerance (Cu exposed communities). Toethds phototrophic periphyton communities were
incubated for 2 h with increasing concentration€afat their respective growth temperatures (18 °C
or 28 °C) and at an intermediate temperature (33FiQ. 1).

Short-term toxicity tests performed at 18 °C and°€3for control and Cu-exposed communities
growing at 18 °C found similar upper limits (i.eiejs of uncontaminated control assay; CO)
irrespective of incubation temperature (p > 0.75cfantrol and p > 0.99 for Cu; Table 2), suggestng
lack of any direct effect of short-term incubatiemperature on photosynthetic efficiency. Moreover,
incubation temperature had no effect (p betweed ar@l 1.00) on the lower limit and slope of the
dose—response curves (Fig. 4, Table 2). Furtherntbeze was no significant difference between
EC50 values obtained via short-term toxicity tedt$8 °C or 23 °C for either controls (about 2 mg L

1, p > 0.99) or Cu-exposed communities (about 40Lmgl, p > 0.93). Likewise, at a growth
temperature of 28 °C, there was no significantedéhce between EC50 values obtained from short-
term toxicity tests at 28 °C and 23 °C for eithentrols (about 1 mg L- 1, p > 0.99) or Cu-exposed
communities (about 1.5 mg L- 1, p = 1.00). Thidgtthus demonstrated that a 5 °C variation in
incubation temperature applied during short-termicity tests had no significant influence on
measured tolerance, regardless of the growth teayerand Cu exposure history.

Our investigation on the influence of thermal cdiotis on PICT measurement addresses the
challenge of improving the standardization of Pl@pproaches for integration into regulatory
frameworks for assessing ecological and chemiedustof aquatic ecosystems (Pesce et al., 2016;
Tlili et al., 2016). In our experimental contexfdain the absence of any influence of temperature
during short-term incubation, we have demonstrateat Cu tolerance measurements can be
performed at a fixed intermediate temperature withaterfering with the interpretation of results.
Nevertheless and despite the lack of significaatistical difference between incubation temperature
in our experimental conditions (p < 0.05) it iseirgsting to note that, whatever the growth tempegat
(i.,e. 18 °C and 28 °C) and the Cu treatment (ient®l and Cu), mean EC50 values were always
lower at higher incubation temperature during stem toxicity tests (i.e. 23 °C vs 18 °C and 28 °C



vs 23 °C). This observed trend may suggest anaser@ the sensitivity of phototrophic communities
to acute toxicity of copper in response to tempeeatincrease during short-term toxicity tests.
Keeping in mind that in the field, the winter-summtemperature swing can exceed 10 °C (e.g. Pesce
et al., 2008; Pesce et al.,, 2010), it will be neags to further test the influence of incubation
temperature for greater differences in growth temapee (i.e. difference between growth and
incubation temperatures > 5 °C). We also note ihima-daily temperature variations may be an
important factor to consider in studies assessirgcombined effects of temperature and toxicamts: o
the downstream reach of the Morcille river; thefadiénce between minimum and maximum daily
water temperature can reach 6 °C on sunny summyer(dapublished data), and comparable orders of
magnitude have been observed in other rivers inaBla (Pekarova et al., 2011) and in Montana
(Gammons et al., 2005).
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4. Conclusions

5.

Assessing the ecological effects of pollutantsrismaportant aspect of regulations dealing with the
sustainable management of water resources. Icohigxt, scientists and regulators face the chgdélen

of going beyond the estimation of pollutant concatidns to take into account the ecotoxicological
effects on exposed aquatic communities. Among rhiat@cotoxicological approaches, the pollution
induced community tolerance (PICT) concept has lpgemen to be a powerful metric to better link
the assessment of ecological and chemical statasaslystems (Pesce et al., 2016; Tlili et al., 2016
However, prior its implementation in regulatoryrfraworks as a suitable biomonitoring tool, further
work is required to standardize PICT measurement @afine baseline tolerance levels at large
geographical scales. The present results obtaigekdiing an extreme environmental scenario (in
terms of temperature increase and Cu exposuregesgd the potential influence of temperature on
both the basal capacity of phototrophic periphytotolerate subsequent exposure to Cu (i.e. infeen

on tolerance baseline), and its capacity to acdalezance after chronic exposure to Cu (i.e. ifice

on PICT selection). They reveal that temperatuoaishbe an important factor to consider when using
PICT at a large geographical or temporal scalee@alty for integrating PICT within regulatory



frameworks to assess ecological and chemical stdtaguatic ecosystems. Accordingly, it would be

relevant to develop strategies for modeling théuerice of temperature on PICT approaches (using
Cu as model compound) to make measurements contpanagpace and time by considering robust

reference conditions defined at a larger scale l@tolet al., 2011).
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