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atmospheric  pCO2 increasing continues, the best sur-
vival at hatching observed in our experiments (50–
60%, pH 7.5, 14 °C) will deteriorate (< 20% at 18 °C 
and pH 7.0). These Climate Change-related results 
and the fact that the species is already threatened 
by translocated species suggest a fragile situation. 
Spatial variation of temperature and  pCO2 led us to 
reconsider the suitability of shallow littoral vegetated 
areas of the lakes as anti-predatory refuges for fish 
early life periods.

Keywords Acidification · Climate Change · Early 
life · Global warming · Silverside

Introduction

The principal causes and effects of Climate Change 
include an increase in the concentration of atmos-
pheric  CO2 and in temperature, respectively (https:// 
clima te. nasa. gov/). The atmospheric abundance of 
 CO2 was 390.5  ppm in 2011, 40% greater than in 
1750 (Hartmann et al., 2013) and the United Nations 
Intergovernmental Panel on climate change (IPCC) 
predicts that the atmospheric concentration of  CO2 
will reach 794–1150  ppm by 2100 (Jansen et  al., 
2007; Ciais et al., 2014).

Information regarding the potential consequences 
of elevated atmospheric partial pressure of  CO2 
 (pCO2) on freshwater ecosystems, which have poorly 
buffered pH levels, is scarce. When Phillips et  al. 

Abstract Climate Change includes an increase of 
both the concentration of atmospheric  CO2 and of 
global temperature. Embryos (= eggs) of Odontes-
thes hatcheri were collected in spring–summer from 
the littoral of Lake Morenito (Andes of Argentina). 
Embryos and free embryos were exposed to differ-
ent temperatures (within a currently natural thermal 
range) and  CO2 levels (obtained by bubbling lake 
water with gaseous  CO2). High temperature and 
high  CO2 led to low embryonic survival. Embryonic 
abnormalities were observed. Incidence of colorless 
blood cells and delayed dorsal pigmentation increased 
significantly at high  CO2 level. Free embryo survival 
decreased with time, being particularly low at high 
 CO2 level. Free embryo body shape also signaled 
the effects of high  CO2. The combined effect of tem-
perature and  CO2 was additive. As temperature and 
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(2015) evaluated the 1980–2100 effect of the increase 
of the atmospheric concentration of  CO2 on the 
water pH in the Great Lakes (ca. 0.3–0.4 pH units), 
they used only carbon chemistry and the assump-
tion that Lake  pCO2 follows atmospheric  pCO2. In 
the same way, mean  pCO2 values of four reservoirs 
in western Germany increased significantly with 
time (1980–2015) (Weiss et al., 2018). However, the 
total amount of free  CO2 in freshwater systems is 
affected by many factors (Hasler et al., 2016). Due to 
the complex interactions of these factors, freshwater 
was determined to be on average,  CO2 supersaturated 
(Cole et al., 1994). Moreover, freshwater experiences 
a wide range of  CO2 concentrations spatial tempo-
rally (Ma & Wang, 2021) and, in many lakes,  CO2 
concentrations are far less than the air equilibrium, 
due to strong photosynthetic activity or high primary 
production (Balmer and Downing, 2011).

Freshwater fish have been relatively little studied 
with respect to their response to environmentally 
induced changes in the  pCO2. Comparisons have been 
made with the effect of acid rain, which also results 
in a decrease in pH, and studies of different freshwa-
ter species revealed that no species would survive in 
highly acidic waters (pH = 3–3.5) (Jellyman & Hard-
ing, 2014). However, comparisons between the effect 
of acid rain and elevated  pCO2 are limited because 
acid rain results in the addition of strong acids (e.g., 
sulfuric acid) and reduces pH much more than the 
weaker carbonic acid (Hasler et al., 2016). Dissolved 
 CO2 is controlled by the acid–base equilibrium within 
the total carbonate carbon system; i.e., carbon dioxide 
 (CO2), carbonic acid  (H2CO3), bicarbonate  (HCO3

−), 
and carbonate  (CO3

=) ion concentrations. Even 
though the physiological effects of high  CO2 in water 
can largely be ascribed to a decrease in body fluid pH, 
exposure to high  CO2 resulted in far higher mortality 
than acid exposure at the same pH levels, because the 
cell membrane is much more permeable to  CO2 than 
to the hydrogen ion (Ishimatsu et al., 2005). Studies 
conducted on the consequences of increased  CO2 for 
freshwater fish suggest that weak acidification may 
limit community diversity, specifically of inverte-
brates and fish (Hasler et  al., 2018). High tolerance 
of increased  CO2 levels has been identified in juvenile 
and adult fish, with no effect on growth and survival 
even at high exposures; however,  CO2 sensitivity is 
higher during the early life of most aquatic organisms 
(Sayer et  al., 1993; Dupont et  al., 2008; Ishimatsu 

et  al., 2008; Talmage & Gobler, 2010; Baumann 
et  al., 2012; Weiss et  al., 2018), with documented 
effects at the level of fish nervous system (Nilsson 
et al., 2012). In South America, studies about Patago-
nian fishes were performed with only mineral acids 
(West et al., 1997; Gómez, 1998; Gómez et al., 2007; 
Barile et al., 2016).

Warming provokes changes in climatic variables 
that are ecologically important for freshwater fishes. 
From 1961 to 2019, the Mean Annual Air Tempera-
ture (MAAT), an estimator of water temperature at the 
lake bottom (Quirós & Drago, 1985; Quirós, 1991; 
Livingstone & Lotter, 1998), increased in northern 
Patagonia between 0.5  °C and 1.5  °C (https:// www. 
smn. gob. ar/ clima/ tende ncias). Water temperature var-
ies in space and time and constitutes a key factor in 
determining the geographical and seasonal distribu-
tion of fish, since they are ectothermic poikilotherms 
(Cussac et al., 2009; Magnuson, 2010). However, fish 
have evolved behavioral, physiological, and biochem-
ical responses to face the challenges of living in habi-
tats with variable temperatures (Beitinger & McCau-
ley, 1990; Beitinger & Lutterschmidt, 2011; Dabruzzi 
et al., 2012). In the Andean Region warming favored 
the northeast to southwest movement of Neotropi-
cal native fishes and the exotic common carp Cypri-
nus carpio Linnaeus, 1758 and also the subsequent 
decline or loss of populations of Andean species and 
exotic salmonids (Aigo et  al., 2008; Cussac et  al., 
2009; Crichigno et  al., 2016a; Becker et  al., 2018). 
Several studies have been conducted on the thermal 
performance of Patagonian freshwater fish: the pre-
ferred temperatures of Aplochiton zebra Jenyns, 1842, 
Galaxias maculatus (Jenyns, 1842), Galaxias platei 
Steindachner, 1898, Odontesthes hatcheri (Eigen-
mann, 1909) (17.7  °C with an acclimation tempera-
ture of 15.4  °C), Percichthys trucha (Valenciennes, 
1833), and the non-native Oncorhynchus mykiss 
(Walbaum, 1792) and tolerance of high tempera-
tures in Gymnocharacinus bergii Steindachner, 1903, 
Hatcheria macraei (Girard, 1855), P. trucha, and 
O. hatcheri (30.8  °C with an acclimation tempera-
ture of 15.4 °C) (Gómez, 1990; Ortubay et al., 1997; 
Milano, 2003; Lattuca, 2006; Aigo, 2010; Aigo et al., 
2014; Crichigno et  al., 2018). Moreover, the com-
bined effect of temperature and  CO2 may be additive, 
more than additive (synergistic), or less than additive 
(antagonistic), warming often significantly altering 
the effects of elevated  CO2 (Munday et al., 2019).

https://www.smn.gob.ar/clima/tendencias
https://www.smn.gob.ar/clima/tendencias
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The aim of this work was to experimentally study 
how the combined effect of manipulated  CO2 level 
and temperature affects the embryos (eggs) and 
free embryos of O. hatcheri, analyzing survival, 
induced malformations, and body shape differences 
under  CO2 concentrations ranging between those of 
lake water (pH = 7.5) and expected sub-lethal lev-
els (pH = 5.5) and within an usual thermal range 
(12.2–20.0  °C). The hypothesis is that the exposi-
tion to high  CO2 concentration, pending on water 
temperature, will provoke sub-lethal or lethal effects 
in O. hatcheri embryos and free embryos. These 
results will be important regarding the expected 
changes of freshwater fish populations in north 
Patagonia.

Materials and methods

Environmental characteristics

Lake Morenito (Argentina, 41°05″ S, 71°30″ W, 
758  m a.s.l.) is a small shallow Andean Patagon-
ian lake upstream of Lake Moreno and Lake Nahuel 
Huapi. The entire system, of glacial origin, has an 
Atlantic drainage. Lake Morenito has an area of 0.82 
 km2 and a maximum depth of 15  m (Buria et  al., 
2007). The temperature is homogeneous throughout 
the water column most of the year, varying between 
10 °C and 15 °C in spring and fall and reaching 22 °C 
in late summer (Online Resource 1, Modenutti et al., 
2000). Andean Patagonian lakes have very low total 
alkalinity (0.51 meq  l−1, Quirós & Drago, 1999). Par-
ticularly, lake Morenito presented very low conduc-
tivity values (60 µS  cm–1), neutral pH (6.9–7.2) (Bal-
seiro et al. 2014), and dissolved oxygen concentration 
at saturation levels throughout the water column 
(Modenutti & Pérez, 2001).

Water temperature was measured on the bottom, at 
20 cm depth. The pH levels was measured on the bot-
tom, at 5 cm depth. Both variables were recorded in 
the littoral zone over 24 h in early summer, in Decem-
ber 2018 and January 2019, with HOBO data loggers. 
Diel variation in pH was lower in December (range 
7.78–8.01) than in January (range 7.49–8.08) (Online 
Resource 2), in line with increasing temperatures over 
the summer (Diaz et al., 2007) and higher photosyn-
thetic and respiratory levels.

Species and sampling

The genus Odontesthes (family Atherinopsidae), 
which can be found in southern South America, 
includes freshwater silversides, such as O. hatcheri 
and Odontesthes bonariensis (Valenciennes, 1835), 
the most ancient records of the genus reaching the 
early Miocene (Dyer, 2006; Cione & Báez, 2007). 
These species have allopatric original distributions: 
O. hatcheri in the southwest (the Andean Region) 
and O. bonariensis in the northeast (the Neotropi-
cal Region) (López et  al., 2008; Conte-Grand et  al., 
2015). Stocking practices of O. bonariensis within 
the original O. hatcheri distribution area, and their 
ability to hybridize, contributed to the extirpation of 
native populations of O. hatcheri and led to the estab-
lishment of a hybrid zone across northern Patagonia 
(Crichigno et  al., 2013, 2016b; Conte-Grand et  al., 
2015; Rueda et al., 2017; Hughes et al., 2020). Two 
consecutive early life periods were considered here 
for O. hatcheri: embryo (= egg, from fertilization to 
hatching) and free embryo (from hatching to begin-
ning of exogenous feeding) (Balon, 1990, 1999).

Lake Morenito lies within the original distribution 
of O. hatcheri. The population was previously identi-
fied at species level by key characters, mtDNA, and 
geometric morphometrics (Ringuelet et  al., 1967; 
Crichigno et  al., 2013; Conte-Grand et  al., 2015; 
Rueda et  al., 2017). Previous studies identified free 
embryos and larvae in the littoral zone of neighboring 
lakes during the summer (Cussac et al., 1992; Cervel-
lini et al., 1993; Battini et al., 1995).

Four egg samplings were performed in Novem-
ber and December, 2018. Groups of eggs were found 
attached to macrophytes in the shallow littoral zone 
between 2 and 60  cm depth. The olive green eggs, 
with a smooth vitelline envelope and three or four 
chorionic filaments (Kunz, 2004), were collected in 
opaque plastic flasks with lake water and taken to 
the laboratory in the Centro de Salmonicultura Bari-
loche (CENSALBA) of Universidad Nacional del 
Comahue.

Treatments (CO2 concentration and temperature) 
and effect on embryos

Levels of pH were used as an indicator of  CO2 con-
centrations. Dissolved  CO2 concentration can be 
calculated as a function of water pH, alkalinity, and 
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temperature. If the alkalinity and temperature of the 
water are relatively constant, pH can be used as an 
accurate measure of dissolved  CO2 concentration 
(Clingerman et al., 2007; Cupp et al., 2017). To reach 
the different  CO2 concentrations, we kept 200  l of 
lake water (pH 7.5) aerated  ([O2] = 7.03–7.36  ppm). 
One liter of this lake water was bubbled with gaseous 
 CO2 and the desired pH was adjusted by adding aer-
ated lake water. The pH levels obtained and the calcu-
lated  CO2 concentrations, according to the equations 
of Clingerman et  al. (2007) and Cupp et  al. (2017), 
were as follows:

(a) High  CO2, 520–1914  mg.  l−1  CO2 (pH 5.5), a 
sub-lethal concentration, considering that Sayer 
et  al. (1993) referred to a pH of 5.4–5.6 for 
uncontaminated rain water in equilibrium with 
atmospheric  CO2 in northern Europe and North 
America and that round goby Neogobius mela-
nostomus (Pallas, 1814) loses equilibrium at 
197–280 mg.  l−1  CO2 (Cupp et al., 2017);

(b) Medium  CO2, 57–120 mg.  l−1  CO2 (pH 6.5), with 
expected negative effects, considering that a  CO2 
concentration of 60  mg.  l−1 is avoided experi-
mentally by rainbow trout (Clingerman et  al., 
2007) and a threshold of 99–169 mg.  l−1  CO2 is 
avoided experimentally by round goby Neogobius 
melanostomus (Cupp et al., 2017); and

(c) Low  CO2, 6–11  mg.  l−1  CO2 (pH 7.5), close to 
the normal level of northern Patagonian lakes 
(Diaz et  al., 2007) and close to the minimum 
value recorded in Morenito Lake, at sunrise 
(Online Resource 2).

The embryos involved in the experiment ranged 
from recognizable axial organization up to the pres-
ence of pigmented eyes. Embryos (N = 1340) were 
exposed to controlled  CO2 and temperature in 15-ml 
transparent tubes (two to three eggs per tube) sealed 
without a gas chamber to prevent evaporation and 
gas exchange. A group of 10 tubes were considered 
an experimental unit (EU, Table 1).

Temperatures were selected according to 
the mean summer air temperature (1981–2010: 
14–16 °C, https:// www. smn. gob. ar/ clima/ atlas clima 
tico) and 2 °C and 4 °C above these values, consid-
ering the increase expected due to climate change 
(https:// www. ipcc. ch/ asses sment- report/ ar6/), 
within the expected range for Morenito lake water 
during spring summer (10–22  °C). Experimental 
temperatures were recorded with HOBO® data log-
gers (14.2 ± 2.0, 16.2 ± 2.3 and 18.1 ± 1.9 °C, mean 
and extremes, Fig.  1) in three incubators (Collec-
tion) with internal light.

A photoperiod of 10-h light and 14-h dark was 
applied. Water was replaced every 48 h to maintain 
the  CO2 and dissolved  O2 conditions. Minimum 
oxygen concentrations were always greater than 
4.09  ppm. As the fertilization date of the embryos 
was unknown, time was considered in two ways: as 
days before hatching, to consider degree of develop-
ment and as days after the beginning of the experi-
ment (DAB), to consider the cumulative effect of 
the treatment. Both variables were highly correlated 
(Pearson Coefficient = 0.548, N = 552, P < 0.0001). 
Thus, time was considered as DAB.

Table 1  Embryos and free embryos

Number of experimental units (EU = 10 tubes for embryos, 2–3 eggs per tube; EU = 1 flask for free embryos, 4–5 free embryos per 
flask) regarding Temperature and  CO2 level
Initial number of individuals are indicated in parenthesis
Survival records were taken daily during 20 days for embryos and daily during 8 days for free embryos
Respiratory frequency and incidence of five malformations were recorded every day in a sub-sample of the EUs

Temperature (°C) Embryos (1340 individuals) Free embryos (273 individuals)

14.2 16.2 18.1 14.2 16.2 18.1

CO2 level
Low (pH 7.5) EU 5 5 5 7 7 7
Medium (pH 6.5) EU 5 5 5 7 7 7
High (pH 5.5) EU 5 5 5 7 7 7

https://www.smn.gob.ar/clima/atlasclimatico
https://www.smn.gob.ar/clima/atlasclimatico
https://www.ipcc.ch/assessment-report/ar6/
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Dead individuals were removed from each EU and 
counted, every day, during 20  days. Each date, sur-
vival (S) was considered as

S = 100. Number of live embryos. Initial number 
of  embryos−1.

Videos of live embryos were recorded every day 
in a sub-sample of the experimental units (Table  1) 
with a camera (Nikon D5300) attached to a stereo 
microscope (Leica M3C), to record the respiratory 
frequency (RF),

RF = number of opercular cycles.  Second−1,
as the mean value of the experimental unit (EU, 

Table  1) and observe the incidence (%) of possi-
ble abnormalities in the EU; cardiac arrhythmia, 
colorless blood cells, delayed dorsal pigmentation, 
pericardial edema, and weak heart contraction that 
could be indicators of an environmental perturba-
tion of development (Incardona et al., 2014).

To compare effects of  CO2 levels and tempera-
ture on body shape, all newly hatched free embryos 
(NHFE) were euthanized with an excess (0.1 g.  l−1) 
of Benzocaine, fixed in 4% Formaldehyde, buff-
ered (pH 7) with Sodium phosphate, monobasic 
and dibasic, and photographed (64x) under stereo 
microscope. The time of maintenance of the NHFE 
in formalin was recorded. Individuals were meas-
ured (Standard length, Area of the yolk sac, and 
Area of the sagitta otolith) with ImageJ.

Effect on free embryos

Embryos with eye pigmentation, without previ-
ous treatment, were incubated at room tempera-
ture (15–21  °C) until hatching, with aeration and 
the addition of NaCl (5  g.  l−1). NHFE (N = 273) 
were placed in 63 glass flasks (350  ml each one, 
four to five free embryos per flask) and subjected 
to the same  CO2 and temperature treatment as the 
embryos (Fig. 1). One flask was considered an EU 
(Table  1). Survival was recorded every 24  h up to 
8 days, in order not to reach the beginning of exog-
enous feeding (Battini et al., 1995).

In order to study the effect of  CO2 concentra-
tion and temperature on body shape along time, 4, 
5, 6, and 7 days after hatching (DAH), 30, 42, 15, 
and 52 NHFE (pH = 6.5 and 7.5), respectively, were 
euthanized with 0.01% Benzocaine, fixed in buff-
ered 4% Formaldehyde, and photographed (64x) in 
lateral view under stereo microscope. The time of 
maintenance of the NHFE in formalin was recorded. 
Individuals were measured (standard length, area of 
the yolk sac, and area of the eye) with ImageJ. In 
addition, to obtain high resolution regarding shape 
differences, twelve landmarks were placed on these 
images with TpsDig2v2.31 (Rohlf, 2013) accord-
ing to Gobbi (1986) and Crichigno (2012) (Online 
Resources 3).

Fig. 1  Experimental temperatures for embryos (top panel) and 
free embryos (bottom panel). Data, linear regressions and 95% 
confidence intervals, are indicated
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Data analysis

Embryos (and free embryos), factors, and levels 
were arranged in a two-way factorial design. Data 
(survival, incidence (%) of malformations, respira-
tory frequency, body measures) were transformed in 
order to obtain normality and homoscedasticity for 
Regression analysis, ANOVA, and pairwise multi-
ple comparison procedures (Holm–Sidak method). 
When assumptions failed, Kruskal–Wallis One-Way 
Analysis of Variance on Ranks (K–W) was used, and 
pairwise multiple comparison procedures (Dunn’s 
method) were performed.

All morphometric analyses were conducted using 
MorphoJ ® V1.07a (Klingenberg, 2011). Images 
were first scaled and rotated to a common size and 
orientation using a generalized Procrustes superimpo-
sition approach (Rohlf and Slice, 1990). To character-
ize variation in shape dimensions, a principal compo-
nent analysis was carried out based on the covariance 
matrix of shape. Canonical variate analysis (CVA) 
was used to identify the differences between tempera-
tures,  CO2 levels, and days after hatching (Campbell 
& Atchley, 1981; Jolliffe, 2002). Mahalanobis dis-
tances and their P-values were extracted after a per-
mutation test (10,000 runs). Wire-frame represen-
tation of the superimposition between the average 
lateral view for each  CO2 level, temperature, and days 
of treatment was performed to visualize variation in 
shape.

Results

Effect on embryos

Embryo survival could be predicted (Multiple Lin-
ear Regression, N = 552,  R2 = 0.619, F = 445.795, 
P = 0.001) from a linear combination of  CO2 level 
(P = 0.001) and DAB (P = 0.001). High  CO2 concen-
tration led to low survival. Survival also decreased 
over time (DAB) (Fig. 2).

The combined effect of temperature and  CO2 con-
centration was studied considering only survival 
at hatching: significant differences were observed 
between temperatures (ANOVA, N = 45, F = 4.992, 
P = 0.012) and  CO2 levels (ANOVA, N = 45, 
F = 20.910, P = 0.001), survival at 14.2 and 16.2  °C 
being higher than at 18.1  °C (Holm–Sidak method, 

P < 0.05) ,and survival at each  CO2 levels being sig-
nificantly different from each other (Holm–Sidak 
method, P < 0.05), being the lowest at high  CO2 con-
centration (pH 5.5). The interaction between tem-
perature and  CO2 concentration was not significant 
(P = 0.323) (Fig. 3).

The respiratory frequency of embryos could be 
predicted (Multiple Linear Regression, N = 177, 
 R2 = 0.105, F = 6.789, P = 0.001) from a linear com-
bination of  CO2 concentration (P = 0.045) and DAB 
(P = 0.001). No significant effects of temperature over 
the respiratory frequency were found (P = 0.138). 
Respiratory frequency was lower at high  CO2 concen-
tration and higher at low  CO2 concentration.

Fig. 2  The effect of  CO2 level on Survival (%) during a) 
embryo and b) free embryo development showing the decrease 
in survival with DAB (days after the beginning of the experi-
ment) and DAH (days after hatching), with regard to  CO2 
levels. Fitted regression lines and  r2 are indicated. High  CO2 
level: black circles and line, Medium  CO2 level: red circles and 
line, Low  CO2 level: green circles and line
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In the same way, the incidence of five malfor-
mations (cardiac arrhythmia, colorless blood cells, 
delayed dorsal pigmentation, pericardial edema, weak 
heart contraction) showed significant differences 
between  CO2 levels (K–W, 2 degrees of freedom, 
N = 57, P < 0.05), but only the incidence of colorless 
blood cells (K–W, H = 15.738 with 2 degrees of free-
dom, N = 57, P = 0.001) and delayed dorsal pigmen-
tation (K–W, H = 26.022 with 2 degrees of freedom, 
N = 57, P = 0.001) was significantly higher at high 
(pH 5.5) than at low  CO2 levels (pH = 7.5) (Dunn’s 
method, P < 0.05, Fig. 4).

Considering  CO2 concentration, temperature, 
DAB, and time of maintenance of the free embryo 
in formalin as independent variables, no significant 
effect was observed on standard length, area of the 
yolk sac, or area of the sagitta otolith of the NHFE 
(Multiple Linear Regression, N = 151, P > 0.05).

Effect on free embryos

Free embryo survival showed significant differences 
between  CO2 levels (K–W, N = 504, H = 16.346 with 
2 degrees of freedom, P = 0.001) and survival at 
high  CO2 level (pH 5.5) being lower than at medium 
(pH 6.5) and low values (pH 7.5) (Dunn’s Method, 

P < 0.05). In addition, free embryo survival decreased 
with DAH (K–W, N = 504, H = 55.431 with 7 degrees 
of freedom, P = 0.001), this being particularly marked 
for high  CO2 level (pH 5.5) (Fig.  2). No significant 
difference in free embryo survival was observed 
between incubation temperatures (K–W, N = 504, 
H = 0.0684 with 2 degrees of freedom, P = 0.966).

The combined effect of Temperature and  CO2 con-
centration was studied with regard to the survival of 
free embryos only at 8 DAH. Significant differences 
were observed between  CO2 levels (ANOVA, N = 63, 
F = 63.019, P < 0.001) but not between temperatures 
(ANOVA, N = 63, F = 0.172, P = 0.842), survival 
at high  CO2 level (pH 5.5) being significantly lower 
than at medium (pH 6.5) and low  CO2 level (pH 7.5) 
(Holm–Sidak method, P < 0.05). Interaction between 
these two factors was not significant (P = 0.957) 
(Fig. 3).

With regard to  CO2, temperature, DAH, and the 
time of maintenance of the free embryo in formalin, 
the standard length of free embryos increased signifi-
cantly with DAH (Regression, N = 139,  R2 = 0.235, 
F = 13.819, P = 0.001) and the lateral area of the yolk 
sac decreased significantly with DAH (Regression, 
N = 139,  R2 = 0.279, F = 17.426, P = 0.001,) and with 
high temperature (Regression, N = 139,  R2 = 0.279, 

Fig. 3  Survival (%) of embryos at hatching (left) and of 8 DAH free embryos (right) versus temperature (°C) and pH levels. Contour 
plots and survival percentages (in box) are indicated
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P = 0.001, Fig. 5), whereas the area of the eye did not 
vary with any of these four variables (Regression, 
N = 139,  R2 = 0.0273, F = 1.263, P = 0.29).

Geometric morphometrics provided the first three 
principal components (PC), explaining 71.1% of the 
variance (PC1: 37.6%, PC2: 19.9%, and PC3: 13.6%). 
CVA for  CO2 concentrations showed a significant 

Mahalanobis distance between medium (pH 6.5) and 
low  CO2 level (pH 7.5). The average shape for the dif-
ferent temperatures, DAH, and  CO2 levels differed 
mainly in the location of landmarks 5, 6, and 7 (anus, 
posterior ventral tip of operculum, and posterior tip 
of neurocranium) (Table 2, Online Resources 3, and 
Fig. 6). CVA among the three experimental tempera-
tures showed two CVs, the first explaining 66.1% of 
the variation. The Mahalanobis distances between 
temperature groups were significantly different 

Fig. 4  Percentage of malformed embryos (Colorless blood 
cells, Delayed dorsal pigmentation) versus pH levels. Median, 
quartiles, and 10th and 90th percentiles are indicated. Different 
letters indicate significant differences

Fig. 5  Standard length (mm) of free embryos versus temper-
ature (°C). Median, quartiles, and data outside 10th and 90th 
percentiles are indicated (Top panel). Lateral area of the yolk 
sac  (mm2) versus pH and temperature (°C). Means and stand-
ard deviation are indicated. (Bottom panel). Different letters 
indicate significant differences
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between all pairs (Table 2, Fig. 6). The CVA for DAH 
showed 3 CVs, the first two explaining 70.9% (CV1) 
and 18.4% (CV2) of variation. The Mahalanobis dis-
tances between age groups were significant between 
all groups except the distance 4–5 DAH (Table  2, 
Fig. 6).

Discussion

Our results show that as the temperature and  CO2 
concentration increased, survival of O. hatcheri 
embryos decreased. Low survival in high  CO2 treat-
ments was also observed in embryos of marine silver-
sides (Baumann et al., 2012; Gobler et al., 2018; Mur-
ray & Baumann, 2018) and by Chambers et al. (2014) 
in embryos of the summer flounder Paralichthys den-
tatus (Linnaeus, 1766). Dead O. hatcheri eggs were 
opaque, so it was not possible to determine whether 
the cause of death was related to development or to 
hatching. Kwain & Rose (1985) assume that the first 
cause of mortality of the embryos of the brook trout 
Salvelinus fontinalis (Mitchill, 1814) is the impos-
sibility of breaking the chorion, as observed for pH 
4.5 and 5.5. According to Abernathy (2004), low pH 
levels inhibit the hatching enzyme (Kunz, 2004). Also 
the survival of the free embryo of O. hatcheri showed 
differences between  CO2 levels, the lowest survival 
being at high  CO2 level (pH 5.5). Free embryo sur-
vival decreased with DAH, and this was particularly 
marked for high  CO2 level (pH 5.5).

The incidence of cardiac arrhythmia, pericardial 
edema, and weak heart contraction showed small 
but significant differences between  CO2 levels in O. 
hatcheri embryos. The reduction in contractility of 
fish myocardium in vitro due to hypercapnia is well 
established. The high solubility of  CO2 lowers the 
intra-cellular pH of the myocardium, reducing con-
tractility through antagonism between hydrogen ions 
and intra-cellular calcium ions. Moreover, in  vivo 
cardiac responses to hypercapnia probably vary with 
the experimental temperature (Ishimatsu et al., 2005; 
Lo et al., 2021). The pericardial edema observed was 
similar to that described by Incardona et  al. (2014) 
as a consequence of exposure of fish embryos to 
crude oil-derived polycyclic aromatic hydrocarbons 
(PAHs). Cardiac arrhythmia and weak heart con-
traction are also indicated as effects of exposition to 
PAHs. The underlying mechanism was shown to be a 
blockade of key potassium and calcium ion channels 
involved in cardiac excitation–contraction coupling 
(Incardona et al., 2004, 2014).

The incidence of colorless blood cells increased 
at high  CO2 level in O. hatcheri embryos. The higher 
incidence of colorless blood cells at higher  CO2 levels 
in O. hatcheri embryos could be the consequence of 
an affected primitive phase of erythropoiesis occur-
ring in the mesenchyme of the yolk sac walls and in 
the embryonic mesenchyme, until resorption of the 
yolk sac (Kondera, 2019).

The incidence of delayed dorsal pigmentation in 
O. hatcheri embryos was higher at high  CO2 level. 
Chromatophores and pigmentation are useful indi-
cators of degree of development in O. bonariensis 
(Chalde et  al., 2011) and the structure and number 
of chromatophores change significantly in the catfish 
Heteropneustes fossilis (Bloch, 1794) on exposure 
to different levels of cadmium (Ahmad et al., 2018). 
However, the delayed dorsal pigmentation observed 
in O. hatcheri is probably related to a pH-mediated 
feed-forward mechanism of epigenetic regulation that 
enables selective amplification of the melanocyte 
maturation program observed in zebrafish (Raja et al., 
2020).

Increases in environmental temperature may alter 
morphology (Lema et  al., 2019). However, no sig-
nificant effect of  CO2 concentration, temperature, 
and DAB was observed on standard length, area of 
the yolk sac, or area of the sagitta otolith of the O. 
hatcheri embryos at hatching. However, the standard 

Table 2  Geometric morphometrics of O. hatcheri free 
embryos

CVA according to temperature, pH, and DAH
The number of individuals (total = 139) in each treatment is 
shown in parentheses
Only significant Mahalanobis distances between groups/p-val-
ues for permutation (10,000) tests are indicated

Temperature 
(°C)

14.2 (55) 16.2 (51)

16.2 (51) 1.6806/0.0001
18.1 (33) 1.4073/0.0022 1.6584/0.0001
pH 6.5 (62)
7.5 (77) 1.0439/0.0047
DAH 4 (30) 5 (42) 6 (15)
6 (15) 1.8714/0.0278 2.0373/0.0005
7 (52) 2.5125/0.0001 2.4088/0.0001 2.7190/0.0001
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length of free embryos did increase by growth with 
DAH, while the lateral area of the yolk sac decreased 
with DAH and with high temperature, probably due 
to yolk consumption. In the same way, in terms of 
geometric morphometrics, body shape showed signif-
icant differences between temperatures and between 
DAH, but it must be noted that significant differences 
in body shape were observed when free embryos 
were exposed to medium (pH 6.5) and low  CO2 levels 
(pH 7.5).

In brief, experimental exposure to an usual ther-
mal range (12.2–20.0  °C), including the preferred 
temperature (17.7  °C) of juveniles (Aigo, 2010), 
lower than juvenile thermal tolerance (30.8 °C, Aigo, 
2010), and lower than surface lake water temperature 
during summer (Online Resources 1 and 2), led to a 
decrease in embryonic survival at hatching, at high 
temperatures. The fact that eggs were obtained in the 
shallow littoral of the lake, under unfavorable thermal 
conditions raises the question of whether more eggs 
were present at greater depth and lower temperature 
or whether this low quality spatial location is the con-
sequence of an anti-predatory trade-off. At the same 
time, the exposure of O. hatcheri embryos to high 
 CO2 concentrations, ranging between those of lake 
water (pH = 7.5 was recorded in midsummer at sun-
rise in Morenito lake, the maximum  CO2 concentra-
tion level attained before photosynthesis begins) and 
expected sub-lethal levels, led to increased incidence 
of embryo malformations and decreased survival in 
embryos and free embryos. The combined effect of 
these two factors was additive in embryos at hatching 
(no significant interaction). Thus, an additive effect, 
neither synergistic nor antagonistic, of temperature 
and  CO2 concentration on embryo survival at hatch-
ing can be observed.

Temperature and atmospheric  pCO2 increase will 
be continued (IPCC, 2014). In consequence, we can 
expect that the best survival at hatching observed for 
O. hatcheri in our experimental conditions (50–60%, 
pH 7.5, 14 °C) will deteriorate. Phillips et al. (2015) 
evaluated the 1980–2100 effect of the increase of the 

atmospheric concentration of  CO2 on the water pH 
in the Great Lakes in ca. 0.3–0.4 pH units and Weiss 
et al. (2018) in ca. 0.3 pH units in four reservoirs in 
western Germany (1980–2015). In Fig. 3 we can note 
that O. hatcheri embryonic survival at 18 °C and pH 
7.0 is less than 20%. Our results agree with those 
reviewed by Hasler et  al. (2018), including mortal-
ity and sub-lethal injuries. Moreover, the effects of 
high water  pCO2 on fish can also include behavioral 
responses with unknown ecological consequences 
(Regan et al., 2016; Schunter et al., 2019).

Across its distribution range (Conte-Grand et  al., 
2015), the conservation situation of the Patagonian 
pejerrey O. hatcheri is already fragile due to salmo-
nid and carp invasion and the genetic introgression of 
the co-generic O. bonariensis (Becker et  al., 2018). 
Morenito Lake is a valued place where carp have 
not yet arrived (Crichigno et  al., 2016a) and where 
salmonids are mostly excluded by high tempera-
ture (Aigo, 2010). It seems that the rule in the rela-
tionships between both air and water temperatures, 
atmospheric, and water  pCO2 is the spatial variation, 
due to water circulation, nutrient load, photosynthe-
sis, and buffer capacity. As water temperature and 
 pCO2 increasing continues, we will need to revise the 
status of shallow littoral vegetated areas of the lakes 
as suitable anti-predatory refuges for fish eggs, lar-
vae, and juveniles.
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