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Abstract

The Notothenioidei are a typical example of stenothermal fishes since most species have evolved and lived in Antarctic waters,
where the water temperature is low and stable. This fact enabled them to evolve physiological characteristics related to cold.
Nevertheless, some species came out of Antarctic waters a few million years ago and coped with more variable thermal
regimes. This work aims to determine the thermal tolerance and preference of two sub-Antarctic notothenioid species found
in Southern South America, Patagonotothen tessellata and Harpagifer bispinis, adding valuable information about thermal
adaptation mechanisms. Experiments were conducted after exposing their juveniles for three weeks at 4, 7, 10 and 12 °C.
Their thermal tolerance limits were established using the Critical Thermal Methodology and their acute thermal preferenda,
employing a horizontal thermal gradient tank. Fishes acclimated to different exposure temperatures had small to intermediate
thermal tolerance polygons (P. tessellata: 593.85°C2, H. bispinis: 475.40 °C?) and positive relationships between preferred
and acclimation temperatures. The Final Temperature Preferenda were estimated to be 14.25 °C for P. tessellata and 13.05 °C
for H. bispinis, allowing to characterize them as cold eurythermal species, with P. tessellata more tolerant to heat and H.
bispinis more tolerant to cold. Their different thermal sensitivities are in agreement with their different thermal histories and
distributions. In a climate change context, the increase of sea surface temperatures is likely to reduce the northern boundaries
of their distributions. Conversely, it can potentially enhance both species’ performances at their southernmost distribution
limits since those environments are cooler than their maximum thermal tolerances.
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Introduction

The Beagle Channel is a unique subpolar marine ecosys-
tem located in the southern part of South America (Patago-
nia) connecting the waters of the Pacific and the Atlantic
Oceans (Isla et al. 1999; Gordillo et al. 2008). Owing to
its location, the geographic area hosts a mixture of marine
ichthyofauna with different origins that have experienced
distinct evolutionary histories (Fernandez et al. 2018). The
most dominant fish group found in the Beagle Channel is
the suborder Notothenioidei (Lloris and Rucabado 1991;
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Vanella et al. 2007). Among them, the genus Patagonoto-
then (Nototheniidae) is the second most species-rich genus
with 15 species (Matschiner et al. 2015). With only one
exception, all Patagonotothen species are found exclusively
in non-Antarctic waters around the Patagonian region and
Malvinas/Falkland Islands (Eastman 2005). The initial radia-
tion of the genus has been estimated at around 3 Ma and
most likely occurred in non-Antarctic waters (Ceballos et al.
2019). Drivers involved in this radiation remain unknown;
however, they are unlikely to be related to the antifreeze
glycoproteins (AFGPs) since the temperature of Patagon-
ian waters is usually well above freezing point (Palma et al.
2008). Moreover, it has also been shown that some Patago-
notothen species have secondarily lost the ability to produce
AFGPs (Cheng et al. 2003; Cheng and Detrich 2007). In
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particular, the black southern cod Patagonotothen tessellata
(Richardson, 1845) inhabits shallow subtidal areas along the
Atlantic (up to 47°S) and Pacific coasts of the Patagonian
region (up to 41°S) and also Malvinas/Falklands Islands,
with Tierra del Fuego being its southernmost distribution
limit (Nakamura et al. 1986; Lloris and Rucabado 1991;
Reyes and Hiine 2012). Patagonotothen tessellata is very
abundant in the region (Moreno and Jara 1984) and plays
an essential role in the trophic webs, representing a major
link between lower and higher levels of the food web (Ric-
cialdelli et al. 2017).

The genus Harpagifer (Harpagiferidae) includes 10—12
species, according to different authors (Duhamel et al. 2014;
Hiine et al. 2014), and is present on both sides of the Ant-
arctic Polar Front (APF). Hiine et al. (2014) proposed that
the climatic and oceanographic changes during the Pleisto-
cene (i.e., the Great Patagonian Glaciation, Rabassa 2008)
and the northward migration of the APF produced the ideal
conditions for the colonization of southern South America
by Harpagifer, from Antarctica via the Scotia Arc Islands.
In particular, the Magellan spiny plunderfish Harpagifer
bispinis (Forster, 1801) inhabits the sublittoral and intertidal
zones of Tierra del Fuego Island and the Magellan region
in southern South America up to 46°S (Hureau 1990; Lloris
and Rucabado 1991; Reyes and Hiine 2012; Hiine and Vega
2016). It can be found in kelp forests (Cruz-Jiménez 2019)
or under rocks in tide pools in the low and medium level of
the intertidal zone (Hureau 1990). Living in these tide pools
can be interpreted as an ecophysiological challenge, as they
are usually frozen during winter and exposed to reduced
salinities by the flow of small freshwater input during ice
melting (Llompart et al. 2020). Pérez et al. (2003) provided
histological evidence of aglomerular kidney in H. bispinis.
They also inferred that this characteristic might be adaptive
in terms of AFGPs conservation since aglomerularism is
consistent with the conservation of small molecules, includ-
ing the small AFGPs size isoforms. Thus, their presence
might help them to cope with extreme environmental con-
ditions. As P. tessellata, H. bispinis also plays an essential
ecological role since it preys upon a wide variety of trophic
niches (Hiine and Vega 2016; Riccialdelli et al. 2017), and
it is consumed by higher predators (Hureau 1990).

Differences in the evolutionary histories of P. tessellata
and H. bispinis could have generated substantial variations
in their thermal sensitivity as well as differences in their
adaptive capacities to climate change (CC) (Cussac et al.
2009). Ocean temperatures are forecasted to increase by as
much as 2 °C in the next 100 years (IPCC 2014; Shultz
et al. 2016). Fishes may respond to such changes in envi-
ronmental temperatures by altering their physiology or their
behavior, by selecting specific habitats or by shifting their
distributions to keep their body temperature within physi-
ologically acceptable ranges (Killen 2014; Speaks et al.
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2012). Therefore, the study of thermal responses of fishes
from southern South America (Patagonia) has great potential
for understanding and assessing the effects of CC, which
are appearing faster in high southern latitudes (Gille 2002).

Recent studies have highlighted the importance of deter-
mining the physiological limits of fishes to changes in cer-
tain environmental variables, such as temperature, in order
to project future species distributions and productivity, based
on future climate scenarios (Portner and Peck 2010; Bur-
rows et al. 2011; Marras et al. 2015). The determination
of the Critical Thermal Minimum (CTmin) and Maximum
(CTmax) is generally employed to assess the thermal toler-
ance limits of fishes (Beitinger et al. 2000; Beitinger and
Lutterschmidt 2011). CTmin and CTmax are the tempera-
tures at which fishes are unable to escape conditions that
will ultimately lead to thermal death (Beitinger and Lut-
terschmidt 2011; Portner and Peck 2010). Beyond these
critical temperatures, organisms are unable to supply suf-
ficient oxygen to metabolically demanding tissues (oxygen-
and capacity-limited thermal tolerance) (Portner and Knust
2007). Determining CTmin and CTmax for organisms at
different exposure temperatures provides the data needed to
construct CTM-polygons (areas, °C2) of temperature toler-
ance at two or more exposure temperatures (Manriquez et al.
2020). These polygons are graphical representations of the
thermal niche of species (Magnuson et al. 1979; Bennett
and Beitinger 1997) that provide valuable information about
their physiology and ecology (Eme and Bennett 2009). They
also allow making comparisons of the thermal ranges of
different species (Elliot 1991; Bennett and Beitinger 1997,
Elliot 2010). The larger the polygonal area, the wider the
range in thermal tolerance of the species (Calosi et al. 2008).
Within their thermal tolerance range, organisms select a tem-
perature in which their metabolic functions and processes
operate with the highest efficiency (Schurmann et al. 1991).
That behaviorally selected temperature, termed preferred
temperature (PT, Fry 1947; Reynolds and Casterlin 1979),
supplies the physiological framework for fishes to dimin-
ish the impact of spatial and temporal variation of water
temperature, permitting them to withstand the fluctuating
environment (Shuter et al. 2012). These PT are determined
in part by the evolutionary history of the species and popula-
tions (Golovanov 2006) but can also be modulated by differ-
ent environmental factors and by the recent thermal history
(Kelsch and Neill 1990; Jobling 1994). Such temperatures
are also used to calculate the Final Temperature Preferen-
dum (FTP), which correlates with the optimum temperature
for growth, defined as the temperature at which growth rate
is highest when the fish are reared under conditions of maxi-
mum or excess feeding (Jobling 1981).

Most of the studies dealing with thermal tolerance of
notothenioid fishes were performed in Antarctic species
(Somero and DeVries 1967; Podrabsky and Somero 2006;
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Bilyk and DeVries 2011; Peck et al. 2014). However, there
is not much information available on the thermal responses
of sub-Antarctic notothenioid fishes. Lattuca et al. (2018)
described the thermal tolerance and preference of Elegi-
nops maclovinus (Cuvier, 1830) from the Beagle Channel
and characterized it as a eurythermal species. This work
aims to analyze the thermal responses of two sympatric sub-
Antarctic notothenioid species with different evolutionary
histories, P. tessellata and H. bispinis, at their southernmost
distribution limit. Understanding their thermal tolerances
and preferred temperatures can provide concrete data to ana-
lyze the vulnerability of these species and generate scenarios
of changes in the fish community (Portner and Peck 2010).

Materials and methods
Ethics statements

Patagonotothen tessellata and H. bispinis are not protected
under wildlife conservation laws (local legislations, Inter-
national Union for Conservation of Nature -IUCN-, or Con-
vencidn sobre el Comercio Internacional de Especies Ame-
nazadas de Fauna y Flora Silvestre -CITES-).

Sampling protocols and experiments on P. tessellata and
H. bispinis were approved by the Ethics Committee of Aus-
tral Center for Scientific Research (CIB — CADIC).

Fish sampling and acclimation

Samplings were performed during late spring 2018 and
early summer 2019 in coastal waters of the Beagle Channel.
Patagonotothen tessellata juveniles were collected using a
seine net (25 m long, 1.5 m high and 3 mm stretched mesh)
in the shallower littoral zone (< 1 m depth) of Varela Bay
(54°52" S, 67°16" W). Harpagifer bispinis juveniles were
collected manually under rocks in tidal pools and during low
tides periods in Tierra del Fuego National Park and adjacent
bays (54° 51’ S, 68° 25" W). Individuals of both species
were transported in well-aerated seawater 100-L tanks to
the laboratory at the Austral Center for Scientific Research
(CADIC—CONICET), where the experiments were carried
out.

At the laboratory, fishes were acclimatized to captiv-
ity conditions before undergoing experimental trials. For
fish maintenance and throughout the experiments, filtered
environmental seawater (1 um, Hidroquil, Buenos Aires,
Argentina), with a salinity of 28 +0.5, pH of 8.02 +0.2 and
O, concentration near saturation levels (between 8.86 and
10.70 mg L™! depending on water temperature) was used.
Water quality was maintained by partial water changes
(~50% of total volume), at the corresponding AT, every
other day. Physicochemical variables were monitored using

a multiparameter meter Hanna HI9828 (Hanna Instruments
SRL, RI, USA). Ammonia, nitrite, and nitrate were moni-
tored twice a week with NHy/NH,*, NO,™ and NO;~ kits
(Tetra, VA, USA) and kept under 0.3, 0.8 and 12.5 mg L,
respectively.

After a month, groups of fish of homogenous sizes of
each species were selected and exposed during 3 weeks to
4 acclimation temperatures (AT =4, 7, 10 and 12 °C) that
correspond to mean winter (4 °C), mean summer (10 °C)
and mean annual (7 °C) water temperatures, and another
temperature 2 °C higher than mean summer value (12 °C).
All aquaria were placed in a cold room set at 4 °C. Then, the
appropriate AT in each aquarium was reached by increas-
ing the temperature at a rate of 1 °C day~' using electronic
aquarium heaters (Atman J-25, Yangzhou Anipet Co., Ltd.,
Jiangsu, China) connected to heat controllers (+0.2 °C, Dek-
sor, TC6003PD, Buenos Aires, Argentina). Fishes were held
at a density of 1 individual L™! in 20-L tanks containing
seawater with the same characteristics described above. The
light regime was 12:12 h light:dark, and it was reached at a
rate of 1 h day~!. Fishes were fed with chopped hake muscle
offered ad libitum every other day, and feeding was stopped
24 h in advance of experimental trials. No visual signs of
stress were observed during the acclimation period.

Thermal acclimation limits

The total thermal acclimation ranges of P. fessellata and
H. bispinis juveniles were assessed by estimating their
chronic upper and chronic lower temperatures limits (Dab-
ruzzi et al. 2012; Lattuca et al. 2018). For each species, 12
fish (P. tessellata, 54,49 +£0.45 mm TL, 1.29 +0.06 g BM;
H. bispinis, 55,78 £0.50 mm TL, 3.79 +0.18 g BM) from
the native acclimatization pool were placed individually
in 20-L aquaria at 10+0.2 °C. The temperature was then
increased (n=06), using electronic aquarium heaters (Atman
J-25 300 W, Yangzhou Anipet Co., Ltd., Jiangsu, China), or
decreased (n=6) employing an LKB Bromma thermoregula-
tor (LKB Bromma 2219 Multitemp II, Sollentuna, Sweden),
at arate of 1 °C day~! until fishes stopped feeding. Fish were
offered three pieces of chopped hake muscle (~0.15 g) daily,
and the non-feeding status was determined when fish did
not eat any piece of food in 24 h. The mean lower and upper
feeding cessation temperatures of each species represent
the chronic lower and upper temperatures (mean + standard
error), respectively.

Thermal tolerance
After the acclimation period, the CTmin and CTmax of P.
tessellata and H. bispinis juveniles at different AT were

determined using the Critical Thermal Methodology (CTM,
Becker and Genoway 1979; Paladino et al. 1980; Beitinger
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et al. 2000). This methodology involves fish being initially
acclimated at a predetermined temperature and then sub-
jected to a continuous dynamic temperature change until the
point at which a predefined sub-lethal endpoint is reached
(Lutterschmidt and Hutchison 1997; Beitinger and Lut-
terschmidt 2011). In the present study, a constant rate of
increase or decrease temperature of 0.3°C min~! was chosen,
as it was recommended by Becker and Genoway (1979),
Lutterschmidt and Hutchinson (1997), and Beitinger et al.
(2000) for small-bodied fishes (i.e., juveniles and adults).
The selected endpoint was the loss of equilibrium (LOE),
defined as the failure of fish to maintain dorsoventral orien-
tation for at least 1 min (Beitinger et al. 2000).

To determine CTmax, 15 individuals of each species from
each AT (Table 1) were put individually in aerated 300-mL
beakers filled with seawater at the corresponding AT. Beak-
ers were suspended in a 50-L water bath provided with a
thermoregulator Techne TU-20D (Bibby Scientific Limited,
Staffordshire, UK) that allowed the constant increase of tem-
perature inside beakers until fishes reach the selected end-
point. Similarly, to determine CTmin, 15 individuals of each
species and each AT (Table 1) were put individually in aer-
ated 300-mL beakers filled with seawater at the correspond-
ing AT. These beakers were transferred to a freezer (GAFA
HGF 3880, Rosario, Argentina), allowing them to achieve
the proper cooling rate. The fishes’ responses were observed
by opening the freezer’s door at a frequency that did not
affect the cooling rate. During both CTmin and CTmax tri-
als, a certified digital thermometer Lutron TM-917 provided
with a Pt100 thermoresistance (Lutron Electronic Enterprise
Co., Ltd., Taipei, Taiwan) was used to monitor the change of
the temperature inside the beakers every 5 min and to record
the temperature at which the LOE occurred.

Finally, fishes were measured (TL, total length +0.1 mm)
with a digital caliper (Sylvac, S 235 PAT, Yverdon, Swit-
zerland), weighed (BM, body mass+0.01 g) with a digital
balance (Ohaus, TA302, NJ, USA) and then returned to the
initial AT to recover. All the trials were performed between
9:00 and 14:00 local time.

The CTmin and CTmax of fish at each AT were calcu-
lated as the arithmetic mean temperature at which LOE were
observed (Becker and Genoway 1979; Beitinger et al. 2000).

Thermal tolerance polygons

The fundamental (thermal) niches of P. tessellata and H.
bispinis juveniles were graphically expressed as the dynamic
thermal tolerance polygons of each species (Fangue and
Bennett 2003; Dabruzzi et al. 2012; Lattuca et al. 2018).
Each polygon was generated plotting CTmin and CTmax
values against AT values, and extrapolating the resultant
regression lines outward to the chronic upper and chronic
lower temperature limits (Dabruzzi et al. 2012; Lattuca et al.
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Table 1 Thermal tolerance of Patagonotothen tessellata and Harpagifer bispinis from the Beagle Channel acclimated at different temperatures (4, 7, 10 and 12 °C)

R (°C min™}) CTmax ( °C)

BM (g)

n TL (mm)

R (°C min™") CTmin ( °C)

BM (g)

n TL (mm)

AT (°C)

Species

23.06+0.12
24.18+0.08
24.82+0.02
26.17+0.08
23.60+0.10

0.30
0.33
0.32
0.32
0.32
0.31
0.33
0.32

1.20+0.04
1.17+0.05

1.21+0.05

53.76 +0.56
55.21+0.74
52.43+0.54
54.54+0.83

15

—1.93+0.04
—1.34+0.04
—1.06+0.04
—0.39+0.05
- 1.97+0.03
—1.90+0.04
—1.72+0.02
—1.00+0.04

0.29
0.31
0.30
0.29
0.30
0.30
0.28
0.29

1.45+0.11

5590+1.36
55.77+0.91

15
15

4

P. tessellate

1.36+0.08
1.35+0.08
1.25+0.09
3.41+0.53
3.64+0.34
3.15+0.28
3.33+0.21

54.20+0.80

1.30+0.08
3.42+0.23
3.22+0.30
2.37+0.25
3.52+0.23

15

56.21+1.02

15
50.43+2.77

10
12

54.57+1.52

15

15
15
15
15
15

24.28+0.12

54.36+2.00

49.51+1.96

15

15

53.62+1.78

H. bispinis

25.30+0.02
25.39+0.08

49.88+1.65

53.42+1.04

15

15

52.52+1.18

10
12

Acclimation temperature (AT), number of individuals (), total length (TL), body mass (BM), constant cooling/heating rate of temperature (R), Critical Thermal Minimum/ Maximum (CTmin/

CTmax). Data are expressed as mean + standard error (SE)
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2018). The total polygonal area (TPA) was expressed in areal
units (°C2) with a 95% confidence interval (CI) calculated
using the 95% CI of each CTmin/CTmax values. Accord-
ing to Beitinger and Bennett (2000), the TPA was further
partitioned into three distinct zones: an intrinsic tolerance
zone (ITZ, i.e., tolerance independent of previous thermal
acclimation history) and upper and lower acquired tolerance
zones (UAZ and LAZ, respectively, i.e., thermal tolerance
gained through acclimation). These areas were obtained by
dividing the polygon with horizontal lines originating at
the intersection of the CTM regressions with vertical lines
connecting the CTmin and CTmax values at chronic upper
and chronic lower temperature limits (Dabruzzi et al. 2012;
Lattuca et al. 2018). Each of these areas was also expressed
in °C? with their 95% CI. Furthermore, the CI intervals
of extreme CTmin and CTmax values extrapolated from
CTM values against AT were combined to generate multiple
polygonal areas for each species in order to make interspe-
cific comparisons.

Acute thermal preferenda

The PT of P. tessellata and H. bispinis juveniles (n =15
of each species and at each AT, Table 2) were determined
in a horizontal thermal gradient tank as described by Bar-
rantes et al. (2017) and Lattuca et al. (2018). This custom-
built tank consisted of a white polyvinyl chloride (PVC)
pipe (4-m length, 16-cm inside diameter and 10-cm wide
longitudinal upper opening all along the pipe that allows
a precise fish observation) filled with 65 L of seawater.
The “cold” end of the tank was connected to a LKB Bro-
mma thermoregulator (LKB Bromma 2219 Multitemp
II, Sollentuna, Sweden) which cooled the water, and the
“hot” end was connected to a reservoir of water which
was warmed using two Haake DC5 thermoregulators
(Thermo Electron Corporation, Karlsruhe, Germany).
The temperature gradient was generated and maintained

by two aluminum coils (0.7-cm diameter, 2-m long each
one) placed at the bottom of the tank. They extended from
each end to the center of the tank, with cold and hot water
from the sources previously described flowing in opposite
directions. The resulting thermal gradients are shown in
Table 2. Compressed air was bubbled through regularly
spaced small holes in a flexible airline tubing placed at
the bottom of the tank. In addition to aeration, it ensured
vertical water mixing. A net prevented fish from directly
contacting coils and the air tube, and use them as a shelter.

Each trial began when one single fish was introduced
into the thermal gradient tank in the section correspond-
ing to its AT. Data collection started when habituation
to experimental conditions was observed (ca. 15-30 min,
depending on the species). The fish was then allowed to
select different PT by steadying its position within the
gradient for at least 5 min. These PT were registered,
avoiding disturbing the fish, with a certified digital ther-
mometer Lutron TM-917 provided with a Pt100 thermore-
sistance (Lutron Electronic Enterprise Co., Ltd., Taipei,
Taiwan). Individual fish were removed from the gradient
and then measured and weighed as previously described.
Trials lasted between 90 and 120 min and were performed
between 9:00 and 14:00 local time.

The mean and modal PT of each species acclimated
at different AT were calculated. Mean PT was calculated
as the arithmetic mean of selected temperatures. Modal
PT was estimated by grouping such temperatures by 1 °C
intervals and choosing the temperature more frequently
selected by a fish during trials (Fangue et al. 2009; Baird
et al. 2018).

Once the PT of fish acclimated to different AT were
determined, the FTP was estimated as the temperature at
which the regression line of PT (constructed from modal
PT values of the 15 PT records for each specimen) on
AT intersects with the line of equality (PT = AT) (Jobling
1981).

Table 2 Preferred temperatures

Species AT (°C) Gradient (°C) n  TL (mm) BM (g) Mean PT (°C) Modal PT ( °C)
of Patagonotothen tessellata
and Harpagifer bispinis P tessellata 4 296-21.10 15 56.61+1.32 1.54+0.12 6.29+0.55 5.95+0.78
;f;’angiizfeg;eafg;‘f’e“&t 7 2.80-21.67 15 5630+1.03 139+0.10 8.70+034  8.43+0.75
temperatures (4, 7, 10 and 10 3.17-22.08 15 54914080 1.34+007 11.49+024  11.37+0.41
12°C) 12 3.13-2276 15 54574205 1.52+0.10 11.49+044  12.09+0.74
H. bispinis 4 1.90-20.54 15 54.89+1.74 3.54+024 5.55+0.52 5434027
7 1.9421.09 15 53.62+1.95 3.51+0.36 8.98+0.62 8.00+0.52
10 1.64-2120 15 57.64+1.54 3524022 11.54+033  11.44+0.42
12 2.12-21.55 15 54.89+1.74 3.51+020 12214047  11.49+0.64

Acclimation temperature (AT), number of individuals (n), total length (TL), body mass (BM), preferred

temperature (PT)

Data are expressed as mean + standard error (SE). Gradient range temperatures represent the low- and high-
end values of the seawater in the experimental tank
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Statistical analyses

Assumptions of normality and homoscedasticity were evalu-
ated through Shapiro—Wilk and Levene tests, respectively.
Simple linear regression analysis was used to test relation-
ships between CTmin/CTmax or PT and AT. One-way anal-
ysis of variance (ANOVA) or Kruskal-Wallis, followed by
post hoc Tukey or Dunn’s tests, respectively, were used to
examine differences in fish size and weight at the begin-
ning of the trials, and intraspecific differences in CTmin,
CTmax and PT. Student’s ¢-test or Mann—Whitney were used
to investigate interspecific differences in CTmin, CTmax,
polygonal areas, and mean and modal PT values. All statis-
tical determinations were performed at a significance level
set to 5% (Zar 1984; Sokal and Rohlf 2011), using InfoStat
statistical software (version 2018, Di Rienzo et al. 2018).

Results
Thermal acclimation limits

The chronic lower and chronic upper temperatures of each
species were 0.50+0.22 °C (n=6) and 23.00+0.00 °C
(n=6) for P. tessellata and 0.20+0.17 °C (n=6) and
18.20+0.78°C (n=16) for H. bispinis, resulting in total accli-
mation ranges of 22.50 °C and 18.00 °C, respectively.

Thermal tolerance

No significant intraspecific differences were found with size
(P. tessellata, Kruskal-Wallis, H,=14.38, p=0.065 and H.
bispinis, Kruskal-Wallis, H,=9.26, p=0.234) and weight
(P. tessellata, ANOVA, H,=7.55,p=0.373 and H. bispinis,
Kruskal-Wallis, H,=11.59, p=0.115) of juveniles assigned
to the different experimental groups.

After CTM trials, only 3% of individuals of each spe-
cies did not recover, most likely because fishes were not
promptly returned to their pretest AT when CTmin/CTmax
values were reached. Thermal tolerance values of both
species at each AT are shown in Table 1. CTmin of fishes
acclimated between 4 and 12 °C ranged from —1.93 to
—0.39 °Cin P. tessellata and from —1.97 to—1.00 °C in H.
bispinis. The intraspecific comparisons indicated that these
values differed significantly among AT in both species (P.
tessellata, ANOVA, F; 5,=237.79, p<0.001; H. bispinis,
Kruskal-Wallis, H;=45.39, p <0.001). Moreover, all pair-
wise comparisons show significantly different values in P.
tessellata (Tukey tests, p <0.05), but not in H. bispinis, as
CTmin did not differ between fishes acclimated at 4 and
7 °C (Dunn’s test, p ~ 0.05), and 7 and 10 °C (Dunn’s test, p
”0.05). CTmax of fishes at the same experimental AT ranged
from 23.06 to 26.17 °C in P. tessellata and from 23.60 to
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25.39 °C in H. bispinis. Kruskal-Wallis tests for each spe-
cies revealed that CTmax values differed significantly among
AT (P. tessellata: Kruskal-Wallis, H;=54.94, p <0.001; H.
bispinis: Kruskal-Wallis, H;=46.77, p <0.001). The differ-
ences in P. tessellata are found between groups acclimated
at4 and 10 °C, 4 and 12 °C, and 7 and 12 °C (Dunn’s tests,
p <0.05), whereas in H. bispinis the differences are between
groups acclimated at 4 and 7 °C, and 10 and 12 °C (Dunn’s
tests, p <0.05).

Simple linear regression analysis of CTmin and CTmax
with AT in both species yields the following relations:

CTming, o = 0.18 % AT = 2.65 (n = 60, r* = 0.89,
F\ 55 = 449.76, p < 0.001)

CTminy, peinis = 0.11 % AT — 2.54 (n = 60, r* = 0.66,

CTmaxp e = 0-36 % AT +21.55 (n = 60, r* = 0.89,
F 55 = 487.01, p < 0.001)

CTmaxy, i = 0.24 % AT +22.65 (n = 60, r* = 0.80,
F, sy = 236.89, p < 0.001)

These expressions suggest that P. tessellata gained 1.6-
fold more cold tolerance and 1.5-fold more heat tolerance
than H. bispinis for every 1 °C change in acclimation.

The interspecific comparisons of CTmin at each AT
(Fig. 1) exhibited significant differences in fishes accli-
mated at 7 °C (#-test, t,3=10.54, p<0.001), 10 °C (s-test,
t,§=15.15, p<0.001) and 12 °C (Mann—Whitney, U=0.00,
p <0.001), with H. bispinis always being more cold-toler-
ant than P. tessellata. No significant differences were found
when they were exposed to 4 °C (t-test, 1,3=0.71, p=0.48).
When CTmax were compared at each AT, they differed
significantly at 4 °C (z-test, t,3=-3.53, p=0.001), 10 °C
(t-test, t,3=—15.71, p<0.001) and 12 °C (#-test, t,3=106.69,
p<0.001) but not at 7 °C (z-test, t,=—0.70, p=0.49). At
4 and 10 °C, H. bispinis tolerated higher temperatures than
P. tessellata; but at the extreme AT (12 °C) its tolerance to
warming conditions waned and thus P. fessellata reached a
higher CTmax (Fig. 1).

Thermal tolerance polygons

The dynamic thermal polygons of P. tessellata and H.
bispinis juveniles, constructed with extrapolated CTmin
and CTmax values at chronic lower and upper temperatures,
are shown in Fig. 2. The TPA of P. tessellata (593.85 °C?,
95% CI=590.51-597.87 °C?) was larger than that of H.
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Fig.1 Critical Thermal Minimum (CTmin) and Maximum (CTmax)
of Patagonotothen tessellata (grey) and Harpagifer bispinis (white)
from the Beagle Channel acclimated at different temperatures (AT: 4,
7, 10 and 12°C). Box plots display the 25th and 75th percentiles, the
median (solid lines), the mean (dotted lines), the 10th and 90th per-
centiles (whiskers) and outliers (dots). Asterisks indicate interspecific
statistical differences on CTmin/CTmax values at the same AT

bispinis (475.40 °C?, 95% CI=471.56-479.43 °C?). Their
ITZ were 456.66 °C? (95% CI=448.67-463.97 °C?) and
418.70 °C? (95% CI=412.58-425.16 °C?), respectively,
and represented the 76.90% and 88.07% of the correspond-
ing thermal polygon. In P. tessellata, the UAZ (92.14 °C?,
95% CI=288.85-95.52 °C?) and the LAZ (45.05 °C?, 95%
CI=43.78-46.32 OCz) represented 15.52% and 7,59% of the
TPA. The UAZ (39.04 °C?, 95% CI=237.09-40.99 °C?) and
LAZ (17.66 °C?%, 95% CI=17.17-17.98 °C?) of H. bispinis
encompassed 56 °C? and represented 8.21% and 3.72%
of the TPA. The statistical comparison of both polygons
indicated significant differences for TPA (¢-test, 1,=38.11,
p<0.001), ITZ (z-test, t,=6.58, p=0.003), UAZ (t-test,
t,=23.82, p<0.001) and LAZ (#-test, ,=35.64, p <0.001).

Acute thermal preferenda

The intraspecific comparisons of size (P. tessellata,
Kruskal-Wallis, H;=1.77, p=0.621 and H. bispinis,
Kruskal-Wallis, H;=4.71, p=0.194) and weight (P. fes-
sellata, ANOVA, F; 5=1.01, p=0.395 and H. bispinis,
ANOVA, F; 55,=0.04, p=1.000) of juveniles did not differ
significantly among different experimental groups (Table 2).

According to the species’ habits, P. tessellata explored
the thermal gradient more intensely and extensively than
H. bispinis; however, exploratory movements of both spe-
cies increased with increasing experimental temperatures.
Regardless of the AT, P. tessellata avoided temperatures
lower than 3.10 or greater than 19.10 °C. The selected tem-
peratures by H. bispinis ranged between 2.10 and 19.00 °C.
Mean and modal PT values for P. tessellata and H. bispinis
are shown in Table 2. Because differences between mean
and modal PT were not significant (P. tessellata, 4 °C:
Mann-Whitney, U=_80.00, p=0.18, 7 °C: Mann—Whit-
ney, U=82.00, p=0.21, 10 °C: r-test, t,5=0.24, p=0.81,
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Fig.2 Thermal tolerance polygons of Patagonotothen tessellata and
Harpagifer bispinis from the Beagle Channel acclimated at differ-
ent temperatures (AT: 4, 7, 10 and 12 °C). Circles represent Criti-
cal Thermal Minimum (CTmin, grey), Critical Thermal Maximum
(CTmax, white), and CTM values at the chronic lower and upper

Acclimation Temperature (°C)

temperatures (CTmin/CTmax, black) extrapolated from simple linear
regressions of experimental values. Bars represent confidence inter-
vals, and arrows indicate the chronic lower and upper temperatures.
TPA total polygonal area, UAZ upper acquired tolerance zone, ITZ
intrinsic tolerance zone, LAZ lower acquired tolerance zone
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12 °C: Mann—Whitney, U=93.00, p=0.43; H. bispinis,
4 °C: Mann—Whitney, U=111.00, p=0.97, 7 °C: t-test,
t,3=0.07, p=0.94, 10 °C: Mann—Whitney, U=98.00,
p=0.56, 12 °C: t-test, t,3=—0.63, p=0.53), we used modal
PT values for further analyses, as modes are more appropri-
ate for describing non-normal or multimodal distributions
(Baird et al. 2018). Within each species, modal PT were sig-
nificantly different among AT (P. fessellata: Kruskal-Wallis,
H;=28.91, p<0.001; H. bispinis: ANOVA, F; 55=32.06,
p <0.001). Pairwise comparisons indicated that these dif-
ferences arose between AT that were not consecutive in P.
tessellata (Dunn’s test, p < 0.05), and between all AT, except
between groups acclimated at 10 and 12 °C, in H. bispinis
(Tukey test, p <0.05).

Simple linear regressions analyses suggests positive
relationships between modal PT and AT for P. tessellata
(PT =2.85+0.80 % AT, r*=0.47, n=060, F;54=50.54,
p<0.001) and H. bispinis (PT =2.35+0.82 % AT,
?=0.60, n=60, F; 5=86.80, p<0.001) (Fig. 3).

The comparison of PT of both species at each AT did
not show significant differences (4 °C: Mann—Whitney,
U=102.50, p=0.69, 7 °C: Mann—Whitney, U =99.00,
p=0.59, 10 °C: t-test, t,4=-0.11, p=0.91, 12 °C: r-test,
t,5=0.61, p=0.54).

The FTP of P. tessellata and H. bispinis juveniles were
estimated at 14.25 °C and 13.05 °C, respectively.

Discussion

Understanding how environmental factors such as tempera-
ture affect the thermal physiology of fishes is fundamental
to assess how future climate-driven environmental changes
may cause variations in the species’ distributions. In this
study, we determined the thermal tolerance ranges and the
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preferred temperatures of two sub-Antarctic notothenioid
fishes, P. tessellata and H. bispinis, at their southernmost
distribution limits, as a function of AT.

It is well known that the thermal history of fishes, espe-
cially just before testing, influences their thermal tolerance
(Lutterschmidt and Hutchison 1997). Our results on CTM
values indicated that southern populations of both species
were able to acclimate to the selected experimental tem-
peratures. Acclimation has also been demonstrated in some
Antarctic notothenioids using different performances indi-
cators (Seebacher et al. 2005; Strobel et al. 2012; 2013).
For instance, Podrabsky and Somero (2006) and Bilyk and
DeVries (2011) pointed out that, at the whole animal level,
some species from the high Antarctic zone (McMurdo
Sound) and the seasonal pack-ice zone (Western Antarctic
Peninsula) were also capable of increasing their heat toler-
ance through acclimation.

With respect to cold tolerance, the CTmin of P. tessel-
lata and H. bispinis acclimated to 4 to 12 °C were all sub-
zero values. Particularly, those corresponding to the lowest
AT were near the freezing point of seawater employed in
the trials, with a salinity of 28. Similar CTmin values were
reported by Lattuca et al. (2018) for another sub-Antarctic
notothenioid from the same geographic area, E.maclovinus
when exposed to similar AT (CTmin= —2.19 and—1.92 °C
registered at 4 and 10 °C, respectively). Our results demon-
strate high levels of cold tolerance for these sub-Antarctic
species, which could be explained by their recent thermal
history. The evolution of AFGPs prevents organismal freez-
ing (DeVries 1971; Cheng and DeVries 1991) and enabled
fish survival at subzero temperature. This is a remarkable
example of notothenioids cold adaptation (Chen et al. 1997).
There are, however, no detectable AFGPs sequences in the
genome of P. tessellata (Cheng et al. 2003). The most par-
simonious explanation for this observation is that the clade
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Fig.3 Simple linear regression analyses (solid lines) of modal pre-
ferred temperatures (modal PT) on acclimation temperatures (AT:
4, 7, 10 and 12°C) for Patagonotothen tessellata and Harpagifer
bispinis from the Beagle Channel. White circles represent modal
PT calculated from the 15 PT records for each individual (n=15).
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Dashed lines indicate 95% confidence intervals of the regression
functions, and grey lines indicate the PT=AT line. Arrows indicate
the final temperature preferendum (FTP), estimated as the tempera-
ture at which the regression line of modal PT on AT intersects with
the line of equality (modal PT =AT)
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diverged before the appearance of the AFGPs gene, although
it might also have diverged after the evolution of the gene,
which then went through a rapid gene loss (Cheng and
Detrich 2007). In contrast, H. bispinis might have AFGPs
in their blood (Near et al. 2012; Hiine et al. 2014), which
would be consistent with its higher cold tolerance relative
to P. tessellata.

Regarding heat tolerance, the CTmax values of P. fes-
sellata and H. bispinis exposed to the same experimental
AT were well above the temperature they are naturally
exposed to in coastal areas, which generally range between
2 and 16 °C (Giménez, personal observations). Similar
and even higher CTmax values were reported by Lattuca
et al. (2018) for the non-Antarctic notothenioid E. maclo-
vinus (27.12-30.07 °C) and other fishes from the Beagle
Channel, like Odontesthes nigricans (Richardson, 1848)
(27.53-28.67 °C) and the diadromous Galaxias maculatus
(Jenyns, 1842) (26.17-29.16 °C) when acclimated at 4 and
10 °C, respectively. Different heat tolerances are expected
among species, even when exposed to similar thermal
regimes, owing to differences in their evolutionary histories
and hence in their thermal sensitivities (Clarke and Johnston
1996; Cussac et al. 2009). The CTmax of P. tessellata and
H. bispinis were well above the values reported by Bilyk and
DeVries (2011) for Antarctic notothenioids, which were ini-
tially maintained in their natural freezing waters (11 species,
11.95 to 16.17 °C) and later acclimated to 4 °C (8 species,
15.19 to 17.39 °C).

Several studies have found a correlation between ther-
mal tolerance and geographic range (Peck et al. 2014). Our
results are consistent with this finding, as the higher toler-
ance of P. tessellata to warm waters and the higher tolerance
of H. bispinis to cold waters correlate with the more north-
erly distribution of P. tessellata compared to H. bispinis.
The wider thermal tolerance ranges of present sub-Antarctic
species from southern South America, as compared to those
of Antarctic fishes, are also consistent with the tendency for
the thermal tolerance range to increase as the environmen-
tal temperature increases (Portner 2002). Because Antarc-
tic notothenioids are stenothermal species (Eastman 1993;
2005; Peck et al. 2014), living near the freezing point of
seawater (~— 1.9 °C), they are thought to be more suscepti-
ble to environmental perturbations, such as changes in ocean
conditions, chiefly warming (Eastman 1991; Eastman and
McCune 2000).

The CTM-thermal polygons of species convey more
information than their thermal tolerance ranges alone,
as their shape reflects the species’ thermal niches (Ben-
nett and Beitinger 1997). In addition, the areas of the
polygons not only represent a useful index to compare
eurythermicity between species (Bennett and Beitinger
1997) but may also be useful for understanding popula-
tion fluctuations (Eme and Bennett 2009). Many studies

have reported the thermal tolerance polygons of freshwater
and marine fishes (Elliot 1991; Bennet and Beitinger 1997;
Beitinger and Bennet 2000, Ford and Beitinger 2005; Eme
and Bennet 2009; Barrantes et al. 2017; Kir et al. 2017;
Lattuca et al. 2018), with TPA ranging from 218 °C? in
Paracheirodon axelrodi Schultz 1956 (Campos et al. 2016)
to 1470 °C? in Cyprinodon variegatus Lacepede, 1803
(Bennet and Beitinger 1997). Except for E. maclovinus
with a TPA of 858.69 °C? (Lattuca et al. 2018), there is
no information available about thermal polygons of other
notothenioid species. Compared to the polygonal areas of
other fish species, particularly those inhabiting the Beagle
Channel, P. tessellata and H. bispinis exhibited small to
intermediate thermal polygons, with a TPA of 593.85 °C?
and 475.40 °C?, respectively. Polygonal partitioning into
intrinsic and acquired tolerance zones can provide an esti-
mate of how well or poorly a fish may overcome shifts
in sea temperatures that may demand readjustment in
temperature tolerance (Eme and Bennet 2009). Thus, the
lesser proportion of ITZ in P. tessellata (76.90% of TPA)
compared to H. bispinis (88.07% of TPA) suggests that the
former species has a better ability to acquire thermal tol-
erance through acclimation. The larger UAZ compared to
LAZ in P. tessellata and H. bispinis shows that they have
a better ability to acquire additional heat tolerance while
still maintaining high levels of cold tolerances. Overall,
these thermal polygons indicate that P. tessellata would be
better adapted to cope with the expected rise in sea surface
temperatures brought about by CC.

The thermal windows and niches of individual species
are likely to influence species interactions at the ecosystem
level. The resulting changes in species interactions represent
crucial components of ecosystems response to CC (Portner
and Peck 2011). This fact emphasizes the role that physio-
logical limits and the associated species-specific dimensions
of the thermal niche have in understanding climate effects
on ecosystem functioning (Portner 2008).

Within their tolerance ranges, fishes buffer the effects of
rising temperatures by selecting PTs that allow maximizing
their metabolic efficiency (Kelsch and Neill 1990). In this
work, the PT of P. tessellata and H. bispinis were character-
ized by two measures of central tendency, mean and modal
PT (Reynolds and Casterlin 1979). The statistical agree-
ment between both measures adds confidence to the results
(Fangue et al. 2009; Baird et al. 2018). Patagonotothen tes-
sellata and H. bispinis preferred warmer temperatures fol-
lowing exposure to warmer AT, resulting in positive rela-
tionships of modal PT with AT. Similarly, E. maclovinus, O.
nigricans and diadromous G. maculatus at the Beagle Chan-
nel increased their PT with increasing AT (Lattuca et al.
2018).). This correlation, which appears to be related to the
amplitude of thermal cycles to which species have recently
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been exposed, seems to be an adaptive response to changing
temperature (Johnson and Kelsh 1998).

The FTP of P. tessellata and H. bispinis were also esti-
mated based on these PT-AT relationships. Although the
preference of each species at the same exposure temper-
ature did not differ significantly, the FTP of P. tessellata
(14.25 °C) was higher than that of H. bispinis (13.05 °C).
The estimated values were consistent with PT values
reported for fish from high latitudes (see Fig. 1 in Portner
and Peck 2011). Jobling (1981) stated that the FTP gives a
good indication of the temperatures that promote maximum
growth, and these, in turn, are commonly correlated with
available summer temperatures (Reynolds and Casterlin
1979). Johnson and Kelsch (1998) proposed a model based
on both amplitude (FTP) and magnitude (slopes of PT-AT
relationships) of thermal regimes experienced by fishes,
which allows the definition of thermal guilds. According
to this model, P. tessellata and H. bispinis can be included
among cold eurythermal fishes, in line with their evolution-
ary history. Patagonotothen tessellata and H. bispinis, living
in a sub-Antarctic thermally variable environment, might
have acquired the advantage of adjusting their PT to increase
their metabolic efficiency following temperature change
(Johnson and Kelsh 1998). Their particular evolutionary
origins might explain differences in their FTP. Patagono-
tothen tessellata ancestor recent radiation, estimated to be
around 5 Ma, most likely occurred in non-Antarctic waters.
The drivers of this radiation are unlikely to be related to
the AFGPs since the temperature of Patagonian waters is
regularly above the freezing point (Ceballos et al. 2019). On
the other hand, the separation between H. bispinis and its
Antarctic relative, H. antarcticus, is much more recent and
likely occurred 1.7 — 0.8 Ma ago, related to a recent disper-
sion process from Antarctica to South America (Hiine et al.
2014). Eurythermal cold adaptation is known to cause a rise
in mitochondrial density or mitochondrial aerobic capac-
ity in fish (Guderley 1998). This process is reversed during
seasonal warming. According to Portner (2002), it causes
the standard metabolic rate to rise in relation to the degree
of environmental temperature fluctuations and of the cold
compensation of mitochondrial aerobic capacity and proton
leakage. Further studies should be conducted in order to
detect if an increase in mitochondrial density occurs in P.
tessellata and H. bispinis individuals acclimated at different
temperatures.

In response to CC, fishes are expected to extend their dis-
tributions poleward with warming in order to maintain their
preferred temperature range (Hickling et al. 2006). There-
fore, the increase of sea surface temperatures will likely
reduce the available temperature ranges at the northern
boundary of P. tessellata and H. bispinis distributions. On
the other hand, it will generally enhance the performances
of both species at their southernmost distribution limits,
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considering that they are living in environments that are
noticeably cooler than their CTmax and FTP (Deutsch et al.
2008; Komoroske et al. 2014). Hence, one might expect
populations from the Beagle Channel to be influenced by
indirect consequences of CC, such as habitat degradation or
changes in food chain composition (Portner and Peck 2011),
rather than by direct temperature mortality (Eme and Ben-
nett 2009). Other factors besides warming trends, such as
hypoxia, acidification or freshening of seawater caused by
ice melting, are also likely to affect sub-Antarctic organ-
isms (Portner 2008; Portner and Peck 2011; Storch et al.
2014). Little is known about the ability of notothenioids to
respond to ecologically meaningful environmental perturba-
tions when multiple factors change simultaneously. Studies
considering the effects of temperature and acidification or
hypoxia conditions of seawater in the physiology of these
species are needed.
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