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Abstract
The Brazilian coast presents diverse abiotic characteristics, such as temperature, and we know that surface seawater tem-
peratures are rising as a result of climate change. Therefore, to better interpret the effects of such changes, we chose to 
investigate Gracilariopsis tenuifrons, a species of red algae widely occurring on the Brazilian coast. We specifically evalu-
ated the effect of different temperatures (18–35 °C) on growth rates (GRs), photosynthetic parameters, and pigment contents 
of female gametophytes from five different populations distributed along 7450 km of coastline, including Maranhão State 
(MA, 2.4°S), Rio Grande do Norte State (RN, 5.4°S), Bahia State (BA, 14.48°S), and São Paulo State (SP1, 23.5°S and SP2, 
24.2°S). All samples tolerated temperatures between 18 and 33 °C, but none of them could tolerate temperatures of 35 °C, 
irrespective of the populations. However, the highest GRs varied among populations (MA, 23–30 °C; RN, 28–33 °C; BA, 
23–28 °C; SP1, 25–28 °C; SP2, 28 °C). MA and BA populations showed the highest maximal measurement (µmax) of the 
thermal performance curve when compared to SP1 and SP2 populations. The RN population showed the worst µmax values, 
5.6% day−1; however, it was more resilient to stressful temperatures (33 °C) than the others. The BA population presented 
some physiological characteristics similar to populations from the northeastern and southeastern regions. Our data showed 
that Gp. tenuifrons presents latitudinal ecotypes associated with temperature. Northeastern populations could be more 
vulnerable in a drastic scenario of climate change (up to 4 °C); otherwise, this species could occupy regions further to the 
south of its current distribution.

Keywords  Marginal populations · Ecotypes · Brazilian coast · Climate change · Sea surface temperature · Thermal 
adaptation

Introduction

The concept of ecotype is a precursor to speciation, and it is 
related to populations of species that have different physi-
ological adaptations owing to environmental conditions 
or geographic barriers (Lowry 2012). The occurrence of 
ecotypes along a latitudinal distribution can bring advan-
tages for the permanence of a species, even in the face of cli-
mate change, since some of them may present characteristics 

that are more adaptable to the changes imposed. Among 
the red algae, ecotypes of some species have already been 
characterized relative to different abiotic factors, including 
temperature (Zanolla et al. 2015; Borlongan et al. 2017).

Marine heatwaves and increased sea surface temperatures 
(SST) have occurred with more frequency in the last 30 years 
compared to the early twentieth century (Smale et al. 2019; 
Turkington et al. 2019). This climatic change is related to 
anthropogenic activities, and it causes the redistribution and 
reorganization of species in natural habitats (Burrows et al. 
2011; Chen et al. 2011). Therefore, range-edge populations 
are likely to be most vulnerable and may be affected by the 
increase of SST (Smale et al. 2019). The extinction of a 
species can be avoided if (i) individuals are able to physi-
ologically acclimate, (ii) populations undergo evolutionary 
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adaptations, or (iii) populations move to more favorable 
habitats (Hoffmann and Sgrò 2011; Jueterbock et al. 2013). 
Thus, if we know how marine species populations respond 
to changes in temperature, we can better predict changes in 
coastal ecosystems, according to IPCC forecast scenarios 
(optimistic 1.5–2 °C, intermediate 2.7–3.6 °C, and drastic 
4 °C), related to gas emissions, such as aerosol, methane, 
nitrous oxide, carbon dioxide, and others (IPCC 2021).

Along the Brazilian coast, an extensive shore with a 
wide latitudinal variation of irradiance, temperature, and 
nutrients, ecotypic populations have been recognized in 
four species of algae, including Gracilaria birdiae Plastino 
and E.C. Oliveira (Ursi et al. 2013), Gracilaria caudata J. 
Agardh (Araujo et al. 2014; Faria et al. 2017), Gracilaria 
domingensis (Kützing) Sonder ex Dickie (Castro and Yokoya 
2018), and Hypnea pseudomusciformis (Nauer et al. 2020). 
These ecotypic populations could allow us to gain a better 
understanding of adaptation induced by different environ-
mental conditions, as well as a perspective of how individual 
populations respond to environmental variations. Moreover, 
knowing the thermal tolerance of species can contribute to 
a better interpretation of their geographical distribution, as 
shown by McLachlan and Bird (1984) for different species 
of Gracilaria.

The genus Gracilariopsis, together with Gracilaria, 
produces 91% of the total agar value, and another 9% is 
produced by other red algae (Lim et al. 2017; Porse and 
Rudolph 2017). Phycocolloid industries use agar as a main 
resource for producing animal feed (Qi et al. 2010; Johnson 
et al. 2014), biomaterial for packing, thickener for foods, 
or skincare products (Leandro et al. 2020). According to 
FAO (2021), Gracilariopsis and Gracilaria have become the 
principal red algae cultivated in the world with 3.6 million 
tonnes of annual production. China (around 95%) followed 

by Indonesia (around 3%) are the main cultivators for both 
genera in the world (FAO 2021).

Gracilariopsis tenuifrons (Fig. 1C) occurs from Mexico, 
Cuba, and Venezuela (Hernandez et al. 2020) to the Brazil-
ian coast (Lyra et al. 2021) where it is found between Mara-
nhão (2.4°S) and São Paulo States (24°S, southern limit). 
In Brazil, the distance between limit populations is around 
7450 km. This species has a “Polysiphonia”-type life history 
(Brito and Silva 2005), and individuals of a single-studied 
population from Alagoas State (9°S) tolerates a wide range 
of salinity (15–40) and temperature (17–32 °C) under labo-
ratory conditions (Plastino et al. 1998). Furthermore, Gp. 
tenuifrons has been considered economically important as 
an efficient biofilter for absorbing nutrients in integrated 
multi-trophic aquaculture, helping in the reduction of water 
usage and removal of metabolites produced by marine fishes 
(Hernández et al. 2006) and shrimps (Carneiro et al. 2021).

As noted, Gp. tenuifrons is economically important 
and has a wide geographical distribution along the Bra-
zilian coast with a wide range of sea surface temperatures 
(27–29 °C, northeastern Brazil; and 20–26 °C, southeastern 
Brazil) (Fig. 1B). Nonetheless, few studies have reported 
on the putative thermal adaptations, considering different 
populations. Therefore, we aimed to elucidate and charac-
terize putative ecotypes by evaluating the effects of tem-
peratures (18, 20, 23, 25, 28, 30, 33, and 35 °C) on five 
populations, including those that occur at the extremes of 
their distribution (2.4°S and 24°S). At the higher range of 
SST, these results are expected to help in the interpretation 
of the effects of higher temperatures owing to climate change 
on these algal populations. This study should also advance a 
preliminary analysis of the performance of these populations 
for future mariculture in Brazil and for the development of 
effective conservation strategies in an environment subject to 

Fig. 1   A Map of the Brazilian coast showing five site places where 
Gp. tenuifrons was collected: São Luis-Maranhão State (MA), 
Macau-Rio Grande do Norte State (RN), Ilhéus-Bahia State (BA), 
Ubatuba-São Paulo State (SP1), and Itanhaém-São Paulo State (SP2); 

B Mean annual (2015–2019) of sea surface temperature at each 
sampling location (MA, RN, BA, SP1, and SP2) based on satellite-
obtained mean monthly SST datasets (http://​podaac-​tools.​jpl.​nasa.​
gov/​soto); and C habit of Gp. tenuifrons, scale bar = 3 cm

http://podaac-tools.jpl.nasa.gov/soto
http://podaac-tools.jpl.nasa.gov/soto
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abiotic and anthropogenic factors, such as habitat fragmenta-
tion, degradation, and overharvesting.

Materials and methods

Biological material

Five tetrasporophytes of Gracilariopsis tenuifrons were col-
lected from each of five localities along the Brazilian coast-
line (Fig. 1A). Collections were made (i) in October 2018 
at São Marcos Beach (2.4°S 44.28°W), São Luis, Maranhão 
State (MA), a marginal population of the northeastern Bra-
zilian coast; (ii) in August 2018 at Diogo Lopes Mangrove 
(5.4°S 36.26°W), Macau, Rio Grande do Norte State (RN); 
(iii) in August 2016 at Me Ache Beach (14.48°S 39.01°W), 
Ilhéus, Bahia State (BA) (hereinafter considered an interme-
diate population between MA/RN and the following sites); 
(iv) in August 2017 at Dura Beach (23.5°S 45.1°W), Uba-
tuba, São Paulo State (SP1); and (v) in June 2018 at Cibratel 
Beach (24.2°S 46.8°W), Itanhaém, São Paulo State (SP2), 
the limit and marginal southeastern distribution of the spe-
cies. Samples were collected in two different environments, 
i.e., rocky shores (i, iii, iv, and v) and mangrove (ii). Unial-
gal non-axenic cultures of unfertilized female gametophytes 
were established from tetraspores released and cultivated in 
control conditions (Plastino and Oliveira 1990). Tetraspores 
produced male and cystocarpic plants. Small apical branches 
of the latter were cultivated at the same cultural conditions 
for at least 2 months, assuring the absence of fertilized car-
pogonia prior to the start of experimentation. Experimental 
plants are hereinafter designated as female gametophytes 
from Maranhão State (MA); from Rio Grande do Norte State 
(RN); from Bahia State (BA); from Ubatuba, São Paulo 
State (SP1); and from Itanhaém, São Paulo State (SP2). 
Plants derived from spores were kept in the Gracilariaceae 
Germplasm Bank of the University of São Paulo (Costa et al. 
2012). Voucher specimens were deposited in the herbarium 
of the Bioscience Institute at the University of São Paulo 
(MA, SPF-58489; RN, SPF-58286; BA, SPF-58287; SP1, 
SPF-58491; SP2, SPF-58940).

General culture conditions

Apical segments of strains were maintained in von Stosch-
enriched seawater with modifications (Ursi and Plastino 
2001) and diluted to 50% with sterile seawater (salinity at 
32). The algae were kept in a temperature-controlled room 
at 25 ± 1 °C with a photoperiod of 14 (14:10, light:dark). 
Photosynthetically active radiation (PAR) was 70 μmol 
photons m−2 s−1 provided by Osram 40 W Daylight fluo-
rescent tubes and was measured by a quantameter (Li-COR 

model L1-185). Cultures were aerated for 30 min h−1, and 
the medium was renewed weekly.

Experimental design

One week before the start of experimentation (pretreatment 
in each temperature), 32 apical segments of Gp. tenuifrons 
20 mm in length were obtained from one individual (total: 
five individuals and 160 tips) of unfertile female gameto-
phytes derived from each of the five populations (MA, RN, 
BA, SP1, and SP2; total 800 apical segments). These tips 
of each individual (total of 32) were grouped into clusters 
of four and cultivated in eight Erlenmeyer flasks (total: 40 
flasks per population), containing 400 mL of enriched sea-
water (four apical segments, and about 12 mg of algae per 
flask), under general culture conditions. According to our 
experimental design, plants received eight treatments: 18 
and 20 °C (low temperatures); 23, 25, and 28 °C (interme-
diate temperatures); and 30, 33, and 35 °C (high tempera-
tures) provided by BOD Incubator (Bio-Oxygen Demand) 
with accurate temperature control (EL141/3, Eletrolab). Five 
replicates per treatment were made for each population with 
cultivation over a period of 28 days. Each replicate was rep-
resented by one distinct individual. Growth was assessed 
weekly; in vivo chlorophyll fluorescence and pigment con-
tent were assessed at the end of the experiment.

Growth rates

Growth was assessed by measuring fresh mass. Growth rates 
were estimated as GR = [(Fmt/Fm0)1/t − 1] × 100%, where 
Fmt is final fresh mass, Fm0 is initial fresh mass, and t is 
time (Yong et al. 2013).

In vivo chlorophyll fluorescence

Fluorescence measurements were performed after 28 days 
for all individuals (n = 5). The measurements were made 
from 11:00 to 14:00 after 4 h of exposure to light in the 
culture chamber. In vivo chlorophyll fluorescence was meas-
ured using an underwater Diving-PAM fluorometer (Walz, 
Germany). Apical segments were arranged on a magnetic 
sample holder to avoid overlap and acclimated in the dark 
for 10 min for PSII exposure. We used 8 levels of irradi-
ance to construct electron transport rate (ETR) × irradiance 
(PAR) curves: 8, 25, 50, 90, 132, 184, 276, and 378 µmol 
photons m−2 s−1. The exposure time of the apical segments 
in each irradiance was 20 s, interspersed with a saturation 
pulse of 0.8 s, approximately 6100 µmol photons m−2 s−1. 
The maximum quantum yield (Fv/Fm) was provided by the 
Diving-PAM after an initial saturation pulse when the sam-
ples were at a low-intensity pulse of blue light (approxi-
mately 1.5 µmol photons m−2  s−1). ETR was calculated 
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as ETR = ΔF/Fm′ × EPAR × A × 0.15, where ΔF/Fm′ is the 
effective quantum yield measured; EPAR is the incident 
irradiance (μmol photons m−2 s−1); A, absorptance, is the 
fraction of incident light absorbed by algae; and 0.15 is the 
fraction of incident light absorbed by PSII, equivalent to 
red algae (Figueroa et al. 2003). Absorptance was calcu-
lated as A = 1 − (Eλ0/Eλ), where Eλ0/Eλ is the transmit-
tance (Enríquez and Borowitzka 2011). ETR × PAR curves 
were fitted using the KaleidaGraph software, according to 
the models of Webb et al. (1974), respectively: ETR = ET
Rmax × [1 − exp(− αETR × EPAR/ETRmax)], where ETR is the 
electron transport rate, ETRmax is the maximum electron 
transport rate, αETR is the photosynthetic efficiency based 
on ETR data, and EPAR is the irradiance. The following 
parameters were calculated and analyzed (Schreiber 2004): 
αETR, ETRmax, and saturating irradiance from ETR data 
(Ek – ETR = ETRmax/αETR).

Pigment analyses

Phycobiliprotein extractions were carried out at 4  °C 
according to Kursar et al. (1983) with modifications (Plas-
tino and Guimarães 2001). Briefly, 100 mg FW of apical 
segments from each replicate (n = 5) were ground in liquid 
nitrogen, followed by the addition of 1 mL of phosphate 
buffer 50 mM, pH 5.5. Crude extracts were centrifuged at 
44,000 × g for 20 min. The supernatant containing phy-
cobiliproteins, including phycoerythrin (PE), phycocyanin 
(PC), and allophycocyanin (APC), was removed, separated, 
and kept in sealed vials at 4 °C until read by spectrophotom-
etry (HP 8452A). Chlorophyll a (Chlo-a) was extracted after 
dissolving the pellet from the previous procedure in metha-
nol (addition of 1 mL) and then centrifuging at 12,000 × g 
for 15 min. PE, PC, and APC concentration was calculated 
according to Kursar et al. (1983), and Chlo-a concentration 
was calculated according to Torres et al. (2014).

Sea surface temperature dataset

Sea surface temperature (SST) data were obtained from the 
PODAAC GHRSST database (O’Carroll et al. 2019), which 
incorporates corrected estimates of temperature obtained 
from a high-resolution radiometer (AVHRR) at a temporal 
and spatial resolution of 1 day. Local SST estimates were 
taken at the same coordinates as the collection sites, namely 
MA, BA, SP1, and SP2. For the RN population, the SST 
estimate was performed closer to the mangrove’s mouth 
owing to a lack of data at the coordinates of collection sites. 
SST datasets were plotted from January 2015 to December 
2019. The highest SST values were observed from January 
to April, and the lowest SST values were observed from May 
to October. During summer, January to March, temperature 
ranges around 28 ± 0.3 °C in the northeastern region and 

around 26 ± 0.6 °C in the southeastern region. In the middle 
of autumn to the end of winter, May to September, tempera-
ture ranges around 27 ± 1 °C in the northeastern region and 
around 22 ± 1 °C in the southeastern region (Fig. 1B).

Quantifying thermal performance curve

The nonlinear relationship between each of the five popula-
tions (MA, RN, BA, SP1, and SP2) and the range of tem-
peratures noted above was analyzed according to Fernández 
et al. (2020). Briefly, a growth rate performance curve was 
constructed using a model-fitting approach (Gaitán-Espitia 
et al. 2014). The data were fitted for several mathemati-
cal models, e.g. Gaussian, modified Gaussian, Flinn, LRF, 
and quadratic, using the rTPC and nls.multstart R package 
(Padfield et al. 2021). Thermal performance curve (TPC) 
parameters, such as maximal measurement (μmax), thermal 
optimum (Topt), thermal tolerance (Ttolerance), and criti-
cal thermal minimum and maximum at which population 
growth decreases (CTmin and CTmax) were derived from the 
best-fitted models. Overall, the quadratic_2008 model (Mon-
tagnes et al. 2008) was best-fitting according to the Akaike 
Information Criterion (AIC) (Angilletta 2006). Parameters 
of the curves were compared through confidence intervals 
(CI) computed from the likelihood profile and using AIC and 
the extra sum-of-square F test.

Statistics

The assumptions of normality and homogeneity of vari-
ances were tested using the Kolmogorov–Smirnov and 
Cochran test, respectively. When necessary, logarithmic 
transformation was employed (x = log(x + 1)) and retested 
(Zar 1996). Growth rates, in vivo chlorophyll fluorescence 
(Fv/Fm, ETRmax, Ek, and α), and pigment concentrations 
(PE, PC, APC, and Chlo-a) were analyzed by two-way 
factorial ANOVA (independent variables: temperature and 
population). Thermal performance curve (TPC) parameters 
related to GRs were analyzed by one-way ANOVA (μmax, 
Topt, Ttolerance, CTmin, and CTmax) (Gaitán-Espitia et al. 2013). 
In all cases, the a posteriori Newman–Keuls test was used 
to establish statistical differences. Statistical analyses were 
done using the Statistica 12 program, considering p < 0.05. 
Raw data of GRs, photosynthesis, and pigment concentra-
tion are available as supplementary information (Table S2).

Results

Gracilariopsis tenuifrons cultivated at 35 °C did not sur-
vive after 1 week of treatment, regardless of population. In 
addition, all populations, excepted by the RN, showed the 
worst physiological performance at 33 °C. The populations 
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showed different thermal adaptation and the best GRs for 
each population varied according to the temperature (MA, 
23–30 °C; RN, 28–33 °C; BA, 23–28 °C; SP1, 25–28 °C; 
SP2, 28 °C) (Figs. S1 and S2).

Thermal performance curves (TPCs)

Gracilariopsis tenuifrons from distinct populations exhibited 
the typical nonlinear relationship between temperatures and 
growth rates (Fig. 2, Table 1), according to the typical bell 
shape curve observed for ectothermic organisms (Angilletta 
et al. 2002). However, photosynthetic and pigment parame-
ters exhibited negative and linear relationships, respectively, 
and it is making it impossible to evaluate the main traits of 
the TPCs.

MA and BA populations showed the highest µmax, around 
12.2–12.7% day−1, when compared to SP1 and SP2 popula-
tions that showed µmax around 9.6–10.6% day−1. Further-
more, the RN population showed the worst µmax values, 5.6% 

day−1 (Table 1). However, the mangrove population (RN), 
showed the highest Topt (27.4 °C), CTmax (37.4 °C), and 
Ttolerance (20.0 °C), when compared to rocky shore popula-
tions (MA, BA, SP1, and SP2) (Table 1). CTmax values were 
about the same for rocky shore populations (34.7–35.1 °C). 
However, MA and SP2, as the species distribution limit, 
showed higher CTmin (17.2–17.4 °C), when compared to BA 
and SP1 (15.9–16.3 °C) (Table 1). However, BA and SP1 
showed higher Ttolerance (18.6–18.8 °C), when compared to 
MA and SP2 (17.5–17.7 °C). For Topt, MA showed higher 
optimum temperature (26.2 °C), when compared to BA and 
SP1 (25.3 and 25.6 °C, respectively). Topt for SP2 (25.7 °C) 
was similar to that for MA (26.2 °C) and SP1 (25.6 °C) 
(Table 1).

In vivo chlorophyll fluorescence

Maximum quantum yield (Fv/Fm), maximum electron trans-
port rate (ETRmax), saturating irradiance (Ek), and photosyn-
thetic efficiency (α) of female gametophytes of Gp. tenui-
frons cultivated for 28 days differed according to population 
(MA, RN, BA, SP1, and SP2) and temperature (18, 20, 23, 
25, 28, 30, and 33 °C) (isolated and interactive effects) 
(Table S1).

Comparing the same population in different tested 
temperatures

Rocky shore (MA, BA, SP1, and SP2) and mangrove (RN) 
populations showed similar Fv/Fm (around 0.47) between 18 
and 30 °C, whereas the populations occupying the highest 
latitudes of the Brazilian coast (SP1 and SP2) showed the 
lowest Fv/Fm at 33 °C (around 0.33) (Fig. 3a). In general, the 
intermediate population (BA) and populations occupying the 
lowest latitudes of the Brazilian coast (MA and RN) showed 
the highest ETRmax at 18–23 °C (1.61 µmol e−m−2 s−1), 
but the lowest ETRmax between 25 and 33 °C (0.79 µmol 
e−m−2 s−1) (Fig. 3b). In contrast, southeastern populations 
(SP1 and SP2) showed the lowest ETRmax at 33 °C compared 
to other temperatures. Moreover, southeastern populations 
showed the lowest Ek values at 33 °C (± 13 µmol photons 
m−2 s−1) and the highest values at 18–23 °C (± 75 µmol pho-
tons m−2 s−1) (Fig. 3c).

Comparing different populations in each tested 
temperature

In general, temperatures promoted similar photosynthetic 
values as observed among the different populations tested 
between 20 and 30 °C for Fv/Fm, at 28 °C for Ek and between 
25 and 30 °C for α (Fig. 3a, b, d).

Fig. 2   Growth rate curves of Gracilariopsis tenuifrons from distinct 
populations (red circle = Maranhão State, MA; pink square = Rio 
Grande do Norte State, RN; yellow triangle = Bahia State, BA; 
green upside triangle = Ubatuba-São Paulo State, SP1; and blue dia-
mond = Itanhaém-São Paulo State, SP2). Each point represents the 
mean growth (n = 5) at each temperature treatment (18, 20, 23, 25, 28, 
30, 33, and 35 °C)

Table 1   TPC traits (i.e., modeled data) for the growth rate of 
Gracilariopsis tenuifrons cultivated at different temperatures (18–
35 °C)—maximal measurement (μmax), thermal optimum (Topt), ther-
mal tolerance (Ttolerance), and critical thermal maximum and mini-
mum (CTmin and CTmax). Each emphasis used (regular, bold, italic, 
and underlined) on the different letters indicates a different statistical 
treatment

Population µmax CTmin (°C) Topt (°C) CTmax (°C) Ttolerance

MA 12.7a 17.4a 26.2b 35.1b 17.7c

RN 5.6c 17.4a 27.4a 37.4a 20.0a

BA 12.2a 15.9b 25.3d 34.7b 18.8b

SP1 9.6b 16.3b 25.6 cd 34.9b 18.6b

SP2 10.6b 17.2a 25.7bc 34.7b 17.5c
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Low temperatures  At 18 °C, SP2 showed the highest Ek 
value (83 µmol photons m−2 s−1), MA, BA, and SP1 showed 
intermediate Ek values (± 62 µmol photons m−2 s−1), and 

RN showed the lowest Ek value (42 µmol photons m−2 s−1) 
(Fig. 3c). At 20 °C, SP1 and SP2 showed the highest Ek 
values (79 µmol photons m−2 s−1), RN showed the lowest Ek 
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value (83 µmol photons m−2 s−1), and MA and BA showed 
intermediate Ek values (60 µmol photons m−2 s−1), among 
all populations (Fig. 3c).

Middle temperatures  At 23 °C, southeastern populations 
(SP1 and SP2) showed the highest Ek values (± 73 µmol 
photons m−2 s−1) in contrast to northeastern populations 
(MA, RN, and BA) (± 51 µmol photons m−2 s−1) (Fig. 3c). 
At 25 °C, SP2 showed the highest ETRmax and Ek values 
(± 2.23 µmol e−m−2 s−1, ETRmax; ± 73 µmol photons m−2 s−1, 
Ek) in comparison to all other populations (± 1.25 µmol 
e−m−2 s−1, ETRmax; ± 44 µmol photons m−2 s−1, Ek) (Fig. 3b, 
c). At 28 °C, all populations showed similar ETRmax values 
(1.26 µmol e−m−2 s−1), except for BA, which showed lower 
values than RN (1.43 µmol e−m−2 s−1) (Fig. 3b).

High temperatures  At 33  °C, the worst photosynthetic 
performance was observed for SP2, followed by SP1, 
when compared to the others. Evaluating Fv/Fm, MA and 
RN showed higher values (± 0.45) when compared to SP2 
(± 0.38), SP1 (± 0.29), and BA (± 0.22). Evaluating ETRmax, 
RN showed the highest value (0.93 µmol e−m−2  s−1) in 
contrast to all other populations (± 0.32 µmol e−m−2 s−1) 
(Fig. 3b). Evaluating Ek, MA and RN showed higher val-
ues (± 39 µmol photons m−2 s−1) than BA, SP1, and SP2 
(± 16 µmol photons m−2 s−1) (Fig. 3c).

Pigments content

Phycoerythrin (PE), phycocyanin (PC), allophycocyanin 
(APC), and chlorophyll-a (Chlo-a) contents of female game-
tophytes of Gp. tenuifrons cultivated for 28 days differed by 
population (MA, RN, BA, SP1, and SP2) and temperature 
(18, 20, 23, 25, 28, 30, 33, and 35 °C) (isolated and interac-
tive effects) (Table S1).

Comparing the same population in different tested 
temperatures

For the mangrove population (RN), middle tempera-
ture (25 °C) promoted 1.88 times more PE and PC con-
tents than all other temperatures. Otherwise, the lowest 

temperature (18 °C) promoted the lowest PE and PC con-
tents (Fig. 4a, b). Low, middle, and high temperatures 
(20–30 °C) promoted 2.10 times more Chlo-a contents 
than extreme temperatures (18 and 33 °C) (Fig. 4d).

For the intermediate population (BA), middle tempera-
ture (25 °C) promoted 1.71 times more PE content than 
high temperature (33 °C) (Fig. 4a). Furthermore, middle 
(25–28 °C) and high temperatures (only 33 °C) promoted 
3.18 times more Chlo-a content than 18–23 and 30 °C 
(Fig. 4d).

Considering the southeastern populations, SP1 exposed to 
low temperature (20 °C) showed 2.64 times more PE content 
than when exposed to high temperature (33 °C) (Fig. 4a). 
Furthermore, SP1 exposed to low temperature (18 °C) pro-
moted 3.13 times more Chlo-a content than when exposed 
to 23, 28, 30, and 33 °C (Fig. 4d).

For the southeastern marginal population (SP2), middle 
temperature (28 °C) promoted 3.65 times more PE content 
than low and high temperatures (18–20, and 33 °C), which 
showed the lowest PE contents (Fig. 4a). Furthermore, SP2 
exposed to 20–30 °C showed 5.17 times more PC content 
than when exposed to 33 °C (Fig. 4b). SP2 exposed to low 
temperatures promoted 4.48 times more Chlo-a content than 
when exposed to middle and high temperatures (Fig. 4d).

Comparing different populations in each tested 
temperature

In general, the mangrove population (RN) presented higher 
chlorophyll-a content when compared to rocky shore popu-
lations (MA, BA, SP1, and SP2), as observed at 20, 23, and 
30 °C (Fig. 4d). Furthermore, RN presented higher phyco-
erythrin content at middle temperatures (23–28 °C) than that 
presented by other populations.

Low temperatures  At 18 °C, MA, BA, and SP1 showed 
higher PE and PC contents than the southeastern marginal 
population (SP2) (Fig. 4a,b). RN, however, showed content 
similar to that among all populations (Fig. 4a, d); the BA 
population showed higher APC content than RN and SP2 
(Fig. 4c). At 20 °C, the BA population showed higher phy-
coerythrin content than both marginal populations (MA and 
SP2) (Fig. 4a).

Middle temperatures  At 23 °C, the northeastern marginal 
population (MA) showed the highest PC content when 
compared to the southeastern populations (SP1 and SP2) 
(Fig. 4b). At 25–28 °C, the mangrove population (RN) 
showed the highest PE content when compared to all other 
populations (Fig. 4a). Considering chlorophyll-a, RN and 
BA showed the highest contents at 25–28 °C, when com-
pared to all other populations (Fig. 4d).

Fig. 3   In vivo chlorophyll fluorescence of Gracilariopsis tenuifrons 
from distinct populations (Maranhão State, MA; Rio Grande do Norte 
State, RN; Bahia State, BA; Ubatuba-São Paulo State, SP1; and Itan-
haém-São Paulo State, SP2), cultivated at different temperatures (18, 
20, 23, 25, 28, 30, and 33 °C): a Fv/Fm, maximum quantum yield; b 
ETRmax, maximum electron transport rate; c Ek, saturating irradiance; 
and d α, photosynthetic efficiency. Data presented as mean and stand-
ard deviation (n = 5). Different letters represent significant differences 
among temperatures and populations (p < 0.05). The extended line 
means a similar result among populations, and the asterisk means 
similar result among temperatures in a single population
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High temperatures  At 30 °C, all populations showed simi-
lar PE contents, except the southeastern populations (SP1 
and SP2) that showed lower contents than RN (Fig. 4a). 
At 33 °C, the northeastern populations (MA, RN, and BA) 
showed the highest PE and PC contents when compared to 
the southeastern populations (SP1 and SP2) (Fig. 4a, b).

Discussion

Female gametophytes of Gracilariopsis tenuifrons from 
five distinct populations (MA, RN, BA, SP1, and SP2), 
distributed along 7450 km of the Brazilian coast, tolerated 
temperatures between 18 and 33 °C but less tolerance at 
35 °C, which was considered deleterious, irrespective of the 
analyzed population. However, populations showed differ-
ent thermal adaptations as revealed by their physiological 
performance. Therefore, our data support the hypothesis that 
Gp. tenuifrons presents latitudinal ecotypes and that such 
ecotypes differ according to the temperature range and popu-
lations in which they occur.

The occurrence of ecotypes in a species of wide distri-
bution on the Brazilian coast, such as Gp. tenuifrons, evi-
dences the potential to house other species with adaptations 
already established according to the temperature gradient 
presented along this coast. Indeed, ecotypes related to tem-
perature were reported in other red algae that occur along 
this same coastline, such as Gracilaria birdiae (Ursi et al. 
2003) and G. domingensis (Castro and Yokoya 2018). How-
ever, other parameters were also used to recognize ecotypes 
along that coast, such as (i) photosynthetically active radia-
tion in Gracilaria caudata (Faria et al. 2017) and Hypnea 
pseudomusciformis (Nauer et al. 2020); and (ii) ultraviolet 
radiation B in G. caudata (Araujo et al. 2014).

The intermediate population (BA) of Gp. tenuifrons and 
those populations occupying the lowest latitudes of the Bra-
zilian coast (MA and RN) present some unique physiological 
characteristics. However, we further showed that they are 
better able to physiologically develop over higher (23–28 °C) 
and stressful (30–33 °C) temperatures when compared to 
southeastern populations (SP1 and SP2). Indeed, for most of 
the populations analyzed, it was possible to find a statistical 

significance, either at the highest range, e.g., Topt (MA at 
26.2 °C; RN at 27.4 °C; BA and SP1 at 25.3–25.6 °C; SP1 
and SP2 at 25.6–25.7 °C), or the lowest range, e.g., µmax 
(RN, 5.6% day−1; SP1 and SP2, 9.6–10.6% day−1). BA and 
SP1 populations differed each other based on their µmax (BA, 
12.2% day−1; SP1, 9.6% day−1), the highest growth tem-
perature range (BA, 23–28 °C; SP1, 28–30 °C), GRs (at 
20–23 °C and 28–30 °C), and some photosynthetic param-
eters. SP1 and SP2 populations differed each other based on 
their CTmin, Ttolerance, the highest growth temperature range 
(SP1, 28–30 °C; SP2, 28 °C), GRs (at 18 °C and 30 °C), and 
some photosynthetic parameters. The physiological differ-
ences observed between the two southern populations (SP1 
and SP2) showed that different adaptation patterns can also 
occur between close populations, even in the presence of 
putative gene flow, as already observed in other red algae 
(Ayres-Ostrock et al. 2019; Nauer et al. 2019).

Physiological differences between populations of Gp. 
tenuifrons were also evident in the analysis of the maxi-
mum quantum yield (Fv/Fm). Specifically, temperatures of 
20–30 °C promoted higher Fv/Fm, but stressful temperature 
(33 °C) promoted lower Fv/Fm. Both MA and RN popu-
lations were exceptions as they showed similar values at 
33 °C. It was difficult to compare our photosynthetic param-
eter results to other studies since different species adapt 
differently to different temperatures according to environ-
mental conditions. However, the thermal influence on pho-
tosynthetic performance in other red algae was also evident, 
e.g., Gp. lemaneiformis (Liu et al. 2017), Gelidiella acerosa 
(Fujimoto et al. 2015), Hydropuntia edulis and H. eucheu-
matoides (Vo et al. 2015), Kappaphycus alvarezii (Terada 
et  al. 2016), Kappaphycus sp. (Borlongan et  al. 2017), 
Pyropia tenera (Watanabe et al. 2014), and P. yezoensis 
(Watanabe et al. 2016).

Particularly, the decreases in photosynthesis of Gp. tenui-
frons may be related to changes in the state of PSII or in the 
proportion of energy transferred during the process of ATP 
production. Our study showed a significant negative effect of 
stressful temperature, 33 °C, on BA, SP1, and SP2 popula-
tions for which Fv/Fm, ETRmax, and Ek presented the lowest 
values, together with minimal physiological performance. 
Furthermore, lower PE and PC contents were observed 
(only southern populations). Thermal stress can rearrange 
the structures of the thylakoid membranes, deactivate PSII 
(Roleda 2009), or inhibit synthesis de novo of protein D1 
in PSII owing to the accumulation of hydrogen peroxide 
(Allakhverdiev and Murata 2004; Allakhverdiev et al. 2008; 
Takahashi and Murata 2008).

Rocky shore × mangrove populations

Our results also highlighted the differences between popula-
tions of Gp. tenuifrons that occur in rocky shore (MA, BA, 

Fig. 4   Pigment concentration of Gracilariopsis tenuifrons from dis-
tinct populations (Maranhão State, MA; Rio Grande do Norte State, 
RN; Bahia State, BA; Ubatuba-São Paulo State, SP1; and Itanhaém-
São Paulo State, SP2), cultivated at different temperatures (18, 20, 23, 
25, 28, 30, and 33 °C): a phycoerythrin (PE); b phycocyanin (PC); c 
allophycocyanin (PC); and d chlorophyll a (Chlo-a). Data presented 
as mean and standard deviation (n = 5). Different letters represent sig-
nificant differences among temperatures and populations (p < 0.05). 
The extended line means similar result among populations, and the 
asterisk means a similar result among temperatures in a single popu-
lation
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SP1, and SP2) and mangrove (RN). At 33 °C, RN showed 
the highest values of GRs and ETRmax when compared to 
the others. Otherwise, rocky shore populations showed bet-
ter µmax on TPCs and higher GRs between 20 and 30 °C. 
However, even though RN showed the lowest growth than 
the other populations, it showed the highest Topt, CTmax, and 
Ttolerance on TPCs, and it produced the highest pigment con-
tents (PE, PC, and Chlo-a) when compared to some, not all, 
rocky shore populations (SP1 and SP2). Although the man-
grove population developed unique adaptive characteristics 
that allowed these individuals to establish themselves and 
survive in this environment, they also adapted to this site at 
the cost of metabolic losses, which ended up compromis-
ing growth. Comparing both environments, mangrove (RN) 
has a salinity that varies between 38 (near the mouth) to 
50 (near the end of the system upstream) and temperature 
between 28 and 37 °C (Santiago et al. 2005; Lucena 2012). 
In contrast, rocky shore populations (MA, BA, SP1, and 
SP2) have stable salinity of 35 and temperatures between 20 
and 26 °C at the southern coast and between 27 and 29 °C at 
the northeastern coast. These distinct environmental char-
acteristics may explain the differences observed in terms 
of growth and other physiological parameters between the 
mangrove population and those of rocky shore. However, it 
is important to consider the laboratory conditions used in 
our experimental design to evaluate physiological responses, 
since these may have favored rocky shore populations over 
mangrove populations.

Northeastern (MA) × southeastern populations (SP1 
and SP2)

The population located further toward the northeast (MA) 
of the country and those in the southeast (SP1 and SP2) 
have been influenced by different temperatures throughout 
the years, enabling Gp. tenuifrons to make a distinct thermal 
adaptation. As was expected, at stressful temperature, 33 °C, 
SP1 and SP2 populations showed the worst physiological 
developments, when compared to MA that showed a slightly 
better physiological development (Fv/Fm, Ek, PE, and PC). 
MA population also presented higher µmax (12.7% day−1) on 
TPCs when compared to southeastern populations. Moreo-
ver, SP1 and SP2 showed the lowest values of CTmin, accord-
ing to the lowest temperatures that they are submitted. It is 
possible that populations of Gp. tenuifrons of the southeast 
would benefit from an increase of sea surface temperature, 
as predicted by IPCC (1.5–2.0 °C, until 2050 in an optimistic 
scenario; 2021) since their physiological performance was 
not so bad between 28 and 30 °C, as well as by the higher 
CTmax observed. Moreover, it is not expected for popula-
tions located closer to the equator (MA and RN) any change 
in an optimist scenario, since they are already subjected to 
more stable and higher temperatures throughout the year. 

However, a synergy among local abiotic factors is expected, 
including radiation and nutrients, which could lead to dif-
ferent responses. Indeed, a study on the southern marginal 
population of Laurencia catarinensis (27.6°S, Santa Cata-
rina State) showed the synergic effect of temperature and 
nutrients on its physiology (Gouvêa et al. 2018).

Intermediate population (BA)

The BA population showed some physiological characteris-
tics similar to those observed in populations located further 
to the northeast and others more similar to those observed 
for populations located further to the southeast. According 
to some studies on red algae (Ayres-Ostrock et al. 2019; 
Nauer et al. 2019), Bahia State is considered an interme-
diate region on the Brazilian coast owing to the Vitória-
Trindade Seamount Chain between northern Espírito Santo 
and the southern Bahia States. This chain was recognized 
as a barrier to gene flow, and it was responsible for the cur-
rent genetic and floristic structure (Bard et al. 1990; Corrêa 
1996; Lambeck et al. 2002). Thus, it was expected that BA 
would show some similar physiological characteristics in 
comparison to southeastern individuals, regardless of the 
temperature. Our results corroborate other studies that tested 
different irradiances on Gracilaria caudata. The BA popu-
lation of this species showed some physiological charac-
teristics similar to northeastern (Ceará State, closer to RN) 
and southeastern (SP1, same site) populations (Faria et al. 
2017). Besides, molecular studies on other red algae showed 
that the BA region may correspond to a refugium and a con-
tact zone between the highly differentiated northeastern and 
southeastern regions (Ayres-Ostrock et al. 2019; Nauer et al. 
2019). Accordingly, a comparison of genetic diversity in 
Gp. tenuifrons will be necessary to better characterize the 
populations along the Brazilian coast.

Stressful temperature (33 °C)

The stressful temperature of 33 °C differentially affected 
the populations located closer to the equator (MA and 
RN) compared to the southeastern region (SP1 and SP2). 
Populations closer from the equator had higher photosyn-
thesis (Fv/Fm; Ek) and pigment contents (PE and PC) than 
SP1 and SP2 populations. It is possible that MA and RN 
populations produce more accessory pigments like PE 
and PC because they are already adapted to regions with 
higher irradiances and temperatures. Additional pigment 
content would contribute to increasing electron uptake, 
as well as ATP production, necessary for the acclimation 
of individuals. On the contrary, southeastern populations, 
in order to maintain their basic physiological functions at 
33 °C, use their pigments, like PE, as a source of nitrogen, 
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as already demonstrated in previous studies on other red 
algae (Lapointe 1981; Talarico 1996; Faria and Plastino 
2016).

Conclusion

Our data support the hypothesis that the five populations of 
Gp. tenuifrons are ecotypes. This result can be attributed to 
the wide distribution of the species on the Brazilian coast 
(2.4–24°S), which presents quite diverse environmental 
characteristics, for example, temperature. Rocky shore popu-
lations (MA, BA, SP1, and SP2) proved to be more adapted 
to low–high (18–30 °C) temperatures than the mangrove 
(RN) population. The latter is also more resilient to stressful 
temperatures (33 °C) than the others, although it showed the 
lowest GR in other temperatures. Furthermore, the BA popu-
lation presented some physiological characteristics similar 
to populations located further northeast and southeast. None 
of the populations survived at 35 °C.

If the SST should rise to around 1.5–2.0 °C (optimistic 
scenario) in the next 30 years (IPCC 2021), Gp. tenuifrons 
populations could not be affected, especially the south-
eastern populations (SP1 and SP2). However, in a drastic 
scenario (up to 4 °C), especially MA and BA populations 
could be affected and may suffer a decline. In the present 
study, individuals did not show satisfactory physiological 
performances with temperatures above 28–30 °C (rocky 
shore) and 33 °C (mangrove). RN population showed the 
lowest growth in all temperatures, with exception of 33 °C, 
in which the other populations showed worst physiological 
performances. Timing of growth is considered an impor-
tant response to global climate changes, and they could 
alter the composition of communities and the nature of 
species interactions (Hoffmann and Sgrò 2011). Based on 
physiological characteristics observed in our experiment, 
especially the lowest growth at almost all temperatures, 
we believe RN would also be affected in a future drastic 
scenario. However, the southeastern populations (SP1 and 
SP2) could benefit from such a rise, including in a drastic 
scenario, and this would allow the expansion of the species 
to regions further to the south of their current distribution.

Finally, since some northeastern states are now devel-
oping artisanal cultivation techniques of Gracilariales 
(Simioni et al. 2019), it is plausible to suggest that experi-
mental mariculture tests of Gp. tenuifrons as a new species 
be exploited. Among studied populations, the MA and BA 
populations are highlighted because mariculture already 
exists in the northeast region of the country.
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