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The Amazon basin contains more than 20% of the world's freshwater fishes, many of ecological and economical
importance. An increase in temperature of 2.2 to 7 °C is predicted to occur within the next century in the
worst-case scenario of climate change predictions, which will likely be associated with an increase in the preva-
lence and duration of reduced water oxygen levels (hypoxia). Furthermore, there is an increasing frequency of
heat waves in the Amazon basin, which exacerbates issues related to temperature and hypoxia. Increases in tem-
perature and hypoxia both constrain an organism's ability to supply oxygen to metabolizing tissues, thus the abil-
ity to cope with thermal and hypoxic stress may be correlated. Here, we reveal a positive correlation between
acute thermal tolerance and acute hypoxia tolerance amongst 37 Amazonian fish species at the current river tem-
peratures of 28-31 °C. The effects of long-term (10 days or 4 weeks) increases in temperature were investigated
in a subset of 13 species and demonstrated that 2 species failed to acclimate and survive at 33 °C, 9 species failed
at 35 °C, and only 2 species survived up to 35 °C. Of those that survived long-term exposure to 33 or 35 °C, the
majority of the species demonstrated only an improvement in acute thermal tolerance. In contrast, hypoxia tol-
erance was reduced following acute- and long-term exposure to 33, 35 or 37 °C in all species investigated. The
results of this study suggest that many of the fish species that inhabit the Amazon may be at risk during both
short- and long-term temperature increases and these risks are exacerbated by the associated environmental
hypoxia.
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1. Introduction

The Amazon River system is inhabited by 20% of the world's fresh-
water fish species that live in a challenging environment characterized
by a high stable temperature, but daily and seasonal periods of low ox-
ygen (hypoxia; Val and Almeida-Val, 1995). Climate change is predicted
to exacerbate the already extreme environmental conditions of the Am-
azon basin (IPCC, 2014). The predicted regional temperature increase
will also be associated with a decrease in oxygen solubility (Benson
and Krause, 1984) and an increase in biological oxygen demand leading
to more frequent and severe bouts of hypoxia (Ficke et al., 2007). These
disturbances may ultimately affect the distribution and abundance of
freshwater fishes depending upon their capacity to acclimate and/or
adapt to these changes. However, the effect of climate change induced
increases in temperature have been studied much more extensively in
marine tropical fishes (i.e. Eme and Bennett, 2009; Ospina and Mora,
2004; Shultz et al., 2016; Vinagre et al., 2016) than in tropical freshwa-
ter fishes.

Some tropical ectotherms are thought to be living close to their
upper thermal limit with limited capacity to acclimate (Comte and
Olden, 2017; Lapointe et al.,, 2018; Nyboer and Chapman, 2017;
Rummer et al,, 2014; Stillman, 2003), which may be the case for Amazo-
nian fishes implying they may be vulnerable to future increases in tem-
perature (Campos et al., 2019; Lapointe et al., 2018). Climate change-
induced temperature increase is predicted to range from 2.2 to 7 °C in
the worst-case scenario in the Amazon within the next century (IPCC,
2014). Furthermore, short-term heat waves, where temperatures are
greatly elevated above normal, have profound effects on ecosystems
(Frolicher and Laufkotter, 2018) and have already increased in fre-
quency and duration in the Amazon basin, particularly in the last decade
(Geirinhas et al.,, 2017). Within the last 50 years, the maximum temper-
ature associated with heat waves in the Amazon increased by 3-3.5 °C
(Geirinhas et al., 2017). Currently, the Amazon basin water temperature
oscillates between 28 and 31 °C seasonally (Val and Almeida-Val, 1995).
Thus, this study investigated the effects of temperatures at and above
the current river thermal regime of 28-31 °C on species' thermal toler-
ance and hypoxia tolerance.

Some studies suggest that species-specific thermal limits may be, in
part, dictated by limitations to aerobic metabolism, a concept embodied
in the Oxygen- and Capacity- Limited Thermal Tolerance (OCLTT) hy-
pothesis (Portner et al.,, 2017; Portner and Farrell, 2008) - but see
Clark et al. (2013) and Jutfelt et al. (2018). According to this hypothesis,
organismal upper thermal tolerance limits are reached at temperatures
where the cardiorespiratory system fails to meet tissue metabolic de-
mands, thus implying a functional association between tolerance to el-
evated temperature and low oxygen levels. To date, only two studies
have been conducted to explore the direct relationship between ther-
mal tolerance and hypoxia tolerance (Anttila et al., 2013; Smale and
Rabeni, 1995), both on temperate fishes demonstrating a small but pos-
itive correlation. The correlation between these traits in tropical fishes,
however, has not yet been investigated.

If the mechanisms underlying thermal tolerance and hypoxia toler-
ance are similar or related as suggested by the OCLTT, acclimation to
one stressor may enhance tolerance to another (Burleson and Silva,
2011; McBryan et al., 2016). Such cross-tolerance will be beneficial in
dealing with climate change and currently fluctuating environments.
Whether the tropical fishes also have cross-tolerance to temperature
and hypoxia is unknown. Furthermore, those fishes that currently live
close to their upper thermal limits show a limited capacity to acclimate
to higher temperatures relative to temperate species (Comte and Olden,
2017; Rummer et al., 2014; Stillman, 2003). Thus, the objective of this
study was to investigate the interspecific relationship between thermal
tolerance (Critical Thermal Maximum; CTMax and Chronic Lethal Max-
imum; CLMax) and hypoxia tolerance (time to loss of equilibrium (LOE)
at PO, = 3 mm Hg or PO, at LOE) in a phylogenetically diverse group of
Amazonian teleosts (37 species in total) to provide insight into their

capacity to cope with projected short- and long-term temperature in-
creases and associated environmental hypoxia.

2. Methodological approach

2.1. Temperature tolerance and hypoxia tolerance measurements following
thermal trials at 3 research sites

Experiments were conducted in three locations: (i) in the field on
board a research vessel (Ana Clara) in the Anavilhanas Archipelago of
the Rio Negro, approximately 110 km upstream from Manaus (2°43’
10.9'’S, 60°45’18.8"" W); (ii) at the Instituto Nacional de Pesquisas da
Amazonia (INPA) in Manaus, Brazil; and (iii) at the University of British
Columbia (UBC), Canada. For clarity, these three locations will be re-
ferred to as (i) field, (ii) INPA and (iii) UBC throughout the remainder
of this manuscript and in the figure legends.

A total of 37 species (Table S1) acclimated to current river tempera-
ture of 28-31 °C (‘control’) were investigated for acute thermal tolerance
and hypoxia tolerance. Amongst the 37 species, there were 3 conspecifics
investigated at different locations: Carnegiella strigata at (ii) INPA and (iii)
UBC; Colossoma macropomum at (i) field and (ii) INPA; Hemiodus gracilis
at (i) field and (ii) INPA (Table S2). In the (i) field, fish were caught and
brought to the research vessel where they were kept at the river temper-
ature of 30 °C for 1-5 days. At (ii) INPA, 15 species were held at their nat-
ural temperature of 28 °C (which involved a diurnal oscillation of 26 to
30 °C) for 10 days. At (iii) UBC, 6 species were held at 31 °C for
4 weeks. The control temperatures of three study sites varied but were
within the current river temperature range of 28-31 °C. In the (i) field
and (ii) INPA, we have used the average temperatures that the fish
were naturally exposed to as the control temperatures (30 °C and 28 °C
respectively). At (iii) UBC, we used the highest current river temperature
of 31 °C as the control temperature.

Fish acclimated to these current control temperatures were also
acutely exposed (<1.5 h) to higher temperatures of 33, 35 or 37 °C and
then assessed for hypoxia tolerance. Studies involving long-term expo-
sure to warmer temperatures were also conducted (ii) at INPA and (iii)
at UBC: Fish were held at 31, 33 or 35 °C for 10 days or 4 weeks, respec-
tively, then assessed for acute thermal tolerance and hypoxia tolerance.
To achieve these temperatures, electric heaters plugged into temperature
controllers (Fisherbrand™ Traceable™ Digital Temperature Controller,
ON, Canada) were used to increase the temperature by (ii) 1 °C/12 h or
(iii) 1 °C/day within the aquaria until the target temperature was reached
at which point that temperature was maintained.

Acute thermal tolerance was assessed by measuring the CTMax with
a rate of increase of 0.2 °C/min achieved using the same electrical
heaters with temperature controllers as described above, and LOE as
the endpoint. Fish (n = 1-10) were transferred to CTMax experimental
tanks of (i) 50 L, (ii) 2 L, or (iii) 20 L glass aquaria and allowed an hour to
acclimatize prior to initiating the CTMax test. During the test, water was
constantly aerated to ensure adequate oxygenation and mixing of
water, and also to avoid supersaturation, which can occur with
warming. At LOE, fish were removed, euthanized and weighed. Addi-
tionally: (ii) at INPA, 7 of 15 species were acutely exposed to hyperoxic
water and the CTMax was determined in hyperoxia to assess whether
elevated environmental oxygen improved thermal tolerance. Fish
were transferred and acclimatized in CTMax experimental tank for 1 h
(n = 8 in 2 L). Then, O, was bubbled into the water until
PO, > 320 mmHg and then the water was heated at 0.2 °C/min until
LOE. Air was constantly bubbled to ensure continuous mixing of
water, which did not lower PO, below 320 mm Hg throughout the
experiment.

During long-term exposure to higher temperatures of 31,33 or 35 °C
at INPA (ii) and UBC (iii) some species exhibited high (>50%) mortality.
If this was the case, the highest temperature that >50% fish were able to
tolerate for 10 days or 4 weeks was noted as a chronic lethal maximum
(CLMax).
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In (i) the field, hypoxia tolerance was assessed by measuring time to
LOE at a partial pressure of oxygen (PO,) of 3 mm Hg. Fish (n = 6-8)
were transferred to 50 L experimental tank with a netted top to restrict
fish from coming up to the surface. After an hour of acclimatization, the
PO, in the water was reduced within about 25 min using nitrogen gas
bubbled into the water. The water was maintained at PO, = 3 mm Hg
(monitored with YSI handheld DO meter, OH, USA) until LOE at which
point the time was noted and fish was netted out carefully. The individ-
uals that exhibited LOE prior to reaching 3 mm Hg were noted to last
0 min in hypoxia. At (ii) INPA and (iii) at UBC, a different hypoxia toler-
ance assay was performed. Individual fish were transferred to 200 or
300 mL mesh-sided chambers submerged in 50 or 40 L experimental
tanks and allowed 1 h to acclimatize. Then, the water PO, was reduced
from full saturation at a constant rate (11 mm Hg/min) using nitrogen
gas (monitored with fibre optic oxygen probe; PreSens Precision Sens-
ing, Regensburg, Germany) until LOE was observed (PO at LOE).

In the (i) field, fish were not fed and were used within 1-5 days of
capture. At (ii) INPA and (iii) UBC, fish were fed daily to satiation
(TetraMin® Tropical Flakes, VG, USA). At all study sites, all fish were
fasted at least 24 h prior to experimentation. All procedures were in
compliance with Brazilian national and INPA animal care regulations
and UBC animal protocol #A15-0266.

2.2. Statistical analysis

Statistical analyses were performed in R (version 0.98.1091), and
graphs were created using Graphpad Prism (version 5.0a). Data are
expressed as the means 4+ SEM (standard error, n = 1-10). Data were
analyzed using a type IIl two-way ANOVA with temperature or hyperoxic
treatment and species as factors. If the interaction terms were significant,
the data were separated and analyzed independently using one-way
ANOVA for each species and then post hoc tests were carried out using
Tukey's HSD test. Correlation was determined using the Pearson's
correlation test. A robust nonlinear regression outlier test (Motulsky
and Brown, 2006) revealed an outlier in the 33 °C dataset (with false
discovery rate < 1%), which we then removed and conducted the correla-
tion (species #35: N. trifasciatus). Comparisons between the same species
(C. strigata) or order (Characiformes, Siluriformes, Perciformes) measured
in the different locations were conducted using Welch's t-test.

300+

2504

2004

1504

Time to LOE (min)

1004

To test if thermal tolerance or hypoxia tolerance co-varied with body
mass, we tested for a correlation between the phylogenetic indepen-
dent contrast of thermal or hypoxia tolerance and absolute body mass
(Felsenstein, 1985) and found no effect (p > 0.05). We used the most re-
cent phylogeny published (Rabosky et al., 2018), where we imported
100 bayesian posterior probability trees, pruned them to only represent
known species within our data set, and generated a maximum clade
credibility tree, which was used in the analysis of phylogenetic signal
and phylogenetic independent contrast. We used Pagel's lambda
(Pagel, 1999) and found no significant phylogenetic signal for either
variable (i. Thermal tolerance: 30 °C\ = 0.024, p = 0.917; Hypoxia tol-
erance: 30 °C N\ < 0.0001, p = 1; 33 °C\ < 0.0001, p = 1; 35 °C
N < 0.0001, p = 1) (ii and iii. Thermal tolerance: 28 °C A = 0.303,
p=0.415;31°CN <0.001,p=1;33°C\ =0.110,p = 0.717; Hypoxia
tolerance: 28 °C\ < 0.001,p=1;31°CN =0.395,p = 0.334;33°CA =
0.297, p = 0.514). As a result, we did not correct for body mass or phy-
logenetic non-independence in the subsequent analysis. In all cases, o
was set at 0.05.

3. Results
3.1. Current river temperatures

In this study, fish exposed to current river temperatures of 28-31 °C
(‘control’) were characterized for acute thermal and hypoxia tolerance.
The CTMax of fish acclimated to control temperatures measured in the
(i) field (30 °C; N = 19), ranged from 36.1-42.8 °C; at (ii) INPA
(28 °C; N = 15), ranged from 36.5-42.1 °C; and at (iii) UBC (31 °C;
N = 6), ranged from 38.2-41.1 °C (Table S1). Hypoxia tolerance was
assessed in two ways in this study: In the (i) field, time to LOE was mea-
sured at constant low PO,; in the (ii and iii) laboratory settings, PO, at
LOE was measured. The hypoxia tolerance of fish acclimated to control
temperatures measured in the (i) field, ranged from O to 228.6 min at
a PO, of 3 mm Hg; at (ii) INPA, all fish lost equilibrium at <17.2 mm
Hg; and at (iii) UBC, all fish lost equilibrium <15.4 mm Hg (Table S1).

We found that interspecific thermal tolerance and hypoxia tolerance
were positively correlated at the control temperatures in both the field
and laboratory settings: (i) field (Fig. 1; 30 °Cr = 0.6193,N =19,p =
0.0047); (ii) INPA (Fig. 2A: 28 °Cr = —0.6942; N = 15, p = 0.0041);

Characiformes
Gymnnotiformes

Perciformes

%{ Siluriformes
6

H > e 0

12 11

<718
10 " 9 16 17 1 B
o = oo ot T el )
35 36 37 38 39 40 41 42 43 44
CTMax ('C)

Fig. 1. The relationship between critical thermal maximum (CTMax, °C) and hypoxia tolerance (Time to LOE at 3 mm Hg) (r = 0.6193,N = 19, p = 0.0047) of 19 fish species collected (i) in
the field (Rio Negro temperature = 30 °C). Values are means & SEM (n = 1-10). The number above a symbol represents the species: (1) Ancistrus dolichopterus; (2) Apistogramma
diplotaenia; (3) Colossoma macropomum; (4) Exodon paradoxus; (5) Geophagus surinamensis; (6) Gymnotus anguillaris; (7) Hemiodus gracilis; (8) Heros severus; (9) Hyphessobrycon
megalopterus; (10) Leporinus fasciatus; (11) Metynnis hysauchen; (12) Myloplus asterias; (13) Potamorhina pristigaster; (14) Satanoperca jurupari; (15) Satanoperca pappaterra; (16)
Semaprochilodus insignis; (17) Serrasalmus rhombeus; (18) Sternopygus macrurus; (19) Uaru amphiacanthoides. Symbols categorize species by order.
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Fig. 2. A) The relationship between critical thermal maximum (CTMax, °C) and hypoxia tolerance (PO, at loss of equilibrium, mm Hg) of 15 fish species, prior to and following 10 days of
thermal acclimation at (ii) INPA. Fish were housed under natural fluctuation of 26-30 °C and tested at 28 °C (black symbols, r = —0.6942; N = 15; p = 0.0041). Some fish were exposed to
elevated temperatures of 31 °C (blue symbols, r = —0.4423; N = 8; p = 0.2725), 33 °C (orange symbols, r = —0.6655; N = 6; p = 0.1491) and 35 °C (red symbols; N = 1) for 10 days.
Only 1 species survived 35 °C. Dashed lines represent linear regression at each temperature. B) Arrows connect a given species capable of surviving the next highest exposure temperature
to simplify interpretation of how that affects CTMax and PO, at LOE. For example, a horizontal arrow indicates a change in CTMax with no change in PO, at LOE and a vertical arrow
indicates no change in CTMax with a change in PO, at LOE. Blue arrow indicates a change from 28 °C to 31 °C for a given species, orange arrow from 31 °C to 33 °C, red arrow from
33 °Cto 35 °C. Values are means + SEM (n = 4-8). Symbols categorize species by order. The numbers represent the species: (20) Apistogramma borellii; (21) Apistogramma gephyra;
(23) Astronotus ocellatus; (24) Brycon amazonicus; (3) Colossoma macropomum; (27) Corydoras pulcher; (28) Corydoras schwartzi; (29) Corydroas splendens; (7) Hemiodus gracilis; (31)
Hyphessobrycon erythrostigma; (32) Laetacara fulvipinnis; (34) Nannostomus eques; (36) Paracheirodon axelrodi; (37) Otocinclus spp.

(iii) UBC (Fig. 3A; 31 °Cr = —0.8448, N = 6, p = 0.0343). As a result of
hypoxia tolerance assessed as PO, at LOE at (ii) INPA and (iii) UBC, the
correlations are expressed as negative values but nonetheless still denote
that species that are hypoxia tolerant are also thermally tolerant, and vice
versa. We found no significant phylogenetic signal for either variable, thus
the relationship does not appear to be influenced by phylogeny.

3.2. Warmer temperatures

Of the 37 species used in this study, some were further investigated
for their capacity to respond to an increase in temperature both

short-term (<1.5 h; (i) 7 species; (ii) 7 species; (iii) 6 species) and
long-term ((ii) 8 species for 10 days; (iii) 6 species for 4 weeks). A
short-term exposure to 33, 35 and 37 °C reduced hypoxia tolerance,
resulting in reduced time to LOE at 3 mm Hg or LOE at a higher PO,
than that at control temperatures in 16 of 18 species (Figs. 4 and 5;
with 2 overlapping species).

Following long-term exposure to higher temperatures of 31, 33
and 35 °C, there was an increase in CTMax in species that survived
(Figs. 2B and 3B). It did not, however, result in improved hypoxia
tolerance. In fact, long-term exposure to elevated temperature rela-
tive to acute elevated temperature resulted in a reduced
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—0.8448,N = 6, p = 0.0342), 33 °C (r = —0.9631, N = 4, p = 0.0369, circled outlier species 35 is removed). Only 1 species survived 35 °C. Dashed lines represent linear regression at
each temperature. B) Arrows connect a given species capable of surviving the next highest exposure temperature to simplify interpretation of how that affects CTMax and PO, at LOE.
For example, a horizontal arrow indicates a change in CTMax with no change in PO, at LOE and a vertical arrow indicates no change in CTMax with a change in PO, at LOE. Orange
arrow indicates a change from 31 °C to 33 °C for a given species, red arrow from 33 °C to 35 °C. Values are means 4 SEM (n = 8). Symbols categorize species by order. The numbers
represent the species: (22) Apistogramma viejita; (25) Carnegiella strigata; (26) Corydoras julii; (30) Hemigrammus rhodostomus; (33) Mikrogeophagus ramirezi; (35) Nannostomus

trifasciatus.

hypoxia tolerance at the respective temperatures in 5 of 12 species
(Fig. 5).

During long-term exposure to higher temperatures for (ii) 10 days
and (iii) 4 weeks, high morbidity (>50%; defined as chronic lethal max-
imum; CLMax) was observed in many species: of the 13 species investi-
gated, 2 species failed to survive above 31 °C, 9 failed to survive above
33 °C, and only 2 species survived above 35 °C. In addition, we found
that the CTMax measured following 10-day acclimation to 28 °C or
31 °C was positively correlated with the CLMax at (ii) INPA (Table 1;
28 °Cr = 0.9366; N = 8; p = 0.0006; 31 °Cr = 0.8442,N =8,p =
0.0084). Similarly at (iii) UBC, the CTMax measured following 4-week

acclimation to 31 °C was positively correlated with CLMax (Table 1;
r = 0.83931; N = 6; p = 0.0367).

Above the control temperature of 28 °C at (ii) INPA, the correlation be-
tween thermal tolerance and hypoxia tolerance was diminished (Fig. 2;
31°Cr = —0.4423; N = 8; p = 0.2725; 33 °Cr = —0.6655; N = 6;
p = 0.1491). Only 1 species survived 35 °C, thus we were unable to test
for a relationship at this temperature. At (iii) UBC, initial analysis indi-
cated no significant correlation between thermal tolerance and hypoxia
tolerance in fish exposed to 33 °C for 4 weeks (Fig. 3; r = 0.1414; N =
5; p = 0.8205). However, a robust nonlinear regression outlier test re-
vealed an outlier in the 33 °C dataset (supplementary information), and
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28 °C maintained equilibrium for some time in <1 mm Hg.
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Table 1

Comparison of critical thermal maximum (CTMax) following (ii) 10 days or (iii) 4 weeks
of exposure to 28 °Cor 31 °C and chronic lethal maximum (CLMax). Species are separated
by dotted line according to their CLMax.

Species CTMax (°C) at CTMax (°C) at CLMax
(Study site: ii. INPA or iii. 28 °C 31°C (°C)
UBC)
Carnegiella strigata (ii) 3793 + 0.10 39.63 + 0.04 31
Carnegiella strigata (iii) - 38.19 £+ 0.10 31
Otocinclus spp. (ii) 36.54 + 0.26 38.90 £ 0.22 31
Nannostomus eques (ii) 39.09 + 031 39.50 + 0.19 33
Nannostomus trifasciatus (iii) - 41.03 £ 0.04 33
Paracheirodon axelrodi (ii) 38.74 £+ 0.04 39.85 £ 0.06 33
Hyphessobrycon erythrostigma 39.13 + 0.15 39.34 + 0.20 33
(ii)
Hemigrammus rhodostomus - 40.41 + 0.10 33
(iii)
Corydoras julii (iii) - 40.38 £ 0.15 33
Corydoras schwartzi (ii) 38.74 + 0.04 39.85 + 0.10 33
Apistogramma borellii (ii) 39.65 + 0.51 40.47 + 0.06 33
Apistogramma viejita (iii) - 41.01 £+ 0.14 33
Mikrogeophagus ramirezi (iii) - 41.10 £+ 0.24 >35
Colossoma macropomum (ii) 42.06 + 0.06 42.89 £+ 0.10 >35
we found a strong correlation after removal of this species (r = —0.9631;

N = 4; p = 0.0369). Similarly to (ii) INPA, only 1 species survived 35 °C
acclimation, thus we were unable to test for a relationship.

3.3. Thermal tolerance in hyperoxia

In an effort to determine whether limitations in oxygen supply con-
tribute to defining a species' thermal tolerance, we determined CTMax
for 7 species at (ii) INPA under normoxic (160 mm Hg) and hyperoxic
conditions (>320 mm Hg) (Fig. 6). Overall, hyperoxia had a significant
effect on CTMax (p < 0.0001). In 4 of the 7 species tested, CTMax was
0.5-1.7 °C higher in hyperoxic water compared with normoxic water
(p <0.05).

4. Discussion
4.1. Current river temperatures

As temperature ultimately imposes a limit on physiological and or-
ganismal function, thermal tolerance strongly governs biogeographic
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Fig. 6. Critical thermal maximum (CTMax, °C) of 7 fish species acclimated to 31 °C at (ii)
INPA in normoxia (PO, = 160 mm Hg) and hyperoxia (PO, > 320 mm Hg). Normoxia
CTMax values are reproduced from Fig. 2. Asterisk represents significant difference
between two treatments within a species (p < 0.05). Mean 4 SEM (n = 8).

distributions of freshwater fishes (Carpenter et al., 1992). The CTMax
of the fishes investigated in this study are within the typical range for
tropical species in similarly warm habitats (i.e. Chrétien and Chapman,
2016; Eme and Bennett, 2009; Prodocimo and Freire, 2001). The mech-
anism(s) responsible for the LOE that occurs at CTMax is (are) still un-
known, but some studies show that CTMax is not limited according to
the OCLTT hypothesis (Lapointe et al., 2018; Nyboer and Chapman,
2017). The LOE at CTMax has also been associated with an impairment
of enzyme function, increased membrane leakiness, and failure of the
central nervous system (Friedlander et al., 1976; Jutfelt et al., 2019). A
recent study on zebrafish (Danio rerio) (Asheim et al., 2020) found that
the CTMax with rapid (0.3 °C/min) and slow warming (0.025 °C/min)
are correlated, suggesting that both may be due to similar physiological
mechanisms.

In addition to high thermal tolerance, Amazonian fishes have also
evolved diverse mechanisms to cope with diurnal hypoxia (Kramer
et al., 1978; Val and Almeida-Val, 1995) that involve modification of
the oxygen transport cascade and ultimately exploitation of anaerobic
metabolism (Val et al., 1998; Val, 2000; Val et al., 2015). The interspe-
cific variation in hypoxia tolerance of some fishes measured in this
study seems to correlate well with previous findings of critical
oxygen tension (P.q) (Saint-Paul, 1984; Scott et al., 2008),
haemoglobin-oxygen affinity (Hb-O, Psg) (Val et al., 2016), and habitat
water flow rate (Powers et al., 1979) in other closely related species,
clearly, a topic worthy of further investigation.

We found that Amazonian fishes that are thermally tolerant are also
hypoxia tolerant at current river temperatures. This is the first study to
reveal this correlation across multiple stenothermic tropical fishes. A re-
cent study found a correlation between swimming lifestyle and acute
thermal tolerance across families of Amazonian fish species, where
those species with low factorial aerobic scope also had low CTMax
(Campos et al., 2018). Taken together these findings are consistent with
the thermal limit of these Amazonian fishes being associated with the
ability to efficiently take up and use oxygen at the whole-organism level.

4.2. Warmer temperatures

The acute exposure to higher temperatures resulted in a reduction in
hypoxia tolerance in most species investigated. An acute increase in
water temperature decreases the amount of dissolved oxygen in the
water for a given partial pressure (Benson and Krause, 1984), causes
an increase in metabolic rate (Campos et al., 2019; Clark et al., 2011;
Clarke and Johnston, 1999; Steinhausen et al., 2008) and often results
in an increase in Hb-O, Psq (Val et al., 2016). Overall, the species in
this study likely experienced difficulties in extracting and transporting
sufficient oxygen to meet an increased energy demand in warmer
water, resulting in a decrease in hypoxia tolerance.

In fish that survived long-term exposure to higher temperatures, most
species exhibited an increase in CTMax to some degree, suggesting
species-dependent plasticity (Anttila et al., 2013; Beitinger et al., 2000).
Long-term exposure to higher temperatures, however, did not confer an
improved hypoxia tolerance and in fact, it decreased hypoxia tolerance
relative to acute exposure to the same temperatures in 5 of 12 species
(Fig. 5). In the other 7 of 12 species, there were non-significant changes
in hypoxia tolerance between acute- and long-term thermal exposures
(Fig. 5). Closely related species acclimated to higher temperatures for
10 days (ii. INPA) and for 4 weeks (iii. UBC) resulted in some significant
differences in CTMax and hypoxia tolerance (Table S2). However, the 4-
week thermal acclimation did not always improve CTMax or hypoxia tol-
erance, indicating other factors than acclimation period that could have
slightly influenced the results. Some species, mostly temperate, are
found to re-establish homeostasis during thermal acclimation and un-
dergo physiological adjustments such as an increase in gill surface area
(Anttila et al., 2015; McBryan et al., 2016) that enhance oxygen uptake.
The reduced hypoxia tolerance found in this study is consistent with
others that have shown that tropical species lack metabolic compensation
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with thermal acclimation, which consequently can hinder hypoxia toler-
ance (Corkum and Gamperl, 2009; Lapointe et al., 2018; Nilsson et al.,
2010; Nyboer and Chapman, 2017; Rummer et al., 2014). Furthermore,
it may indicate that although some species can survive the higher temper-
atures evaluated in this study, they are not fully acclimating.

We found a diminishing correlation between thermal tolerance and
hypoxia tolerance following long-term exposure to temperatures above
the control temperature at each study site. This was mainly a result of an
increase in CTMax at higher acclimation temperatures that did not con-
fer an improvement or even a recovery of hypoxia tolerance. There
seems to be a limited capacity for acclimation of one trait - thermal or
hypoxia tolerance - to act positively on another, at least in these Ama-
zonian fishes. These findings are comparable to other studies that
found no effect of hypoxia acclimation on CTMax (Ern et al., 2016;
McDonnell et al., 2019) and consistent with a recent study that shows
that the genetic bases for thermal and hypoxia tolerance are not associ-
ated (Healy et al., 2018). However, some studies have demonstrated
cross-tolerance between these traits in other species (Anttila et al.,
2015; Burleson and Silva, 2011; McBryan et al., 2016).

4.3. Chronic lethal maximum, CLMax

One of the most significant findings of this study is that many Ama-
zonian species lack the capacity to acclimate and survive at 2-4 °C
higher than current temperatures for a prolonged duration (Table 1).
These data indicate that long-term increases in temperature only
slightly above current river temperatures may impact a large number
of Amazonian fishes and that acute thermal tolerance may be predictive
of long-term thermal tolerance. Using this relationship between CTMax
and CLMax, we would predict CLMax is <31 °C for ~15%, <33 °C for ~69%
and > 35 °C for ~15% of the species tested. Even in the 2 species
(3) C. macropomum and (33) M. ramirezi that could survive 35 °C,
M. ramirezi exhibited reduced hypoxia tolerance after 4-weeks acclima-
tion at that temperature relative to 33 °C. In (3) C. macropomum, we did
not detect a significant change in survival rate or hypoxia tolerance fol-
lowing 10-day acclimation to 35 °C relative to that at 33 °C, implying
that either the 10-day acclimation period may not be long enough to de-
tect all physiological changes for this species or that they are not able to
fully acclimate to 35 °C, consistent with Lapointe et al. (2018) that found
a significant decrease in survival and specific growth rate of following 3-
week acclimation to 35 °C of the same species.

There is a growing body of evidence that fishes already living in a
high and narrow thermal range near their upper limit, as in equatorial
regions, may be more prone to the effects of increases in temperature,
but the duration and magnitude of thermal fluctuations that are lethal
are species-specific (Campos et al., 2019; Comte and Olden, 2017;
Neuheimer et al., 2011; Nilsson et al., 2010; Rummer et al., 2014;
Tewksbury et al., 2008). Although it is difficult to predict population
level effects and the possibility of adaptation or early life history accli-
mation from the results of this study, the observed high morbidity
may imply a lack of capacity required to withstand future temperature
increases in many Amazonian species. In particular, the temperature in-
creases that occur in association with heat waves are directly relevant
here. The duration of heat waves in Southern Brazil since 1980 range
from 1 to 15 days and have been increasing since that time (Geirinhas
et al.,, 2017). Heat waves that result in water temperature higher than
the current maximum of 31 °C lasting for days to weeks could be lethal
for the majority of the Amazonian fishes investigated in this study.

4.4. Thermal tolerance in hyperoxia

The increase in CTMax in hyperoxia indicates that greater oxygen
availability alleviates some of the acute thermal stress. The effect of en-
vironmental oxygen availability on thermal tolerance in the literature is
currently mixed (Brijs et al., 2015; Verberk et al., 2016), which implies
that rather than oxygen being a sole determining factor, multiple

limiting mechanisms contribute to thermal tolerance. However, an in-
crease in CTMax in hyperoxia is directly relevant to these Amazonian
fish species’ life history considering that peak levels of hyperoxia
(>400 mm Hg) occur mid-day when temperatures are the highest
(Val and Almeida-Val, 1995).

5. Conclusion

In conclusion, we found an interspecific relationship between ther-
mal tolerance and hypoxia tolerance in 37 Amazonian teleost species
in both field and lab settings. In fish that could tolerate long-term expo-
sure to temperatures above the current river temperature, an increased
thermal tolerance but reduced hypoxia tolerance was observed. Acute
exposure to hyperoxia, on the other hand, had a small but positive effect
on thermal tolerance in some species. The absence of cross-tolerance in
these Amazonian species suggests a limited capacity for acclimation of
one trait to act positively on another. Thus, long-term exposure to
higher temperatures may be helpful in dealing with the elevated tem-
perature predicted by climate change and current heat waves but not
in dealing with the concurrent hypoxia. Furthermore, hypoxia will
occur in conjunction with an increase in water PCO, in nature, which
may impose additional stress on the species; however, this was not in-
vestigated in this study. Clearly, more research is required to address
these points but nonetheless, this is the first study to reveal a correlation
in tolerance to both environmental stressors at the level of the whole or-
ganism in multiple stenothermic tropical fishes.

This study also demonstrates that climate change-induced distur-
bances may negatively impact the distribution and abundance of one of
the world's hotspots of freshwater fish biodiversity. It appears that
many species may have a limited capacity to survive long-term eleva-
tions of 2-4 °C over current river temperatures. This is of concern given
that climate change models predict a regional 2.2-7 °C increase above
the current river temperature over the next 100 years (IPCC, 2014),
and more importantly short-term increases in temperature in this tem-
perature range associated with heat-waves (Frélicher and Laufkétter,
2018; Geirinhas et al., 2017). In addition, the correlation between
CTMax and CLMax imply that a species' potential risk level associated
with fluctuations in temperature may be relatively easily predicted by
measuring their acute thermal tolerance (CTMax). This may be used as
arelatively simple protocol to identify species at risk associated with pre-
dicted regional changes in temperature (both short- and long-term) in
the Amazon and the relevant species abundances in those regions;
clearly an area worthy of further research.
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