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(Linnaeus, 1758) population

ANDRES EGEA-SERRANO,’ () MAIARA C. ALVES,?> MIRCO SOLE"?
MIGUEL TEJEDO**

1Departa;'nento de Ciencias Biologicas, Universidade Estadual de Santa Cruz, 1lhéus, Brazil; 2Programa
de Pos-graduagao em Zoologia, Universidade Estadual de Santa Cruz, Ilhéus, Brazil; 3 Sektion
Herpetologie, Zoologisches Forschungsmuseum Alexander Koenig, Bonn, Germany; and *Departamento
de Ecologia Evolutiva, Estacion Biologica de Donana-CSIC, Avda. Américo Vespucio 26, 41092,

Sevilla, Spain (Email: tejedo@ebd. csic.es)

AND

Abstract Global warming is predicted to increase both average temperatures and the frequency and duration
of heat waves. Tropical ectotherms, particularly those living in warm environments are more prone to receive
heat impacts. Then, it is crucial to identify those populations already exposed to high temperatures that may be
at risk of decimation by ongoing warming. We assessed heating risk in a population of the fish species Astyanax
bimacularus, inhabiting hot pools in intermittent streams in the Brazilian Caatinga ecoregion. We experimentally
examined the upper thermal tolerance (CT,,.,), and provided estimates of warming tolerance (WT), as the diffe-
rence between CT ., and micro-environmental peak temperatures (7y,q,). Two CT ., estimates ranged between
37.6 and 40.6°C, whereas pond Ty, ranged between 34.6 and 41.3°C. This determines very narrow, even nega-
tive WTs, for these extreme heated A. bimaculatus populations, which ultimately may determine their local
extinction in the coming decades.

Abstract in Portuguese is available with online material.Prevé-se que o aquecimento global aumente tanto as
temperaturas médias como a frequéncia e duragao das ondas de calor. Ectotérmicos tropicais, principalmente
aqueles que habitam ambientes temperados, estdo mais expostos a impactos térmicos. Portanto, identificar
populagoes que ja estao expostas a temperaturas altas o suficiente para serem ameagadas pelo aquecimento atual
¢é crucial. O risco de exposi¢ao a altas temperaturas foi estabelecido na espécie de peixe Astyanax bimaculatus,
que habita pogas quentes nos rios intermitentes presentes na ecorregiao conhecida como Caatinga. A tolerancia
térmica superior (CT,,,,) foi aferida experimentalmente e apresentamos medidas de tolerancia térmica (WT),
definida como a diferenca entre a CT,,, € as temperaturas maximas registradas na escala microambiental
(Trnaw)- Duas estimativas de CT,,,, ficaram entre 37,6°C e 40,6°C, enquanto o T, das pogas variou entre
34,6°C e 41,3°C. Isso determina valores muito estreitos, e até mesmo negativos, de WTs para a populacao de
A. bimaculatus estudada, o que pode vir a determinar sua extingao em décadas futuras.
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INTRODUCTION

Global warming is predicted to increase both average
temperatures and the frequency and duration of heat
waves for the late 21st century (IPCC 2013). Especially
intense will be the biotic consequences expected on
tropical and subtropical ectotherms because they are
already living closer to their physiological thermal limits
(Huey et al. 2012; Campos et al. 2021). Within the
tropical and subtropical areas, some special biomes and
particular microhabitats such as open forest and semi-
arid biomes are currently suffering high temperatures
and their biological communities may be candidates to
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suffer increased heat impacts (Duarte et al. 2012).
Thus, a better knowledge of the more challenging ther-
mal conditions a species has to face, will aid to recog-
nize which are the geographical warm edges where
species are at risk of population decimation by ongoing
warming. Special concern may be noted for tropical fish
communities inhabiting temporary and intermittent
streams and rivers (Trape 2009). These aquatic envi-
ronments, due to the high capacity and conductivity of
water, drastically restrict the range of accessible thermal
microhabitats (Huey et al. 2012) and then fishes are
diminishing the potential for thermoregulation and then
their upper thermal limits would closely adjust to their
experienced temperatures. This probably forces fishes
to evolve increased thermal tolerances and plasticity in
order to face extreme temperatures when trapped in
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shallow and desiccating water in tropical environments
(Vinagre et al. 2016).

Neotropical fish communities from semi-arid envi-
ronments such as the Caatinga biome in NE Brazil
are poor in species richness although most of them
are strict endemics (Rosa et al. 2003). The hydrology
of Caatinga streams is conditioned by a highly unpre-
dictable spatio-temporal pattern in rainfall with a
high level of evapotranspiration determining highly
intermittency with the extremes of flooding and total
absence of water flow (Maltchik & Medeiros 2006a).
This absence of water flow will restrain fishes to live
in ponds with different levels of permanency and
extension and thus under highly stressful conditions
of low oxygen levels, high conductivity and, espe-
cially, high mean and peak temperatures that may
reach over 35°C (Maltchik & Medeiros 2006b).

The two spot Astyanax, Astyanax bimacularus (Lin-
naeus, 1758), is a fish species ranging from Panama to
Argentina that occurs in a variety of habitats, including
ones that already have very variable flow and tempera-
ture conditions that are likely to be exacerbated by
ongoing climatic change (Froese & Pauly 2021). Itis a
common inhabitant of tropical semi-arid waters, being
exposed to high environmental temperatures, up to
33°C in northern Venezuela (Chung 2000), between
30 and 37°C in an intermittent river pond in the Caa-
tinga of NE Brazil (Maltchik & Medeiros 2006b), and
reaching 35°C in subtropical streams heated by thermal
springs in the Yungas of northwestern Argentina
(Menni et al. 1998). Although this warm habitat prefer-
ences, A. bimaculatus exhibits a moderate thermal toler-
ance (38.6°C) when acclimated to 25°C (Menni
et al. 1998), much lower than most heat-specialized
fishes that may reach values high over 40°C (Comte &
Olden 2017). This relatively low thermal tolerance may
determine risky thermal safety margins, <2-4°C, which
put this species at thermal risk due to warming in the
present and near future.

The goal of this study is to assess thermal vulnera-
bility in a Brazilian Caatinga population of A. bimac-
ulatus, inhabiting pools in intermittent streams,
particularly during the dry season, which may peak
high temperatures (Maltchik & Medeiros 2006b). To
do that, we estimated their upper thermal tolerances
(CTmay)> and warming tolerances (WT = CTpax
— maximum environmental temperature (Tjay)
(sensu Duarte et al. 2012).

METHODS

Field collection and thermal regimen
We conducted two field samplings, 2nd-3rd December 2011

and 4th-5th May 2014, in four pools located in the dry bed
of two ephemeral streams, Cdrrego da Goiabeira and
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Corrego da Garapa at the National Forest Contendas do Sin-
cord, FLONA reserve, state of Bahia, Brazil, (13°55'19.94"S,
41°6'53.27"0, 356 m above sea level). These streams only
flow after heavy rainfalls, maintaining water intermittently in
waterholes that generally are ephemeral with a few weeks of
hydroperiod, or, temporary, lasting for several months dur-
ing the rainy season (November—February). Only in excep-
tionally rainy years, they may hold water even during the dry
season (March—October) (IBAMA 2006). This reserve is
within the Caatinga biome with a semiarid climate (BSwh,
Koppen classification) with a mean annual temperature of
23.5°C and an average yearly rainfall of 596 mm but with
extreme variability (0.0-1054.7 mm) (IBAMA 2006). In
order to estimate thermal variation in water temperature, we
deployed dataloggers (Hobo Pendant) at the bottom of each
pond (10-40 cm maximum depth) that recorded tempera-
ture each 15 min, from 2 December 2011 to 22 April 2012.
We estimated: overall mean water temperature (7pe.n) and
the mean of daily maximum (7,.) and minimum (7y;,)
temperatures and the absolute maximum temperature
(Absolute Tp,.¢), for each site. In addition, we took water
temperatures in one of the sampled ponds (C4) on 5 May
2014 at 11.15 hours and 12.15 hours with a Miller and
Weber quick reading thermometer to the 0.1°C. A. bimacu-
latus was sampled by dip netting each pond, being only
found at C4 pond during the 2014 sampling.

Experimental analyses of upper thermal
tolerance (CT,,.,)

All captured individuals were adults, as inferred from their
body length, although their sex was not determined, and
were transported to the Laboratory of Vertebrates of the
Universidade Estadual de Santa Cruz (UESC, Ilhéus, Bahia,
Brazil), where they were pooled and kept for 3 days at 20°C
in a glass aquarium containing ca. 12 L of dechlorinated tap
water. This acclimation temperature was lower than the
mean temperature experienced for the species at the sampled
location (see below), but we select that value for comparative
purposes, because 20°C is the median acclimation tempera-
ture for most studies of thermal tolerances in fishes (Fig. 1,
in Comte & Olden 2017). The lag period of controlled ther-
mal acclimation was chosen because full CT,,,, accrual is
reached after 2—-3 days of transfer to a contrasting tempera-
ture in fishes (Fangue et al. 2014). Oxygen was provided to
the aquarium by an air pump, water was not changed during
the whole period and fish were fed with tadpoles ad lbitum.
Upper thermal tolerances CT,,,; were obtained following
Hutchison’s  dynamic  method  (Lutterschmidt &
Hutchison 1997), in which each animal was exposed to a
constant heating rate of AT = 1.0°C min~! (initial tempera-
ture 20°C) until an end point is attained. Each fish was
tested in individual plastic glasses (0.5 L) and water was
heated employing an Agimatic-N magnetic stirrer with hea-
ter (Selecta, Barcelona, Spain). Two sublethal and consecu-
tive end-point temperatures, usually employed to estimate
upper thermal tolerances in fishes (Beitinger et al. 2000),
were recorded with a Miller and Weber quick-recording
thermometer, to the nearest 0.1°C. (i) Loss of righting
response (CT,.«LRR), temperature at which individuals
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were not able to keep an upright position, although they are
able to swim; and (ii) temperature at which fish showed total
immobility, and failed to respond to external stimuli by prod-
ding five consecutive hits applied every 2 s with a wooden
stick (CTaxIMM). The latter endpoint usually occurs only
a few degrees above the LRR, and then measures a more sev-
ere thermal stress (Beitinger & Lutterschmidt 2011). After
CThaxIMM was determined, tested fish were immediately
transferred to the pre-heating water temperature (20°C) to
allow recovery. After 24 h, they were weighed (Radwag
AS220/c/2 analytical balance, +0.0001 g). Each individual
was tested only once, and no mortality occurred because of
the CT,,.x procedures. Statistics for A. bimaculatus were
expressed as mean + 1 SD.

RESULTS

Thermal variation in the four sampled pools appears
in Table 1. CT,., values were between 37 and 41°C

Table 1.

31122012 17/01/2012

(Table 2). The thermal profile of the sampling pond
C4 during 2011-2012 is shown in Figure 1,
CThaxLRR and CT., JMM values. WT were low
(6.62°C) and even they may be negative when con-
sidering the maximal water temperatures recorded in
the area (Table 1). Mass was unrelated to any of the
measures of thermal tolerance (Spearman rank corre-
lation, P > 0.181).

DISCUSSION

Astyanax bimaculatus is a dominant species represent-
ing even 20% of the total fish communities from the
semi-arid Caatinga wetlands in NE of Brazil
(Medeiros et al. 2006) and in other hot subtropical
environments heated by hot springs (Menni
et al. 1998). Its relatively moderate upper thermal
tolerances may help in their ability to colonize

Thermal analyses of the studied pools, located in the dry bed of two ephemeral streams, Corrego da Goiabeira

and Corrego da Garapa at the National Forest Contendas do Sincord, FLONA reserve, state of Bahia, Brazil, based in data-
logger recordings, considering only flooded period during the period 2 December 2011-22 April 2012, (mean (standard

error), thermal range)

Flooded period sampling

Tmax

Pools days and dates Tmax T in Trnean absolute (°C)
C4 47 29.86°C (0.31°C) 24.50°C (0.12°C) 26.73°C (0.09°C) 34.58
03.12.2011-17.01.2012 25.61-34.58°C 22.33-25.80°C 24.90-28.13°C

5th May 2014 33.50°C

C3 44 31.52°C (0.66°C) 24.36°C (0.16°C) 27.12°C (0.16°C) 41.34
03.12.2011-09.01.2012 (1st drying) 25.22-41.34°C 21.66-25.71°C 24.77-28.63°C
15.01.2012-23.01.12 (2nd drying)

C2 44 28.17°C (0.34°C) 24.56°C (0.16°C) 26.23°C (0.12°C) 37.93
02.12.2011-06.12.2011 (1st drying) 24.06-37.93°C 21.47-26.19°C 23.22-27.79°C
12.12.2011-24.01.2012 (2nd drying)

Cl1 98 24.65°C (0.21°C) 22.99°C (0.11°C) 23.72°C (0.13°C) 33.43

02.12.2011-10.12.2011 (st drying)
12.12.2011-11.03.2012 (2nd drying)

22.81-33.43°C

20.61-27.76°C

21.95-29.96°C

Tmax> absolute, absolute maximum temperature, for each pool; Ty, mean of daily maximum temperatures; 7pean, Overall

mean water temperature; 7y,;,, mean of daily minimum temperatures.

Water maximum temperatures on 5 May 2014 for C4 pond were obtained with a Miller and Weber quick reading ther-

mometer. Astyanax bimaculatus was only found at the C4 pond during the 2014 sampling.
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Table 2. Estimates of CTax (CThalLRR and CTax
IMM) for Astyanax bimacularus (mean (standard error, SE),
estimated at an acclimation temperature of 20°C

Variables Mean (SE; range) (°C)
CThaLRR 37.67 (0.58; 34.5 to 39.4)
CTpaxIMM 40.58 (0.10; 40.1 to 41.2)

3.09 (0.59; —0.08 to 4.81)
6.00 (0.11; 5.52 to 6.62)
—3.67 (—6.84 to —1.94)
~0.76 (—1.24 t0 0.11)

WTLRR TMAX Ca
WTimm TMAX C4
WTLRrR TMAX AREA
WTimMm TMAX AREA

Warming Tolerances (WT’s) (°C) (CTax — Tmax) Were
calculated using both estimates of CT.x (CT < LRR and
CTphaxIMM), WTLRR and WTIMM, respectively, and,
likewise, considering two different T, maximum tem-
perature of pond C4 (34.58°C) (WTTMAX C4) and maxi-
mum temperature of the four ponds sampled in 2011-2012
(41.34°C) (WTTMAX AREA). Those negative WT’s
values in bold suggest that fish are able to suffer acute heat
impacts at the present, once water temperature in the field
are equal or exceeded the estimated upper thermal
tolerances.

upstream tributaries, which suffer high uncertainty of
drying and are exposed to high peak temperatures
(Medeiros et al. 2006). However, their warming tol-
erance is low, in agreement with current evidence
showing that upper tolerances in ectotherms from
low latitudes are close to the current maximal experi-
enced temperatures. This is especially so in hotter
microenvironments such as forest canopy in ants
(Leahy et al. 2022) or in open sunlit temporary
ponds in aquatic subtropical amphibian tadpoles
(Duarte et al. 2012; Sanabria et al. 2021). Recently,
Campos et al. (2021) have reported decreased warm-
ing tolerances for low-latitude South American fresh-
water fishes that would be at high risk of suffering
heat impacts. Because our CT,,, estimates were
obtained at a relatively low temperature (20°C), com-
pared to the mean recorded field temperatures rang-
ing between 25 and 27°C (Table 1), it is possible
that we have underestimated their warming toler-
ances. A. bimaculatus has been reported to show ben-
eficial thermal acclimation (Chung 2000) reaching
up to 41.4°C when acclimated to 34°C (Menni
et al. 1998). If our studied Caatinga population also
shows this acclimation ability, its warming tolerance
would become greater. However, other environmen-
tal stressors such as hypoxia occurring in A. bimacu-
latus environments (Menni et al. 1998; Maltchik &
Medeiros 2006b) may reduce heat tolerance because
the oxygen dependence of thermal tolerances
(Verberk et al. 2016; Jung et al. 2020). During the
pre-assays period, fishes were kept and acclimated to
normoxic conditions (constant oxygen supplied).
This could increase the ability to resist higher tem-
peratures for individuals sampled in potentially more

doi:10.1111/aec.13207

hypoxic environments, especially at night (Diaz &
Breitenburg 2011). In addition, we obtained our
CToax estimates in short-lasting assays, by employing
a fast heating rate (1°C/min). Because CT,,, are
sensitive to the instrumental rate of heating (Rezende
et al. 2011), longer and more ecologically realistic
thermal tolerance assays at slow rates, they may
decrease upper thermal tolerances (Mora &
Maya 2006), thus reducing the warming tolerances.
Further studies are required to examine the potential
for thermal acclimation and the role of other stressors
such as hypoxia in the expression of upper thermal
tolerances for this extreme heated A. bimaculatus
population, which ultimately may determine its local
extinction in the coming decades.
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