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These extensive kelps forest are among the most productive and diverse habitats

on the planet, playing an important ecological role in marine ecosystems. These

habitats have been affected by anthropogenic factors worldwide and directly by

environmental variations resulting from climate change. The Magellan ecoregion

has the southernmost kelp forests in the world, dominated by the species

Macrocystis pyrifera. This species presents high ecophysiological plasticity

being able to inhabit heterogeneous environments, characteristic of the fjord

and channel systems of the region, and has high ecological, sociocultural, and

economic importance for local coastal communities. To understand the

ecophysiological acclimation strategies of M. pyrifera, samples from different

blades were collected at different depths at four locations in the Magellan

Ecoregion: Possession Bay, Skyring Sound, Otway Sound, and Puerto del

Hambre seasonally. Abiotic measurements (salinity, temperature, and PAR

light) were carried out for each location sampled. Measurements of

photosynthetic parameters, Fv/Fm, rETRmax, Ek and a; pigment analysis of Chl

a, Chl c, and fucoxanthin; and fecundity analysis of the sporophylls of each

population studied were carried out on the M. pyrifera sporophytes. Significant

differences were observed between seasons, locality, and depth of blades. Each

population generally showed different photoacclimation processes, depending

on the local conditions such as salinity values and probably tidal cycles. This is

reflected in the photosynthetic, pigment, and fecundity values obtained during

this study. The higher Fv/Fm values in all populations during the winter and

autumn seasons and the differences in Chl c and fucoxanthin concentration

during the winter period in Otway Sound and Puerto del Hambre population

suggest the marked seasonal acclimation of M. pyrifera. In addition, the coastal

environmental heterogeneity observed in the Magellan ecoregion related to
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salinity gradients (Skyring Sound) or wide tidal amplitudes (Possession Bay)

influences the acclimation strategy of each population of M. pyrifera.

Therefore, the characteristics of each population should be considered in

order to promote its sustainability in times of social and climate change.
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Introduction

Kelp forests are to extensive underwater habitats, occurring in

43% of the world’s coastal marine ecoregions (Krumhansl et al.,

2016). These forests are among the most productive and diverse

habitats on the planet (Reed and Brzezinski, 2009; Eger et al., 2022),

playing an important ecological role in marine ecosystems

(Friedlander et al., 2023). These kelps are capable of sequestering

approximately 173 metric tons of atmospheric carbon per year,

contributing to reducing the effects of global climate change in the

oceans (Duarte et al., 2017). Despite their ecological, economic,

cultural, and social importance, macroalga forests have been

decimated by increasing anthropogenic activity in recent decades

worldwide (Steneck et al., 2002). Some of the anthropogenic

activities that stand out are overharvesting for the extraction of

alginates, eutrophication of the oceans, and the effects of global

climate change (e.g., increasing sea level rise, increased ocean

temperatures, increased heat events, more frequent marine

storms, among others) (Byrnes et al., 2011; Smale and Vance,

2015; Smale, 2020), even causing modifications in the food web

within kelp forests (Ling et al., 2009).

Macroalgae have been used in Chile for more than 60 years

mainly in the food, cosmetic, pharmaceutical, and biotechnology

industries (Mansilla and Ávila, 2011). Currently, 13 species of

macroalgae are extracted mainly from natural kelps forest

(97.6%); only 2.4% come from cultivation (Camus et al., 2018;

SERNAPESCA, 2023), to obtain components for human food use,

aquaculture, and agriculture (Buschmann et al., 2008).

SERNAPESCA (2023) describes how artisanal landings of

Macrocystis pyrifera from natural stocks have increased in the last

decade, reaching 42,882 tons in 2020, 45% higher than that

recorded in 2011, making it the species with the second highest

landings in recent years in Chile. Despite efforts to produce biomass

from different culture systems to maintain natural populations

(Westermeier et al., 2006; Vásquez et al., 2014; Westermeier et al.,

2014), the biomass produced in cultivation did not exceed 2 tons in

the latest data for 2019 (SERNAPESCA, 2023).

The Magellan subantarctic ecoregion (MSE) (Rozzi et. al., 2012)

is the largest marine–terrestrial area in the world with sub-Antarctic

environments at these latitudes. This region has a heterogeneous

environment of fjords and channels (Vergara, 2003), formed by

erosion during the Quaternary glaciation process (Clapperton,

1994). Due to its unique environmental heterogeneity, the
02
Magellan ecoregion harbors a great diversity of marine

ecosystems, dominated by extensive underwater kelp forests that

have not yet been affected by anthropogenic activities (Friedlander

et al., 2020). M. pyrifera kelp forests in the Magellan ecoregion are

among the most pristine ecosystems in the world, which is why

today they are considered true sentinels of climate change.

The extensive kelp forests of M. pyrifera inhabit environments

in the Magellan ecoregion that are strongly subjected to

oceanographic factors such as temperature and salinity gradients

(Bahamonde et al., 2022). These changes in salinity and

temperature within the ecoregion can be influenced by glacial

melt and freshwater discharge, generating an estuarine system

with marked vertical and horizontal gradients (Bahamonde et al.,

2022). There are also extreme atmospheric factors: the dominance

of strong winds, rainfall, large input of freshwater from rain and/or

snow (Casiccia et al., 2003), and a marked seasonality with changes

in light intensity (Ojeda et al., 2014; Ojeda et al., 2019). These

atmospheric factors directly affect the photosynthetic performance

of macroalgae (Hurd et al., 2014). These factors affect the internal

processes of macroalgae and the growth and reproductive cycles

(Falkowski and LaRoche, 1991), which may have an impact on the

survival of natural populations.

Furthermore, this region is vulnerable to climate change

(Mansilla et al., 2012; Wernberg et al., 2018; Qiu et al., 2019), as

isM. pyrifera (Mansilla et al., 2012) kelp forest. Climate change and

the environmental variations it causes directly affect M. pyrifera

populations, mainly in its life cycle, photosynthetic capacity,

external morphology, population structure, and size (Rıós et al.,

2007; Marambio et al., 2017; Rodrıǵuez et al., 2019), with direct

implications for the sustainability of southern marine ecosystems

(Hollarsmith et al., 2020; Davis et al., 2022.)

The kelp forest of M. pyrifera that inhabit the Magellan

ecoregion have been studied extensively, including work on

ecology (Adami and Gordillo, 1999; Mansilla et al., 2005; Plana

et al., 2007; Rıós et al., 2007; Rosenfeld et al., 2014; Friedlander et al.,

2023), bioactive compounds such as carotenoids and polyphenols

(Mansilla and Ávila, 2011; Mansilla et al., 2012; Astorga-España and

Mansilla, 2014), remote sensing (Mora-Soto et al., 2020; Mora-Soto

et al., 2021), and reproduction (Palacios and Mansilla, 2003;

Rodrıǵuez et al., 2019; Camus et al., 2021). In an evolutionary

context, it has been shown that M. pyrifera along the Chilean coast

has a low haplotypic diversity but with marked phylogeographic

disjunctions related to the biogeographic breaks of 33°S and 42°S
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(Macaya and Zuccarello, 2010). Therefore, the Magellanic

populations would have been strongly affected by historical events

such as the Last Glacial Maximum (LGM) (Macaya and Zuccarello,

2010). On the other hand, studies in ecophysiology have shown how

M. pyrifera populations have physiological traits that allow them to

respond to different scenarios it has also been observed that there

are populations that have unique traits that allow them to survive

certain environmental conditions (Marambio et al., 2017; Rodrıǵuez

et al., 2019; Ziemann dos Santos et al., 2019; Palacios et al., 2021).

However, these studies have been focused on populations that

inhabit a specific area of the MSE. More recently, a latitudinal

study of thermal tolerance in M. pyrifera populations showed that

individuals from this ecoregion would not be less resistant to heat

compared to populations from Peru and central Chile (Becheler

et al., 2022). Furthermore, these authors conclude that this wide

range of thermal tolerance would support the idea that the

gametophytic phase would be a resistance stage and that

fecundity (proportion of egg cells successfully fertilized) would be

more influenced by geographic origin than by temperature

(Becheler et al., 2022). However, this study focused mainly on

evaluating the effect of temperature on a regional scale and did not

consider other variables such as salinity variations and seasonal

changes, which are very characteristic of the Magellan ecoregion.
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Therefore, in the context of climate change and the future

management of this species, it is very relevant to study how

ecophysiological and reproductive processes vary between natural

kelp forests and how the marked seasonality present in the

ecoregion may influence the internal processes of the species.

The aim of this study is to obtain an approximation to the

understanding of the seasonal ecophysiological and reproductive

behavior of Macrocystis pyrifera in natural grasslands inhabiting

heterogeneous environments, to contribute to a better understanding

of the acclimatiz ation and adaptation capacity of this species to

anthropogenic and climate change effects at high latitudes.
Materials and methods

Sampling sites

Samples of the brown seaweed M. pyrifera were collected

seasonally (spring, summer, autumn, and winter) during 2014–

2015 by scuba diving. The collection of material was carried out in

four localities of the sub-Antarctic region of Magallanes (Figure 1):

Possession Bay (52°19′54.68 ″S, 69°28′44.57 ″W) (Figure 1), Skyring

Sound (52°33′39.89 ″S, 71°44′3.36 ″W) (Figure 1), Otway Sound (53°
A B C

FIGURE 1

Populations of M. pyrifera studied during this study in the Magellan ecoregion are indicated by the abbreviations: (PB) Possession Bay, (SS) Skyring
Sound, (OS) Otway Sound, and (PH) Puerto del Hambre. The position of M. pyrifera sporophytes in their natural environments, are shown in capital
letters: (A) M. pyrifera positioned vertically in Otway Sound, Puerto del Hambre and high tide in Possession Bay; (B) semi-vertical position in
population of Skyring Sound; and (C) horizontal position at low tide in Possession Bay.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1222178
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Marambio et al. 10.3389/fmars.2023.1222178
8′54.20 ″S, 71°30′36.80 ″W) (Figure 1), and Puerto del Hambre (53°

36′51.32 ″S, 70°55′42.32 ″W) (Figure 1). Photosynthetic and pigment

data for Puerto del Hambre population were reused from the

publication Marambio et al. (2017).
Characteristic of the sampling sites

Skyring Sound and Otway Sound were proglaciar lakes, which

went through a marine transgression during the deglaciation event

some 14,000 years ago (Kilian et al., 2013). This event allowed entry

of oceanic waters, rendering themmarine fjords. Skyring Sound has a

longitude of approximately 100 km, whereas Otway Sound extends

some 151 km fromWest to East (Kilian et al., 2013). Both these fjords

possess a predominantly rocky substrate composed of round pebbles,

although some rocky platforms can also be found in Otway Sound

(Kilian et al., 2013). The two fjords are connected via the Fitz-Roy

Channel. Concomitantly, Skyring Sound is connected in the west

with strait of Magallanes via the Gajardo Channel, whereas Otway

Sound is connected in the east through the Jeronimo Channel

(Valdenegro and Silva, 2003). The topography of Skyring Sound

oceanic floor restricts the entry of oceanic waters (Pinilla et al., 2013).

A constant salinity of approximately 15–20 psu can be found

throughout the entire fjord’s water column (Pinilla et al., 2021).

Nonetheless, salinity values remain stable at the surface in the

external areas of the fjords but increase at lower depths, exceeding

30.0 psu (Pinilla et al., 2021). The sea surface temperature has a mean

of 7.3°C (Pinilla et al., 2021). Meanwhile, mean salinity and

temperature values in Otway Sound are found to be 30.1 psu and

7.4°C, respectively, due to the stronger oceanic association with

Jeronimo Channel (Valdenegro and Silva, 2003).

Meanwhile, Possession Bay is located in the Eastern micro-basin of

Magellan’s strait and is highly influenced by waters from the Atlantic

Ocean (Antezana et al., 1992). This region’s seabed is characterized by

its softness, with a few rocky fragments and small round-shaped pebbles

(Aldea and Rosenfeld, 2011). The wide tidal range, reaching a

maximum of 9 m, exposes horizontally M. pyrifera populations found

in the subtidal region (Mora-Soto et al., 2020). There is little variation in

salinity and temperature in the oceanic easternmicro-basin, withmeans

of 32.5 psu and 5.8°C, respectively (Valdenegro and Silva, 2003). Finally,

Puerto del Hambre area is located in the central micro-basin of

Magellan’s strait and is distinguished by the presence of large rocky

platforms (Rosenfeld et al., 2018). This central micro-basin is composed

of estuarine waters as a result of the mixing of subantarctic currents

from the Pacific Ocean and freshwater from the Western micro-basin

(Valdenegro and Silva, 2003). The entirety of its water column is

constituted of estuarine and saline water, with mean salinity and

temperature values of 30.8 psu and 7.0°C (Valdenegro and Silva, 2003).
Sample collection

Vegetative blades were randomly extracted from (n=7) M.

pyrifera sporophytes (sporophytes). A basal, mid-thallus, and

apical frond was removed from each plant following the

methodology of Marambio et al. (2017); the samples were
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collected seasonally (spring, summer, autumn, and winter).

Reproductive blades or sporophylls of M. pyrifera were also

collected at all sampling locations during the winter season (n=7).

Three sporophylls were collected from each plant sampled. This

stratification of the seaweed was carried out because this species can

reach great length, up to 30 m (Plana et al., 2007). However, in this

study, we worked with young sporophytes of 2.5–3 m length.
Environmental parameter measurements

The environmental parameters (temperature and salinity) were

recorded using a multi-parameter YSI model 556 MPS. For each

location, measurements were taken at the surface (0m) and at the

bottom (3m). Eight measurements were made at each depth and

sampling location during the summer and winter. PAR light

measurements were performed using a PMA 2200 photometer

radiometer (Solar Light) PAR sensor in the surface.
Photosynthetic performance

Photosynthetic measurements were performed in situ on

vegetative and sporophyll blades; the optimum quantum yield of

photosystem II (Fv/Fm) in M. pyrifera was measured in vivo after

15 min of dark adaption. Subsequently, photosynthesis–irradiance

(P–E) curves were recorded up to an actinic light of 0–2,950 µmol

photons m−2 s−1. We estimated the photosynthetic parameters as

the maximum relative transport rate using the P–E curve

(rETRmax), saturation irradiance (Ek), and photosynthetic

efficiency (a, initial linear slope). The P–E curves were fitted to

the equation of Platt et al. (1980) using KaleidaGraph version 4.5.4

(Synergy Software, Reading, PA, USA). All measurements were

carried out with an amplitude-modulated chlorophyll fluorometer

(Diving-PAM, Heinz Walz GmbH, Effeltrich, Germany).
Pigment concentrations

Pigment concentrations analysis of M. pyrifera was carried out

following the methodology of Mansilla et al. (2016) and Marambio

et al. (2017) for brown algae. A total of 0.125 g dry weight (DW) per

sample was incubated in 1mL of ≥99% dimethyl sulfoxide (DMSO) for

15 min. Subsequently, the main and accessory pigments were extracted

using DMSO. Subsequently, spectrophotometry (Genesys UV) at room

temperature was used to measure chlorophyll a (Chl a), chlorophyll c

(Chl c), and fucoxanthin (Fucox). The absorbance at 750.0 nm was

used as a correction factor for scattered light. For the quantification of

Chl a, Chl c, and Fucox, the methodology and equations of Seely et al.

(1972) were used; results were expressed in mg g−1 DW.
Reproductive potential

The sporophylls ofM. pyriferawere stored in a cooler in the dark,

with seawater at low temperature (<10°C), and were transported to
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the laboratory on the same day of collection, following the

methodology of Rodrıǵuez et al. (2019). The area of coverage and

position of the sporangial sorus of the collected sporophylls was

calculated by digital photography, using Acrobat Reader DC Version

2015 software. Spore release was performed using the method

proposed by Ávila et al. (2010), in 0.45-mm-filtered seawater and

Provasoli culture medium, under temperature conditions of 8°C,

irradiance of 40 mmol photon m−2 s−1. Spore density was calculated

using an OLYMPUS CX31 optical microscope and a Sedgewick

Rafter Cell s50 camera, estimating the number of spores contained

in 1 mL, measuring (n=15) for each site.
Statistical analysis

To evaluate the effect of the independent variables, which for this

study are the temporal, spatial, bathymetric, and fecundity variability

in the photosynthetic performance and pigment composition

(dependent variables) of M. pyrifera, a multifactorial analysis was

performed with Generalized Linear Models (GLM) using the R 4.1.0

statistical software and the “MASS” and “emmeans” packages (R

Core Team, 2017). All ecophysiological variables were fitted to a

Gamma distribution (Marambio et al., 2022). A comparison was

made between vegetative basal blades and sporophylls to evaluate the

variability between reproductive stages during winter. The first

complete model included three factors: season (fixed, four levels),

location (fixed, four levels), and depth (fixed, three levels), all crossed.

The second model included two factors: location (fixed, four levels)

and phenological stage (fixed, two levels), all crossed. Subsequently,

we performed an analysis of deviance and Tukey’s post-hoc test for

pairwise comparisons (e.g., Betancourtt et al., 2018).

To evaluate the differences in reproductive effort, sorus coverage

and position, and spore density in sporophylls blades, data were

analyzed using a Kruskal–Wallis non-parametric test for multiple

comparisons of independent groups. Reproductive statistical
Frontiers in Marine Science 05
analyses were performed using STATISTICA 7.1 software, using a

95% confidence interval (p ≤ 0.05).
Results

Environmental parameters

The abiotic factors temperature (°C) and PAR µmol photons m−2

s−1 light varied between seasons (winter and summer). It should be

noted that photoperiods are also different depending on the season

analyzed. Salinity and dissolved O2 (mg/L) varied among locations

(Table 1). Skyring Sound had the lowest values of salinity with respect

to Possession Bay and Puerto del Hambre that presented high values

(Table 1). M. pyrifera kelp forest in the Magellan ecoregion showed

differences in the position of the sporophytes (Figures 1A–C) among

the studied localities. Sporophytes in vertical position (Figure 1A) were

observed in the kelp forest of Puerto del Hambre, Otway Sound, and

Possession Bay, the last at high tide. Sporophytes in semi-vertical

position (Figure 1B) were observed in the Skyring Sound kelp forest,

while sporophytes in horizontal position (Figure 1C) were recorded in

the Possession Bay kelp forest at low tide.
Photosynthetic performance in
vegetative blades

The ecophysiological differences between locations were found to be

significant between the Possession Bay and Skyring Sound populations

during winter (p ≤ 0.05, Figure 2; Supplementary Tables S1–S5).

Differences in plant stratification were observed among the

studied M. pyrifera populations. In Possession Bay, the apical

blades exhibited a decrease in Fv/Fm during winter, while the basal

blades tended to increase their value (Figure 2; Supplementary Table

S1). Conversely, during spring in Possession Bay, the apical blades
TABLE 1 Data on abiotic variables measured in the four populations of Macrocystis pyrifera studied.

Abiotic
Parameter Variable Possession Bay Skyring Sound

Otway
Sound Puerto del Hambre

Salinity (psu) 30.56 (± 1.18) 16.87 (± 0.23) 25.00 (± 0.05) 32.69 (± 0.96)

Depth (m) 1.25 (± 0.46) 2.37 (± 0.51) 3.75 (± 0.46) 2.12 (± 0.64)

Dissolved O2 (mg/L) 11.54 (± 0.74) 10.99 (± 0.13) 10.36 (± 0.73) 10.57 (± 1.44)

Temperature (°C) Summer 9.96 (± 0.58) 8.75 (± 0,91) 7.51 (± 0.67) 7.16 (± 0.56)

Winter 6.77 (± 0.56) 4.31 (± 0,29) 4.97 (± 0.04) 5.61 (± 0.3)

PAR (µmol photons m−2s−1) Summer 237.83 (± 42.84) 278.25 (± 102.60) 716.25 (± 324.75) 816.4 (± 429.0)

Winter 554.38 (± 43.13) 102.70 (± 11.70) 97.63 (± 4.20) 523.03 (± 56.71)

Summer Photoperiod Light (h) 14 14 14 14

Dark (h) 6 6 6 6

Winter Photoperiod Light (h) 8 8 8 8

Dark (h) 12 12 12 12
The data shown, temperature (°C) and PAR light µmol photons m−2 s−1) are from summer and winter. Salinity (psu) and dissolved O2 (mg/L), (n=8) at each sampling location.
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displayed a higher Fv/Fm value compared to the basal blades.

Significant differences (p ≤ 0.05) were found between blades in

both spring and summer in Skyring Sound, with a decrease in Fv/

Fm values observed in the middle blades. This resulted in significant

differences (p ≤ 0.05) between the middle blades and the apical and

basal blades (Figure 2; Supplementary Table S1). The middle blades

of the Otway Sound population exhibited low Fv/Fm values, while the

basal blades displayed higher values during spring differentiated

significantly from Seno Skyring and Possession Bay (p ≤ 0.05,

Figure 2; Supplementary Table S2). A significant difference (p ≤

0.05) was observed between the middle and basal blades of the Otway

Sound population (Figure 2). In the Puerto del Hambre population,

the basal frond values showed an increase in spring, leading to

significant differences (p ≤ 0.05) between the blades (Figure 2).

Significant seasonal differences (p≤ 0.05, Figure 3; Supplementary

Table S1) were observed in the Ek parameter of M. pyrifera

(Supplementary Table S3). Puerto del Hambre population presented

high Ek values across all analyzed seasons, resulting in significant

differences from the other populations (p≤ 0.05, Supplementary Table

S3). Similarly, Possession Bay population showed high Ek values during

winter and spring. These elevated Ek values in Possession Bay led to

significant differences compared to the other analyzed populations (p≤

0.05, Figure 3; Supplementary Table S3). In Possession Bay, there was

an increase in Ek values during the winter and spring seasons.

Specifically, during spring, the middle fronds exhibited the highest

Ek value, which significantly differed (p≤ 0.05) from both the apical and

basal blades (Figure 3; Supplementary Table S1). On the other hand,

Skyring Sound did not exhibit significant differences between blades

(p≤ 0.05, Figure 3) during the winter, autumn, and summer seasons.
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However, in spring, a low Ek value was observed in the apical blades,

while the middle blades showed an increase in Ek, resulting in a

significant difference (p≤ 0.05, Figure 3). The Otway Sound population

did not show a significant difference in blade types during the winter

and autumn seasons. However, the apical blades exhibited a low Ek

value in spring, which increased significantly during the summer (p≤

0.05, Figure 3; Supplementary Table S3).

The spring season exhibited the greatest variability in the

photosynthetic efficiency a response between the frond types of

Skyring Sound and Otway Sound (Supplementary Figure S1).

Furthermore, differences were observed between apical blades and

the other blade types, with significant differences observed in autumn

and spring (Supplementary Figure S1; Supplementary Tables S1, S4). In

Puerto del Hambre population, there were significant differences in

photosynthetic efficiency between the apical blades and the middle and

basal blades (Supplementary Figure 1; Supplementary Table 1). The

rETRmax followed a similar trend to Ek, where the Possession Bay

population exhibited the highest values during winter and spring

(Supplementary Figure S2; Supplementary Table S5).
Photosynthetic performance in
sporophyll blades

During winter, the Fv/Fm values in the basal blades and sporophylls

of M. pyrifera exhibited the following patterns: Possession Bay

displayed lower values compared to the other populations, resulting

in significant differences between Possession Bay and Skyring Sound

and Puerto del Hambre populations (p≤ 0.05, Figure 4A;
FIGURE 2

Mean ± SD for Fv/Fm (n=7) in vegetative blades of Macrocystis pyrifera. The figure shows the comparison between frond types (apical, middle, and
basal), for each population sampled (Possession Bay, Skyring Sound, Otway Sound, and Puerto del Hambre) seasonally: winter, autumn, spring, and
summer. The horizontal line with arrows indicates significant differences between kinds of blades. ***p<0.001, **p<0.01, *p<0.05.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1222178
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Marambio et al. 10.3389/fmars.2023.1222178
Supplementary Table 3). Regarding the blade types, it was observed

that in all sampled localities, the basal blades of M. pyrifera tended to

have higher Fv/Fm values compared to the sporophyll blades. However,

this difference did not generate significant differences between basal

and sporophyll blades in any population (Figure 4A).

Possession Bay exhibited high Ek values, resulting in significant

differences compared to other localities (p≤ 0.05, Figure 4B).

Sporophylls tended to have higher Ek values compared to other

frond types, but significant differences were observed only in Otway

Sound. A similar trend was observed in the comparison of basal

blades between localities (Figure 4B; Supplementary Table S3).

The photosynthetic efficiency a demonstrated significant

differences between locations (p≤ 0.05; Supplementary Table S4

and Supplementary Figure S3A), with increased values in the basal

blades and sporophylls) of Skyring Sound. The rETRmax also

exhibited a similar pattern to Ek, with increased values in the

Possession Bay population for basal vegetative and sporophyll

blades (Supplementary Table S5; Supplementary Figure S3B).

Differences among different frond types were observed in

Possession Bay and Otway Sound (Supplementary Figure S3B).
Pigment concentrations in
vegetative blades

The pigment concentrations of M. pyrifera exhibited seasonal

variations (Table 2; Supplementary Table S6). Chl a had higher

concentration compared to Chl c and Fucox. Chl a displayed

seasonal variation in all populations, characterized by a decrease in

concentration during winter. Significant differences were observed
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between seasons (p≤ 0.05, Table 2; Supplementary Table S6). Chl c

concentration increased in autumn, resulting in significant differences

between autumn and the other seasons (p≤ 0.05, Table 2;

Supplementary Table S2). Fucox concentration tended to decrease

during winter in Possession Bay and Puerto del Hambre, leading to

significant differences with the other seasons (p≤ 0.05, Table 2;

Supplementary Table S6). On the other hand, in Skyring Sound,

there was an increase in Fucox concentration during winter,

generating significant differences (p≤ 0.05, Table 2; Supplementary

Table S6) compared to the other seasons.

The concentration of Chl a exhibited significant difference between

populations (p≤ 0.05, Table 2; Supplementary Table S6). Skyring Sound

displayed low Chl a value, while Puerto del Hambre exhibited high

values. Both populations showed significant differences compared to

the other populations (p≤ 0.05, Table 2; Supplementary Table S6). The

lowest Chl c values were found in Skyring Sound, resulting in

significant differences (p≤ 0.05, Table 2; Supplementary Table S6)

compared to the other populations (Table 2; Supplementary Table S6).

The concentration of Fucox tended to be lower in Skyring Sound and

Possession Bay, while it was higher in Otway Sound and Puerto del

Hambre, generating significant differences between populations (p≤

0.05, Table 2; Supplementary Table S6).

A more specific analysis of photosynthetic pigments in the blade’s

stratification of M. pyrifera (Table 2) revealed the following

observations: for Chl a, the concentration in different blades types of

the Possession Bay population remained unchanged. However,

variations in Chl a concentration were observed among the blade’s

types of Skyring Sound, Otway Sound, and Puerto del Hambre

populations. The apical and basal blades types showed significant

differences compared to the other blades types (p≤ 0.05, Table 2;
FIGURE 3

Mean ± SD for Ek (n=7) in vegetative blades of Macrocystis pyrifera. The figure shows the comparison between frond types (apical, middle, and
basal), for each population sampled (Possession Bay, Skyring Sound, Otway Sound, and Puerto del Hambre) seasonally: winter, autumn, spring, and
summer. The horizontal line with arrows indicates significant differences between kinds of blades. ***p<0.001, ** p<0.01, * p<0.05.
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Supplementary Table S6). In the case of Chl c, there were no variations

between the different blade’s types in the Possession Bay population.

However, the basal and middle blades types of Puerto del Hambre

population showed variations compared to the apical blades type.

Additionally, significant differences were observed only between the

basal blades type and the middle and apical in Skyring Sound during

autumn (p≤ 0.05, Table 2; Supplementary Table S6). Regarding Fucox,

there were no significant differences between the blade’s types in

Possession Bay and Puerto del Hambre populations. However,

significant differences (p≤ 0.05) were observed between the basal

blade type and the middle and apical blades types in both Skyring
Frontiers in Marine Science 08
Sound and Otway Sound populations (Table 2; Supplementary

Table S6).
Pigment concentrations in
sporophyll blades

Pigment concentration in basal blades and sporophylls ofM. pyrifera

in winter showed the following: Chl a showed no significant differences

(p≤ 0.05, Table 3; Supplementary Table S6) between localities, while it

did show differences between basal blades and sporophylls in Skyring
B

A

FIGURE 4

Mean±SD for Fv/Fm and Ek (n=7) in basal and sporophyll blades of Macrocystis pyrifera. The figure shows the comparison for each population
sampled (Possesion Bay, Skyring Sound, Otway Sound, and Puerto del Hambre) in winter. (A) parameter optimum quantum yield - Fv/Fm, and
(B) parameter saturation point -Ek. The horizontal line with arrows indicates significant differences between kinds of blades. *p<0.05.
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TABLE 2 Concentration of main pigments [mg g−1 dry weight (DW)] of Macrocystis pyrifera: Chlorophyll a (Chl a), Chlorophyll c (Chl c), Fucoxanthin
(Fucox), Locality (Loc), Possession Bay (PB), Skyring Sound (SS), Otway Sound (OS), Puerto del Hambre (PH), Season (S) and Frond (F).

Chl a Chl c Fucox

Significance Significance Significance

Loc S F mg g−1 DW F Season Loc mg g−1 DW F S Loc mg g−1 DW F S Loc

SS Spring Apical 0.09( ± 0.03) a 0.02( ± 0.00) a 0.05( ± 0.01) a

Middle 0.07( ± 0.03) a a 0.02( ± 0.02) a a 0.04( ± 0.01) a a

Basal 0.10( ± 0.04) a 0.02( ± 0.01) a 0.06( ± 0.02) a

Summer Apical 0.12( ± 0.01) a 0.05( ± 0.04) a 0.05( ± 0.04) a

Middle 0.05( ± 0.03) b a 0.02( ± 0.01) a a 0.02( ± 0.01) a a

Basal 0.10( ± 0.08) a A 0.06( ± 0.07) a A 0.04( ± 0.03) a A

Autumn Apical 0.33( ± 0.01) a 0.22( ± 0.09) a 0.13( ± 0.03) a

Middle 0.29( ± 0.04) a b 0.18( ± 0.07) a b 0.12( ± 0.05) a b

Basal 0.27( ± 0.06) a 0.09( ± 0.04) b 0.15( ± 0.04) a

Winter Apical 0.06( ± 0.03) a 0.07( ± 0.03) a 0.13( ± 0.05) a

Middle 0.06( ± 0.02) a c 0.08( ± 0.02) a a 0.14( ± 0.04) a b

Basal 0.02( ± 0.00) b 0.04( ± 0.01) a 0.07( ± 0.00) b

OS Spring Apical 0.31( ± 0.02) a 0.07( ± 0.03) a 0.13( ± 0.04) a

Middle 0.27( ± 0.04) a a 0.05( ± 0.02) a a 0.15( ± 0.03) a a

Basal 0.23( ± 0.04) a 0.04( ± 0.02) a 0.04( ± 0.03) b

Summer Apical 0.32( ± 0.03) a 0.24( ± 0.06) a 0.12( ± 0.05) a

Middle 0.25( ± 0.05) a a 0.07( ± 0.01) b b 0.16( ± 0.02) a a B

Basal 0.05( ± 0.02) b B 0.04( ± 0.03) b B 0.06( ± 0.03) b

Autumn Apical 0.32( ± 0.02) a 0.20( ± 0.05) a 0.15( ± 0.03) a

Middle 0.33( ± 0.01) a a 0.19( ± 0.05) a b 0.15( ± 0.03) a a

Basal 0.16( ± 0.02) b 0.04( ± 0.01) b 0.07( ± 0.01) b

Winter Apical 0.14( ± 0.03) a 0.03( ± 0.01) a 0.08( ± 0.02) a

Middle 0.26( ± 0.04) b b 0.10( ± 0.04) a a 0.16( ± 0.03) b a

Basal 0.03( ± 0.03) c 0.02( ± 0.02) a 0.06( ± 0.03) a

PB Spring Apical 0.27( ± 0.06) a 0.10( ± 0.07) a 0.11( ± 0.04) a

Middle 0.32( ± 0.02) a a 0.11( ± 0.06) a a 0.13( ± 0.02) a a

Basal 0.30( ± 0.04) a 0.11( ± 0.05) a 0.13( ± 0.02) a

Summer Apical 0.18( ± 0.08) a 0.05( ± 0.07) a 0.07( ± 0.03) a

Middle 0.19( ± 0.08) a b 0.09( ± 0.08) a a 0.09( ± 0.04) a b

Basal 0.18( ± 0.07) a B 0.06( ± 0.04) a B 0.09( ± 0.03) a A

Autumn Apical 0.33( ± 0.02) a 0.42( ± 0.07) a 0.10( ± 0.06) a

Middle 0.33( ± 0.02) a a 0.32( ± 0.18) a b 0.12( ± 0.05) a a

Basal 0.30( ± 0.06) a 0.22( ± 0.09) a 0.11( ± 0.04) a

Winter Apical 0.16( ± 0.06) a 0.03( ± 0.01) a 0.07( ± 0.02) a

Middle 0.12( ± 0.04) a c 0.03( ± 0.01) a a 0.07( ± 0.02) a b

Basal 0.10( ± 0.02) a 0.02( ± 0.01) a 0.05( ± 0.02) a

(Continued)
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Sound. Chl c showed a high value in the sporophylls of Otway Sound,

which generated significant differences (p≤ 0.05, Table 3; Supplementary

Table S6) between localities. The concentration of Chl c did not show

significant differences between blades. The concentration of Fucox was

low in sporophylls of Possession Bay, which generated significant

differences between localities. However, no significant differences were

observed for Fucox (Table 3; Supplementary Table S6).
Sorus position, coverage, and spore density
in sporophylls blades

In the Skyring Sound, Otway Sound, and Puerto del Hambre,

over 60% of the sporophylls analyzed exhibited a distribution of sori
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in the central zone of the blade (Figure 5). On the other hand, in

Puerto del Hambre, approximately 75% of the blades analyzed

showed a distribution of sori in the apical zone.

Skyring Sound had the lowest percentage of sorus coverage

(11%) in the sporophylls, while Otway Sound had the highest

percentage (37%); this difference was significant (p≤ 0.05;

Figure 5). Possession Bay had a sorus cover percentage of 29% (p

=0.019), while in Puerto del Hambre it was 20% (p =0.007).

Spore density was highest at Possession Bay (236.733 ± 13.716

zoospores/mL) and lowest at Skyring Sound (75.933 ± 3.499

zoospores/mL). Significant differences were observed between

Skyring Sound and Otway Sound (p =0.00009), Skyring Sound

and Possession Bay (p ≤0.05), and Possession Bay and Puerto del

Hambre (p ≤0.05; Figure 5; Supplementary Table S7).
TABLE 3 Concentrations of main pigments [mg g−1 dry weight (DW)] of sporophylls of Macrocystis pyrifera: Chlorophyll a (Chl a), Chlorophyll c (Chl
c), Fucoxanthin (Fucox), Locality (Loc), Possession Bay (PB), Skyring Sound (SS), Otway Sound (OS), Puerto del Hambre (PH), and Frond (F).

Chl a Chl c Fucox

Significance Significance Significance

Loc F mg g−1 DW F Loc mg g−1 DW F Loc mg g−1 DW F Loc

PB Basal 0.10( ± 0.02) a A 0.02( ± 0.01) a A 0.05( ± 0.01) A A

Sporophyll 0.08( ± 0.03) a 0.01( ± 0.00) a 0.03( ± 0.01) A

SS Basal 0.02( ± 0.00) a A 0.04( ± 0.01) a A 0.07( ± 0.01) A B

Sporophyll 0.19( ± 0.09) b 0.03( ± 0.02) a 0.07( ± 0.03) A

OS Basal 0.07( ± 0.11) a A 0.05( ± 0.05) a B 0.09( ± 0.04) A B

Sporophyll 0.11( ± 0.07) a 0.11( ± 0.09) a 0.05( ± 0.04) A

PH Basal 0.11( ± 0.06) a A 0.02( ± 0.01) a A 0.05( ± 0.02) A B

Sporophyll 0.13( ± 0.08) a 0.03( ± 0.01) a 0.06( ± 0.02) A
frontiersi
Values are means ± SD (n=7). For each parameter (F and Loc), statistically significant differences are marked by different letters (significance between blades: lower case letter; significance
between localities: capital letter).
TABLE 2 Continued

Chl a Chl c Fucox

Significance Significance Significance

PH Spring Apical 0.33( ± 0.03) a 0.15( ± 0.02) a 0.14( ± 0.02) a

Middle 0.24( ± 0.03) b a 0.05( ± 0.02) b a 0.17( ± 0.03) a a

Basal 0.28( ± 0.04) b 0.06( ± 0.03) b 0.16( ± 0.02) a

Summer Apical 0.33( ± 0.02) a 0.21( ± 0.06) a 0.15( ± 0.03) a

Middle 0.24( ± 0.06) b a 0.07( ± 0.02) b a 0.14( ± 0.03) a a

Basal 0.29( ± 0.04) b C 0.06( ± 0.02) b B 0.16( ± 0.02) a B

Autumn Apical 0.32( ± 0.02) a 0.18( ± 0.04) a 0.15( ± 0.01) a

Middle 0.31( ± 0.04) a a 0.22( ± 0.04) a b 0.17( ± 0.02) a a

Basal 0.30( ± 0.03) a 0.16( ± 0.03) a 0.16( ± 0.02) a

Winter Apical 0.21( ± 0.05) a 0.03( ± 0.01) a 0.05( ± 0.02) a

Middle 0.25( ± 0.04) a b 0.04( ± 0.02) a c 0.07( ± 0.03) a b

Basal 0.17( ± 0.03) b 0.02( ± 0.01) a 0.06( ± 0.02) a
Values are means ± SD (n=7). For each parameter (F, S, and Loc), statistically significant differences are marked by different letters (significance between blades: lower case letter; significance
between seasons: lower case italics; significance between localities: capital letter).
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Discussion

Unlike other kelp species around the world, such as Laminaria

solidungula, Saccharina latissima, and Alaria esculenta in the

Canadian Arctic, which rely on both the rigidity of their stipes

and currents to maintain an upright position and capture light

(Bluhm et al., 2022), M. pyrifera stands out for its fronds

incorporating aerocysts or pneumatocysts in their morphological

structure. These gas-filled aerocysts allow the kelp to float and

remain in a vertical position for light capture (Salavarrıá et al.,

2014). However, populations in the Magallanes ecoregion exhibit

differences in the position of the sporophyte plants observed in situ.

Three different types of positions were observed in the four

populations sampled: two related to the buoyancy of the

pneumatocysts and one associated with tidal amplitude. The first

type is the vertical position, where the canopy ofM. pyrifera floats at

0 m, exposed to the air; this type of kelp forest was observed in

Otway Sound and Puerto del Hambre. This has been previously

reported for the population in Puerto del Hambre (Marambio et al.,

2017). The second type is the semi-vertical position, where the

canopy of M. pyrifera does not float at 0 m, remaining submerged

without reaching the surface; this type of kelp forest was observed in

Skyring Sound, without being previously documented. The third

type is the horizontal position, where M. pyrifera populations

during low tide periods remain completely settled on the rocky

seabed. This type of kelp forest was observed in Possession Bay,

previously described by Aldea and Rosenfeld et al. (2011). Thus far,

the effect of algae position related to its buoyancy capacity has not

been evaluated in theseM. pyrifera populations. Nevertheless, it has

been observed in other kelp species that buoyancy is influenced by

various factors, such as the hydrostatic pressure gradient,

pneumatocyst volume, seawater density, and depth (Liggan and

Martone, 2018; Liggan and Martone, 2020). Liggan and Martone

et al. (2018) demonstrated that under environmental stress
Frontiers in Marine Science 11
conditions (e.g., changes in seawater density and depth), the cells

of the pneumatocyst wall in bull kelp Nereocystis luetkeana produce

more gas to maintain internal pressure and, thus, buoyancy.

However, this may have physiological consequences for the algae,

as it increases energy expenditure and hampers growth (Liggan and

Martone, 2020). It is likely that similar mechanisms regulate the

buoyancy of M. pyrifera aerocysts in environmentally stressed

conditions in the Magallanes ecoregion, such as in populations in

Skyring Sound and sites influenced by glaciers, affecting their

ecophysiological capacity.

These results from in situ observation are key to understanding

the ecophysiological ranges of this species, and the acclimatization

strategies depending on the habitat they inhabit. The M. pyrifera

populations of Puerto del Hambre and Otway Sound showed

similar levels of Fv/Fm during this study. These two populations

have an upright meadow type, which means that only the apical

blades are exposed to environmental variables at 0 m. Possibly due

to the type of position of the Puerto del Hambre population, a

stratified photosynthetic efficiency was recorded in autumn and

summer where the apical frond showed high a values, but both

populations showed an increase in Fv/Fm values in the basal blades

during spring. This kind of stratification variation is in agreement

with Colombo-Pallotta et al. (2006) for M. pyrifera at different

depths from 0 to 6 m. Ek at Puerto del Hambre only showed

seasonal variations, with high values during autumn and spring,

while the Otway Sound site showed high Ek values in basal blades

during spring and apical blades in summer. The high Ek values

recorded during this study agree with those observed by Koch et al.

(2016), where in warm months Ek values are 286.98 ± 19.06, while

in the cooler season, Ek values decrease to 121.60 ± 18.12. It is worth

noting that a values were low in both populations during winter.

This is related to the low concentration of Chl a recorded in this

season for both populations. Colombo-Pallotta et al. (2006) and

Koch et al. (2016) showed similar trends for a and Chl a, which

demonstrates the high intraspecific variation of M. pyrifera, since

the parameter a behaves as an indicator of photosynthetic

efficiency. Chl a was the pigment with the highest concentration

compared to Chl c and Fucox in M. pyrifera for Puerto del Hambre

and Otway Sound. There were seasonal differences during this study

in the populations of Puerto del Hambre and Otway Sound; low

pigment values of Chl c and Fucox were recorded in winter.

Hallerud (2014) described how in brown algae such as Laminaria

digitata, high irradiance and increased temperature during warmer

seasons generate higher pigment concentration in algal tissue,

calling these variations “seasonal acclimation.” This seasonal

acclimation reduces irradiance uptake and avoids overexcitation

of photosystems and the occurrence of chronic photoinhibition

(Marambio and Bischof, 2021).

Skyring Sound presented a semi-vertical position where the plant

is always covered with water, not reaching the surface. This

population, like those mentioned above, showed high variability in

the warmer seasons for the photosynthetic parameter Fv/Fm between

the apical and middle blades. The increase in Fv/Fm values in the basal

blades of Skyring Sound during spring shows that sporophytes

generate greater photosynthetic activity in deeper blades, possibly

due to the low irradiance reaching the basal blades during this time of
FIGURE 5

The figure shows the percentage of sorus area and the circle
represents the distribution of sori (>65%) in the apical, middle and
basal zones of the sporophylls (n=20 per location), and the
zoospore density in sporophylls of Macrocystis pyrifera, mean and
±1 standard error (n=15 per location). Different letters indicate
statistically significant differences between zoospore density of
sporophylls per population (p≤ 0.05.).
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the year. Edwards and Kim (2010) described how the

photoacclimation of M. pyrifera blades depends on the depth at

which they are located. Ek values in the Skyring Sound are generally

low and do not differ between frond types and may be attributed to a

shade-adapted population as described by Palacios et al. (2021), who

reported Ek values ranging from 75 mmol photon m−2 s−1 to 120–140

mmol photon m−2 s−1, depending on the study site. However, the

spring season showed a different pattern; M. pyrifera sporophytes

achieved an ecophysiological stratification, which is observed not

only in the increase in Ek values in the middle blades but also in the

high values observed in rETRmax in middle and basal blades. a in

Skyring Sound showed an increase during autumn–winter; this

increase in photosynthetic efficiency is supported by the increase in

photosynthetic pigments Chl a, Chl c, and Fucox in the colder

seasons. Kilian et al. (2013) reported that Skyring Sound has a

surface layer of approximately 80 m of low salinity. This surface

layer is interfered by the increase in winds in the area, which occurs

mainly in spring, causing waters with higher salinity to rise from the

bottom (Kilian et al., 2007). This variation in salinity could explain

why during the year M. pyrifera in Skyring Sound needs to generate

more photosynthetic activity to maintain plant regulation. Karsten

(2007) describe how algae synthesize low molecular weight molecules

in response to changes in salinity and rapidly exchange water with the

surrounding medium, balancing the internal osmotic pressure. This

process of internal osmotic regulation may generate a higher energy

expenditure in algal species, which could affect the growth and

development of the sporophyte M. pyrifera in natural populations

such as Skyring sound.

The Possession Bay population shows a mixed type position due

to the large tidal range of the zone. Fv/Fm during this study showed

seasonal variations, in winter and spring, and variation in

photosynthetic activity between frond types was observed in these

seasons. These results are supported by the parameter a, which
decreased in winter and reached maximal values during summer

and autumn. Exposure to low tide can directly influence the

pigment composition and photosynthetic parameters of seagrasses

(Hanelt et al., 1997; Wiencke and Bischof, 2012). The variation in

Fv/Fm and the low a values during this study show that M. pyrifera

is highly sensitive to the high irradiance to which it is exposed

during summer. For this reason,M. pyrifera of Possession Bay is not

able to regulate its internal photosynthetic activity in a stratified

way, but its ecophysiological strategy is to act as a single plant, not

being able to regulate its photosynthetic activity until the winter

season. In winter and spring M. pyrifera showed an increase in

photosynthetic efficiency a and an increase in Ek values, in

agreement with Colombo-Pallotta et al. (2006) and Edwards and

Kim (2010) for kelp forest of the same species. High Ek values in

winter–spring during this study are supported by the increase in

Chl a and Chl c in autumn–spring. These parameters generate

higher photosynthetic efficiency, as described by Koch et al. (2016)

for M. pyrifera—Chl a concentration in summer reached 1.88 ±

0.25 µg mg−1 DW, while in winter, it increased to 2.24 ± 0.36 µg

mg−1 DW. The pigments in seaweeds are highly sensitive to light,

and in the presence of high irradiance, seaweeds are able to regulate

their pigment content and composition, depending on the situation

(Hanelt et al., 2003; Hurd et al., 2014.)
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It is important to mention that our results differ from those of

Becheler et al. (2022); these authors stated thatM. pyrifera does not

show local adaptation to different environments, but rather the

ability to colonize distant and diverse habitats. Probably,M. pyrifera

in terms of thermal tolerance may perform as a more plastic and not

so selective species (Becheler et al., 2022). However, the

ecophysiological pattern detected by Rodrıǵuez et al. (2019) in

four natural populations of M. pyrifera where it was evidenced that

at the end of the reproductive cycle (e.g., spore germination, sex

ratio, gametogenesis), each population has the ability to develop

better depending on its local conditions. In this sense, from a

reproductive and developmental point of view, these results are in

concordance with this study. In addition, they show an important

effect of salinity and temperature on the development of the

different populations (Rodrıǵuez et al., 2019). Therefore, our

results, like Rodrıǵuez et al. (2019), would suggest that M.

pyrifera populations would perform better in their local

conditions and that other variables besides temperature such as

salinity, light regimes, and tidal cycles could play an important role

in the life cycle of each population.

Photosynthetic activity in basal vegetative and sporophyll

blades of M. pyrifera varied between locations sampled.

Sporophylls from Possession Bay had low Fv/Fm values compared

to the other reproductive blades, while Ek of basal vegetative and

reproductive blades was higher compared to the other populations.

This is supported by a decrease in Fucox in sporophylls in

Possession Bay. Fucoxanthin is mainly considered as a protective

and antioxidant agent, actively participating in light stress processes

(PAR and UV light) (Dambeck and Sandmann, 2014), so the

decrease in fucoxanthin and the low values found during this

study are consistent with a mainly photosynthetic activity. The

results presented in this study were measured during winter, a

season of the year with a decrease in irradiance. Hurd et al. (2014)

described how seasonal stress directly influences the ecophysiology

of macroalgae, and therefore, low irradiance in cold seasons directly

influences the increase in some photosynthetic parameters such as

Ek. However, no differences in Fv/Fm and Ek were observed between

basal vegetative and sporophylls blades. This is in agreement with

Ziemann dos Santos et al. (2019), who did not observe

photosynthetic variation between vegetative and sporophyll blades

of M. pyrifera from Puerto del Hambre, Magellan ecoregion.

We did find not differences between basal vegetative and

sporophyll blades of M. pyrifera in photosynthetic efficiency a;
this is not in agreement with the report of Ziemann dos Santos et al.

(2019), who found differences in photosynthetic efficiency between

sporophylls 0.26 ± 0.04 (mmol photons m−2 s−1)−1 and basal

vegetative blades 0.33 ± 0.03 (mmol photons m−2 s−1)−1.

To date, studies focusing on reproductive aspects in populations

of M. pyrifera in sub-Antarctic environments are scarce.

Buschmann et al. (2004); Buschmann et al. (2006) indicated that

M. pyrifera populations in southern Chile develop reproductive

strategies that maintain their survival in the face of changing

environmental conditions. The results obtained in this study

suggest that there are significant differences in the percentage of

sorus area and the number of zoospores released among the

populations studied, possibly associated with the effect of local
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environmental conditions. The lowest and highest values were

obtained at Skyring Sound and Possession Bay, respectively. In

Skyring Sound, low salinity could be an important factor

determining the development and survival of M. pyrifera

populations. Rodrı ́guez et al. (2019) described how these

populations are adapted to grow and develop in conditions of low

salinity, 17 psu. However, acclimation to low salinity is reflected in a

small population size (in situ observation) and a related

reproductive strategy. Neushul and Harger (1985) described how

reproductive performance increases in populations with a low

density of individuals with blades with low spore density.

Fecundity tends to be high in populations with this type of

strategy (Reed, 1987), thus ensuring their survival.

Possession Bay had the highest zoospore release values (236.733

zoospores mL−1), even higher than those reported by Palacios and

Mansilla (2003) for a population present in Tierra del Fuego

(120.000 zoospores mL−1). High values of zoospore concentration

in Possession Bay may be related to the need to release as many

zoospores as possible into the environment. This may be related to

the kind of substrate on which the Possession Bay sporophytes

inhabit, as this locality is mostly composed of soft bottoms and

small rocky patches (Aldea and Rosenfeld, 2011), so the possibility

of finding a suitable substrate for spore attachment could be

decreased. The soft sediments concentrations of 10 mg cm−2 are

sufficient to have an impact on the spore settlement of M. pyrifera

and affect their survival (Devinny and Volse, 1978; Airoldi, 2003;

Geange et al., 2014; Lind and Konar, 2017)

Finally, one of themost relevant results observed in this study is the

acclimatization capacity that the different populations of M. pyrifera

have throughout the four localities analyzed. These localities represent

marked environmental gradients, a characteristic of the MSE. In this

work, we observed populations that tolerate low salinities and

populations that inhabit areas with wide tidal cycles and high

turbidity. These marked environmental differences mean that M.

pyrifera plants present different ecophysiological strategies to

acclimatization to different environments. For example, the high

concentration of accessory pigments presents in some populations

could suggest a strategy to optimize the photosynthetic efficiency ofM.

pyrifera to compensate for the low irradiance resulting from

environmental conditions such as high turbidity generated by sandy

substrates or the semi-vertical position of the plants due to low salinity

(Gómez et al., 1997; Mansilla et al., 2016). In this sense, not only spatial

differences were evidenced among the different populations of M.

pyrifera, but also temporal differences were detected. During one year

of sampling, we observed physiological and biochemical acclimation

strategies depending on the characteristics of each locality. Different

studies show how M. pyrifera is able to have a high degree of

acclimation to environmental variables (Cabello-Pasini et al., 2011;

Marambio et al., 2017; Mora-Soto et al., 2020; Palacios et al., 2021; this

study). An interesting pattern observed in this study is related to

measurements of optimum quantum yield of photosystem II (Fv/Fm)

and the Ek where the variation was mainly seasonally dependent, with

higher values in winter and autumn and the opposite in warm seasons.

This seasonal change could be a relevant physiological trait that M.

pyrifera individuals have to compensate for the low irradiance during

the winter season (Hurd et al., 2014), which could be further enhanced
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by local site conditions (e.g. salinity, turbidity, and tidal cycles) and by

the position of the individuals (e.g. semi-vertical and horizontal).

Likewise, this same pattern was detected among the fronds of the

different depths analyzed, where the Fv/Fm and Ek measurements

showed greater variability between frond types in the warmer months

of spring and summer, possibly due to an increase in algal biomass that

limits the entry of irradiance into M. pyrifera forests, causing blades at

different depths to require a higher effort to capture irradiance (Plana

et al., 2007; Hurd et al., 2014).
Conclusion

The results obtained in this study suggest that M. pyrifera

populations present in the Magellan ecoregion could be undergoing

local acclimatization processes that allow them to thrive under a wide

range of environmental conditions. Data obtained on physiological

and reproductive parameters are key to understanding the spatial and

temporal dynamics in whichM. pyrifera populations develop. Each of

the populations studied seems to use acclimation strategies that allow

them to survive environmental variations, e.g., to increase their

photosynthetic efficiency and reproductive capacity, among others.

Increasing overfishing of brown algae along the Chilean coast and its

southward movement is a constant threat to these large southern

underwater macroalgal forests. For this reason, the Ministry of

Economy, Development and Tourism and the Undersecretariat of

Fisheries and Aquaculture (SUBPESCA) established for the first-time

exempt decree No. 42 that establishes a 2-year (2022–2024)

harvesting ban for M. pyrifera in the Magellan region. Therefore, it

is important to provide baseline information that can be used in

decision-making when lifting the ban and support the sustainability

of these important marine ecosystems that act as sentinels of climate

change. Based on the results obtained in this study, we propose that

the physiological and reproductive acclimatization of each population

of the kelpM. pyrifera to its local environmental conditions should be

considered when making decisions. In addition, alternatives to the

extraction of natural kelp forest should be sought, possibly through

sustainable aquaculture within the reach of coastal communities.
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Opportunities and challenges for the development of an integrated seaweed-based
aquaculture activity in Chile: determining the physiological capabilities of Macrocystis and
Gracilaria as biofilters. J. Appl. Phycol. 5 (20), 571–577. doi: 10.1007/s10811-007-9297-x

Buschmann, A. H., Vásquez, J. A., Osorio, P., Reyes, E., Filún, L., Hernández-
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Economic valuation of kelp forests in northern Chile: values of goods and services of
the ecosystem. J. Appl. Phycol. 26, 1081–1088. doi: 10.1007/s10811-013-0173-6
Frontiers in Marine Science 16
Vergara, J. F. A. (2003). Tipologıá y clasificación de fiordos y piedmonts submarinos
de Magallanes, Chile. Investig. Geog. 37, 21. doi: 10.5354/0719-5370.2003.27746

Wernberg, T., Coleman, M. A., Bennett, S., Thomsen, M. S., Tuya, F., and Kelaher, B.
P. (2018). Genetic diversity and kelp forest vulnerability to climatic stress. Sci. Rep. 8
(1), 1851. doi: 10.1038/s41598-018-20009-9
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