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ARTICLE INFO ABSTRACT

Edited by: Paul Sibley Climate warming is a threat of imminent concern that may exacerbate the impact of nitrate pollution on fish

fitness. These stressors can individually affect the aerobic capacity and stress tolerance of fish. In combination,

Keywords: they may interact in unexpected ways where exposure to one stressor may heighten or reduce the resilience to

Climate .Cha.nge another stressor and their interactive effects may not be uniform across species. Here, we examined how nitrate

i“tmp_hlcanon pollution under a warming scenario affects the aerobic scope (AS), and the hypoxia and heat stress susceptibility
ypoxia

of a generally tolerant fish species, common carp Cyprinus carpio. We used a 3 x 2 factorial design, where fish
were exposed to one of three ecologically relevant levels of nitrate (0, 50, or 200 mg NO5” L™!) and one of two
temperatures (18 °C or 26 °C) for 5 weeks. Warm acclimation increased the AS by 11% due to the maintained
standard metabolic rate and increased maximum metabolic rate at higher temperature, and the AS improvement
seemed greater at higher nitrate concentration. Warm-acclimated fish exposed to 200 mg NO5™ L™! were less
susceptible to acute hypoxia, and fish acclimated at higher temperature exhibited improved heat tolerance
(critical thermal maxima, CTMax) by 5 °C. This cross-tolerance can be attributed to the hematological results
including maintained haemoglobin and increased haematocrit levels that may have compensated for the initial

Aerobic capacity
Cross-tolerance
Multiple stressors

surge in methaemoglobin at higher nitrate exposure.

1. Introduction

Aquatic ecosystems are afflicted by “cocktails” of environmental
stressors which put tremendous pressure on the organisms living therein
(Jackson, et al., 2015; Reid et al., 2018). As such, protection of aquatic
biota hinges on how well we understand the compounding effects of
stressors. However, acquiring comprehensive knowledge on the cumu-
lative effects of stressor combinations is complicated by the diversity of
ecological adaptation among species and the tendency of stressors to
interact non-additively. This renders single stressor research with little
predictive power, and thus necessitates multi-stressor experiments on a
vast number of species (Todgham and Stillman, 2013; Jackson et al.,
2015; Coté et al., 2016; Reid et al., 2018).

Climate warming is one of the environmental stressors that poses
immense threat on the persistence of aquatic biota. Global average
temperature has been rising since 1970 (IPCC, 2018) and models predict
up to 7 °C rise in global air temperature over the next century (Ficke
et al., 2007) with similar increases in water temperature (Reiger and
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Meisner, 1990). The continuous temperature rise, together with the
more frequent and intense heat waves that are forecasted to occur as
climate warming progresses (Ficke et al., 2007), are particularly pre-
carious for ectothermic organisms, including fishes. Physiological
functioning of ectotherms is dictated by their thermal environment
(Guderley and Blier, 1988) making them at risk of performance re-
ductions when temperatures exceeds their thermal limits (Portner et al.,
2001; 2017). As conceptualized by the oxygen- and capacity-limited
thermal tolerance (OCLTT) concept, the reduction in organismal per-
formance induced by high temperature is assumed to arise from the
diminished aerobic scope (AS, Portner et al., 2017). AS is the difference
between the standard (SMR) and maximum metabolic rates (MMR), and
it represents the capacity of organisms to supply oxygen needed beyond
maintenance requirements to support fitness-related activities (Clark
etal., 2011; Portner et al., 2001). The OCLTT concept presents that AS is
optimized within a given temperature range but it declines as temper-
ature approaches both lower and upper thermal limits (Portner et al.,
2001; 2017). Concurring with this concept, several studies reported that
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AS declines at temperatures beyond the upper thermal optima due to the
inefficiency of the cardiorespiratory systems (manifested by the pla-
teauing or declining MMR) to support the increased cellular oxygen
demands (reflected by the increasing SMR) induced by warming (Eli-
ason et al., 2013; Healy and Schulte, 2012; Munoz et al., 2018; Sand-
blom et al.,, 2016). This warming-induced narrowing of AS may
eventually reduce fitness-related performance such as growth, locomo-
tion, digestion, stress tolerance, and reproduction (Clark et al., 2011;
Healy and Schulte, 2012; Portner et al., 2017). However, the generality
of this concept was brought into question as it is not applicable across
species (Grans et al., 2014; Lefevre, 2016; Norin et al., 2013; Poletto
et al., 2017).

The menace posed by rising global temperature is further compli-
cated by its probable interaction with existing environmental threats
including eutrophication. Eutrophication is characterized by the devel-
opment of nuisance algal blooms stimulated by excess concentration of
nutrients such as nitrogen (ammonia, nitrite and nitrate) and phos-
phorus, which eventually results in nightly or prolonged hypoxia events
(Camargo and Alonso, 2006; Diaz-Alvarez et al., 2018). As climate
warming proceeds, more eutrophic events are expected as temperature
elevation may boost nutrient cycling rates (Dokulil and Teubner, 2011;
Ficke et al., 2007) and accelerate algal growth (Paerl and Huisman,
2008). Furthermore, warming is foreseen to intensify hypoxic events by
lowering the oxygen solubility of water and by boosting the metabolism
of microorganisms that drive eutrophication-induced hypoxia (Ficke
et al., 2007; Paerl and Huisman, 2008).

Of the nutrients that trigger eutrophication, nitrate is the most
prevalent and abundant (Camargo et al., 2005; Camargo and Alonso,
2006; Durand et al., 2011) with concentrations approaching 10-100
folds higher than background levels (0-2 mg NO3™ L™!) for prolonged
periods in areas with high agricultural and urban runoff (Galloway et al.,
2004; Goeller et al., 2019). Prolonged exposure to nitrate can be detri-
mental to aquatic fauna (Gomez Isaza et al., 2020a). Nitrate is taken up
by freshwater fishes passively through the gills (via the HCO3/Cl°
exchanger) and accumulates in the plasma (Stormer et al., 1996;
Camargo and Alonso, 2006). Nitrate that is taken-up is endogenously
transformed to nitrite (Camargo et al., 2005; Monsees et al., 2017)
which converts blood oxygen-carrying protein, such as haemoglobin
(Hb) in fish, to a non-oxygen carrier form — methaemoglobin (MetHb,
Gomez Isaza et al., 2020b). The formation of MetHB, together with the
reduction of total haemoglobin content and haematocrit (Hct), may
lower blood oxygen carrying capacity and consequently reduce MMR
(Gomez Isaza et al., 2020b). At the same time, stimulation of energy
demanding coping mechanisms (such as the MetHB reductase system:
Huey et al., 1984; Jensen et al., 1987) in response to nitrate exposure
may also increase the SMR. Just like warming, these nitrate-induced
metabolic changes can result in the narrowing of AS which can cause
detrimental downstream effects on functional performance. Indeed, a
recent meta-analysis showed that nitrate exposure generally reduces
survival by 62%, curbs growth by 29%, lessens activity by 79%, and
increases incidence of developmental deformity by 184% in freshwater
fauna (Gomez Isaza et al., 2020a).

Despite the negative isolated effects of warming and nitrate, some
species seem to thrive in warm nutrient-rich waters. For instance,
common carp (Cyprinus carpio), a widely distributed fish species with
great ecological and economic importance, tends to live in warmer
rivers (Korwin-Kossakowski, 2008; Oyugi et al., 2012). Moreover, their
natural habitats are characterized by turbid, nitrate-rich (thus
frequently hypoxic) waters (Huser et al., 2016), partly due to the their
tendency to perform bioturbation (Bajer and Sorensen, 2015). Despite
this, the mechanism underlying their resilience under this multi-stress
condition is not completely understood. Stressors often interact
non-additively, where the effects of combined stressors can be greater
(synergistic) or lesser (antagonistic) than the summed effects of indi-
vidual stressors (Crain et al., 2008; Piggott et al., 2015; Todgham and
Stillman, 2013). Organismal responses after exposure to one stressor
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may heighten an organism’s susceptibility to other stressors — a phe-
nomenon called cross-susceptibility. Alternatively, exposure to a
stressor may stimulate protective mechanism enabling the development
of increased tolerance to other stressors; termed cross-tolerance (Sinclair
et al., 2013; Kampinga et al., 1995). For instance, cross-tolerance be-
tween warm acclimation (+4 °C) and nitrate (50 mg NO3’ L~ land 200
mg NOs L™1) has been noted when compensatory cardiorespiratory
responses induced by both stressors resulted in a synergistic improve-
ment in aerobic scope of European grayling, Thymallus thymallus
(Opinion et al., 2020). Moreover, it was documented that plasticity of
the gills and ventricle of warm-acclimated silver perch Bidyanus bidya-
nus neutralized the negative effects of nitrate on the aerobic scope,
swimming performance and thermal tolerance (Gomez Isaza et al.,
2020c, 2021). However, T. thymallus exposed to nitrate (50 mg NO3’ Lt
and 200 mg NO3 L) were found to be more susceptible to acute
hypoxia (Rodgers et al., 2021) indicating cross-susceptibility between
these stressors and the inefficiency of the current EU maximum nitrate
limit (50 mg NO3’ L’l, Nitrates Directive 91/676/EEC) to protect this
species against hypoxia.

In this study, we determined the interactive effects of nitrate and
warm acclimation on haematological parameters (Hb, MetHb, HCT, and
mean corpuscular haemoglobin concentrations- MCHC), aerobic per-
formance (AS, SMR, MMR) and acute stress tolerance (heat and hypoxia
stress) using a hardy eurythermal fish species, C. carpio, as model spe-
cies. We employed a 3 x 2 factorial experimental design (total of 6
treatments) where we exposed juvenile C. carpio to one of the three
nitrate concentrations, 0 mg Lt (control), 50 mg Lt (EU Nitrates
Directive 1991: nitrate target of 50 mg L~! for the protection of fresh-
waters systems from nitrate pollution) and 200 mg L ™! (realistic nitrate
concentration in natural and artificial freshwater systems, Hrubec et al.,
1996; Grizzetti et al., 2011; Shukla and Sexena, 2018) and one of the two
temperature levels, 18 °C (control: no heat wave scenario, mean summer
water temperatures in Europe) and 26 °C (intense heat wave scenario,
Hardenbicker et al., 2016; Woolway et al., 2021) for 5 weeks. Given the
resilient nature of the model species, we hypothesized that exposure to
nitrate and warm acclimation would induce C. carpio to exhibit pro-
tective responses enabling it to at least maintain its aerobic performance
and its tolerance to acute hypoxia and heat stress. Furthermore, we
hypothesized that alterations to maintain oxygen transport capacity, as
reflected by sustained haematological parameters, would underly the
resistance of C. carpio under nitrate and warming exposure.

2. Methodology
2.1. Acclimatization and experimental design

All experimental methods complied with the Federation of European
Laboratory Animal Science Associations’ regulations and were approved
by the University of Antwerp’s institutional ethics committee (Permit
Number: 2019-13). Juvenile common carp (C. carpio) were sourced
from Wageningen University, The Netherlands and were transported to
the facilities of University of Antwerp, Belgium where they were accli-
matized to laboratory conditions for seven months prior to the experi-
ment. Fish were maintained in four 210 L tanks (52 cm width x 72 cm
length x 56 cm height; 100 fish/tank) filled with ~175 L EPA medium
hard water (USEPA, 2002; water hardness 84.6 mg L! CaCOs) recon-
stituted from demineralized (Eurowater DPRO B1-1/1) by the addition
of 4 mg L™ KCl, 123 mg L™ MgS0, *H,0, 96 mg L ™! NaHCOj3, and 60
mg L1 CaSO, *H,0 (AnalaR NORMAPUR® analytical reagent by VWR
Chemicals). The fish were fed daily with commercial pellets of 1 mm
(Alltech Coppens) at a rate of 1.5% body mass per day. The tanks were
equipped with submersible water heaters (300 W, Digital Smart Heater,
Superfish), airlines and water filtration systems flowing at an average
rate of 5.0 L min~! through a three-layer biofiltration system (cotton--
gravel-cotton filter layers, 39 cm width, 53 cm length, and 12 cm height
for each layer). The water temperature in the tanks was gradually
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changed from 20 °C to 18 °C and 26 °C at a rate of 1 °C every two days,
and the fish were acclimatized at such temperature for 2 weeks before
the start of the experiment. Temperature was maintained at treatment
levels ( £+ 1 °C) by water heaters. Nitrate levels were kept below 15 mg
L~! by partial water change (~50%) every two days.

After acclimatization, 390 fish (5.7 &+ 1.8 g) were randomly distrib-
uted to thirty rectangular tanks (28 cm width x 60 cm length x 25 cm
height) at a density of 13 fish per tank. Each tank was filled with 42 L
EPA medium hard water, and equipped with fish shelters (PVC tube, 17
cm height x 5 cm diameter) and airlift filters (8 x 8 x 10.5 cm, BioAir
Filter, SuperFish). Tanks were randomly assigned to one of the six
treatments using a random number generator: two acclimation tem-
peratures (18 +£ 1 °Cand 26 + 1 °C) x three nitrate levels (0 + 5 mg NO3’
L_l, 50 + 5 mg NO3 L_l, 200 + 20 mg NOj3’ L_l), producing four
replicate tanks for each acclimation temperature x nitrate level com-
bination. Fish were fed commercial pellets (1 mm, Skretting ME Presta)
to satiation daily. Temperature was maintained at appropriate treatment
levels ( & 1 °C) by water heaters (300 W, Digital Smart Heater, Super-
fish) installed in each tank. Nitrate concentrations were kept within 10%
of nominal concentration by diluting reagent grade NaNOs (GPR REC-
TAPUR by VWR Chemicals) as well as daily partial water changes
(~50%) and siphoning of residual wastes.

Throughout the acclimatization and experimental period, fish were
subjected to 12-h light and 12-h dark photoperiod. Temperature and
nitrate levels were monitored and recorded daily by portable meters
WTW ProfiLine 3310 and HORIBA LAQUAtwin NO3'11, respectively.
The pH and conductivity, measured by a HQ30D Portable Multi-meter
(Hach, USA), was respectively 7.9 + 0.1 and 313 + 4 pS cm™.
Ammonia and nitrite were also measured by Tetra test kits daily and
were maintained below 0.25 mg NHz/NH4" L' and 0.3 mg NOy” L,
respectively, whereas DO was checked by WTW ProfiLine 3310 and
maintained at levels above 80%.

2.2. Heat tolerance

After four weeks of treatment exposure, heat tolerance was assessed
by measuring the critical thermal maxima (CTMax), a repeatable
method to determine maximum thermal limits of organisms (Beitinger
et al., 2000). Similar to the method described by Rodgers et al. (2021),
eight randomly selected, fasted (24 h) and weighed fish from each
treatment were individually placed in cylindrical glass chambers (9 cm
diameter x 17 cm height) filled with 900 ml water at corresponding
treatment condition ( £ 1 °C; + 10% mg NO3” L™1). Glass chambers were
situated in a water bath filled up to maximum level (GFL 1003 model),
and were provided with airlines (to ensure DO saturation remain above
80% during trials) and WTW ProfiLine 3310 portable meter (to monitor
temperature and DO levels). Fish were allowed to recover from handling
stress for 30 min. Thereafter, water temperature within each chamber
was increased at a rate of 0.3 °C min~!. Fish were closely observed
throughout the trials, and trials were immediately terminated once the
endpoint was reached indicated by the loss of equilibrium (LOE). LOE
was defined as the inability to maintain an upright position in the water
column for 10 s and is typically used as endpoint for CTmax tests (Bei-
tinger et al., 2000). The temperature at which fish lost equilibrium was
recorded, and fish were removed, placed in recovery tanks for 2 h and
euthanized with tricaine methanesulfunate (MS-222) overdose.

2.3. Hypoxia tolerance

Hypoxia tolerance of eight randomly selected fish from each treat-
ment was measured after four weeks of exposure by closed respirometry
similar to the method described by Rodgers et al. (2021). Fasted (24 h)
and pre-weighed fish were individually placed in a cylindrical glass
chamber (7 cm diameter x 13 cm height;) fully filled with water at
corresponding treatment condition ( + 1 °C;  10% mg NO5” L™1). Each
chamber was provided with aeration by running airlines and a magnetic
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stir bar (0.8 cm length; 0.3 cm diameter). Four glass chambers were
positioned on a magnetic stirrer (Snijder Magnetic Stirrer 34532) set at
maximum stirring capacity (2800 rpm) to facilitate water mixing. After a
30-minute adjustment period, aeration was removed and the glass
chambers were sealed with rubber stoppers holed to hermetically fit a
calibrated oxygen meter probe (WTW ProfiLine 3310) which was set to
measure DO every 5 s until LOE. The DO level at LOE, regarded as most
ecologically relevant measure of hypoxia tolerance (Rodgers et al.,
2021), was recorded, and fish were immediately transferred to an
aerated recovery tank for 2 h and euthanized with overdose of MS-222.

2.4. Respirometry

After five weeks of treatment exposure, aerobic scope (AS) of eight
randomly selected, fasted (24 h) and pre-weighed fish from each treat-
ment was measured following the method described by Opinion et al.
(2020). AS was calculated by subtracting the standard metabolic rate
(SMR) from the maximum metabolic rate (MMR), and these metabolic
rates (MO, mg Oy h™) were calculated using Eq. (1):

MOZ:—IX{W]XVX[%OQ )

where mf is the rate of change of oxygen saturation during measurement
period of a respirometer containing a fish (A% air saturation per hour),
mb is the background respiration rate measured as the rate of change of
oxygen saturation of a respirometer without a fish, V is the volume of the
respirometer minus the volume of the fish (assuming 1 g displaces 1 ml
of water), and BO, is the oxygen capacitance at the appropriate water
temperature (Cameron, 1986).

SMR measurements were done by intermittent-flow respirometry.
Fish were individually placed in Blazka-type respirometers
(4.2 £+ 0.03 L volume, motor: 3E-12NRY Little Giant Pump Company)
positioned within reservoir baths (70 cm length x 60 cm width x 39 cm
height) filled with water at corresponding treatment condition and
equipped with airlines and heaters. Fish were maintained in the respi-
rometers overnight (at least 14 h). Water velocity in the respirometers
was set at 10 em s~ ! (~1.3 BL s’l), to enable water mixing in the res-
pirometers. Each respirometer was attached to a flush pump (EHEIM
universal 300 submersible pump), which is regulated by a mechanical
timer (Chacon Timer M100) set to flush for 15 min every 30 min to
prevent oxygen depletion below 80% saturation and build-up of toxic
metabolic waste. A calibrated oxygen probe (WTW ProfiLine 3310) was
set to record the DO level in the respirometer every minute overnight.
The oxygen decline rate (during a 20 min period in between flushing
cycles) belonging to the lower 10th percentile was considered for the
computation of SMR. Background respiration rates was determined by a
blank run after SMR determinations for an hour and were < 1.2% of the
animal respiration rates (mg O kg™ h™1).

After the SMR measurement, MMR of fish subjected to SMR trials was
determined using the standard chase protocol. Each fish was transferred
in circular chasing chambers (32 cm diameter x 38 cm height) con-
taining aerated water at corresponding treatment condition, and
allowed to recover for 15 min. After the recovery period, fish were
chased with a net for 3 min to ensure maximal exhausted. After chasing,
fish were immediately placed in a Brett-type respirometer (5.5 L, SWIM-
5, Loligo® Systems) submerged in a water bath (75 cm length x 30 cm
width x 17 cm height; filled up to 12 cm) with corresponding treatment
condition. The respirometer was set at a speed similar to the SMR pro-
tocol and was equipped with a calibrated oxygen meter probe set to
record DO level every 5s for 15 min. MMR represents the maximum
capacity of the fish to take up oxygen, therefore highest decline rate of
DO during a 2-minute interval (occurred within the first 4 min) was used
to calculate MMR. Fish were transferred back to their respective tanks
after the trial and background respiration was again determined by a
blank run.
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2.5. Haematological analyses

Blood collection and analyses were done weekly for four weeks. For
each timepoint, eight fasted fish (24 h) from each treatment were netted
out of the tanks, euthanized by an overdose of MS-222 and weighed.
Blood samples were immediately obtained by severing the caudal
peduncle. The blood was collected by heparinised capillary tubes (60 pL
capacity; 0.75 cm length, Hirschmann® Laborgerate) and was trans-
ferred to 1.5 ml Eppendorf tubes buried in ice until analyses.

The measurements of Hb and MetHb were done using colorimetric
assay kits (Methaemoglobin Colorimetric Assay Kit, Catalogue no.
MBS2540547, MyBioSource). The optical density (OD) values for Hb
content were measured with a spectrophotometer (GENESYS™ 20
Visible Spectrophotometer, Thermo Fisher Scientific) at 540 nm wave-
length with 1 cm diameter cuvettes while OD values for MetHb content
were measured at 630 and 602 nm wavelength. To determine the HCT,
heparinized capillary tubes were filled with freshly collected blood
sample, sealed with plasticine clay, and centrifuged for 3 min at
10,000 rpm in a micro HCT centrifuge (Heraeus Christ GmbH Mikro-
Hamatokrit 00912). HCT was estimated by calculating the ratio of the
column of packed erythrocytes to the total length of the sample in the
capillary tube. Haematological parameters were measured within one
hour after the blood collection. MCHC, a measure of the average con-
centration of Hb in a given volume of erythrocytes, was calculated using
standard formula.

2.6. Statistical analyses

Data analyses were performed in R (version 4.0.3; R studio version
1.3.1093). Linear mixed effects models were run to determine the main
and interactive effects of nitrate exposure (three-level, fixed factor),
acclimation temperature (two-level, fixed factor), and experimental
week (four-level, fixed factor) on haematological parameters (HCT, Hb,
MetHb, and MCHC). Effect of temperature, nitrate and their interaction
on metabolic (SMR, MMR, and AS), and stress tolerance parameters
(CTmax and hypoxia tolerance) were also analyzed by linear mixed ef-
fects models. SMR and MetHb datasets were log transformed while
MCHC was square-root transformed to fit the assumption of normality.
Tank ID and body mass were included as a random effect and as a co-
variate in all models, respectively. Respirometer ID was included as
additional random effect in the models of metabolic parameters, while
chamber ID was included as random effect in the models of stress
tolerance parameters. Tukey’s post hoc test (Tukey-adjusted least square
means) was run to determine statistical differences among treatment
groups and fixed effect factors. P-values for multiple comparisons were
adjusted using the Tukey method. Statistical significance was accepted
at p < 0.05. Data are presented as mean =+ standard error.

3. Results
3.1. Metabolic rate

No treatment-induced mortalities occurred during the exposure
period. Warm acclimation had no significant main effect on SMR
(p = 0.20, Fy 39 =1.70), nor did nitrate exposure (p = 0.37, F3 39 =1.01,
Fig. 1A), even though SMR seemed to decrease with nitrate exposure at
both acclimation temperatures. Acclimation at higher temperature
significantly increased the MMR of C. carpio (p < 0.001, F; 39 =12.80,
Fig. 1B) where 26 °C-acclimated fish (1276.8 + 52.9 mg O, kg™! h™1,
average over nitrate levels) had 16% higher MMR than 18 °C-acclimated
fish (1105.4 + 34.7 mg O, kg~ h™!, average over nitrate levels). Ni-
trate, on the other hand, did not have a significant effect on MMR
(p = 0.72, Fp 29 =0.32). Nitrate and temperature treatment had non-
significant interactive effects on MMR (p = 0.18, F329 =1.83) and
SMR (p = 0.50, F2 36 =0.70). Similar to MMR, acclimation temperature
affected fish AS significantly (p < 0.001, F; 39 =9.67, Fig. 1C), where
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26 °C-acclimated fish (1073.9 + 52.9 mg O, kg™! h™!, average over
nitrate levels) had 11% higher AS than 18 °C-acclimated fish
(965.7 + 34.7 mg Oy kg ! h™!, average over nitrate levels), while ni-
trate exposure had no significant effect on AS (p = 0.53, F 29 =0.65).
The stressors exhibited a non-significant interaction on AS (p = 0.12,
F,29 =2.27).

3.2. Haematological parameters

Nitrate and experimental week had significant main effects on the
HCT of C. carpio, and interacted significantly to affect HCT (Table 1,
Fig. 2A-D). HCT of 26 °C-acclimated fish was significantly elevated after
one-week exposure to nitrate (50 mg NO3” L™ and 200 mg NO3 L),
but returned to control levels on the second week. On the other hand,
18 °C- acclimated fish exposed to 200 mg NO3™ L™ !nitrate treatment
exhibited significantly higher HCT on the fourth week compared to the
second and third week. Temperature did not have a significant main
effect on HCT, but it interacted with experimental week. Regardless of
nitrate exposure, HCT of 26 °C-acclimated fish on the first week is higher
compared to HCT of 18 °C-acclimated fish in the same week but
returned to control level on the second week until the end of the
experiment.

Hb was significantly affected by temperature, experimental week,
and their interaction (Table 1, Fig. 2E-H). Regardless of nitrate treat-
ment, Hb was unaffected by acclimation temperature on the first week,
but was 11% and 18% lower during the second and third week relative
to levels at control temperature, respectively. On the fourth week, Hb of
26 °C-acclimated fish returned to levels comparable to control temper-
ature. Nitrate exposure did not affect Hb of C. carpio and did not interact
with other tested variables to affect Hb.

Temperature, experimental week, and their interaction significantly
influenced the MetHb of C. carpio (Table 1, Fig. 2 I-L). MetHDb levels
generally decreased with exposure time, but the duration at which
MetHb was elevated differed between the tested temperature. Accli-
mation at 26 °C caused MetHb to rise until the second week. Despite
having lower MetHb compared to 26 °C acclimated fish during the first
two weeks, fish acclimated at 18 °C generally showed elevated MetHb
until the third week of exposure. Nitrate exposure had a significant main
effect on MetHb where MetHb of fish exposed to 200 mg NOs™ L7}
treatment was 55% and 44% higher compared to 0 mg NO3™ L™! and
50 mg NO3” L~! nitrate treatment, respectively. Nitrate did not interact
with experimental week to affect MetHb, but MetHb levels of fish
exposed to nitrate seemed to generally decrease as the exposure
proceeded.

MCHC was affected by temperature, experimental week and their
interaction (Table 1, Fig. 2M-P). MCHC of fish acclimated at 26 °C was
lower compared to control temperature regardless of nitrate treatment,
but returned to levels comparable to those at control temperature on the
fourth week. Despite a non-significant main effect, nitrate interacted
with experimental week and temperature. When combined with warm
acclimation, exposure to nitrate treatment caused reduction in MCHC on
the first week but levels improved over the succeeding weeks. MCHC
increased significantly over the weeks in 26 °C-acclimated fish exposed
to 50 mg NO3 L1 by 52% between the first (150.17 = 21.5 g L) and
the fourth week (228.56 + 23.5 gL’l). MCHC also increased signifi-
cantly in 26 °C-acclimated fish exposed 200 NO3  mg L ™! nitrate by 21%
between the first (162.14+7.39g L) and the fourth week
(195.94 +7.39 g L7h).

3.3. Thermal tolerance

Warm acclimation increased the CTmax of C. carpio (p < 0.001, Fy 14
=723.5., Fig. 3), where 26 °C-acclimated fish (39.3 + 0.15 °C, average
over nitrate levels) had 14% higher CTmax than 18 °C-acclimated fish
(34.4 £+ 0.15 °C, average over nitrate levels). Nitrate treatment did not
significantly affect CTmax (p =0.35, Fy14 =1.14). No significant
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Table 1
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Interactive effects of temperature, nitrate and experimental week on the haematological parameters (HCT- haematocrit; Hb — haemoglobin; MetHb — methaemoglobin;
and MCHC- mean corpuscular haemoglobin concencration) of common carp Cyprinus carpio. Full linear mixed models are shown with temperature, nitrate and
experimental week as fixed effects, bodymass as covariate and tanks as random effects.

Source of variation Sum of squares Mean squares NumDF DenDF F-value p-value
HCT Temperature 4.55 4.55 1 153 0.72 0.40
Nitrate 103.88 51.94 2 153 8.21 <0.001
Time 212.80 70.93 3 153 11.21 <0.001
Bodymass 39.04 39.04 1 153 6.17 <0.05
Temperature: Nitrate 5.84 2.92 3 153 0.46 0.63
Temperature: Time 147.27 49.09 6 153 7.76 <0.001
Nitrate: Time 161.62 26.94 6 153 4.26 <0.001
Temperature: Nitrate: Time 66.98 11.16 6 153 1.76 0.11
Hb Temperature 610.54 610.54 1 55 11.82 <0.01
Nitrate 208.83 104.42 2 23 2.02 0.16
Time 594.03 198.01 3 152 3.83 <0.05
Bodymass 497.30 497.30 1 161 9.63 <0.01
Temperature: Nitrate 115.93 57.96 2 23 1.12 0.34
Temperature: Time 1138.25 379.42 3 153 7.35 <0.001
Nitrate: Time 632.17 105.36 6 152 2.04 0.06
Temperature: Nitrate: Time 460.1 76.68 6 152 1.48 0.19
MetHb Temperature 0.37 0.40 1 51 4.60 <0.05
Nitrate 4.80 2.40 2 23 2.87 <0.001
Time 3.13 1.04 3 150 12.96 <0.001
Bodymass 0.01 0.01 1 166 0.13 0.72
Temperature: Nitrate 0.35 0.17 2 23 2.17 0.14
Temperature: Time 3.99 1.33 3 150 16.52 <0.001
Nitrate: Time 0.82 0.14 6 150 1.70 0.13
Temperature: Nitrate: Time 0.60 0.10 6 150 1.24 0.29
MCHC Temperature 11.161 11.1610 1 48 12.75 <0.001
Nitrate 4.177 2.0884 2 22 2.39 0.12
Time 17.905 5.9684 3 140 6.82 <0.001
Bodymass 1.757 1.7568 1 149 2.01 0.16
Temperature: Nitrate 4.401 2.2006 2 22 2.51 0.10
Temperature: Time 40.124 13.3745 3 140 15.28 <0.001
Nitrate: Time 20.440 3.4067 6 140 3.89 <0.01
Temperature: Nitrate: Time 12.489 2.0815 6 139 2.38 <0.05

interaction between acclimation temperature and nitrate treatment was
observed (p > 0.33, Fy 13 =1.21).

3.4. Hypoxia tolerance

Hypoxia tolerance of C. carpio was significantly affected by warm
acclimation (p < 0.0001, Fq 37 =24.13, Fig. 4): 18 °C-acclimated fish
(3.98 £ 0.23%, average over nitrate levels) lost equilibrium at DO
saturation 36% higher than 26 °C-acclimated fish (2.92 + 0.16%,
average over nitrate levels). Nitrate exposure also significantly affected
the fish hypoxia tolerance (p < 0.05, Fz 36 =3.68). C. carpio exposed to
200 mg NO3’ L7! treatment (3.00 =+ 0.27%, average over temperature
levels) lost equilibrium at DO saturation 23% lower than fish exposed to
50 mg NO3’ L! treatment (3.89 + 0.26%, average over temperature
levels). Nevertheless, the hypoxia tolerance of C. carpio exposed to
0 NO3” mg L7} treatment (3.45 + 0.27%, average over temperature
levels) is not significantly different from C. carpio exposed to higher
nitrate levels. Nitrate treatment and acclimation temperature interacted
non-significantly (p = 0.95, Fa 34 =0.03).

4. Discussion

4.1. Aerobic scope associated with stressor-induced haematological
fluctuations

Temperature has an important impact on the performance of aquatic
ectotherms through its effects on metabolism (Dillon et al., 2010; Lefe-
vre, 2016). Temperature elevation generally leads to an increase in
cellular respiration rate and aerobic energy demand, followed by a rise
in the oxygen consumption rate (i.e. SMR, Clarke and Johnston, 1999;
Ferreira et al., 2014; Chen et al., 2015). However, many species have the
capacity to adjust their metabolic processes when given sufficient

exposure time and can therefore maintain basal energy requirements
(SMR) over wide range of temperatures (Sandblom et al., 2014; Lefevre,
2016). In this study, SMR of C. carpio was not statistically different be-
tween tested temperatures after 5 weeks, indicating downregulation of
basal energy requirements resulting in a complete thermal compensa-
tion of SMR (Sandblom et al., 2014). Downregulation of basal oxygen
demand is suggested to be possible by adjustment of mitochondrial
densities and their functional properties to maintain AS (Portner, 2001;
Fangue et al., 2009). Cyprinid species have been observed to exhibit a
flexible SMR (Fu et al., 2018) which is attributed to their morphological
and physiological adaptability (Brauner et al., 2011). For instance, some
cyprinids can restructure their gills and adjust enzyme activities under
energy demanding situations such as temperature elevation and hypoxia
(Brauner et al., 2011; Fu et al., 2014; He et al., 2014). Sun et al. (2019)
have found that genes involved in metabolic processes were differen-
tially expressed in the liver of C. carpio, a major metabolic organ that is
suspected to play crucial role in temperature adaptation in eurythermal
fish exposed to warmer temperature. Though metabolic adjustments are
probable, it is also important to note there was a large individual vari-
ation in the SMR data which may mask the thermal effects statistically.

Warm acclimation significantly increased the MMR of C. carpio in
this study, resulting in an increase in AS. It is hypothesized that sub- and
supra-optimal temperatures reduce the MMR due to the limited
biochemical mechanisms that sets the aerobic capacity of cells and tis-
sues of the circulatory and ventilatory systems (Portner, 2017). Given
this, elevation of MMR in 26 °C-acclimated fish seems logical as C. carpio
has been documented to prefer living in warmer rivers with temperature
reaching 28 °C (Oyugi et al., 2012), and the species can tolerate tem-
perature approaching 35 °C (Eaton and Scheller, 1996). Hence, it is
likely that 18 °C is suboptimal for AS relative to 26 °C, and that 26 °C is
not high enough to reduce the AS of C. carpio. Nevertheless, some spe-
cies, including a cyprinid species Carassius auratus, show expansion of
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Fig. 2. Interactive effects of acclimation temperature, nitrate and experimental on the haematological parameters including haematocrit (%: A-D), haemoglobin (g
Lt E-H), methaemoglobin (g Lt I-L); and mean corpuscular haemoglobin concencration (MCHC, gL’lz M-P) of common carp (Cyprinus carpio) exposed to a
factorial combination with two levels of temperature (18 °C or 26 °C) and nitrate levels (0, 50, or 200 mg NO3” L) for 5 weeks. Different lowercase letters indicates
statistical differences (p < 0.05) among treatment groups (a,b) and weekly sampling periods (x,y). Data are presented as boxplots where whiskers represent the
minimum and maximum value of all data. Dots represent individual data points (n = 8 fish per treatment group).

AS and MMR at temperature approaching upper thermal limits (Lefevre,
2016). MMR expansion is possible by adjustments in the circulatory and
respiratory systems to maintain oxygen transport capacity after
long-term exposure to higher temperature (Grans et al., 2014). For
example, cardiorespiratory responses (e.g. heart remodeling and blood
reserve expansion in the spleen, Opinion et al., 2020) to enhance and
maintain haematological parameters (i.e. HCT and Hb) have been
associated with improvement of AS following acclimation to higher
temperature (Grans et al., 2014; Opinion et al., 2020). Indeed, haema-
tological parameters were generally maintained during exposure to
warmer temperature: HCT and Hb returned to control levels on the
second and fourth week, respectively.

Sokolova et al. (2012) presented in the Energy-Limited Stress
Tolerance concept that aquatic pollutants, such as nitrate, can disturb
the energy homeostasis and compromise fish fitness by reducing the AS.
High concentration of nitrate may reduce the MMR and increase the
SMR which may ultimately diminish the AS (Gomez Isaza et al., 2020b).

In this experiment, nitrate did not pose disruption on the SMR, MMR,
and AS of C. carpio. The lack of nitrate-induced change in SMR coincided
with the results of nitrate-exposure studies on blueclaw crayfish (Cherax
destructor, Ellis and Morris, 1995; Gomez Isaza et al., 2018), redclaw
crayfish (Cherax quadricarinatus, Meade and Watts, 1995), and spangled
perch (Leiopotherapon unicolor, Gomez [saza et al., 2020b). On the con-
trary, SMR of European grayling (Thymallus thymallus) was influenced
by nitrate exposure where a doubling of SMR was observed after expo-
sure to 200 mg NO3 L™ relative to lower nitrate levels (0 mg NOg L ™!
and 50 mg NO3 L, Opinion et al., 2020). Discrepancies between re-
sults may be attributed to species specific differences in nitrate tolerance
(Camargo and Alonso, 2006; Gomez Isaza et al., 2020a). Salmonid
species (such as T. thymallus) were noted to be most sensitive to nitrate
exposure, and exhibited lower LCsq values (96 h) compared to cyprinid
species when exposed to nitrite (Camargo and Alonso, 2006).

The observed non-significant effect of nitrate on MMR and AS does
not coincide with related studies on C. destructor (Gomez Isaza et al.,
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2018) and L. unicolor where chronic nitrate exposure caused reduction
in AS and MMR due to the limiting effects of nitrate on blood
oxygen-carrying capacity as demonstrated by reduced Hb and HCT, and
elevated MetHb (Gomez Isaza et al., 2020b). However, haematological
fluctuations in this study indicate that C. carpio were able to develop
mechanisms to cope with methaemoglobinemia and its limiting effects:
nitrate did not influence Hb and MCHC, and caused initial rise in HCT
which may be a response to the nitrate-induced MetHb elevation that
eventually decreased to control levels. In nitrate-exposed T. thymallus,
expansion of spleen volume, which indicates higher blood reserve to
maintain blood oxygen transport capacity during exercise (e.g. fatiguing
exercise during MMR measurement) and hypoxia (e.g. tissue hypoxia
caused by nitrate-induced hypoxia), has been associated with mainte-
nance of MMR (Opinion et al., 2020). Other studies have also reported
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non-significant influence of chronic nitrate exposure on the blood car-
rying capacity of fish despite nitrate/nitrite accumulation in the plasma
(Schram et al., 2014; van Bussel et al., 2012). As such, it was suggested
that species-specific differences in nitrate toxicity seems more related to
the capacity of organisms to handle nitrate (elimination, storage or
detoxification) within the body rather than their capacity to maintain
low plasma-nitrate concentration (Gomez Isaza et al., 2020b). Con-
firming this scenario requires data on the internal build-up of nitrate/-
nitrite which were not collected due to insufficiency of blood samples. In
future experiments, it is recommended to investigate nitrate (and/or
nitrite) accumulation to ascertain that the physiological alterations
observed were induced by nitrate, and to better understand its mecha-
nistic effect in C. carpio.

4.2. Thermal tolerance linked to aerobic scope improvement

More frequent and intense climatic events such as heat waves
causing acute elevation of water temperature are forecasted alongside
with climate warming (Ficke et al., 2007). Thus, it is vital to understand
how warming affects thermal tolerance of organisms in combination
with existing stressor, like nutrient pollution. Acclimation at higher
temperature increased the CTMax of C. carpio and this is consistent with
previous studies on the same species reporting positive correlation be-
tween acclimation temperature and upper thermal tolerance (Chatterjee
et al.,, 2004; Golovanov and Smirnov, 2007). Improved CTMax in
warm-acclimated ectotherms is proposed to result from the ability of
organism to make metabolic adjustments to maintain the AS at higher
temperature (Portner, 2001). CTMax could be increased through AS in
two ways which were observed in this study: (1) MMR could be
expanded (e.g. by cardiorespiratory adjustments) at temperatures
approaching upper critical limits, and/or (2) SMR could be maintained
or reduced (e.g. by mitochondrial function downregulation) at temper-
atures approaching upper critical limits (Portner, 2001; Fangue et al.,
2009; McArley et al., 2017).

In a related study, nitrite-exposed C. carpio exhibited significant
decrease in CTMax which is mainly attributed to nitrite-induced
reduction in oxygen transport capacity (Rodgers and De Boeck, 2019).
Similar to nitrite, nitrate is expected to have a reducing effect on blood
oxygen transport capacity and consequently on the thermal tolerance of
fish. Contrary to this, nitrate exposure in this study did not influence the
CTMax of C. carpio in both acclimation temperatures. This result, how-
ever, is supported by the minimal effect of nitrate on haematology.
Contradicting results may be further explained by the differences in
toxicity between nitrate and nitrite (Camargo and Alonso, 2006), and
the distinction between experimental designs. C. carpio in the previous
study was only exposed to nitrite for 7 days before CTMax trials
(Rodgers and De Boeck, 2019), unlike the 4-week exposure in this study
which possibly provided the species sufficient time to develop protective
mechanisms (e.g. HSPs upregulation, Sun et al., 2014; Jensen et al.,
2015). Moreover, acclimation temperatures between studies are
different (nitrite exposed C. carpio was acclimated at 23 °C, Rodgers and
De Boeck, 2019) and temperature dependent effects of nitrate on ther-
mal tolerance of fish has been documented (Gomez Isaza et al., 2020c;
Rodgers et al., 2021). For instance, 18 °C-acclimated T. thymallus
exposed to nitrate considerably decreased the upper thermal tolerance
while the opposite effect was observed in 22 °C-acclimated (Rodgers
et al., 2021). Comparably, nitrate exposure reduced the CTMax of
28 °C-acclimated B. bidyanus while CTMax of 32 °C-acclimated con-
specifics did not change after nitrate exposure (Gomez Isaza et al.,
2020c).

4.3. Cross-tolerance among warming, nitrate and hypoxia
Hypoxia events often occur as a consequence of excessive nutrient

levels, and these events are expected to intensify as climate warming
progresses (Smith, 2003; Diaz and Rosenberg, 2008; Paerl and Huisman,
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2008). Given this, understanding the combined effects of these stressors
on hypoxia tolerance will provide an important indication of the fate of
species under warm eutrophic waters. Hypoxia tolerance of C. carpio
increased significantly after warm acclimation, regardless of nitrate
concentration. Acclimation temperature and hypoxia tolerance tend to
exhibit an inverse relationship in many aquatic species (Nilsson et al.,
2010; Remen et al., 2013; He et al., 2015; McDonnell and Chapman,
2015; Rodgers et al., 2021), as a consequence of increased metabolic
demand (SMR) and the decreased oxygen solubility and content in
warmer water (Zhou et al., 2019). Meeting the increased demand for
oxygen thus becomes more difficult for fish exposed to warm and hyp-
oxic conditions, thereby causing a weakening in the capacity of the fish
to tolerate hypoxia (Nilsson et al., 2010).

Nevertheless, opposite effects have been observed in other fish spe-
cies, where acclimation to warmer temperatures improved hypoxia
tolerance (Burleson and Silva, 2011; Fu et al., 2014; Anttila et al., 2015;
McBryan et al., 2016), because high temperature and hypoxia are
observed to independently trigger the same responses to extract more
oxygen from ambient water (Sollid et al., 2005). Acclimation to higher
temperatures induces wide physiological adjustments related to oxygen
supply and demand, including metabolic, cardiorespiratory, and hae-
matological adjustments (Aguiar et al., 2002; Steyck and Farrell, 2002),
which consequently improve fish tolerance to hypoxic conditions.
Downregulation of metabolic demand, as reflected by the maintained
SMR in this study, has been noted as one of the thermal responses which
plays a role in improving hypoxia tolerance (He et al., 2015). C. carpio
has also been observed to exhibit gill remodeling to increase the func-
tional surface area of the gills (i.e. by shrinking their interlamellar cell
mass) to improve oxygen uptake efficiency in response to warming
and/or hypoxic conditions (Dhillon et al., 2013).
Remodeling-stimulated improvement of oxygen uptake efficiency in
26 °C-acclimated C. carpio may be indicated by warming-induced
elevation in MMR observed in this study. Besides oxygen supply and
demand adjustments, greater capacity for anaerobic respiration,
including recruitment of tissue glycogen for anaerobic production of
cellular fuel and liver lactate clearance capacity, has been associated
with maintained hypoxia tolerance of cyprinids acclimated at higher
temperature (He et al., 2015).

Given the well-established toxic effect of nitrate — formation of
MetHDb - it is assumed that fish exposed to nitrate are confronted with a
decreased oxygen carrying capacity and tissue hypoxia, and are there-
fore expected to exhibit reduced hypoxia tolerance. Indeed, reduction in
hypoxia tolerance proportional to nitrate exposure levels has been re-
ported in a salmonid species, and histopathological changes in the gills
of nitrate-exposed fish (i.e. hypertrophy and hyperplasia) have been
noted to further impair oxygen uptake (Rodgers et al., 2021). In this
study, however, C. carpio exposed to 200 mg NO3” L™! nitrate had sta-
tistically higher hypoxia tolerance than C. carpio exposed to 50 mg NO3’
L7! treatment. This result is counterintuitive as MetHb levels, hence
magnitude of oxygen carrying capacity reduction, is directly propor-
tional with nitrate level. Nevertheless, pre-conditioning to hypoxia has
been shown to increase survival time during exposure to lethal hypoxia
(Rees et al., 2001) through physiological adjustments ensued from
pre-conditioning (Burleson and Silva, 2011), and the magnitude of
pre-treatment (level and duration) appears to be critical for develop-
ment of cross-tolerance (Todgham et al., 2005; Burleson and Silva,
2011). For instance, the positive effect of moderate hypoxia exposure
(50% air saturation) on thermal tolerance and cardiorespiratory func-
tioning was not large when compared to results of other studies that
used more severe hypoxia (i.e. 10% saturation) for longer period (i.e. 28
days, Burleson and Silva, 2011). This may explain our results: severity of
tissue hypoxia was proportional with nitrate levels and the more severe
hypoxia ensued from pre-treatment to higher nitrate concentration
(200 mg NO3™ L™!) possibly urged the organism to make superior ad-
justments causing the improved hypoxia tolerance.

Stressor interactions can be classified into three categories: (i)
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additive, when there is no significant interaction between stressors and
the combined effect is not significantly different to the sum of the iso-
lated effects of the stressors, (ii) antagonistic, when the interactive effect
is weaker than the sum of individual effects of the stressors, and (iii)
synergistic, when the interactive effect is stronger than the sum of in-
dividual effects of the stressors (Piggott et al., 2015). In this study, ni-
trate and warm acclimation individually improved hypoxia tolerance
but their interactive effect was not significantly different from the sum
of isolated effects indicating an additive interaction- fish exposed to
200 mg NO3” L1 at higher temperature showed less susceptibility to
acute hypoxia. The observed additive improvement on hypoxia toler-
ance indicates cross-tolerance which may be attributed to related
compensatory responses induced by priming stressors (Todgham et al.,
2005; Burleson and Silva, 2011). In this case, warm acclimation and
nitrate treatment, enhanced the blood oxygen carrying capacity causing
improved tolerance wunder acute hypoxic conditions. This
cross-tolerance may partially explain the tendency of C. carpio to thrive
in warm habitats frequently affected by nitrate accumulation and
consequent hypoxic conditions. Indeed, cross-tolerance is normally
noted among stressors that co-occur in natural habitats (Sinclair et al.,
2013).

5. Conclusion

Our findings demonstrated the resilience of C. carpio under warm
eutrophic habitats with frequent acute thermal and oxygen fluctuations.
Exceeding our expectations, we found that the aerobic performance and
stress tolerance of C. carpio were not merely maintained, but were
generally enhanced after warm acclimation and nitrate exposure. Warm
acclimation independently enhanced the aerobic capacity and upper
thermal tolerance of the species, and together with nitrate exposure
(200 mg NOs3’ LY, additively improved the hypoxia tolerance of
C. carpio. Additive improvement in hypoxia tolerance indicates cross-
tolerance among nitrate, warming, and hypoxia, which can be attrib-
uted to the enhanced oxygen transport capacity as reflected by the he-
matological results including preserved Hb and increased HCT levels
that may have offset the effects of the initial surge in MetHb at higher
nitrate exposure. This cross-tolerance may explain the capacity of
C. carpio to survive in warm habitats affected by nitrate accumulation
and hypoxic conditions, and it suggests the propensity of this species to
cope or even widen its fairly ubiquitous distribution in a warmer and
more eutrophic future.

CRediT authorship contribution statement

April Grace R. Opinion: Writing — original draft, Conceptualization,
Investigation, Data collection, Data curation, Visualization, Formal
analysis. Riimeysa Cakir: Writing — original draft, Investigation, Data
collection, Data curation, Visualization, Formal analysis. Gudrun de
Boeck: Conceptualization, Methodology, Supervision, Writing — review
& editing, Funding acquisition, Resources.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We would like to thank Dr. Essie M. Rodgers for her expert input
during the study conceptualization and conduct of pilot test. This study
was supported by the University Research Fund (BOF) of the University
of Antwerp Research Council, Belgium under the research grants "Pre-
dicting Organismal responses To Eutrophication and Climate warming
in Tandem (PROTECT)" (Grant number 40485), and "Freshwater



A.G.R. Opinion et al.

Ecosystems With A Burn-out: Extra Stress Caused By Heatwaves?" (Grant
number: 42190) awarded to G.D.B.

Data sharing

Datasets have been deposited in Dryad: https://doi.org/10.5
061/dryad.s4mw6m96v.

References

Aguiar, L.H., Kalinin, A.L., Rantin, F.T., 2002. The effects of temperature on the cardio-
respiratory function of the neotropical fish Piaractus mesopotamicus. J. Therm. Biol.
27, 299-308. https://doi.org/10.1007/978-3-540-93985-6.

Anttila, K., Lewis, M., Prokkola, J.M., Kanerva, M., Seppanen, E., Kolari, I.,

Nikinmaa, M., 2015. Warm acclimation and oxygen depletion induce species-specific
responses in salmonids. J. Exp. Biol. 218, 1471-1477. https://doi.org/10.1242/
jeb.119115.

Bajer, P.G., Sorensen, P.W., 2015. Effects of common carp on phosphorus concentrations,
water clarity, and vegetation density: a whole system experiment in a thermally
stratified lake. Hydrobiologia 746, 303-311. https://doi.org/10.1007/510750-014-
1937-y.

Beitinger, T.L., Beninett, W.A., McCauley, R.W., 2000. Temperature tolerances of North
American freshwater fishes exposed to dynamic changes in temperature. Environ.
Biol. Fishes 58, 237-275. https://doi.org/10.1023/A:1007676325825.

Brauner, C.J., Matey, V., Zhang, W., Richards, J.G., Dhillon, R., Cao, Z.D., Wang, Y.,
Fu, S.J., 2011. Gill remodeling in crucian carp during sustained exercise and the
effect on subsequent swimming performance. Physiol. Biochem. Zool. 84, 535-542.
https://doi.org/10.1086/662664.

Burleson, M.L., Silva, P.E., 2011. Cross tolerance to environmental stressors: effects of
hypoxic acclimation on cardiovascular responses of channel catfish (Ictalurus
punctatus) to a thermal challenge. J. Therm. Biol. 6, 250-254. https://doi.org/
10.1016/j.jtherbio.2011.03.009.

Camargo, J.A., Alonso, A., 2006. Ecological and toxicological effects of inorganic
nitrogen pollution in aquatic ecosystems: a global assessment. Environ. Int. 32,
831-849. https://doi.org/10.1016/j.envint.2006.05.002.

Camargo, J.A., Alonso, A., Salamanca, A., 2005. Nitrate toxicity to aquatic animals: a
review with new data for freshwater invertebrates. Chemosphere 58, 1255-1267.
https://doi.org/10.1016/j.chemosphere.2004.10.044.

Cameron, J.N., 1986. Principles of Physiological Measurement. Academic Press Inc,
London. https://doi.org/10.1016/B978-0-12-156955-6.X5001-4.

Chatterjee, N., Pal, A.K., Manush, S.M., Das, T., Mukherjee, S.C., 2004. Thermal
tolerance and oxygen consumption of Labeo rohita and Cyprinus carpio early
fingerlings acclimated to three different temperatures. J. Therm. Biol. 29, 265-270.
https://doi.org/10.1016/j.jtherbio.2004.05.001.

Chen, Z., Snow, M., Lawrence, C.S., Church, A.R., Narum, S.R., Devlin, R.H., Farrell, A.P.,
2015. Selection for upper thermal tolerance in rainbow trout (Oncorhynchus mykiss
Walbaum). J. Exp. Biol. 218, 803-812. https://doi.org/10.1242/jeb.113993.

Clark, T.D., Jeffries, K.M., Hinch, S.G., Farrell, A.P., 2011. Exceptional aerobic scope and
cardiovascular performance of pink salmon (Oncorhynchus gorbuscha) may underlie
resilience in a warming climate. J. Exp. Biol. 214, 3074-3081. https://doi.org/
10.1242/jeb.060517.

Clarke, A., Johnston, N.M., 1999. Scaling of metabolic rate with body mass and
temperature in teleost fish. J. Anim. Ecol. 68, 893-905. https://doi.org/10.1046/
j.1365-2656.1999.00337 .x.

Coté, I.M., Darling, E.S., Brown, C.J., 2016. Interactions among ecosystem stressors and
their importance in conservation. Proc. R. Soc. B 283, 20152592-20152599. https://
doi.org/10.1098/rspb.2015.2592.

Crain, C.M., Kroeker, K., Halpern, B.S., 2008. Interactive and cumulative effects of
multiple human stressors in marine systems. Ecol. Lett. 11, 1304-1315. https://doi.
org/10.1111/j.1461-0248.2008.01253.x.

Dhillon, R.S., Yao, L., Matey, V., Chen, B.J., Zhang, A.J., Cao, Z.D., Fu, S.J., Brauner, C.J.,
Wang, Y.S., Richards, J.G., 2013. Interspecific differences in hypoxia-induced gill
remodelling in carp. Physiol. Biochem. Zool. 86, 727-739. https://doi.org/10.1086/
673180.

Diaz, R.J., Rosenberg, R., 2008. Spreading dead zones and consequences for marine
ecosystems. Science 321, 926-929. https://doi.org/10.1126/science.1156401.

Diaz-Alvarez, E.A., Lindig-Cisneros, R., de la Barrera, E., 2018. Biomonitors of
atmospheric nitrogen deposition: potential uses and limitations. Conserv. Physiol. 6,
011. https://doi.org/10.1093/conphys/coy011.

Dillon, M.E., Wang, G., Huey, R.B., 2010. Global metabolic impacts of recent climate
warming. Nature 467, 704-706. https://doi.org/10.1038/nature09407.

Dokulil, M.T., Teubner, K., 2011. Eutrophication and climate change: present situation
and future scenarios. In: Ansari, A.A., Sarvajeet, S.G., Lanza, G.R., Rast, W. (Eds.),
Eutrophication: Cau Consequences and Control. Springer, Dordrecht, Heidelberg,
London, New York, pp. 1-16.

Durand, P., Breuer, L., Johnes, P.J., Billen, G., Butturini, A., Billen, P., et al., 2011.
Nitrogen processes in aquatic ecosystems. In: Sutton, M.A., Howard, C.M.,
Erisman, J.W., Billen, G., Bleeker, A., Grennfelt, P., van Grinsven, H., Grizzetti, B.
(Eds.), The European Nitrogen. Cambridge University Press, Cambridge,
pp. 126-146.

Eaton, J.G., Scheller, R.M., 1996. Effects of climate warming on fish thermal habitat in
streams of the United States. Limnol. Oceanogr. 41, 1109-1115. https://doi.org/
10.4319/L0.1996.41.5.1109.

10

Ecotoxicology and Environmental Safety 225 (2021) 112777

Eliason, E.J., Clark, T.D., Hinch, S.G., Farrell, A.P., 2013. Cardiorespiratory collapse at
high temperature in swimming adult sockeye salmon. Conserv Physiol. 1, 008.
https://doi.org/10.1093/conphys/cot008.

Ellis, B.A., Morris, S., 1995. Effects of extreme pH on the physiology of the Australian
‘yabby’ Cherax destructor: acute and chronic changes in haemolymph oxygen levels,
oxygen consumption and metabolite levels. J. Exp. Biol. 178, 1-19.

Fangue, N.A,, Richards, J.G., Schulte, P.M., 2009. Do mitochondrial properties explain
intraspecific variation in thermal tolerance? J. Exp. Biol. 212, 514-522. https://doi.
org/10.1242/jeb.024034.

Ferreira, E.O., Anttila, K., Farrell, A.P., 2014. Thermal optima and tolerance in the
eurythermic goldfish (Carassius auratus): relationships between whole-animal
aerobic capacity and maximum heart rate. Physiol. Biochem. Zool. 87, 599-611.
https://doi.org/10.1086/677317.

Ficke, A.D., Myrick, C.A., Hansen, L.J., 2007. Potential impacts of global climate change
on freshwater fisheries. Rev. Fish Biol. Fish. 17, 581-613. https://doi.org/10.1007/
511160-007-9059-5.

Fu, KK, Fu, C., Qin, Y.L., Bai, Y., Fu, S.J., 2018. The thermal acclimation rate varied
among physiological functions and temperature regimes in a common cyprinid fish.
Aquaculture 495, 393-401. https://doi.org/10.1016/j.aquaculture.2018.06.015.

Fu, S.J., Fu, C., Yan, G.J., Cao, Z.D., Zhang, A.J., Pang, X., 2014. Interspecific variation in
hypoxia tolerance, swimming performance and plasticity in cyprinids that prefer
different habitats. J. Exp. Biol. 217, 590-597. https://doi.org/10.1242/jeb.089268.

Galloway, J.N., Dentener, F.J., Capone, D.G., Boyer, E.W., Howarth, R.W., Seitzinger, S.
P., et al., 2004. Nitrogen cycles: past, present, and future. Biogeochemistry 70,
153-226. https://doi.org/10.1007/510533-004-0370-0.

Goeller, B.C., Febria, C.M., Warburton, H.J., Hodsden, K.L., Collins, K.E., Devlin, H.S.,
Harding, J.S., McIntosh, A.R., 2019. Springs drive downstream nitrate export from
artificially-drained agricultural headwater catchments. Sci. Total Environ. 671,
119-128. https://doi.org/10.1016/j.scitotenv.2019.03.308.

Golovanov, V.K., Smirnov, A.K., 2007. Influence of the water heating rate upon thermal
tolerance in common carp (Cyprinus carpio L.) during different seasons. J. Ichthyol.
47, 538-543. https://doi.org/10.1134/50032945207070089.

Gomez Isaza, D.F., Cramp, R.L., Franklin, C.E., 2018. Negative impacts of elevated nitrate
on physiological performance are not exacerbated by low pH. Aquat. Toxicol. 200,
217-225. https://doi.org/10.1016/j.aquatox.2018.05.004.

Gomez Isaza, D.F., Cramp, R.L., Franklin, C.E., 2020a. Living in polluted waters: a
metaanalysis of the effects of nitrate and interactions with other environmental
stressors on freshwater taxa. Environ. Pollut. 261, 114091 https://doi.org/10.1016/
j.envpol.2020.114091.

Gomez Isaza, D.F., Cramp, R.L., Franklin, C.E., 2020b. Simultaneous exposure to nitrate
and low pH reduces the blood oxygen-carrying capacity and functional performance
of a freshwater fish. Conserv. Physiol. 8, 1-15. https://doi.org/10.1093/conphys/
coz092.

Gomez Isaza, D.F., Cramp, R.L., Franklin, C.E., 2020c. Thermal acclimation offsets the
negative effects of nitrate on aerobic scope and performance. J. Exp. Biol. 223,
jeb224444 htips://doi.org/10.1242/jeb.224444,

Gomez Isaza, D.F., Cramp, R.L., Franklin, C.E., 2021. Thermal plasticity of the
cardiorespiratory system provides cross-tolerance protection to fish exposed to
elevated nitrate. Comp. Biochem. Physiol. Toxicol. Pharmacol. CBP 240, 108920.
https://doi.org/10.1016/j.cbpc.2020.108920.

Grans, A., Jutfelt, F., Sandblom, E., Jonsson, E., Wiklander, K., Seth, H., Olsson, C.,
Dupont, S., Ortega-Martinez, O., Einarsdottir, I., Bjornsson, B.T., Sundell, K.,
Axelsson, M., 2014. Aerobic scope fails to explain the detrimental effects on growth
resulting from warming and elevated CO; in Atlantic halibut. J. Exp. Biol. 217,
11-17. https://doi.org/10.1242/jeb.096743.

Grizzetti, B., Bouraoui, F., Billen, G., van Grinsven, H., Cardoso, A.C., Thieu, V.,
Garnier, J., Curtis, C., Howarth, R., Jones, P., et al., 2011. Nitrogen as a threat to
European water quality. In: Sutton, M.A., Howard, C.M., Erisman, J.W., Bleeker, A.,
Grennfelt, P., van Grinsven, H., Grizzetti, B. (Eds.), The European Nitrogen
Assessment. Cambridge University Press, pp. 379-404. https://doi.org/10.1017/
CB09780511976988.020.

Guderley, H., Blier, P., 1988. Thermal acclimation in fish: conservative and labile
properties of swimming muscle. Can. J. Zool. 66, 1105-1115. https://doi.org/
10.1139/288-162.

Hardenbicker, P., Viergutz, C., Becker, A., Kirchesch, V., Nilson, E., Fischer, H., 2016.
Water temperature increases in the river Rhine in response to climate change. Reg.
Environ. Change 17, 299-308. https://doi.org/10.1007/s10113-016-1006-3.

He, W., Cao, Z.D., Fu, S.J., 2014. The effect of prolonged exercise training on swimming
performance and the underlying biochemical mechanisms in juvenile common carp
(Cyprinus carpio). Comp. Biochem. Physiol. A 166, 308-315. https://doi.org/
10.1016/j.cbpa.2013.07.003.

He, W., Cao, Z.D., Fu, S.J., 2015. Effect of temperature on hypoxia tolerance and its
underlying biochemical mechanism in two juvenile cyprinids exhibiting distinct
hypoxia sensitivities. Comp. Biochem. Phys. A 187, 232-241. https://doi.org/
10.1016/j.cbpa.2014.05.004.

Healy, T.M., Schulte, P.M., 2012. Thermal acclimation is not necessary to maintain a
wide thermal breadth of aerobic scope in the common killifish (Fundulus heteroclitus).
Physiol. Biochem. Zool. 85, 107-119. https://doi.org/10.1086/664584.

Hrubec, T., Smith, S.A., Robertson, J.L., 1996. Nitrate toxicity: a potential problem of
recirculating systems. Aquac. Eng. Soc. Proc. 41-48.

Huey, D.W., Beitinger, T.L., Wooten, M.C., 1984. Nitrite-induced methemoglobin
formation and recovery in channel catfish (Ictalurus punctatus) at three acclimation
temperatures. Bull. Environ. Contam. Toxicol. 32, 674-681. https://doi.org/
10.1007/bf01607555.

Huser, B.J., Bajer, P.G., Chizinski, C.J., Sorensen, P.W., 2016. Effects of common carp
(Cyprinus carpio) on sediment mixing depth and mobile phosphorus mass in the


https://doi.org/10.5061/dryad.s4mw6m96v
https://doi.org/10.5061/dryad.s4mw6m96v
https://doi.org/10.1007/978-3-540-93985-6
https://doi.org/10.1242/jeb.119115
https://doi.org/10.1242/jeb.119115
https://doi.org/10.1007/s10750-014-1937-y
https://doi.org/10.1007/s10750-014-1937-y
https://doi.org/10.1023/A:1007676325825
https://doi.org/10.1086/662664
https://doi.org/10.1016/j.jtherbio.2011.03.009
https://doi.org/10.1016/j.jtherbio.2011.03.009
https://doi.org/10.1016/j.envint.2006.05.002
https://doi.org/10.1016/j.chemosphere.2004.10.044
https://doi.org/10.1016/B978-0-12-156955-6.X5001-4
https://doi.org/10.1016/j.jtherbio.2004.05.001
https://doi.org/10.1242/jeb.113993
https://doi.org/10.1242/jeb.060517
https://doi.org/10.1242/jeb.060517
https://doi.org/10.1046/j.1365-2656.1999.00337.x
https://doi.org/10.1046/j.1365-2656.1999.00337.x
https://doi.org/10.1098/rspb.2015.2592
https://doi.org/10.1098/rspb.2015.2592
https://doi.org/10.1111/j.1461-0248.2008.01253.x
https://doi.org/10.1111/j.1461-0248.2008.01253.x
https://doi.org/10.1086/673180
https://doi.org/10.1086/673180
https://doi.org/10.1126/science.1156401
https://doi.org/10.1093/conphys/coy011
https://doi.org/10.1038/nature09407
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref20
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref20
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref20
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref20
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref21
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref21
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref21
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref21
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref21
https://doi.org/10.4319/LO.1996.41.5.1109
https://doi.org/10.4319/LO.1996.41.5.1109
https://doi.org/10.1093/conphys/cot008
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref24
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref24
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref24
https://doi.org/10.1242/jeb.024034
https://doi.org/10.1242/jeb.024034
https://doi.org/10.1086/677317
https://doi.org/10.1007/s11160-007-9059-5
https://doi.org/10.1007/s11160-007-9059-5
https://doi.org/10.1016/j.aquaculture.2018.06.015
https://doi.org/10.1242/jeb.089268
https://doi.org/10.1007/s10533-004-0370-0
https://doi.org/10.1016/j.scitotenv.2019.03.308
https://doi.org/10.1134/S0032945207070089
https://doi.org/10.1016/j.aquatox.2018.05.004
https://doi.org/10.1016/j.envpol.2020.114091
https://doi.org/10.1016/j.envpol.2020.114091
https://doi.org/10.1093/conphys/coz092
https://doi.org/10.1093/conphys/coz092
https://doi.org/10.1242/jeb.224444
https://doi.org/10.1016/j.cbpc.2020.108920
https://doi.org/10.1242/jeb.096743
https://doi.org/10.1017/CBO9780511976988.020
https://doi.org/10.1017/CBO9780511976988.020
https://doi.org/10.1139/z88-162
https://doi.org/10.1139/z88-162
https://doi.org/10.1007/s10113-016-1006-3
https://doi.org/10.1016/j.cbpa.2013.07.003
https://doi.org/10.1016/j.cbpa.2013.07.003
https://doi.org/10.1016/j.cbpa.2014.05.004
https://doi.org/10.1016/j.cbpa.2014.05.004
https://doi.org/10.1086/664584
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref45
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref45
https://doi.org/10.1007/bf01607555
https://doi.org/10.1007/bf01607555

A.G.R. Opinion et al.

active sediment layer of a shallow lake. Hydrobiologia 763, 23-33. https://doi.org/
10.1007/510750-015-2356-4.

IPCC, 2018. Global warming of 1.5°C. An IPCC Special Report on the impacts of global
warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global response to the threat
of climate change, sustainable development, and efforts to eradicate poverty. In V.
Masson-Delmotte, P. Zhai, H.O. Portner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani,
W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B. R. Matthews, Y. Chen, X.
Zhou, M.I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, T. Waterfield (Eds.). In Press.

Jackson, M.C., Loewen, C.J.G., Vinebrooke, R.D., Chimimba, C.T., 2015. Net effects of
multiple stressors in freshwater ecosystems: a meta-analysis. Glob. Chang. Biol. 22,
180-189. https://doi.org/10.1111/gcb.13028.

Jensen, F.B., Andersen, N.A., Heisler, N., 1987. Effects of nitrite exposure on blood
respiratory properties, acid-base and electrolyte regulation in the carp (Cyprinus
carpio). J. Comp. Physiol. B 157, 533-541. https://doi.org/10.1007/BF00700972.

Jensen, F.B., Gerber, L., Hansen, M.N., Madsen, S.S., 2015. Metabolic fates and effects of
nitrite in brown trout under normoxic and hypoxic conditions: blood and tissue
nitrite metabolism and interactions with branchial NOS, Na*/K"-ATPase and hsp70
expression. J. Exp. Biol. 218, 2015-2202. https://doi.org/10.1242/jeb.120394.

Kampinga, H.H., Brunsting, J.F., Stege, G.J.J., Burgman, P.W.J.J., Konings, A.W.T.,
1995. Thermal protein denaturation and protein aggregation in cells made
thermotolerant by various chemicals: role of heat shock proteins. Exp. Cell Res. 219,
536-546. https://doi.org/10.1006/excr.1995.1262.

Korwin-Kossakowski, M., 2008. The influence of temperature during the embryonic
period on larval growth and development in carp, Cyprinus carpio L., and grass carp
Ctenopharyngodon idella (Val.): theoretical and practical aspects. Arch. Pol. Fish. 16,
231-314. https://doi.org/10.2478/s10086-008-0020-6.

Lefevre, S., 2016. Are global warming and ocean acidification conspiring against marine
ectotherms? A meta-analysis of the respiratory effects of elevated temperature, high
CO3 and their interaction. Conserv. Physiol. 4, 009. https://doi.org/10.1093/
conphys/cow009.

McArley, T.J., Hickey, A.J.R., Herbert, N.A., 2017. Chronic warm exposure impairs
growth performance and reduces thermal safety margins in the common triplefin fish
(Forsterygion lapillum). J. Exp. Biol. 220, 3527-3535. https://doi.org/10.1242/
jeb.162099.

McBryan, T.L., Healy, T.M., Haakons, K.L., Schulte, P.M., 2016. Warm acclimation
improves hypoxia tolerance in Fundulus heteroclitus. J. Exp. Biol. 219, 474-484.
https://doi.org/10.1242/jeb.133413.

McDonnell, L.H., Chapman, L.J., 2015. At the edge of the thermal window: effects of
elevated temperature on the resting metabolism, hypoxia tolerance and upper
critical thermal limit of a widespread African cichlid. Conserv Physiol. 3, cov050.
https://doi.org/10.1093/conphys/cov050.

Meade, M.E., Watts, S.A., 1995. Toxicity of ammonia, nitrite, and nitrate to juvenile
Australian crayfish, Cherax quadricarinatus. J. Shell Res. 14, 341-346.

Monsees, H., Klatt, L., Kloas, W., Wuertz, S., 2017. Chronic exposure to nitrate
significantly reduces growth and affects the health status of juvenile Nile tilapia
(Oreochromis niloticus L.) in recirculating aquaculture systems. Aquac. Res. 48,
3482-3492. https://doi.org/10.1111/are.13174.

Munoz, N.J., Farrell, A.P., Heath, J.W., Neff, B.D., 2018. Hematocrit is associated with
thermal tolerance and modulated by developmental temperature in juvenile Chinook
salmon. Physiol. Biochem. Zool. 91, 757-762. https://doi.org/10.1086/695556.

Nilsson, G.E., Ostlund-nilsson, S., Munday, P.L., 2010. Effects of elevated temperature on
coral reef fishes: loss of hypoxia tolerance and inability to acclimate. Comp.
Biochem. Physiol. 156, 389-393. https://doi.org/10.1016/j.cbpa.2010.03.009.

Norin, T., Malte, H., Clark, T.D., 2013. Aerobic scope does not predict the performance of
a tropical eurythermal fish at elevated temperatures. J. Exp. Biol. 217, 244-251.
https://doi.org/10.1242/jeb.089755.

Opinion, A.G.R., De Boeck, G., Rodgers, E.M., 2020. Synergism between elevated
temperature and nitrate: impact on aerobic capacity of European grayling, Thymallus
thymallus in warm, eutrophic waters. Aquat. Toxicol. 226, 105563 https://doi.org/
10.1016/j.aquatox.2020.105563.

Oyugi, D.O., Cucherousset, J., Baker, D.J., Britton, J.R., 2012. Effects of temperature on
the foraging and growth rate of juvenile common carp, Cyprinus carpio. J. Therm.
Biol. 37, 89-94. https://doi.org/10.1016/j.jtherbio.2011.11.005.

Paerl, H.W., Huisman, J., 2008. Climate: blooms like it hot. Science 320, 57-58. https://
doi.org/10.1126/science.1155398.

Piggott, J.J., Townsend, C.R., Matthaei, C.D., 2015. Reconceptualizing synergism and
antagonism among multiple stressors. Ecol. Evol. 5, 1538-1547. https://doi.org/
10.1002/ece3.1465.

Poletto, J.B., Cocherell, D.E., Baird, S.R., Nguyen, T.X., Cabrera-Stagno, V., Farrell, A.P.,
Fangue, N.A., 2017. Unusual aerobic performance at high temperatures in juvenile
Chinook salmon, Oncorhynchus tshawytscha. Conserv. Physiol. 5, 067. https://doi.
org/10.1093/conphys/cow067.

Portner, H.O., 2001. Climate change and temperature-dependent biogeography: oxygen
limitation of thermal tolerance in animals. Naturwissenschaften 88, 137-146.
https://doi.org/10.1007/5001140100216.

Portner, H.O., Bock, C., Mark, F.C., 2017. Oxygen- and capacity-limited thermal
tolerance: bridging ecology and physiology. J. Exp. Biol. 220, 2685-2696. https://
doi.org/10.1242/jeb.134585.

Rees, B.B., Sudradjat, F.A., Love, J.W., 2001. Acclimation to hypoxia increases survival
time of zebrafish, Danio rerio, during lethal hypoxia. J. Exp. Zool. 289, 266-272.
https://doi.org/10.1002/1097-010x(20010401/30)289:4%3C266::aid-jez7%3E3.0.
c0;2-5.

Ecotoxicology and Environmental Safety 225 (2021) 112777

Reid, A.J., Carlson, A.K., Creed, L.F., Eliason, E.J., Gell, P.A., Johnson, P.T.J., Kidd, K.A.,
MacCormack, T.J., Olden, J.D., Ormerod, S.J., Smol, J.P., Taylor, W.W., Tockner, K.,
Vermaire, J.C., Dudgeon, D., Cooke, S.J., 2018. Emerging threats and persistent
conservation challenges for freshwater biodiversity. Biol. Rev. 94, 849-873. https://
doi.org/10.1111/brv.12480.

Reiger, H.A., Meisner, J.D., 1990. Anticipated effects of climate change on freshwater
fishes and their habitat. Fisheries 15, 10-15. https://doi.org/10.1577/1548-8446
(1990)015<0010:AEOCCO>2.0.CO;2.

Remen, M., Oppedal, F., Torgersen, T., Imsland, A.K., Olsen, R.E., Torgersen, T., 2013.
Hypoxia tolerance thresholds for post-smolt Atlantic salmon: dependency of
temperature and hypoxia acclimation. Aquaculture 416-417, 41-47. https://doi.
org/10.1016/j.aquaculture.2013.08.024.

Rodgers, E.M., De Boeck, G., 2019. Nitrite-induced reductions in heat tolerance are
independent of aerobic scope in a freshwater teleost. J. Exp. Biol. 222, jeb212035
https://doi.org/10.1242/jeb.212035.

Rodgers, E.M., Opinion, A.G.R., Gomez Isaza, D.F., Raskovi¢, B., Poleksi¢, V., De
Boeck, G., 2021. Double whammy: nitrate pollution heightens susceptibility to both
hypoxia and heat in a freshwater salmonid. Sci. Total Environ. 765, 142777 https://
doi.org/10.1016/j.scitotenv.2020.142777.

Sandblom, E., Grans, A., Axelsson, M., Seth, H., 2014. Temperature acclimation rate of
aerobic scope and feeding metabolism in fishes: implications in a thermally extreme
future. Proc. Biol. Sci. 281, 20141490 https://doi.org/10.1098/rspb.2014.1490.

Sandblom, E., Clark, T.D., Grdns, A., Ekstrom, A., Brijs, J., Sundstroin, L.F.,

Odelstrom, A., Adill, A., Aho, T., Jutfelt, F., 2016. Physiological constraints to
climate warming in fish follow principles of plastic floors and concrete ceilings. Nat.
Commun. 7, 11447. https://doi.org/10.1038/ncomms11447.

Schram, E., Roques, J.A.C., van Kuijk, T., Abbink, W., van de Heul, J., de Vries, P.,
Bierman, S., van de Vis, H., Flik, G., 2014. The impact of elevated water ammonia
and nitrate concentrations on physiology, growth and feed intake of pikeperch
(Sander lucioperca). Aquaculture 420-421, 95-104. https://doi.org/10.1016/j.
aquaculture.2013.10.027.

Shukla, S., Sexena, A., 2018. Global status of nitrate contamination in groundwater: its
occurrence, health impacts, and mitigation measure. In: Hossain, C.M. (Ed.),
Handbook of Environmental Materials Management. Springer International
Publishing AG, pp. 1-21.

Sinclair, B.J., Ferguson, L.V., Salehipour-shirazi, G., MacMillan, H.A., 2013. Cross-
tolerance and cross-talk in the cold: relating low temperatures to desiccation and
immune stress in insects. Integr. Comp. Biol. 53, 545-556. https://doi.org/10.1093/
icb/ict004.

Smith, V.H., 2003. Eutrophication of freshwater and coastal marine ecosystems: a global
problem. Environ. Sci. Pollut. Res. 10, 126-139. https://doi.org/10.1065/
espr2002.12.142.

Sokolova, I.M., Frederich, M., Bagwe, R., Lannig, G., Sukhotin, A.A., 2012. Energy
homeostasis as an integrative tool for assessing limits of environmental stress
tolerance in aquatic invertebrates. Mar. Environ. Res. 79, 1-15. https://doi.org/
10.1016/j.marenvres.2012.04.003.

Sollid, J., Weber, R.E., Nilsson, G.E., 2005. Temperature alters the respiratory surface
area of crucian carp Carassius carassius and goldfish Carassius auratus. J. Exp. Biol.
208, 1109-1116.

Steyck, J.A.W., Farrell, A.P., 2002. Cardiorespiratory responses of the common carp
(Cyprinus carpio) to severe hypoxia at three acclimation temperatures. J. Exp. Biol.
205, 759-768. https://doi.org/10.1242/jeb.205.6.759.

Stormer, J., Jensen, F.B., Rankin, J.C., 1996. Uptake of nitrite, nitrate, and bromide in
rainbow trout, (Oncorhynchus mykiss): effects on ionic balance. Can. J. Fish. Aquat.
Sci. 53, 1943-1950.

Sun, J., Zhao, L., Wu, H,, Lian, W., Cui, C., Du, Z., Luo, W., Li, M., Yang, S., 2019.
Analysis of miRNA-seq in the liver of common carp (Cyprinus carpio L.) in response to
different environmental temperatures. Funct. Integr. Genom. 19, 265-280. https://
doi.org/10.1007/s10142-018-0643-7.

Sun, S., Ge, X., Xuan, F., Zhu, J., Yu, N., 2014. Nitrite-induced hepatotoxicity in blunt
snout bream (Megalobrama amblycephala): the mechanistic insight from
transcriptome to physiology analysis. Environ. Toxicol. Pharmacol. 37, 55-65.
https://doi.org/10.1016/j.etap.2013.11.010.

Todgham, A.E., Stillman, J.H., 2013. Physiological responses to shifts in multiple
environmental stressors: relevance in a changing world. Integr. Comp. Biol. 53,
539-544. https://doi.org/10.1093/icb/ict086.

Todgham, A.E., Schulte, P.M., Iwama, G.K., 2005. Cross-tolerance in the tidepool sculpin:
the role of heat shock proteins. Physiol. Biochem. Zool. 78, 133-144. https://doi.
org/10.1086/425205.

USEPA, 2002. Short-term Methods for Estimating the Chronic Toxicity of Effluents and
Receiving Waters to Freshwater Organisms, fourth ed. U.S. Environmental
Protection Agency, Washington, DC, USA.

van Bussel, C.G.J., Schroeder, J.P., Wuertz, S., Schulz, C., 2012. The chronic effect of
nitrate on production performance and health status of juvenile turbot (Psetta
maxima). Aquaculture 326-329, 163-167. https://doi.org/10.1016/j.
aquaculture.2011.11.019.

Woolway, R.I., Jennings, E., Shatwell, T., Golub, M., Pierson, D.C., Maberly, S.C., 2021.
Lake heatwaves under climate change. Nature 589, 402-407. https://doi.org/
10.1038/541586-020-03119-1.

Zhou, L.Y., Fu, S.J., Fu, C., Ling, H., Li, X.M., 2019. Effects of acclimation temperature on
the thermal tolerance, hypoxia tolerance and swimming performance of two
endangered fish. J. Comp. Physiol. B 189 (2), 237-247.

11


https://doi.org/10.1007/s10750-015-2356-4
https://doi.org/10.1007/s10750-015-2356-4
https://doi.org/10.1111/gcb.13028
https://doi.org/10.1007/BF00700972
https://doi.org/10.1242/jeb.120394
https://doi.org/10.1006/excr.1995.1262
https://doi.org/10.2478/s10086-008-0020-6
https://doi.org/10.1093/conphys/cow009
https://doi.org/10.1093/conphys/cow009
https://doi.org/10.1242/jeb.162099
https://doi.org/10.1242/jeb.162099
https://doi.org/10.1242/jeb.133413
https://doi.org/10.1093/conphys/cov050
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref57
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref57
https://doi.org/10.1111/are.13174
https://doi.org/10.1086/695556
https://doi.org/10.1016/j.cbpa.2010.03.009
https://doi.org/10.1242/jeb.089755
https://doi.org/10.1016/j.aquatox.2020.105563
https://doi.org/10.1016/j.aquatox.2020.105563
https://doi.org/10.1016/j.jtherbio.2011.11.005
https://doi.org/10.1126/science.1155398
https://doi.org/10.1126/science.1155398
https://doi.org/10.1002/ece3.1465
https://doi.org/10.1002/ece3.1465
https://doi.org/10.1093/conphys/cow067
https://doi.org/10.1093/conphys/cow067
https://doi.org/10.1007/s001140100216
https://doi.org/10.1242/jeb.134585
https://doi.org/10.1242/jeb.134585
https://doi.org/10.1002/1097-010x(20010401/30)289:4&percnt;3C266::aid-jez7&percnt;3E3.0.co;2-5
https://doi.org/10.1002/1097-010x(20010401/30)289:4&percnt;3C266::aid-jez7&percnt;3E3.0.co;2-5
https://doi.org/10.1111/brv.12480
https://doi.org/10.1111/brv.12480
https://doi.org/10.1577/1548-8446(1990)015<0010:AEOCCO>2.0.CO;2
https://doi.org/10.1577/1548-8446(1990)015<0010:AEOCCO>2.0.CO;2
https://doi.org/10.1016/j.aquaculture.2013.08.024
https://doi.org/10.1016/j.aquaculture.2013.08.024
https://doi.org/10.1242/jeb.212035
https://doi.org/10.1016/j.scitotenv.2020.142777
https://doi.org/10.1016/j.scitotenv.2020.142777
https://doi.org/10.1098/rspb.2014.1490
https://doi.org/10.1038/ncomms11447
https://doi.org/10.1016/j.aquaculture.2013.10.027
https://doi.org/10.1016/j.aquaculture.2013.10.027
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref78
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref78
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref78
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref78
https://doi.org/10.1093/icb/ict004
https://doi.org/10.1093/icb/ict004
https://doi.org/10.1065/espr2002.12.142
https://doi.org/10.1065/espr2002.12.142
https://doi.org/10.1016/j.marenvres.2012.04.003
https://doi.org/10.1016/j.marenvres.2012.04.003
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref82
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref82
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref82
https://doi.org/10.1242/jeb.205.6.759
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref84
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref84
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref84
https://doi.org/10.1007/s10142-018-0643-7
https://doi.org/10.1007/s10142-018-0643-7
https://doi.org/10.1016/j.etap.2013.11.010
https://doi.org/10.1093/icb/ict086
https://doi.org/10.1086/425205
https://doi.org/10.1086/425205
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref89
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref89
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref89
https://doi.org/10.1016/j.aquaculture.2011.11.019
https://doi.org/10.1016/j.aquaculture.2011.11.019
https://doi.org/10.1038/s41586-020-03119-1
https://doi.org/10.1038/s41586-020-03119-1
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref92
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref92
http://refhub.elsevier.com/S0147-6513(21)00889-7/sbref92

	Better together: Cross-tolerance induced by warm acclimation and nitrate exposure improved the aerobic capacity and stress  ...
	1 Introduction
	2 Methodology
	2.1 Acclimatization and experimental design
	2.2 Heat tolerance
	2.3 Hypoxia tolerance
	2.4 Respirometry
	2.5 Haematological analyses
	2.6 Statistical analyses

	3 Results
	3.1 Metabolic rate
	3.2 Haematological parameters
	3.3 Thermal tolerance
	3.4 Hypoxia tolerance

	4 Discussion
	4.1 Aerobic scope associated with stressor-induced haematological fluctuations
	4.2 Thermal tolerance linked to aerobic scope improvement
	4.3 Cross-tolerance among warming, nitrate and hypoxia

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Data sharing
	References


