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A B S T R A C T

Climate warming and nitrate pollution are pervasive aquatic stressors that endanger the persistence of fishes
prevailing in anthropogenically disturbed habitats. Individually, elevated nitrate and temperature can influence
fish energy homeostasis by increasing maintenance costs and impairing oxygen transport capacity. However, it
remains unknown how fish respond to simultaneous exposure to elevated temperature and nitrate pollution.
Hence, we examined the combined effects of nitrate and elevated temperatures on aerobic scope (AS, maximum-
standard metabolic rates) and cardiorespiratory attributes (haemoglobin HB, haematocrit HCT, relative ventricle
mass RVM, and somatic spleen index SSI) in a freshwater salmonid, Thymallus thymallus. A 3 × 2 factorial design
was used, where fish were exposed to one of three ecologically relevant levels of nitrate (0, 50, or 200 mg NO3

−

l-1) and one of two temperatures (18 °C or 22 °C) for 6 weeks. Elevated temperature increased AS by 36 % and the
improvement was stronger when coupled with nitrate exposure, indicating a positive synergistic interaction. HB

was reduced by nitrate exposure, while HCT was independent of nitrate pollution and temperature. Stressor
exposure induced remodeling of key elements of the cardiorespiratory system. RVM was 39 % higher in fish
exposed to 22 °C compared to 18 °C but was independent of nitrate exposure. SSI was independent of tem-
perature but was 85 % and 57 % higher in fish exposed to 50 and 200 mg NO3

− l-1, respectively. Taken together,
these results highlight that simultaneous exposure to elevated temperatures and nitrate pollution offers cross-
tolerance benefits, which may be underscored by cardiorespiratory remodeling.

1. Introduction

Anthropogenic impacts on the global environment are now so ubi-
quitous and multi-faceted that single-factor studies hold little predictive
power (Jackson et al., 2015; Reid et al., 2018). To survive, species must
navigate a complex milieu of stressors, which often interact in complex
ways (Reid et al., 2018; Todgham and Stillman, 2013). Climate
warming may exacerbate the negative effects of stressors already
threatening species. Alternatively, climate warming may stimulate
protective responses, which enable organisms to develop increased re-
silience to other stressors; a phenomenon termed cross-tolerance
(Sinclair et al., 2013). Despite the complexities of stressor interactions,
understanding how species respond to co-occurring stressors is one of
the largest knowledge deficiencies in ecological conservation (Darling
and Côté, 2008).

Nutrient pollution is one of the most pervasive global stressors.

Anthropogenic activities have significantly altered the global nitrogen
cycle by increasing the availability and mobility of nitrogen on the
planet (Galloway et al., 2004; Vitousek et al., 1997). Among the forms
of nitrogen in water, nitrate (NO3

−) occurs at relatively higher con-
centration in most aquatic systems (Camargo et al., 2005; Camargo and
Alonso, 2006; Durand et al., 2011). Accumulation of nitrate at levels
beyond the acceptable limit set between 45–50 mg NO3

− l-1 as pre-
scribed by international standards is a global crisis in surface and
groundwaters (European Commission, 2018; Rouse et al., 1999). In-
deed, nitrate in aquatic systems affected by agricultural and urban ac-
tivities can reach levels as high as 100–1000 mg NO3

− l-1 (Camargo and
Alonso, 2006; Rouse et al., 1999).

Nitrate pollution can have profound impacts on aquatic organisms.
High ambient nitrate levels facilitate net nitrate uptake in fish by pas-
sive or facilitated diffusion (HCO3

−/Cl− channel) through the bran-
chial epithelium (Camargo and Alonso, 2006; Stormer et al., 1996).
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Consequently, elevated internal nitrate can exert toxic effects and dis-
rupt functional performance (Camargo et al., 2005; Camargo and
Alonso, 2006). Nitrate exposure can retard developmental and growth
rates (Schram et al., 2014; Van Bussel et al., 2012), alter swimming
behaviour (Davidson et al., 2011), disrupt reproductive processes
(Good and Davidson, 2016; Hamlin et al., 2008) and lower survival
(Luo et al., 2016). Nitrate-induced reductions in performance may arise
from diminished aerobic scope (AS, Sokolova et al., 2012). Aerobic
scope is the difference between maximum and standard metabolic rates
(MMR and SMR, respectively), and represents an organism’s capacity to
supply oxygen beyond basal requirements to support fitness related
activities (e.g. growth, locomotion and digestion, Pörtner et al., 2017;
Sokolova et al., 2012). Similar to nitrite, organismal uptake of nitrate
leads to the conversion of the oxygen carrying protein, haemoglobin
(HB), to a non-oxygen carrier form - methaemoglobin (MetHB, Grabda
et al., 1974). The formation of MetHB lowers blood oxygen carrying
capacity, which may in turn reduce MMR. Nitrate exposure may also
increase SMR by stimulating energy demanding coping mechanisms
(i.e. MetHB reductase system: Huey et al., 1984; Jensen et al., 1987).
Together, nitrate-induced reductions of MMR and increases of SMR can
diminish AS (Fig. 1 A&B, solid lines) and have negative downstream
effects on functional performance.

The problems associated with nitrate pollution are foreseen to in-
tensify as climate change progresses. Temperature rise, accompanied by
more frequent and extreme heat waves, is anticipated to boost nitrate
levels in aquatic systems (Dokulil and Teubner, 2011; Ficke et al.,
2007), and is expected to demand changes in the metabolic attributes of
aquatic ectotherms which may have fatal consequences for their fitness
(Pörtner et al., 2017). As quantified by several studies (Grans et al.,
2014; Healy and Schulte, 2012; Norin et al., 2013), SMR increases with
temperature, while MMR generally rises initially and then declines
beyond optimum temperatures, which ultimately reduces AS at high
temperatures (Fig. 1 C&D, solid lines). According to the oxygen- and
capacity-limited thermal tolerance (OCLTT) hypothesis, the inability of
the cardiorespiratory system to keep pace with the elevated cellular
metabolic (oxygen) demands as temperature rises, is the primary culprit
for the decline in aerobic performance at high temperatures. Therefore,
alterations of the cardiorespiratory system to maintain or enhance

oxygen transport efficiency play a vital role in acclimation of fishes to
elevated temperature (Pörtner et al., 2017). Indeed, morphological re-
modeling of some cardiorespiratory and circulatory organs has been
observed with exposure to elevated temperatures. For example, ad-
justment in size, geometry and myocardial proportion (spongy versus
compact) of the ventricle to maintain cardiac output has been observed
in fish exposed to warmer temperature (Gamperl, 2004; Gamperl et al.,
2020; Keen et al., 2016). Spleen, an important erythrocyte reservoir and
erythropoietic organ in salmonid fish, also exhibits mass and size
fluctuations as a result of erythrocyte release/storage during environ-
mental changes (i.e. hypoxia, Lai, 2006; Wells and Weber, 1990).

Co-occurrence of stressors in freshwater ecosystems is common
(Sokolova et al., 2012), and determining how stressors interact to affect
organismal performance is essential. Both nitrate pollution and elevated
temperatures have the potential to disrupt energy homeostasis and
lower functional performance in isolation (Chen et al., 2015; de Campos
et al., 2014; Gomez Isaza et al., 2018, 2020; Lefevre, 2016; McArley
et al., 2017). Interactions between temperature and chemical toxicity
are complex because temperature impacts chemical availability, up-
take, internal processing and detoxification processes (Ficke et al.,
2007; Huey et al., 1984), while toxicants can alter an organism’s lethal
thermal limits (Cairns et al., 1975). Responses of organisms to one
stressor may deteriorate or boost the negative effects of the other
stressor (26). Moreover, development of protective mechanisms against
one stressor may be inhibited or accelerated in the presence of another
stressor. Hence, simply adding the individual effects of these stressors
may lead to inaccurate conclusions (Crain et al., 2008; Piggott et al.,
2015; Todgham and Stillman, 2013). Stressor interactions can be clas-
sified into three categories: (i) additive, when stressors do not interact
and the combined effect is not significantly different to the sum of the
isolated 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
individual effects of the stressors (Piggott et al., 2015).

We aimed to determine the interactive effects of nitrate pollution
and elevated temperature on cardiorespiratory parameters (haemato-
crit HCT, HB, relative ventricle mass RVM, and somatic spleen index SSI)
and metabolic attributes (SMR, MMR and AS) in juvenile European

Fig. 1. Conceptualized individual and com-
bined impacts of temperature and nitrate
on aerobic performance. Adapted from
Sokolova et al., 2012. Solid lines refer to the
individual effects of nitrate or temperature,
and dashed lines refer to the hypothesized
combined effects of both stressors on aerobic
scope. Aerobic scope, AS, which is the differ-
ence between maximum and standard meta-
bolic rates (MMR and SMR, respectively), re-
presents an organism’s capacity to supply
oxygen beyond basal requirements to support
fitness related activities (e.g. growth, stress
tolerance, reproduction). (A) Nitrate may re-
duce MMR due to the formation of MetHB
which lowers blood oxygen carrying capacity,
and may increase SMR by stimulating energy
demanding coping mechanisms, (B) which ul-
timately diminish AS. (C) On the other hand,
SMR increases with temperature, while MMR
generally rises initially and then declines be-
yond optimum temperatures, (D) which even-
tually reduces AS at high temperatures. In
combination (dashed lines), nitrate and ele-
vated temperature exposure would jointly in-
crease the SMR and diminish the MMR due to
compensatory responses and impairment of
cardiorespiratory capacity leading to further
reduction of AS.
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grayling, Thymallus thymallus. T. thymallus is a freshwater, temperate
and stenothermic salmonid (Northcote, 1995), which suffered con-
siderable population losses during past and recent summer heat wave
events in the Rhine River (Deutsche Welle, 2018; Jager, 2018). This
species continues to be at a high risk of climate warming and heat wave
events because freshwater and temperate regions are forecasted to ex-
perience larger, more rapid increases in temperature than tropical and
marine systems (Ficke et al., 2007). Moreover, T. thymallus is vulner-
able to the compounding effects of nitrate pollution because nitrate
concentrations in European surface waters where T. thymallus is native
(and abundant) can exceed the set 50 mg NO3

− l-1 standard limit
(Durand et al., 2011; European commission, 2018).

We hypothesized that simultaneous nitrate and elevated tempera-
ture exposure would increase the SMR and diminish the MMR due to
compensatory responses and impairment of cardiorespiratory capacity,
which would ultimately reduce the AS of T. thymallus (Fig. 1 A–D, da-
shed lines). Fish were exposed for a minimum of six weeks to one of the
three levels of nitrate, 0 mg NO3

− l-1 (control), 50 mg NO3
− l-1 (EU

standard limit to identify nitrate polluted water: 10), and 200 mg NO3
−

l-1 (realistic level of nitrate in anthropogenically disturbed freshwater
systems, Grizzetti et al., 2011; Shukla and Sexena, 2018), and one of
two temperatures: 18 °C (average summer temperature), and 22 °C
(mild heat wave simulation). Following treatment exposure, aerobic
scope (AS, maximum-standard metabolic rates), and cardiorespiratory
attributes, including HB, HCT, RVM and SSI, were assessed to disen-
tangle the interaction between elevated temperature and nitrate pol-
lution on fish performance.

2. Methodology

2.1. Animal maintenance

European grayling (T. thymallus) juveniles were obtained from
Fischzucht Kauth, Schonecken, Germany, and transferred to the
Systemic Physiological and Ecotoxicological Research laboratory,
Faculty of Science, University of Antwerp where they were habituated
to laboratory conditions for one month prior to the experiment. Fish
were maintained in six tanks (210 l capacity; 52 cm width ×72 cm
length ×56 cm height; 50 fish tank−1) filled with 150 l dechlorinated
freshwater (25 ml dechlorinator solution per 200 ml water, API STRESS
COAT Water Conditioner), and were fed commercial pellets (0.5 mm,
Skretting ME Presta) at a rate of 1% body mass (BM) day−1. Water in
the tanks was continuously recirculated at an average flow rate of 5.3 l
min−1 through a three-layer biofiltration system (cotton-gravel-cotton
filter layers, 39 cm width, 53 cm length, and 12 cm height for each
layer), and all tanks were subjected to 12-h light and 12-h dark pho-
toperiod. Water temperature was monitored daily by WTW ProfiLine
3310 portable meter and was gradually increased from 8 °C to 18 °C at a
rate of 1 °C every two days. Ammonia, nitrite, and nitrate levels were
checked daily by test kits (Tetra, Melle, Germany) and kept at levels
below 0.25 mg NH3/NH4

+ l−1, 0.3 mg NO2- l−1, and 25 mg NO3- l−1,
respectively. Dissolved oxygen (DO) was determined daily by WTW
ProfiLine 3310 portable meter and maintained at levels above 80 %.

2.2. Experimental design

At a stocking density of approximately 1 g l−1 (10–11 fish per tank),
246 fish (3.7± 0.1 g, mean± s.e.) were randomly distributed among
24 rectangular tanks (29 cm width, 58 cm length, and 35 cm height)
equipped with airlift filters (8 cm length, 8 cm width, and 10.5 cm
height: BioAir Filter, SuperFish) and fish shelters (PVC tubes, 17 cm
length ×5 cm diameter), and filled with 40.8 l of demineralized
(Eurowater DPRO B1−1/1) and enriched (0.4 g KCl: 12.3 g
MgSO4*H2O: 9.6 g NaHCO3: 6.0 g CaSO4*H2O per 100 l water; all
chemicals are AnalaR NORMAPUR® analytical reagent by VWR
Chemicals) water maintained at 18± 1 °C. After a 7-day adjustment

period, tanks were randomly assigned to one of the six treatments using
a random number generator: two acclimation temperatures (18 °C and
22 °C: actual values of 18.2±0.4 °C and 22.1±0.5 °C, respectively,
average± SD, n = 792 measurements per temperature level) × three
nitrate levels (0 mg NO3- l−1, 50 mg NO3- l−1, 200 mg NO3- l−1: actual
values of 5.7± 1.0 mg NO3- l−1, 50.5±3.0 mg NO3- l−1and
200.2±8.0 mg NO3- l−1, respectively, average± SD, n = 528 mea-
surements per nitrate level), yielding four replicate tanks for each ac-
climation temperature × nitrate level combination. Selection of the
nitrate treatment levels was based on the standard limit to identify
nitrate polluted ground and surface waters in European countries
(European commission, 2018) established at 50 mg NO3- l-1, while
realistic levels of nitrate in some freshwater systems can approach or
reach beyond 200 mg NO3- l-1 (Grizzetti et al., 2011; Shukla and Sexena
(2018)). On the other hand, consideration of 18 °C as control tem-
perature was based on the recorded average summer temperature,
while 22 °C is considered as mild heat wave temperature in the Rhine
River (Hardenbicker et al., 2016).

The fish were exposed to treatments for a minimum of 6 weeks prior
to performance assessments. Fish were fed commercial pellets (0.5 mm,
Skretting ME Presta) to satiation daily and were subjected to 12-h light
and 12-h dark photoperiod throughout the experiment. Temperature
and nitrate levels were recorded daily by portable meters WTW
ProfiLine 3310 and HORIBA LAQUAtwin NO3

−11, respectively, and
maintained at appropriate treatment levels (± 1 °C;± 10 mg NO3

− l-1)
by water heaters (Buyo Digital Aquarium Heater DR-9300) and the
addition of sodium nitrate (GPR RECTAPUR by VWR Chemicals), re-
spectively. Ammonia and nitrite were also measured by test kits (Tetra,
Melle, Germany) daily and were maintained below 0.25 mg NH3/NH4

+

l-1 and 0.3 mg NO2
− l-1, respectively, whereas DO was checked by WTW

ProfiLine 3310 and maintained at levels above 80 %. Water changes of
up to 50 % depending on the water quality values (generally nitrate
concentration as the determinant parameter) were performed daily.
Feces and residual feeds were also siphoned out during the daily water
change procedure. Nitrate and temperature were checked again after
water change to ensure that levels were within the targeted values.

2.3. Intermittent respirometry

Aerobic scope (AS) was measured in a subset of randomly selected
fasted (24 h) fish from each treatment (18 °C × 0 mg NO3

− l-1:
4.97±0.92 g [n = 9]; 18 °C × 50 mg NO3

− l-1: 4.87±0.70 g [n = 5];
18 °C × 200 mg NO3

− l-1: 5.49±0.83 g [n = 5]; 22 °C × 0 mg NO3
− l-

1: 4.44± 0.0.71 g [n = 7]; 22 °C × 50 mg NO3
− l-1: 4.64±1.13 g [n

= 7]; 22 °C × 200 mg NO3
− l-1: 4.75±0.84 g [n = 5]; values ex-

pressed as average BM±SD [n = sample size]). Following 6 weeks of
treatment exposure, AS was measured by subtracting the standard
metabolic rate (SMR) from the maximum metabolic rate (MMR).
Metabolic rates (MO2 , mg O2 h-1) were calculated using Eq. 1:

= − × ⎡
⎣

− ⎤
⎦

× ×m mMO 1 ( )
100

V βOa c
2 2

(1)

where ma is the rate of change of oxygen saturation during a closed
measurement period of a respirometer containing a fish (Δ% air sa-
turation per hour), mc is the background respiration rate measured as
the rate of change of oxygen saturation of a respirometer containing
only water, V is the volume of the respirometer minus the volume of the
fish (assuming 1 g displaces 1 ml of water), and βO2 is the oxygen ca-
pacitance at the appropriate water temperature (Cameron, 1986).

SMR was measured by automated intermittent-flow respirometry
(Clark et al., 2013; Svendsen et al., 2015). Fish were maintained
overnight for a minimum of 14 h in respirometers (4.2± 0.03 l volume,
motor: 3E-12NRY Little Giant Pump Company) set up within a rec-
tangular reservoir bath (70 cm length; 59.5 cm width; 39 cm height;
filled up to 18 cm) containing water at corresponding treatment
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conditions and equipped with continuous aeration system. Water flow
speed was set at 1.7 BL s−1 during each trial to facilitate water mixing
within the respirometers, without stimulating steady or burst swim-
ming. Each respirometer was connected to flush pump (average flow
rate of 1.8 l min−1, EHEIM universal 300 submersible pump, EHEIM
Gmbh & Co. KG, Germany) that was switched on and off by a me-
chanical timer (Chacon Timer M100) to prevent oxygen depletion and
build-up of CO2 and nitrogenous waste. Flushing occurred for 15 min
every 30 min and excess water flowed out of a tube on top of the re-
spirometer chamber that extended above the water level of the re-
servoir bath. A calibrated portable oxygen meter (WTW ProfiLine 3310)
was set to monitor the DO level in the respirometer every minute for a
minimum of 14 h. Oxygen level decline rate (during a 20 min period in
between flushing cycles) belonging to the lower 10th percentile was
considered for the computation of SMR (Clark et al., 2013). Background
respiration rates was determined by a blank run after SMR determi-
nations for an hour and were< 2.6 % of the animal respiration rates
(mg O2 kg−1 h−1). Some of the SMR trials were discarded due to the
technical problems encountered during the SMR measurement, hence
the unequal sample sizes among treatments. Some of the respirometer
motors either overheated causing water temperature to exceed the
targeted range (± 1°C of the test temperature), or stopped working
causing inadequate water mixing and consequently irregular DO fluc-
tuation (DO decline was not apparent) during the SMR trials.

After SMR measurement, the MMR of the same fish was determined
using the standard chase protocol (Clark et al., 2013). We opted to
measure MMR using a chase method because our pilot study showed
that T. thymallus did not fatigue at the fastest speeds generated by the
swim-tunnel respirometers. Each fish was placed into a circular exercise
tank (36 cm top diameter; 32 cm base diameter; 38 cm height) con-
taining approximately 10 l of well-aerated water at corresponding
treatment conditions. Fish were allowed a 10 min habituation period
and were then continuously chased with a net for 3 min. After chasing,
fish were immediately placed in a 5.5 l Brett-type respirometer (SWIM-
5, Loligo® Systems) submerged in a water bath (75 cm length; 30 cm
width; 17 cm height; filled up to 12 cm) with corresponding treatment
condition. Maximum oxygen consumption of fish normally occurs
within the first few minutes after chasing (Clark et al., 2013), yet this
was difficult to measure with the respirometer used for SMR (removal
air bubbles and sealing required around 2−3 min) during pilot trial,
hence the Brett type respirometer (SWIM-5, Loligo® Systems), which
can be sealed immediately (in less than 10 s), was used. The re-
spirometer was set at velocity similar to the SMR protocol (1.7BL s−1)
to ensure adequate mixing, and was equipped with calibrated portable
oxygen meter (WTW ProfiLine 3310) set to measure the DO level every
5 s for 15 min. The highest DO concentration decline rate during a 2
min interval (usually within the first 5 min) was considered for the
computation of MMR. The BM of fish was measured after the trial.
Background respiration was again determined by a blank run.

2.4. Blood and tissue collection

After 8 weeks of treatment exposure, fish samples (not subjected to
respirometry) were collected, euthanized by an overdose of buffered
tricaine methanesulfonate (MS-222, Acros Organics), and weighed.
Blood samples were obtained by severing the caudal peduncle, and
heparinized capillary tubes (60 μl capacity; 0.75 cm length,
Hirschmann® Laborgerate) were used to collect blood. Collected blood
was then transferred to 1.5 ml microtubes (Eppendorf® microtubes
3810X) buried in ice until HB and HCT analyses. Spleen and ventricle
were then dissected from the fish. Fat and connective tissues were
carefully removed from the spleen and ventricle. Ventricle and spleen
masses were weighed using an analytical balance (Sartorius 1712 MP8
Dual Range 0–30/160 g) to 0.00001 g. RVM and SSI were calculated by
dividing ventricle and spleen mass by total BM, respectively.

2.5. Haematological parameters analyses

HB concentration in blood samples was determined by a colori-
metric commercial assay kit (Sigma-Aldrich MAK 115, Triton®/NaOH
method) read by ELX808™ Absorbance Microplate Reader (BioTek®
Instruments) under 405 nm wavelength. To determine the HCT, he-
parinized 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-Hämatokrit
00912 type centrifuge). HB and HCT analyses were completed in less
than 30 min after blood collection. HCT was estimated by calculating
the ratio of the column of packed erythrocytes to the total length of the
sample in the capillary tube.

2.6. Statistical analyses

Data analyses were carried out using R Studio (version 3.6.0).
Linear mixed effects (lme) models were performed to discern the effect
of acclimation temperature (two-level, fixed factor) and nitrate con-
centration (three-level, fixed factor) and the interaction between these
factors on the aerobic performance (SMR, MMR, and AS), HB, HCT, RVM
and SSI. Tank ID was included as a random effect in all mixed effects
models, and respirometer ID was included as an additional random
effect SMR, MMR and AS models. Body mass is included as a covariate
in all models. The lme model assumptions were checked and Tukey’s
post hoc tests (Tukey adjusted lsmeans) were run to determine statis-
tical differences among treatment groups and fixed factors levels.
Statistical significance was accepted at probability level less than or
equal to 0.05 (p≤ 0.05). Classification of stressor interaction was based
on the classification system outlined by Piggott et al. (46). Outliers were
defined as values outside the interval two times the standard deviation
(SD) from the average value (average value± 2*SD), and were not
included in statistical analyses. Data were presented as average
value± standard error (SE).

3. Results

3.1. Metabolic attributes

No treatment-induced mortalities occurred during the exposure
period. Nitrate exposure increased the SMR of graylings (p< 0.05, F2,29
= 5.72, lme, Fig. 2A) but this was only evident in 22 °C-acclimated fish,
where SMR of 200 mg l−1 exposed fish (129.7 O2 kg−1 h−1± 8.5) was
69 % and 55 % higher than the SMR of fish exposed to 0 mg l−1 (76.5
O2 kg−1 h−1± 5.9) and 50 mg l-1 (83.5 O2 kg−1 h−1± 7.0), respec-
tively. Acclimation temperature had no effect on SMR (p = 0.71, F1,29
= 0.02, lme). In contrast to SMR, elevated temperature increased the
MMR by 32 % (p< 0.001, F1,27 = 23.60, MMR18°C = 1224.0 O2 kg−1

h−1± 68.5, MMR22°C = 1620.5 O2 kg−1 h−1± 52.6, averaged over
nitrate levels), but no main effect of nitrate treatment was noted (p =
0.09, F2,27 = 2.54, lme, Fig. 2B). AS was influenced to a larger extent
by MMR than by SMR (Fig. 2C): AS was affected by acclimation tem-
perature (p<0.001, F1,25 = 25.77, lme) where 22 °C-acclimated fish
(1512.7 O2 kg−1 h−1± 51.7, averaged over nitrate levels) had a 36 %
higher AS than 18 °C-acclimated fish (1114.8 O2 kg−1 h−1± 65.4,
averaged over nitrate levels), but AS was independent of nitrate ex-
posure (p = 0.23, F2,25 = 1.55, lme). Despite the non-significant main
effect of nitrate, fish exposed to 200 mg l−1 exhibited significantly
higher (p< 0.05) MMR and AS compared to control nitrate level at 22
°C. A significant synergistic interaction between elevated temperature
and nitrate exposure was noted in SMR (p<0.05, F2,29 = 5.67, lme),
MMR (p<0.05, F2,27 = 5.05, lme), and AS (p< 0.05, F2,25 = 4.58,
lme).
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3.2. Cardiorespiratory remodeling

Remodeling of the cardiorespiratory organs, such as ventricle and
spleen, was induced by stressor exposure. RVM was 39 % higher in fish
exposed to 22 °C (0.09 %±0.01, averaged over nitrate levels;
p< 0.01, F1,18 = 10.70, lme) compared to 18 °C (0.07 %±0.00,
averaged over nitrate levels) but was independent of nitrate exposure (p
= 0.98, lme, F2,18 = 0.02, ; Fig. 3A). Elevated temperature did not
influence the SSI (p = 0.62, F1,18 = 0.26, lme) but nitrate exposure
induced an 85 % and 57 % SSI expansion (p< 0.05, F2,18 = 3.79, lme)
in fish exposed to 50 mg NO3

− l-1 (0.06 %±0.01) and 200 mg NO3
− l-

1(0.05 %±0.01), respectively (Fig. 3B). Interaction between elevated
temperature and nitrate was non-significant in both measured cardi-
orespiratory attributes (RVM: p = 0.64, F2,16 = 0.45, lme; SSI: p =
0.27, F2,16 = 1.40, lme).

3.3. Haematological parameters

Haematological parameters were minimally affected by stressor
exposure (Table 1). Elevated temperature had no main effect on HCT (p
= 0.23, F1,34 = 1.47, lme) and HB (p = 0.26, F1,31 = 1.30, lme).
Nitrate exposure reduced HB concentration (p<0.05, F1,31 = 4.34,
lme), while HCT was independent of nitrate exposure (p = 0.62, F2,34 =
0.50, lme). Interaction between nitrate and temperature was non-sig-
nificant on both blood parameters (HCT: p = 0.29, F2,34 = 1.2; HB: p =
0.21, F2, 29 = 1.60, lme). Post-hoc analyses indicated no significant
differences among treatment combinations (p>0.05).

4. Discussion

Although it is anticipated that nitrate pollution will worsen under
climate change (Dokulil and Teubner, 2011; Ficke et al., 2007),
knowledge on the combined effects and the interaction between these
prevalent stressors remains very limited. To this end, we assessed the
interactive effects of nitrate pollution and elevated temperature on AS
and cardiorespiratory attributes in T. thymallus. The two stressors in-
teracted synergistically to increase AS, indicating beneficial cross-tol-
erance. This synergistic interaction was likely underscored by stressor-
induced remodeling of cardiorespiratory attributes (i.e. ventricle and
spleen mass), which may have provided overlapping protection against
both stressors. These data highlight the unpredictability of stressor in-
teractions and may inform both conservation and aquaculture practices.

Temperature influences SMR due to the thermal dependence of
chemical and enzymatic processes associated with homeostatic main-
tenance (Lefevre, 2016). In acute cases (minutes, hours or days at a new
temperature), SMR of fish rises with increasing temperature exposure
(Chen et al., 2015; Ferreira et al., 2014; Lefevre, 2016). However, SMR
response to temperature can differ when the fish is given sufficient time
to adjust their metabolic processes and thereby their costs (Lefevre,
2016; Sandblom et al., 2014; Seebacher et al., 2014). For example,
Donelson et al. (2010) showed that spiny chromis damselfish, Acan-
thochromis polyacanthus, reared 3 °C higher than the natural tempera-
ture in their habitat, partly compensated for the rise in SMR that was
displayed by conspecifics acutely exposed to the same temperature.
Here, chronic exposure (6 weeks) to elevated temperature did not affect
the SMR of T. thymallus, suggesting that the fish remodeled their phy-
siology to downregulate basal oxygen demands. For example, it is
proposed that mitochondrial function down-regulation enables fish to
decrease their resting oxygen demand to preserve the AS during
warming (Fangue et al., 2009). However, further testing is required (i.e.
determination of SMR after acute exposure at the alternative acclima-
tion temperature) to confirm if a thermal acclimation response was
demonstrated here.

SMR was influenced by nitrate treatment but the effect was only
noted in 22 °C-acclimated fish indicating an interaction between ele-
vated temperature and nitrate treatment. Chronic nitrate exposure

Fig. 2. Interactive effects of nitrate and thermal acclimation treatments on
metabolic traits of the European grayling (Thymallus thymallus). Fish were
acclimated to one of two thermal acclimation treatments (18 or 22 °C) and one
of three nitrate concentrations (0, 50 or 200 mg/l) for 6 weeks. The (A) stan-
dard metabolic rate (SMR, mg O2 kg−1 h−1) was significantly affected by ni-
trate treatment (p<0.05, F2,14 = 4.04), and the interaction between tem-
perature and nitrate (p< 0.05, F2,14 = 4.16). Elevated temperature increased
the (B) maximum metabolic rate (MMR, mg O2 kg−1 h−1, p< 0.001, F1,13 =
23.60) and the (C) aerobic scope (AS, mg O2 kg−1 h−1, p< 0.001, F1,13 =
25.77), and interacted with nitrate to further escalate both attributes (MMR:
p< 0.05, F2,13 = 5.05; AS: p< 0.05, F2,13 = 4.58). Different lowercase letters
indicates statistical differences (p ≤ 0.05) among treatment groups. Data are
presented as a violin plot where the lines represent the upper 95 % confidence
interval, median and lower 95 % confidence interval, respectively. Dots re-
present individual data points (n = 5-9 fish/treatment group).
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without warm exposure in this study did not pose disruptions to SMR,
which coincided with the results of nitrate exposure experiments on
other aquatic ectotherms (Gomez Isaza et al., 2018; Gomez Isaza et al.,
2020; Meade and Watts, 1995). In contrast, it was observed that 22 °C-
acclimation coupled with 200 mg l−1 nitrate exposure almost doubled
the SMR of fish relative to those exposed to lower nitrate concentra-
tions, which is comparable to the findings of de Campos et al., (2014),
wherein 30-day exposure to elevated nitrate (182 mg l−1) at 25 °C
significantly increased the SMR of juvenile pink shrimp, Farfantepenaeus
brasiliensis, relative to lower nitrate (45 mg l−1 and 91 mg l−1) levels. It
is speculated that activated nitrate response mechanisms during
warming may have limited the ability of fish exposed to 200 mg l−1 to
make physiological changes to down-regulate their basal oxygen de-
mand similar to that of fish exposed to lower nitrate concentrations.
Exposure to nitrate may activate energy coping mechanisms such as
mobilization of the MetHB reductase system (Huey et al., 1984) and the
stimulation of an active excretion mechanism for unbound nitrate and/
or nitrite (Eddy et al., 1983). Possibly, maintenance of relatively higher
mitochondrial densities to maintain energy production was deemed
necessary to fuel these energy demanding nitrate response mechanisms.
Alternatively, thermal stress may have also constrained the ability of
fish to sustainably cope with nitrate treatment.

AS was largely influenced by MMR rather than SMR, which is si-
milar to the AS findings of Lefevre (2016) on at least 30 fish species. In
this study, MMR significantly increased following exposure to elevated
temperature (22 °C), resulting in an increase in AS of T. thymallus. It is
generally assumed that exposure to temperature beyond thermal op-
tima reduces MMR due to the diminished efficiency of the cardior-
espiratory system to take up and transport oxygen (McArley et al.,
2017; Pörtner et al., 2017). However, negative correlation of MMR with
temperature (above optimal) is not universal as some species show
expansion of MMR at elevated temperature approaching thermal limits

(Donelson et al., 2010). Thermal preference (temperature at which
feeding occurs without abnormal behavior) of T. thymallus ranges from
4 to 18 °C, with an absolute maximum of 25–27 °C (Cove et al., 2018;
Crisp, 1996). Since only two temperatures were tested in this study, it is
possible that 22 °C was not high enough to negatively affect the car-
diorespiratory functioning of T. thymallus, hence a reduction in MMR
was not observed.

Increase in MMR is also possible by adjustments in the circulatory
and respiratory systems after long-term exposure to elevated tempera-
ture (Grans et al., 2014; Lefevre, 2016). For example, morphological
remodeling of the heart after exposure to elevated temperature (i.e.
developing larger ventricle and/or stronger contractile cardiac muscle)
corresponds to higher cardiac output (Gamperl, 2004; Keen et al.,
2016), and has been positively correlated with AS (Nyboer and
Chapman, 2018). The higher RVM noted in 22 °C exposed fish is
therefore one mechanism to explain the improved MMR and AS at
elevated temperature in this experiment. This RVM increase at elevated
temperature, however, does not coincide with many studies on sal-
monid fish where RVM did not significantly change (Keen et al., 2016;
Klaiman et al., 2011) or decreased (Anttila et al., 2015), and fishes
relied on other heart remodeling mechanism to maintain cardiac
function at elevated temperature (i.e. increase in the proportion of
compact myocardium, Anttila et al., 2015; Nyboer and Chapman,
2018). Nevertheless, the acclimation temperatures in these studies were
only between 15 and 19 °C. Similar to our findings, Gemperl et al.
(2020) found an increase in the RVM when rainbow trout were exposed
to elevated acclimation temperatures (up to 23 °C), suggesting that the
response of salmonid heart to elevated temperatures is dependent on
the maximum temperature to which it is exposed.

Nitrate exposure can reduce MMR, hence it can also reduce the AS,
of fish by the reduction of oxygen transport capacity due to the oxi-
dation of HB to MetHB (Grabda et al., 1974). However, nitrate did not
significantly affect the MMR and the AS of T. thymallus in this study,
which differs from the results obtained by Gomez Isaza et al. (2018),
where nitrate exposure (50 mg l−1 and 100 mg l−1) of blueclaw
crayfish, Cherax destructor, for up to 20 days led to significant reduction
in MMR and AS. Inconsistencies between the results may be explained
by species-specific differences in nitrate tolerance (Camargo and
Alonso, 2006), as well as differences in their respiratory pigments: T.
thymallus has HB while C. destructor carries haemocyanin.

The lack of nitrate-induced change of MMR and AS indicates that
the fish were able to cope with the oxygen transport capacity reduction
caused by methaemoglobinemia, which is supported by the nitrate-in-
duced increase in SSI and the minimal haematological variation among
fish exposed to different nitrate levels. The spleen is an important er-
ythrocyte storage site in fish, and plays an essential role in maintaining

Fig. 3. Cardiorespiratory remodeling in
European grayling (Thymallus thymallus)
exposed to a factorial combination of ni-
trate and thermal acclimation treatments.
Fish were acclimated to one of two thermal
acclimation treatments (18 or 22 °C) and one of
three nitrate concentrations (0, 50 or 200 mg/
l) for 8 weeks. Elevated temperature increased
the (A) relative ventricle mass (RVM, %BM
F1,18 = 10.70, p<0.01, lme), and nitrate ex-
posure increased the (B) spleen somatic index
(SSI, %BM, F2,18 = 3.79, p< 0.05, lme).
Different lowercase letters indicates statistical
differences (p ≤ 0.05) among treatment
groups. Data are presented as a violin plot
where the lines represent the upper 95 %
confidence interval, median and lower 95 %
confidence interval, respectively. Dots re-
present individual data points (n = 9-10 fish/
treatment group).

Table 1
Haematocrit (HCT) and haemoglobin (HB) of European grayling (Thymallus
thymallus) exposed for 8 weeks to different treatment groups: temperature (18
or 22 °C) and nitrate (0, 50, 200 mg l−1 NO3-) combination. Values are shown
as mean (± standard error), and sample size range from 5 to 11 fish per
treatment group.

Treatment group HCT (%) HB (g l−1)

18 °C ; 0 mg l−1 NO3- 34.3 (± 1.9) 84.5 (± 2.4)
18 °C ; 50 mg l−1 NO3- 33.1 (± 2.1) 75.4 (± 2.3)
18 °C ; 200 mg l−1 NO3- 36.8 (± 0.8) 80.0 (± 0.9)
22 °C ; 0 mg l−1 NO3- 38.5 (± 1.4) 84.0 (± 1.1)
22 °C ; 50 mg l−1 NO3- 30.0 (± 3.7) 76.3 (± 4.8)
22 °C ; 200 mg l−1 NO3- 32.9 (± 3.1) 68.8 (± 3.3)
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or increasing blood oxygen-carrying capacity during exercise and hy-
poxic conditions (Wells and Weber, 1990). Hence, spleen changes be-
come very relevant because MMR trials involve fatiguing exercise and
nitrate-exposed fish methaemoglobinemia can induce tissue hypoxia.
Splenic contraction, indicated by the reduction of SSI, followed by the
subsequent release of (up to 95 %) stored erythrocytes to the circulation
have been identified as an immediate response of salmonid fish during
exercise and severe, acute hypoxic conditions (Lai, 2006; Wells and
Weber, 1990). Nevertheless, a different case is observed during mod-
erate and chronic hypoxia. A lack of splenic contraction and an increase
of SSI was observed in rainbow trout, Oncorhynchus mykiss, after
chronic exposure (2 weeks) to hypoxia (Wells and Weber, 1990).
Moreover, it was found that the SSI of O. mykiss returned to normal
after a few days (1–2 days) of exposure to moderate hypoxia (50 %
oxygen saturation), which is attributed to the formation of new blood
cells in the circulation and storage in the spleen (Lai, 2006). The same
scenario possibly occurred in this experiment: nitrate-induced me-
thaemoglobinemia (indicated by slightly reduced HB) may have caused
moderate tissue hypoxia, and the species responded by forming new
blood cells in the circulation and storing excess blood cells in spleen
(hence the nonsignificant levels of HCT among treatments), causing the
increase of SSI after nitrate exposure. Higher resting SSI indicates a
greater blood supply when the spleen contracts in response to exercise
induced during MMR trials, and compensates for the oxygen carrying
capacity limitation by methaemoglobinemia, hence the un-
differentiated MMR in nitrate-exposed fish. Erythropoiesis, however,
should result in an increase in HCT levels in circulation beyond control
levels to fully offset the effects of hypoxia, which was not the case in
this experiment. It is speculated that nitrate may have also caused da-
mage to red blood cells. Previous nitrite exposure studies on sea bass,
Dicentrarchus labrax, found that methaemoglobin formation caused
death of red blood cells due to oxidative hemolysis and/or reduction of
erythrocyte life span (Scarano et al., 1984; Scarano and Saroglia, 1984).

Elevated temperature and nitrate treatments interacted synergisti-
cally to increase the MMR and AS of T. thymallus in this study. The
effect of simultaneous exposure to both stressors was greater than the
sum of the individual effect and greater than any individual effects
(Piggott et al., 2015). Related compensatory mechanisms may be the
reason for the synergistic interaction between these two stressors:
compensatory responses induced by temperature may have been asso-
ciated with heightened tolerance to nitrate, or vice versa. Phenomena
where protective responses against one stressor enable organisms to
transiently increase tolerance to another form of stress are called cross-
tolerance (Kampinga et al., 1995) and are known to occur in fish. Initial
heat shock exposure (+12 °C) increased the survival of tidepool scul-
pins, Oligocottus maculosus, when subsequently exposed to osmotic and
hypoxic stressors (Todgham et al., 2005). Channel catfish, Ictalurus
punctatus, acclimated to moderate hypoxia (50 % oxygen saturation)
exhibited higher thermal tolerance (measured as critical thermal max-
imum, CTMax) which is associated with differentiated cardiovascular
responses (higher resting heart rate and increased systolic blood pres-
sure, Burleson and Silva, 2011). Similarly, each stressor tested in this
experiment caused changes in cardiorespiratory and circulatory attri-
butes that possibly heightened the tolerance of fish to the other stressor.
Temperature-induced RVM increase may have overcompensated for the
nitrate-induced reduction of oxygen transport capacity resulting in in-
creased MMR and AS when exposed to combined stressors. At the same
time, the nitrate-induced blood reserve expansion in the spleen to offset
the MMR-limiting effects of methaemoglobinemia likely reinforced the
positive effects of cardiorespiratory adjustments induced by elevated
temperature.

Cross-tolerances between stressors appear to be mediated through
several molecular mechanisms, primarily through the induction of heat
shock proteins (HSPs) – stress proteins that play crucial roles in cyto-
protection and cell repair (Todgham et al., 2005). Thermal shock and
nitrate-related stressor (i.e. hypoxia, nitrite exposure) have been

already documented to induce over-expression of HSPs in several fish
tissues (Burleson and Silva, 2011; Jensen et al., 2015; McBryan et al.,
2013), which supports our speculation that cross-tolerance underlies
the positive synergistic interaction between elevated temperature and
nitrate exposure observed in this study. Cross-tolerance is generally
observed between stressors which co-occur in natural habitats (Sinclair
et al., 2013). Indeed, European surface waters, where T. thymallus
proliferate, can have nitrate levels exceeding the 50 mg NO3

− l-1

standard limit (Durand et al., 2011; European Commission, 2018), and
experience harsh temperature rises during summer heat waves.

AS represents the capacity of the organism to supply oxygen needed
for protective stress responses as well as fitness related activities
(Piggott et al., 2015; Sokolova et al., 2012). Several studies found as-
sociation between AS and fish functional performance such as thermal
tolerance, growth, swimming performance, and post-exercise recovery
after exposure to stressor, including warm acclimation and nitrate
treatment (Gomez Isaza et al., 2020; McArley et al., 2017; Nyboer and
Chapman, 2017). Hence, the observed synergistic improvement of AS
owed to the stressor-induced cardiorespiratory remodeling indicates
sufficient oxygen supply to produce a stress response to warming or
toxicants (Sokolova et al., 2012), which may render higher survival
chance of the species during eutrophication and heat wave events.
Nevertheless, measurement of the combined effects of temperature and
nitrate on relevant organismal performance such as CTMax, hypoxia
tolerance (PCrit), swimming performance (UCrit) and growth is ne-
cessary provide further insights on how the fish will thrive during these
events. Moreover, given the seasonality of these events, knowledge on
the responses or recovery of the species during stressor removal and
repeated exposure reflecting realistic scenarios would support the de-
velopment of holistic conservation efforts.

This increase in AS and cardiorespiratory remodeling could not
justify the mass mortalities of T. thymallus during previous summer heat
wave events in the Rhine river. Possibly, the magnitude of stressors
during these heat wave events exceeded the experiment levels and the
organism’s limit. In the River Ain of Southern France, for example,
water temperature rose up to 27 °C in 2003 causing acute mortalities of
graylings (Cove et al., 2018). Temperature and nitrate elevation may
also alter other environmental parameters negatively- reduction of
dissolved oxygen to hypoxic levels being one of the most common
shifts. Moreover, since cross-tolerance is only inducible over a narrow
stressor extent (Burleson and Silva, 2011), the stressor levels during
those events were possibly disproportionate to induce cross-tolerance.
Under severe situations, heat waves and eutrophic conditions (beyond
tested levels) may remain threats to T. thymallus in natural habitats.

5. Conclusion

Our findings demonstrated that nitrate and temperature interacted
synergistically to increase the AS of T. thymallus. This positive sy-
nergistic interaction was attributed to the stressor-induced cardior-
espiratory remodeling, including expansion of RVM and SSI, which may
have provided overlapping protection against both stressors. These re-
sults cannot explain the mass mortalities of T. thymallus during past
summer heat wave events in the Rhine river. It is likely that the mag-
nitude of stressors during these heat wave events exceeded the levels
tested in this study, and may have unfavorably altered other environ-
mental parameters, including dissolved oxygen availability. Elevated
temperature and nitrate can promote hypoxia conditions in aquatic
systems, and may reduce hypoxia tolerance of fish. Hence, research on
the interactive effects of nitrate, temperature, and hypoxia on orga-
nismal performance is currently in progress, and should provide crucial
information for the conservation of T. thymallus.
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