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Abstract
The region ofMagallanes has the world’s largest sub-Antarctic environments, including the heterogeneous habitats of archipelagos,
fjords, channels, and inlets formed by ice advancing and retreating during Quaternary glacial processes. In marine ecosystems, the
temperature, salinity, and photoperiod are key parameters which delimit the survival, reproduction and development of the
macroalgae and, therefore, the biogeography of numerous sub-Antarctic species. In this research, we compare the reproductive
development patterns in spores of Macrocystis pyrifera coming from places with different salinities along longitudinal and
latitudinal gradients in Skyring Sound, Otway Sound, the Strait of Magellan (Possession Bay and Puerto del Hambre), and the
Beagle Channel (Paula Bay). Laboratory analyses included four salinities and two different temperatures, comparing the percentage
of spore germination, sex ratio in females andmale gametophytes, and the development of gametogenesis through the proportion of
gametophytes and sporophytes, with a factorial experimental design. The best germination percentages were obtained in Puerto del
Hambre; the best sex ratio, on the other hand, was in Skyring Sound; finaly, for gametogenesis development, the best results were
obtained in Otway Sound and Possession Bay. We prove the temperature and salinity effect over the studied population; moreover,
these results demonstrate that at the end of the cycle each population develops more effectively in their local conditions, evidence of
a local adaptation inM. pyrifera populations living in contrasting sites in the same region. This is crucial to understand how these
populations react to the effect of environmental stressors; furthermore, the selection of appropriate conditions is also an important
factor for the future commercial cultivation management of these important macroalgae.
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Introduction

To understand the mechanisms defining the geographical distri-
bution of species, it has long been accepted, as far as ecology

and evolutionary biology are concerned (Sexton et al. 2009),
that multiple parameters (both biotic and abiotic) interact antag-
onistically or synergistically. However, physiological limita-
tions may restrict the ranges of distribution and abun-
dance of organisms (Bozinovic et al. 2011). There is a
clear necessity to comprehend how environmental factors
in time and space affect the fitness, growth, survival, and
reproduction of species (Sexton et al. 2009). According to
Graham et al. (2007) temporal and spatial variability in
the structure and dynamics of marine ecosystems appears
to be affecting the processes that regulate the distribution,
abundance, and productivity of the macroalgae, largely
through changes in factors such as temperature, salinity,
and light conditions (i.e., photoperiods and irradiance).

The effects of temperature and salinity in macroalgae
are frequently studied in the microscopic stages of game-
tophytes and sporophytes, in the initial phases of their
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lifecycle, and in times of extreme sensitivity to biological
stressors; these effects are of great relevance in the suc-
cessful recruitment of the population (Fredersdorf et al.
2009; Zacher et al. 2016).

Macrocystis pyrifera (L.) C. Agardh is a species of brown
macroalgae which is characterized by its bipolar distribution
and by being present in both hemispheres. In Chile,
M. pyrifera is distributed from Valparaiso to Cabo de
Hornos and the Diego Ramirez Islands (Rozzi et al. 2017).
Its life cycle is diplobiontic heteromorphic, with a diploid
macroscopic phase corresponding to the sporophyte (2n), that
presents reproductive basal blades with sporangium presence;
this releases haploid biflagellate zoospores which, once they
settle and germinate, progress to a haploid microscopic phase
that corresponds to the gametophytes (n) (Rodríguez et al.
2018). Macrocystis pyrifera has an important ecological role
as a habitat and as a source of food, shelter, and reproduction
of a wide range of marine organisms. For this reason, it is
considered to be an ecosystem engineer of great relevance in
the conservation of diversity in key ecosystems, such as the
ones located in the sub-Antarctic eco-region of Magellan
(Ríos et al. 2007; Diez et al. 2011; Rosenfeld et al. 2014,
2018).

SinceM. pyrifera is a species with a wide distribution, it is
therefore exposed to an extensive range of climate conditions;
it is feasible that differentiation processes take place in these
populations as a result of environmental factors such as tem-
perature and salinity. From this perspective, the Magallanes
region represents a unique natural laboratory in which to study
these processes because it has a large shore with a heteroge-
neous environment formed by glacial processes (Clapperton
1994; Pérez 2000), dominated by a fjord and channel system,
which determines these abiotic parameters in various habitats
of theMagallanes region (Vergara 2003; Mansilla et al. 2014a,
b) and, due to the strong seasonality existing in the region,
regulates and modifies the communitarian structures of the
macroalgae (Ojeda et al. 2014; Marambio et al. 2017;
Rosenfeld et al. 2018). These factors determine the distribu-
tion gradients of manymacroalgal species in the sub-Antarctic
and Antarctic regions, and affect their survival, reproduction,
and development (Wiencke and Dieck 1990). This has been
reported in many studies, i.e., Buschmann et al. (2004), and
Oppliger et al. (2012), investigating the effect of temperature
on the reproductive phases of Macrocystis spp. and Lessonia
nigrescens Bory, reporting thatM. pyrifera in southern Chile,
in its reproductive stages (release of spores, germination, and
growth of sporophytes), has a wide tolerance range for tem-
perature and salinity (8 to 18 °C; 27 to 34 psu). On the other
hand, Mansilla et al. (2004, 2014a, b) reported the salinity
effect in the red macroalgal species Sarcothalia crispata
(Bory) Leister and Anhfeltia plicata (Hudson) Fries, and in
the life cycle of the brown macroalgae Lessonia flavicans
Bory. These studies demonstrate that S. crispata has a wide

range of tolerance to salinity (25 to 40 psu), significantly af-
fecting the production of biomass. Furthermore, A. plicata
tolerates wide ranges of temperatures and salinities (5 to
23 °C, 25 to 35 psu). However, this result differs for the kelp
L. flavicans because this species has a limited salinity toler-
ance, and does not tolerate low salinities (14 and 23 psu);
moreover, it is also affected by temperature and photoperiod.
The irradiance effect in the reproductive phases has been
reported by Izquierdo et al. (2002) in the gametophytes and
sporophytes of Laminaria ochroleuca Bachelot de la Pylaie,
reporting ranges of tolerance to temperatures of 15 and 18 °C,
independent of irradiance and obtaining optimal germination
percentages (91–98%). Additionally, Fredersdorf et al. (2009)
studied the irradiance effect in the life cycle of the macroalgal
Alaria esculenta Greville, reporting that this polar species has
a wide range of tolerance to temperature and salinity (4 to
21 °C, 20 to 34 psu, respectively). It is important to highlight
the work ofMansilla et al. (2014b), who demonstrated the first
indication of the effects of temperature and salinity in the
Lessonia species present in the Magallanes region, evidencing
the effect of local salinity conditions.

The purpose of this work is to identify reproductive
variability in the development of the gametophytic phase
in natural populations of M. pyrifera in different localities
in the Magallanes region, characterized by presenting im-
portant salinity and temperature variations. Our hypothe-
sis suggests that in the M. pyrifera populations present in
the Magallanes region, (1) the spore germination percent-
age would be higher in the local salinities, (2) tempera-
tures over the average of seawater in winter (> 6 °C)
would negatively affect the spore germination percentage
for the entire population, and (3) that the high temperature
effect (12 °C) would be higher when the microscopic
phases (gametophytes and sporophytes) of M. pyrifera
are developed in different salinities to the local salinity.
Our hypotheses are based on previous studies, which sug-
gest that the spores will not be affected by salinities that
are different from the one measured locally (Izquierdo
et al. 2002). However, other studies indicate that an in-
crease in temperature and changes in salinity have a pos-
itive effect on the development of the microscopic phases
of kelp (Russell 1987; Fredersdorf et al. 2009; Zacher
et al. 2016).

Materials and methods

Sampling

In August 2015, the peak reproductive efforts of
Macrocystis pyrifera in the sub-Antarctic Magallanes re-
gion were collected by scuba divers, containing seven
adult individuals of M. pyrifera with fertile fronds
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(sporophylls) from the sub-tidal waters of the Skyring
Sound (52° 33′ 39.89″ S, 71° 44′ 3.36″ W), Otway
Sound (53° 8′ 54.20″ S, 71° 30′ 36.80″ W), Possession
Bay (52° 19′ 54.68″ S, 69° 28′ 44.57″ W), Puerto del
Hambre (53° 36′ 51.32″ S, 70° 55′ 42.32″ W), and
Paula Bay (54° 56′ 00″ S, 67° 37′ 00″ W) in the region
of Magallanes, Chile (Fig. 1). The collected samples were
taken to the laboratory on the same day of the collection
and placed in a cooler containing cold seawater (< 10 °C).

Characteristics of the sampling sites

Skyring Sound and Otway Sound are fjords approximately
100 and 151 km long, respectively, and were formed by gla-
cial events that shaped their geomorphologic structure. In both
sites, the predominant substrate is rocky with boulder and,
with the exception of Otway Sound, presenting rocky plat-
forms (Kilian et al. 2013). Both fjords are connected through
Fitz-Roy channel; Skyring Sound is connected to the west
with the strait of Magallanes through the Gajardo Channel
and Otway Sound to the east through the Jeronimo Channel
(Valdenegro and Silva 2003; Mansilla et al. 2013).
Meanwhile, Possession Bay is located in the oriental micro-
basin of the strait of Magallanes and is largely influenced by
water coming from the Atlantic Ocean. The substrate has a
soft bottom with some rocky fragments and small round
stones. In this zone, the extensive tide range can descend more

than 3 km, horizontally exposing the populations of
M. pyrifera present in the sub-tidal region (Aldea and
Rosenfeld 2011). The Puerto del Hambre sector is located in
the central micro-basin of the strait of Magallanes and is in-
fluenced by water coming from the Pacific Ocean; this water
has low salinity mostly due to the contribution of rivers
(Valdenegro and Silva 2003). The coastal substrate is charac-
terized by presenting extensive rocky platforms (Rosenfeld
et al. 2018). Finally, the Paula Bay sector is located on the
north shore of Navarino Island, presenting an orientation to
the west of the Beagle Channel, in which rocky platforms are
the dominating substrate type (Ojeda et al. 2017).

These sectors were chosen because the M. pyrifera popula-
tions are subjected to different salinities due to the specific char-
acteristics of each habitat; however, the strong seasonality of
summer and winter produces clear changes in both the temper-
ature and salinity of the seawater (Table 1). Therefore, the winter
salinity for each locality was established, in which 17 psu in
Skyring Sound, 30 psu in Otway Sound, 28 psu in Possession
Bay, and 32 psu in Puerto del Hambre and Paula Bay were
considered to be the reproductive periods of the natural
populations.

Obtaining spores

Twenty reproductive sporophylls of each of the individuals
collected were randomly selected for each site and five

Fig. 1 Sampling sites of botanical material indicated by (1) Seno Skyring, (2) Otway Sound, (3) Possession Bay, (4) Puerto del Hambre, and
(5) Paula Bay
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sporophylls were subjected to the release of zoospores in four
replicas (one replica for each salinity of the seawater: 17, 28,
30, and 32 psu); the zoospores were released in 150 ml of sea
water solution, with a final density of the zoospores for each
locality of 1.4 × 107 (Skyring Sound), 2.23 × 107 (Otway
Sound), 3.55 × 107 (Possession Bay), 1.55 × 107 (Puerto del
Hambre), and 1.9 × 107 (Paula Bay) zoospores per milliliter.

The release of spores was made according to the suggested
method of Ávila et al. (2010): in 0.45μm filtered seawater and
a Provasoli culture medium (20 mL of Provasoli per liter of
seawater), with a temperature of 8 °C and light intensity of
40 μmol photons m−2 s−1. This medium was added to 30-mL
glass jars containing the spore solution and seawater of differ-
ent salinities enriched with Provasoli; in addition, a 2.5-cm2

slide was placed inside the jars to measure the spores that
settled in the artificial substrate.

Experimental design

The cultivation was carried out simultaneously; for each
treatment, there were four replicas (glass jars) subjected to
salinities of 17, 28, 30, and 32 psu, temperatures of 6 °C
and 12 °C, photoperiods of 8 h:16 h (light:dark), and a
light intensity of 40 μmol photons m−2 s−1. These temper-
ature conditions were selected considering that the annual
average temperature of the seawater in winter (the repro-
ductive peak of M. pyrifera) in the Magallanes region is
5.8 ± 0.1 °C, and that the maximum temperature of the
seawater throughout the year is 12 °C; this corresponds
to the summertime temperature (SHOA 2015). The exper-
iment lasted for 64 days and a culture medium change
was performed weekly. The measurements were taken on
days 2, 5,13, 24, 30, 37, 43, 57, and 64 using digital
photography obtained by an optic microscopic Olympus

CX31 × 10, focusing on six random points in an area of
0.3 mm2 for each replica in every treatment.

The spore germination percentage was quantified on
day 5 (the day on which the spores germinated through
the germinative tube) and the sex ratio on day 24 (the day
on which the male and female gametophytes could be
successfully distinguished); the sex ratio of the gameto-
phytes was expressed as the frequency of male gameto-
phytes per progenies, that is, males/(males+females), as
per Oppliger et al. (2011). The proportion of gameto-
phytes and sporophytes was calculated from day 13 to
day 64. The measurement used was the total number of
male and female gametophytes; the number of sporo-
phytes was calculated on day 64.

Data analysis

With a Poisson distribution, detected overdispersion, and
corrected the standard error using a quasi-GLM model
(appropriate for distribution cases, Zuur et al. 2009) was used
to study the factors and their resulting significant interactions.
This way, gametogenesis was evaluated using the proportion
of gametophytes to accurately measure the effect of the cross
factors (Temperature × Salinity × Cultivation day); the germi-
nation percentage of spores, sex ratio in female and male ga-
metophytes, and sporophyte number on day 64 were applied
as cross factors (Locality × Temperature × Salinity). The sta-
tistical analysis was performed using R version 3.5.1 (The R
Foundation for Statistical Computing, R Development Core
Team 2018).

Results

Effects of salinity and temperature on spore
germination

The highest percentages of spore germination occurred in
the localities of Puerto del Hambre, followed by Skyring
Sound and Otway Sound, while the lowest percentages
were registered in Paula Bay and Possession Bay
(Fig. 2). On day 5, the percentage of spores germinating
at 6 °C was 6.64% for Paula Bay (at 30 psu) and 77.61%
for Puerto del Hambre (at 17 psu; Fig. 2). At 12 °C and
30 psu of salinity, on the other hand, the germination
percentages were 7.29% (Paula Bay) and 41.51%
(Puerto del Hambre) (Fig. 2). Significant effects of tem-
perature, salinity, and locality were observed in the spore
germination percentage (P < 0.001, Table 2); however, of
the five populations, Otway Sound and Possession Bay
had the best germination percentages under conditions of
local salinity (Fig. 2; P < 0.001, Table 2).

Table 1 Measurements of environmental parameters at the time and site
of collection of Macrocystis pyrifera

Locality Season Temperature (°C) Salinity (psu)

Skyring Sound Summer 9.79 ± 0.02 32.65 ± 0.04

Winter 4.71 ± 0.01 17.32 ± 0.58

Otway Sound Summer 8.89 ± 0.08 26.24 ± 0.05

Winter 5.02 ± 0.01 30.12 ± 0.77

Possession Bay Summer 11.32 ± 0.39 26.92 ± 0.62

Winter 9.59 ± 0.01 28.10 ± 0.52

Puerto del Hambre Summer 9.95 ± 0.61 33.40 ± 0.40

Winter 5.70 ± 0.11 32.41 ± 0.09

Paula Bay Summer 9.00 ± 0.40* 29.10 ± 3.30*

Winter 5.70 ± 0.60* 31.00 ± 0.30*

± 1 standard error (n = 5)

*Values obtained from Aguirre et al. (2012)
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Effects of salinity and temperature on gametophyte
sex ratio

The highest sex ratios in female and male gametophytes oc-
curred in Skyring Sound, Otway Sound, and Puerto del
Hambre, while the lowest were registered in Paula Bay and
Possession Bay (Fig. 3). The sex ratio of female and male
gametophytes on cultivation day 24 at 6 °C was 0.08
(Otway Sound at 32 psu) and 0.65 (Skyring Sound at
28 psu). At 12 °C, however, this was 0.04 (Skyring Sound at
17 psu) and 0.47 (Otway Sound at 32 psu) (Fig. 3). It is
observed in these results that the effects of a low temperature
(6 °C) in natural conditions of salinity improve the proportion
of male gametophytes in Skyring Sound (17 psu), Otway
Sound (30 psu), and Possession Bay (28 psu), while a high
temperature (12 °C) contributes to the proportion of male ga-
metophytes in Puerto del Hambre and Paula Bay (both at
32 psu) (Fig. 3). In general, under conditions of local salinity,
the populations obtained a better sex ratio, with the exception
of the population of Skyring Sound, which had a significantly

higher sex ratio at a higher salinity than the local salinity (Fig.
3; P < 0.001, Table 2).

Effects of salinity and temperature on development
of gametogenesis

In Skyring Sound at 17 psu, the first gametophytes appeared
on day 24 at both 6 °C and 12 °C, and the first sporophytes on
day 43 at 6 °C, while at 12 °C there was no development of
sporophytes (Fig. 4a). At 28 and 30 psu, the first gameto-
phytes appeared on day 24 at 6 °C, while at 12 °C they oc-
curred on day 30. Meanwhile, the first sporophytes appeared
on day 43 at 6 °C; at 12 °C, there was no development of
sporophytes (Fig. 4b and c). Finally, at 32 psu, the first game-
tophytes developed on day 24 at 12 °C and on day 57 at 6 °C,
and the first sporophytes on day 57 at 6 °C; at 12 °C, there was
no development of sporophytes (Fig. 4d). In the development
of gametogenesis in local conditions of salinity in Skyring
Sound, the gametophytes appeared on the same day (day 24)
at both temperatures; nevertheless, sporophyte formation was

Fig. 2 Percentage of spore
germination of Macrocystis
pyrifera on day 5 of culture (mean
and + 1 standard error). Local
salinity is in bold and italic letters
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Table 2 Results of the generalized linear model (GLM) of the effect of temperature and salinity on the percentage of spore germination and sex ratio in
male and female gametophytes in the populations of Macrocystis pyrifera present in the Magallanes region (Pr (> F), P value)

Variable Factors Df Deviance Resid. Df Resid. Dev F Pr (>F)

Percentage of spore germination Locality 4 45.630 155 113.616 261.926 < 2.2 × 10−16***

Temperature 1 1.752 154 111.864 40.220 4.163 × 10−9***

Salinity 3 13.867 151 97.997 106.135 < 2.2 × 10−16***

Locality × Temperature 4 9.293 147 88.703 53.344 < 2.2 × 10–16***

Locality × Salinity 12 52.492 135 36.212 100.438 < 2.2 × 10−16***

Temperature × Salinity 3 2.608 132 33.603 19.963 1.455 × 10−10***

Locality × Temperature × Salinity 12 28.474 120 5.130 54.482 < 2.2 × 10−16***

Sex ratio Locality 4 22.389 155 35.791 38.543 0.0055**

Temperature 1 0.0003 154 35.791 0.0023 0.9620

Salinity 3 50.288 151 30.762 115.428 1.058 × 10−6***

Locality × Temperature 4 11.501 147 29.612 19.800 0.1019

Locality × Salinity 12 54.969 135 24.115 31.544 0.0006***

Temperature × Salinity 3 21.019 132 22.013 48.245 0.0033**

Locality × Temperature × Salinity 12 31.425 120 18.871 18.033 0.0549

*P < 0.05, **P < 0.01, ***P < 0.001

Fig. 3 Sex ratio in female and
male gametophytes of
Macrocystis pyrifera on day 24 of
culture (mean and + 1 standard
error). Local salinity is in bold
and italic letters
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only observed at 6 °C; meanwhile, the gametophytes subject-
ed to a temperature of 12 °C continued to be vegetative in all
the salinities. Moreover, it was observed that once the salinity
was increased to 32 psu the development of gametophytes and
sporophytes appeared to be late, occurring at day 57 at 6 °C
(Suppl. Material 1). The development of gametogenesis in
Skyring Sound under local conditions of salinity was similar
to that of 30 psu, but the proportion of sporophytes at 30 psu
on day 43 was greater but not significantly so; on day 57,
however, the proportion of sporophytes under local conditions
of salinity is significantly higher than at 28 and 32 psu
(Fig. 4a–d; P < 0.05, Table 3).

In Otway Sound at 17 psu, the first gametophytes appeared
on day 24 at 12 °C, without sporophyte development; at 6 °C,
the spores did not germinate (Fig. 5a). At 28 psu, the first
sporophytes were observed on day 24 at 6 °C, while at
12 °C they were not observed until day 64; instead, the first
sporophytes appeared on day 57 at 6 °C, while at 12 °C there
was no development of sporophytes (Fig. 5b). At 30 psu, the
first gametophytes appeared on day 13 at 12 °C, while at 6 °C
they occurred on day 24; the first sporophytes appeared on
day 30 at 12 °C and on day 57 at 6 °C (Fig. 5c). Finally, at
32 psu, the first gametophytes appeared on day 13 at 12 °C,
while at 6 °C they occurred on day 57; the first sporophytes
were observed on day 30 at 12 °C, while at 6 °C they occurred
on day 64 (Fig. 5d). In the development of gametogenesis in
local conditions of salinity in Otway Sound, gametophytes
and sporophytes occurred at 12 °C. Meanwhile at a low salin-
ity (17 psu), there was only vegetative development of game-
tophytes until the end of the cultivation experiment (Suppl.
Material 2). The development of gametogenesis in Otway
Sound under local conditions of salinity, however, had better
results than other salinities. At 30 psu, the gametogenesis de-
veloped at both temperatures; something similar occurred at
32 psu but only on day 57 of the culture. The proportion of

sporophytes on day 57 at 6 °C and 30 psu was greater than at
28 psu but not significantly so; however, on day 57 and at
12 °C, the proportion of sporophytes at 30 psu was signifi-
cantly higher than at 32 psu (Fig. 5b–d; P < 0.05, Table 3).

In Possession Bay at 28 psu, the first gametophytes
appeared on day 24 at both temperatures (6 °C and
12 °C) and the first sporophytes occurred on day 24 only
at 12 °C, while at 6 °C they only appeared from day 30
(Fig. 6a). At 30 psu, the first gametophytes and sporo-
phytes were observed on day 43 and at 12 °C, while at
6 °C there was no germination (Fig. 6b). Finally, at
32 psu, the first gametophytes appeared from day 57 at
12 °C, while the first sporophytes appeared on day 64; at
6 °C, there was no germination (Fig. 6c). In the develop-
ment of gametogenesis under local conditions of salinity
in Possession Bay, the gametophytes and sporophytes oc-
curred on the same day at both temperatures (6 °C and
12 °C); however, the development of sporophytes is faster
at 12 °C; meanwhile, at a high salinity (32 psu) and a
temperature of 12 °C, the development of gametophytes
and sporophytes could be observed (Suppl. Material 3).
The development of gametogenesis in Possession Bay un-
der local conditions of salinity was better than that under
the other salinities tested, with development of gametogen-
esis in both temperatures. The proportion of sporophytes at
12 °C on day 43 and at 28 psu was significantly greater than
that at 30 psu (Fig. 6a–c; P < 0.05, Table 3).

In Puerto del Hambre, at 17 psu, the first gametophytes
appeared on day 17 at 12 °C, while at 6 °C they appeared on
day 30; the first sporophytes occurred on day 43 at 6 °C, while
at 12 °C there was no development of sporophytes (Fig. 7a).
At 28 psu, the first gametophytes occurred on day 13 at 12 °C,
while at 6 °C they appeared on day 24; the first sporophytes
developed on day 30 at 6 °C and on day 57 at 12 °C (Fig. 7b).
At 30 psu, the first gametophytes appeared on day 30 at 6 °C,

Fig. 4 Proportion of
gametophytes and sporophytes of
Macrocystis pyrifera in Skyring
Sound at different temperatures
and salinities, subjected to 6 °C
and 12 °C in (a) 17 psu, (b)
28 psu, (c) 30 psu, and (d) 32 psu.
Local salinity is in bold and italic
letters
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while at 12 °C there was no development of sporophytes (Fig.
7c). Finally, at 32 psu, the first gametophytes appeared from
day 13 at 12 °C, while at 6 °C they occurred on day 24; the
first sporophytes appeared on day 30 at 12 °C and on day 37 at
6 °C (Fig. 7d). In the development of gametogenesis in local
conditions of salinity in Puerto del Hambre, the development
of gametophytes and sporophytes first occurred at 12 °C;
meanwhile, at a low salinity (17 psu), the development of
gametophytes and sporophytes was late for both temperatures
(6 °C and 12 °C). At a temperature of 12 °C in salinities of 17
and 30 psu, the gametophytes continued developing in a veg-
etative manner until the end of the cultivation experiment

(Suppl. Material 4). The development of gametogenesis in
Puerto del Hambre under local salinity conditions was better
than that at 17 and 30 psu, and showed development of spo-
rophytes at both temperatures. The proportion of sporophytes
at 6 °C on day 57 was lower than at 28 psu but not significant
(Fig. 7a–d; Table 3).

In Paula Bay at 28 psu, the first gametophytes appeared on
day 13 at 12 °C, while at 6 °C they appeared on day 24; the
first sporophytes occurred on day 13 at 12 °C and on day 30 at
6 °C (Fig. 8a). Finally, at 30 and 32 psu, the first gametophytes
appeared from day 13 at 12 °C, while at 6 °C they occurred on
day 24; the first sporophytes could be seen on day 30 at 6 °C

Table 3 Results of the generalized linear model (GLM) of the effect of temperature and salinity on the development of gametogenesis in the
populations of Macrocystis pyrifera present in the Magallanes region, (Pr (> F); P value) results in italics correspond to P < 0.05

Locality Variable Df Deviance Resid. Df Resid. Dev F Pr (>F)

Skyring Sound Temperature 1 45.793 190 125.355 127.304 0.0005

Salinity 3 164.681 187 108.887 152.603 1.13 × 10−8

Day 5 298.929 182 78.994 166.203 6.14 × 10−13

Temperature × Salinity 3 71.946 179 71.800 66.670 0.0003

Temperature × Day 5 87.315 174 63.068 48.547 0.0004

Salinity × Day 15 13.854 159 61.683 0.2568 0.9978

Temperature × Salinity × Day 15 71.039 144 54.579 13.166 0.1993

Otway Sound Temperature 1 16.149 222 120.089 4764.272 < 2.2 × 10−16

Salinity 3 13.161 219 106.928 1294.239 < 2.2 × 10−16

Day 6 44.351 213 62.578 2180.766 < 2.2 × 10−16

Temperature × Salinity 3 35.812 210 26.766 3521.813 < 2.2 × 10−16

Temperature × Day 6 10.141 204 16.625 498.648 < 2.2 × 10−16

Salinity × Day 18 7.636 186 8.989 125.157 < 2.2 × 10−16

Temperature × Salinity × Day 18 2.588 168 6.400 42.426 2.2 × 10−4

Possession Bay Temperature 1 0.851 190 78.166 17.128 5.92 × 10−5

Salinity 3 34.611 187 43.555 232.134 < 2.2 × 10−16

Day 5 9.183 182 34.372 36.956 < 2.2 × 10−16

Temperature × Salinity 3 12.822 179 21.550 85.995 < 2.2 × 10−16

Temperature × Day 5 5.268 174 16.283 21.198 7.56 × 10−16

Salinity × Day 15 8.109 159 8.173 10.878 < 2.2 × 10−16

Temperature × Salinity × Day 15 0.000 144 8.173 0.000 1

Puerto del Hambre Temperature 1 226.154 190 81.621 1386.760 < 2.2 × 10−16

Salinity 3 107.099 187 70.911 218.907 9.75 × 10−12

Day 5 210.347 182 49.876 257.967 < 2.2 × 10−16

Temperature × Salinity 3 34.954 179 46.381 71.446 0.0001

Temperature × Day 5 68.964 174 39.485 84.576 4.86 × 10−7

Salinity × Day 15 82.148 159 31.270 33.582 7.44 × 10−5

Temperature × Salinity × Day 15 55.982 144 25.672 22.885 0.0061

Paula Bay Temperature 1 4.221 222 117.365 3706.598 < 2.2 × 10−16

Salinity 3 61.181 219 56.184 17908.401 < 2.2 × 10−16

Day 6 39.604 213 16.580 5796.206 < 2.2 × 10−16

Temperature × Salinity 3 0.121 210 16.459 35.373 0.0160

Temperature × Day 6 13.901 204 2.558 2034.530 < 2.2 × 10−16

Salinity × Day 18 0.085 186 2.473 0.4141 0.9835

Temperature × Salinity × Day 18 0.564 168 1.909 27.510 0.0004
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and on day 37 at 12 °C (Fig. 8b and c). In the development of
gametogenesis in local conditions of salinity in Paula Bay, the
development of gametophytes first occurred at 12 °C; howev-
er, the first sporophytes developed at 6 °C; meanwhile at the
lowest salinity in which the spores were developed (28 psu),
the development of gametophytes and sporophytes is late in
both temperatures (6 °C and 12 °C). At a temperature of 12 °C
in salinities of 17 and 30 psu, the gametophytes continued
developing in a vegetative manner until the end of the culti-
vation experiment (Suppl. Material 5). The development of
gametogenesis in Paula Bay under local conditions of salin-
ity showed development of sporophytes at 6 °C and 12 °C;
however, the proportions of sporophytes at both tempera-
tures were found to be significantly lower than at 28 psu
during all cultivation days (Fig. 8a–d; P < 0.05, Table 3).

Finally, the development of the sporophytes on day
64 was significantly influenced by each factor and the
interactions between them, resulting in the most signif-
icant interactions between the locality and salinity
(P < 0.001, Table 4).

Discussion

This is the first study of the effect of factors such as temperature
and salinity on the development of the reproductive phases of
populations ofM. pyrifera present in the sub-AntarcticMagellan
ecoregion. The results show the effects of winter and summer
temperatures. Additionally, the effects of salinities differing from
the salinity conditions of each locality were analyzed in the

Fig. 5 Proportion of
gametophytes and sporophytes of
Macrocystis pyrifera in Otway
Sound at different temperatures
and salinities, subjected to 6 °C
and 12 °C in (a) 17 psu, (b)
28 psu, (c) 30 psu, and (d) 32 psu.
Local salinity is in bold and italic
letters

Fig. 6 Proportion of
gametophytes and sporophytes of
Macrocystis pyrifera in
Possession Bay at different
temperatures and salinities,
subjected to 6 °C and 12 °C in (a)
28 psu, (b) 30 psu, and (c) 32 psu.
Local salinity is in bold and italic
letters
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development of spore germination percentage, sex ratio in fe-
male and male gametophytes, and the development of gameto-
genesis. The results also demonstrated that not all populations of
M. pyrifera present in Magallanes tolerated salinity conditions
other than their local conditions; additionally, it was observed
that their reproductive success was affected by the development
of gametogenesis, mainly in the final number of developed
sporophytes.

Effects of salinity and temperature on germination
spore

Concerning the spore germination percentages in M. pyrifera
obtained in the study sites, the lowest values were obtained at
low temperatures; this has also been reported by Palacios and
Mansilla (2003) in an M. pyrifera population present in the

Magallanes region whose value at the fifth day of cultivation
was 5.24% with different temperatures (8 °C) and photope-
riods (12:12 L:D). Nevertheless, Gaitán-Espitia et al. (2014)
revealed percentages of spore germination for M. pyrifera on
day 7 of cultivation of more than 35% in temperature condi-
tions of 13 and 18 °C. Meanwhile, Leal et al. (2017a, b) found
that percentages of spore germination in M. pyrifera after the
fifth day of cultivation fluctuated between 89 and 96% at
12 °C and from 91 to 95% at 16 °C. The differences found
in the germination rates in M. pyrifera may be related to the
different cultivation conditions used, mainly the temperature
increase, since it has been demonstrated that spore germina-
tion in kelp species living in cold waters favors temperature
increases more than the density of spores used at the begin-
ning of the experiment, according to Zacher et al. (2016) in
Alaria esculenta (L) Greville, Laminaria digitata (Hudson)

Fig. 7 Proportion of
gametophytes and sporophytes of
Macrocystis pyrifera in Puerto del
Hambre at different temperatures
and salinities, subjected to 6 °C
and 12 °C in (a) 17 psu, (b)
28 psu, (c) 30 psu, and (d) 32 psu.
Local salinity is in bold and italic
letters

Fig. 8 Proportion of
gametophytes and sporophytes of
Macrocystis pyrifera in Paula Bay
at different temperatures and
salinities, subjected to 6 °C and
12 °C in: (a) 28 psu, (b) 30 psu,
and (c) 32 psu. Local salinity is in
bold and italic letters
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J.V.Lamouroux, and Saccharina latissima (L) C.E.Lane,
C.Mayes, Druehl & G.W.Saunders.

In relation to the effect of temperature and salinity in
the local conditions of each area, we also observed that
the population of Possession Bay does not tolerate low
temperatures in salinities different from that of their nat-
ural one, and that the populations in Otway Sound,
Possession Bay, and Paula Bay do not tolerate low salin-
ity (17 psu), being populations that locally develop at
higher salinities. However, only the Puerto del Hambre
population was capable of tolerating low salinities that
differed from its local condition, obtaining higher germi-
nation percentages at lower salinities at both temperatures.
This effect has already been documented for other species
of brown macroalgae present in the Magallanes region by
Mansilla et al. (2014b) in L. flavicans, identifying that in
their gametophytic phase they do not tolerate low salin-
ities (14 and 23 psu) in temperatures of 5 and 9 °C, ob-
serving the effect of the locality factor as Lessonia popu-
lations inhabit sites with salinities between 30 and 32 psu.
Furthermore, studies have also proven the effect of tem-
perature and salinity interactions in kelp species in cold
waters, showing that a temperature increase and a salinity
decrease enhance the percentages of spore germination
(Russell 1987; Fredersdorf et al. 2009). In general, the
spores presented a wide range of germination in different
conditions of temperature and salinity, facilitating the
presence of M. pyrifera populations in the Magallanes
and their colonization of numerous environments; this
effect has already been reported in other kelp species by
Izquierdo et al. (2002) for L. ochroleuca.

The differences in the percentages of spore germination in
M. pyrifera observed in the populations of Skyring Sound,
Otway Sound, Possession Bay, Puerto del Hambre, and
Paula Bay subjected to different conditions of temperature
and salinity suggest that this process occurs in response to
apparent acclimation due to the seasonality present in the
Magallanes region, mainly in summertime and wintertime,
that critically affects organisms (Ojeda et al. 2014, 2017)

and that, according to Lee and Brinkhuis (1988) and Tala
et al. (2016), the season changes largely modify the tempera-
ture and salinity conditions of the environment.

Effects of salinity and temperature on sex ratios
in gametophytes

In local conditions of salinity, the sex ratio is more efficient for
populations in Otway Sound, Possession Bay, Puerto del
Hambre, and Paula Bay. We also note that temperature and
salinity changes significantly affect the sex ratios in female
and male gametophytes in the populations of M. pyrifera in
the Magallanes region; the values obtained in this research for
the populations of Otway Sound, Puerto del Hambre, and
Paula Bay at 12 °C and 32 psu agree with the findings reported
by Leal et al. (2017a, b), which obtained proportional values
of female and male gametophytes inM. pyrifera from 0.44 to
0.57 at 12 °C. The temperature effect has also been reported in
other kelp species by Oppliger et al. (2011) in L. nigrescens,
who proved that in cold water populations, a temperature in-
crease up to 20 °C produces a decrease in the proportion of
male gametophytes. Both kelp species appear to react in a
different way to the temperature increase; this could be partly
explained by the sex ratio in female and male gametophytes,
which, in response to environmental changes, could be gener-
ated as a reproductive strategy and that, according to Oppliger
et al. (2011), responds to the effect of epigenetic factors, which
are unknown for the populations ofM. pyrifera present in the
Magallanes region. For this reason, it is important to calculate
the value of the sex ratio in female and male gametophytes,
since it allows the literature to partly explain the development
of the sporophytes, the higher quantity of male gametophytes,
and the lower quantity of female gametophytes, which, con-
sequently, have a lower probability of fecundation; this could
generate the presence of gametophytes that continue to grow
in a vegetative manner. It has been reported in kelps that when
the gametophytes cannot find the adequate conditions, they
start to grow vegetatively and can reach large sizes (Izquierdo

Table 4 Results of the generalized linear model (GLM) of the effect of temperature and salinity on the development of sporophytes on day 64 in the
populations of Macrocystis pyrifera present in the Magallanes region (Pr (> F); P value)

Variable Factors Df Deviance Resid. Df Resid. Dev F Pr (> F)

Sporophytes on day 64 Locality 4 38.980 155 294.28 230.330 3.862 × 10–14***

Temperature 1 14.951 154 279.32 353.388 2.791 × 10–8***

Salinity 3 92.361 151 186.96 727.673 < 2.2 × 10–16***

Locality × Temperature 4 23.348 147 163.62 137.962 2.754 × 10–9***

Locality × Salinity 12 92.715 135 70.90 182.616 < 2.2 × 10–16***

Temperature × Salinity 3 4.774 132 66.13 37.609 0.01269*

Locality × Temperature × Salinity 12 11.557 120 54.57 22.763 0.01219*

*P < 0.05, ** P < 0.01, ***P < 0.001
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et al. 2002; Muñoz et al. 2004; Schiel and Foster 2006;
Graham et al. 2007).

On the other hand, the salinity effect in the sex ratios of
female and male gametophytes in macroalgae has not been
documented; nevertheless, this could indicate the cellular
capacity of the gametophytes of those populations to adapt
to environments with salinity differences. In this case, Kirst
(1990) and Bartsch et al. (2008) proposed that the cellular
capacity of the macroalgae to adapt to different environments
with salinity gradients occurs thanks to the biochemical and
molecular mechanisms, as the ions transport through the
membranes.

Effects of salinity and temperature on gametogenesis
development

Under local salinity levels, the Paula Bay population was the
only one that presented low proportions of gametophytes and
sporophytes. At the level of photosynthetic performance for
adult sporophytes of M. pyrifera present in Skyring Sound,
Otway Sound, Possession Bay, and Puerto del Hambre,
Marambio (2017) reported evidence of local adaptations in
these populations. In the development of the M. pyrifera ga-
metogenesis in the Magallanes region, we noticed that tem-
perature and salinity changes may accelerate the process of
gametophyte and sporophyte apparition. Even so, this seems
to be an own factor of each population having the biggest
influence on the development time, since for each population,
there were different times of apparition of the gametophytes
and sporophytes; therefore, the development time of the ga-
metogenesis in M. pyrifera would largely depend on the nat-
ural habitat in which they grow, and the cultivation conditions
applied to them. This is evidenced by Neushul (1963), who
determined that M. pyrifera gametophytes appeared between
days 10 and 13 under conditions of 15 °C; Palacios and
Mansilla (2003) demonstrated that M. pyrifera gametophytes
present in the Magallanes region appeared after 10 days of
cultivation under conditions of 8 °C; finally, Plá and Alveal
(2012) demonstrated in their cultivations that gametophytes of
M. pyrifera appeared on day 20 under temperature conditions
between 11 and 13 °C. Finally, it has been reported that spo-
rophytes develop between days 14 and 60 of cultivation in
temperatures from 8 to 15 °C (Neushul 1963; Palacios and
Mansilla 2003; Plá and Alveal 2012).

During the cultivation experiment, the development of fe-
male gametophytes with multiple oogonia (pers. obs.) was
observed in most of the cases, with the exception of Otway
Sound (30 psu), Puerto del Hambre, Paula Bay (32 psu), and
at 6 °C. According to Muñoz et al. (2004), multicellular fe-
male gametophytes are able to produce more than one oogonia
and the production per capita increases significantly once the
cultivation conditions are modified. This may be beneficial for
the development of the gametophytic phase, since an increase

in the production of sporophytes is able to balance the ability
of the populations to deal with environmental stressors, but
the survival of these fertilized sporophytes in only one game-
tophyte could lead to a decrease in the genetic diversity of the
populations; this may partly explain the high plasticity of
M. pyrifera (Muñoz et al. 2004).

Conclusion

We can conclude that the temperature and salinity significant-
ly affect the development of the reproductive life cycle in
populations of M. pyrifera present in the Magallanes region.
We partially approve hypothesis (1) since the percentage of
spore germination was higher in the local salinity only for the
populations of Otway Sound and Possession Bay. We rejected
hypothesis (2) because temperatures over the average temper-
ature of seawater in winter (6 °C) did not negatively affect the
percentage of spore germination of any of the populations.
Lastly, we approved hypothesis (3) since the temperature ef-
fect resulted to be higher when the microscopic phases of
M. pyrifera developed in different salinities than their local
salinity in all the populations for gametogenesis; however, in
relation to the development of the sporophytes on day 64, the
hypothesis is rejected only for the population of Skyring
Sound.

Temperature and salinity changes were key factors for
the populations of M. pyrifera present in the Magallanes
region because, in some populations, temperature and sa-
linity changes could affect the development of their repro-
ductive cycle, restricting spore germination (i.e.,
Possession Bay); in other populations, depending on their
current reproductive phase, this could be advantageous,
allowing higher percentages of germination (i.e., Skyring
Sound). This information is of great importance in the
management of gametophytes of M. pyri fera in
Magallanes, considering future projects that facilitate the
cultivation and restoration of populations exposed to dif-
ferent environmental conditions and where collections,
references, or a germplasm bank are of great need in a
global warming scenario.

We observed that the percentages of germination in the
populations of M. pyrifera vary depending on the locality
and the abiotic conditions of where they originate.
Nevertheless, according to the results, we can conclude that
the percentage differences are compensated for due to the
regulation of the sex ratios in female and male gametophytes,
and because they trigger reproduction strategies such as the
vegetative growth of gametophytes and the production of ga-
metophytes with multiple oogonia until they are under ade-
quate environmental conditions.

To study the development of the microscopic phase of
the kelp M. pyrifera present in sites with contrasting
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environmental heterogeneity in the Magallanes region,
knowing the response of these populations living in cold
waters to environmental stressors, such as temperature
increases or salinity changes, is critical. Macrocystis
pyrifera is a key species in marine ecosystems present in
Magallanes; thus, this type of study is beneficial in devel-
oping management plans to facilitate the commercial cul-
tivation of the species because it provides data that per-
mits the modification of the duration of the development
phases and optimizes sporophyte production. On the other
hand, it allows the literature to obtain relevant information
about temperature increases and salinity variations, cur-
rently two key stressors in the sub-Antarctic Magallanes
region.
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