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Tolerance to air exposure: a feature driving the
latitudinal distribution of two sibling kelp species

Abstract: Tolerance to air exposure should be an impor-
tant feature in determining the geographic distribution of
seaweeds. Two sibling kelp species with contrasting lati-
tudinal distributions were selected to test the relationship
between their distribution and air exposure tolerance:
Lessonia berteroana distributed between 18° and 30°S and
Lessonia spicata, which is found from 29° to 41°S along the
Chilean coast. This region presents a latitudinal gradient
of environmental variables, which leads to an increase in
air exposure as latitude decreases. Therefore, populations
of L. spicata are likely to be exposed to lower desiccation
levels than those of L. berteroana. To assess adaptation
to air exposure, early stages of development of these spe-
cies were exposed to air daily for 0, 0.5, 1, and 2 h, and the
activities of two antioxidant enzymes (ascorbate peroxi-
dase and catalase) were measured. Results showed that
L. spicata spores ceased their postgermination develop-
ment when exposed to 1 and 2 h of air, contrasting with L.
berteroana, in which spore development was not abruptly
stopped as for L. spicata. In addition, the apparent inacti-
vation of the antioxidant enzyme catalase in both species
strongly suggests a lower buffering capacity to an excess
of reactive oxygen species (ROS) triggered by air exposure.
Thus, air exposure seems an important factor determining
the northern geographic limit of L. spicata.
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Introduction

Intertidal organisms, such as seaweeds and inverte-
brates, are regularly exposed to air during the tidal cycle,
experiencing various stressful conditions, such as nutri-
ent limitation, high irradiance, temperature and salin-
ity extremes, and desiccation (e.g., Collén and Davison
1999a,b, Burritt et al. 2002, Contreras-Porcia et al. 2011,
2012). The severity of these conditions varies according to
regional tidal regimes, tidal height, local climate, and top-
ographic conditions (Mislan et al. 2009). For example, the
co-occurrence of long exposure and low tides at midday
triggers major physiological changes in invertebrates
(Helmuth et al. 2006). Thus, physiological responses to
combined arrays of stressful abiotic conditions could be
used to understand species abundance as well as their
ranges of distribution (Sexton et al. 2009).

Among the stress conditions imposed by low tides,
air exposure stands out as it is particularly influenced by
local regimes of wave action and climate variables [e.g.,
relative humidity (RH), air and sea surface temperatures
(SST) and irradiance] (Bell 1993, Bergey et al. 2010). Air
exposure and water loss in an organism (Alpert 2005)
may lead to an overproduction of reactive oxygen species
(ROS) and as a consequence to an oxidative stress con-
dition. This physiological state occurs when the levels of
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ROS exceed the buffering capacities of cells, causing the
oxidation of macromolecules (Foyer and Noctor 2009).
Activation of the antioxidant system, including enzymes
and water- and lipid-soluble compounds, regulates the
levels of ROS and thus prevents the development of oxi-
dative stress conditions (Noctor and Foyer 1998, Asada
1999). In seaweeds, studies on adults and macroscopic
juveniles have demonstrated the importance of several
antioxidant enzymes, including ascorbate peroxidase
(AP) and catalase (CAT), in attenuating the effects of
excess ROS (e.g., Collén and Davison 1999a,b, Burritt
et al. 2002, Contreras et al. 2005, Ratckevicius et al. 2005,
Contreras-Porcia et al. 2011).

Air exposure studies in seaweeds have focused on
(i) upper intertidal species because they are expected to
be tolerant to this condition (e.g., Bell 1993, Burritt et al.
2002, Contreras-Porcia et al. 2011) and (ii) both high and
low intertidal species to understand the patterns of zona-
tion at local scale (e.g., Dorgelo 1976, Dring and Brown
1982, Druehl and Green 1982, Schagerl and Mostl 2011,
Contreras-Porcia et al. 2012). On the other hand, bio-
geographical studies of seaweeds have ignored air expo-
sure, and the resulting desiccation stress, as a potential
driving force modulating the patterns of algal distribution
at larger spatial scales. Thus, experimental approaches
linking physiology, environment, and biogeography seem
to be lacking.

Lower intertidal species appear to be ideal models to
study the consequences of air exposure on geographical
distribution, as minor changes in one or several environ-
mental factors (e.g., low RH and high SST) that increase
the intensity of desiccation may limit the species’ geo-
graphical distribution. In addition, because of their eco-
logical importance in modulating biological diversity and
community structure (Steneck et al. 2002), kelp species
(Laminariales, Heterokontophyta) living in the lower
intertidal zone are attractive subjects of study.

Taking this into consideration, we selected as models
two kelp species inhabiting the low intertidal zone of the
Chilean coast: Lessonia berteroana Montagne and Lesso-
nia spicata (Suhr) Santelices (Laminariales, Heterokon-
tophyta). These two species are described as “sibling
species” (i.e., cryptic species being phylogenetically
closely related) (Bickford et al. 2006). Until the study by
Gonzélez et al. (2012), they had been regarded as a single
taxonomic entity (Lessonia nigrescens Bory). Their mor-
phological differences are subtle: on 19 external and 16
internal characters of adult individuals from three locali-
ties, Gonzalez et al. (2012) identified only four external
and three internal traits that were significantly different
between the species. These authors also identified five of
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these traits as diagnostic of the species: diameter of corti-
cal cells, number of layers of cortical cells, density of med-
ullary cells, pedicel length, and number of dichotomies.
An interesting feature of these two cryptic species is their
contrasted distribution along the Chilean coast, with L.
berteroana occurring from 16°S to 30°S and L. spicata from
29°S to 41°S (Figure 1) (Tellier et al. 2009). In the region
where their ranges overlap, from 29° to 30°S (~150 km
of coastline), a mosaic of monospecific patches (i.e., no
coexistence, strict parapatry) with only genetically pure
individuals was reported (Tellier et al. 2011a; see also
Tellier et al. 2011b).

Along the mainly linear Chilean coast (18-42°S;
~3000 km), SST is known to increase as latitude decreases,
whereas RH decreases (Thiel et al. 2007), resulting in a lati-
tudinal gradient of exposure to desiccation in intertidal
species. Therefore, we expect that L. berteroana (16-30°S)
populations are normally exposed more to higher air
exposure and desiccation levels than L. spicata (29-41°S)
populations. Tidal regimes seem somewhat similar along
the Chilean coast, but the intertidal zone in the region is
characterized by a much higher exposure to air during
summer afternoons compared to other coastlines around
the world (Finke et al. 2007). In a recent study, differen-
tial tolerance of the two species of Lessonia to high tem-
perature was suggested as a factor limiting the species’
geographical distribution (Oppliger et al. 2012). Similarly,
a different physiological ability to deal with air exposure
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Figure1 Geographical distribution of Lessonia berteroana and
Lessonia spicata along the coast of Chile, including populations
sampled. Distribution of L. berteroana is shown in black and

L. spicata in gray.
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could be determinant in defining the range of distribution
of each species.

Given the general low tolerance of the Lessonia sibling
species to abiotic stresses, such as those caused by El
Nifio Southern Oscillation warm events (Martinez 1999),
high temperatures (Oppliger et al. 2012) and high copper
concentrations (Lovazzano et al. 2013), and the theoreti-
cally higher air exposure in the northern coastal region,
we addressed the hypothesis that L. spicata has a lower
tolerance to air exposure than L. berteroana; that is, toler-
ance responses are a species-specific trait. More explicitly,
we assessed the effects of exposure to air on survival and
development of the microscopic stages of the two sibling
species and on the activity of two antioxidant enzymes
(i.e., AP and CAT).

Materials and methods

Study sites

Previous genetic information (Tellier et al. 2009, 2011a)
was used to choose the study sites. For Lessonia bertero-
ana, we included Pan de Aztcar (26°09’S 70°40’W, here-
after population Lb-PAN) and Apolillado (29°10’50”S
71°29'W, hereafter Lb-APO), the latter near the south-
ern range limit of the species. For Lessonia spicata, we
selected Las Cruces (33°30’S 71°37'W, hereafter Ls-LC)
and Ermitafio (29°10’05”S 71°29’W, hereafter Ls-ERM), the
latter close to the northern range limit of the species. The
populations Lb-PAN and Ls-LC are geographically distant
(ca. 1000 km apart), while Lb-APO and Ls-ERM are sep-
arated by only about 1.5 km of sandy beaches (Figure 1)
(Tellier et al. 2011a).

Climatic characteristics of the study sites

To have a coarse estimate of the climatic characteristics
at each sampling site, we used RH and SST as a proxy,
considering the 1982-2007 period. RH variability was
estimated from the 20th Century Reanalysis V2 climatic
database (http://www.esrl.noaa.gov/psd/data/gridded/
data.20thC_ReanV2.html; Compo et al. 2011), considering
RH data collected daily at 06:00 and 18:00 h (local time).
SST variability was estimated from survey data collected
by the Advanced Very-High Resolution Radiometer sat-
ellite (AVHRR), processed with the Pathfinder version 5
algorithm (Casey and Cornillon 1999). Analyses were done
as in Oppliger et al. (2012).
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Sampling of reproductive fronds and culture
conditions

Species of Lessonia have a biphasic life history, with a
macroscopic sporophyte generation (2n) alternating with
a microscopic generation of separate male and female
gametophytes (n) (Avila et al. 1985). Meiospores are pro-
duced by the diploid sporophyte within reproductive
structures (sori). During the experiment, we followed the
survival and the development of the spores into gameto-
phytes and then, after fertilization, the early development
of sporophytes.

Reproductive fronds of 20 individuals were collected
from each selected population. In the field, sori were
excised from the fronds, gently brushed, and rinsed with
0.22-um filtered seawater. Excised sori were immediately
placed in 1000-ml glass vials with 750 ml of 0.22-um fil-
tered seawater and transported to the laboratory at ~4°C to
induce spore release. Spore suspensions with a concentra-
tion of 5-7x10* cells ml*! provided inoculates for Microwell
plates (6x35 mm diameter wells, Nuclon Surface, Nunc,
Roskilde, Denmark) and for Petri dishes (150 mm diam-
eter). Microwell plates were used to monitor the effect of
culture conditions on spore development, whereas the
material incubated in Petri dishes was used for quantifi-
cation of antioxidant enzymatic activity in response to air
exposure. Inoculates were of 2 ml and 12 ml for Microwell
and Petri dishes, respectively, to which was added sterile
filtered culture (SFC) medium (Correa and MacLachlan
1991) (Microwell plates: 10 ml, Petri dishes: 20 ml). Culture
conditions were 12+2°C, and white light at 30-40 pmol
photon m?s?, and a photoperiod of 12:12 LD.

Once spores settled, air exposure experiments were
conducted according to Contreras-Porcia et al. (2012) in a
growth chamber at 12+2°C and 70-80 umol photon m?s’.
Briefly, SFC medium was completely removed by turning
upside down the Microwell plates and Petri dishes; Pasteur
pipettes were used to remove any remaining medium. The
microscopic stages of development were exposed to air for
0.5, 1, and 2 h daily during the light period, and then fresh
SFC medium was added. In addition, control treatments
with daily SFC medium change but no air exposure were
included in the design.

Effects of air exposure on spore survival
and development

For each of the four sampled populations, develop-
ment was monitored three times per week for 20-25
days, with an inverted microscope (TMS-F, Nikon Corp.,
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Tokyo, Japan) and a digital camera (DS-Fil1, Nikon Corp.,
Tokyo, Japan). This observation period was sufficient for
spores to germinate and complete the development of all
gametophytic and early sporophytic microscopic stages
(Contreras et al. 2007). The surviving individuals were
counted in three haphazardly placed 1-mm? quadrats in
each of five replicate wells. Because the 1-mm? size of the
quadrats was small in relation to the 964-mm? area of the
wells, it was unlikely that a given point was repeatedly
sampled on different days. Classification of developmen-
tal stages followed Contreras et al. (2007): Stage I, settled
spores with germ tubes; Stage II, immature and mature
gametophytes; Stage III, early sporophytes (1-4 cells);
and Stage IV, juvenile sporophytes (more than four cells).
Cell viability at different stages was tested using neutral
red (Repetto et al. 2008), which is incorporated and
bound only by living cells. Sporelings were incubated for
20 min at 12°C in 25 ml of 0.01% neutral red in seawater
filtered to 0.22 um. After incubation, plates were rinsed
several times to remove excess dye, and the presence of
the dye in the sporelings was detected using an inverted
microscope.

Protein extraction and quantification
of antioxidant enzyme activities

For Lb-PAN and Ls-LC populations, proteins were
extracted, and the activity of ascorbate peroxidase (AP)
was measured in each of three developmental stages:
settled spores (Stage I), gametophytes (Stage II), and spo-
rophytes (Stages Il and IV, 15- to 18-day-old), all obtained
from the control treatment. In addition, proteins were
extracted, and both AP and catalase (CAT) activities were
measured in 70-day-old juvenile sporophytes growing for
15 days in two conditions: control treatments and air expo-
sure for 2 h daily. These enzymes were chosen as they are
good biomarkers for oxidative damage in Lessonia spicata
(Contreras et al. 2009).

For all assays, 0.5-1 g of algal tissue was gently
removed with a sterile paintbrush from each of three rep-
licate Petri dishes and stored at -20°C overnight. Then, the
tissue was frozen in liquid nitrogen and homogenized in
a mortar using a ceramic pestle. Proteins were precipi-
tated with ammonium sulfate, stabilized in 2-mercapto-
ethanol 2 mm (Contreras et al. 2005) and quantified by the
bicinchoninic acid assay (Smith et al. 1985), using bovine
serum albumin as a standard. The AP and CAT activi-
ties were measured according to Contreras et al. (2009).
For AP, the reaction mixture contained 0.1 M phosphate
buffer pH 7.0, 800 um ascorbate (ASC), and 16 mm H,0,.
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The consumption of ASC was measured at 290 nm for
1min, and the activity was calculated using the extinction
coefficient of ASC (¢=2.8 mM?* cm™). For CAT, the reaction
mixture contained 0.1 M phosphate buffer at pH 7.0 and
14 mMm H,0,. The consumption of H,0, was measured at
240 nm for 1 min, and the activity was calculated using
the extinction coefficient of H,0, (¢=39.4 mm* cm?).

Statistical analysis

To compare the effect of air exposure on gametophyte
survival in Lessonia berteroana and Lessonia spicata, the
mean counts for the three quadrats in each well were used
to estimate the percentage of individuals surviving after 11
and 18 days of incubation. For the analyses, to avoid the
problem of unmeasured homogeneity of variances in an
unreplicated repeated measures ANOVA, and given that
interactions between the two dates of sampling do not
matter with respect to the hypotheses, two separate three-
way ANOVAs were done, adjusting o to 0.025 according to
the Bonferroni procedure (see Underwood 1997, p. 407).
In these analyses, the species was considered as a fixed
effects factor with two levels, population was consid-
ered as a random effects factor with two levels nested in
Species, and treatment was considered as a fixed effects
factor with four levels (control, 0.5, 1, and 2 h of daily air
exposure) crossed with the former two factors. Square root
transformations were used to comply with the assump-
tions of the analyses, and significant differences were
further explored with Tukey HSD test (Zar 2010).

The proportion of gametophytes of each species com-
pleting different stages of their development, and the
maximum percentage of individuals that reached Stage I
(germinated spores) and Stage II (immature and mature
gametophytes) in the four air exposure treatments, were
compared with separate three-way ANOVA designs, as
described for the survival data.

Finally, to determine if the two species differ in their
enzymatic activities in the control treatments, AP activity
was compared among species and development stages
with a two-way crossed ANOVA design. Species was con-
sidered as a fixed effects factor with two levels (Lb-PAN
and Ls-LC), and developmental stage was considered as
a fixed effects factor with three levels (spores, gameto-
phytes, and sporophytes). For both CAT and AP, the data
obtained from the 70-day-old sporophytes were analyzed
with independent two-way crossed ANOVA designs, with
Species (two levels: Lb-PAN and Ls-LC) and Treatment
(two levels: control and 2 h of daily air exposure) as fixed
effects factors.
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Results

Climatic characteristics of the study sites

Monthly means of RH ranged from 78% to 21% at 33°S
(Ls-LC site; 33°S) and from 60% to 19% at 30°S (near to
Lb-APO and Ls-ERM sites; 29°S). For the Lb-PAN site (26°S),
RH data were available only for a meteorological location
south of the study site, at 27°S. There, RH ranged from 60%
to 26%. Weekly mean SST ranged from 13°C to 18°C at 33°S
(Ls-LC site), from 13°C to 18°C at 29°S (Lb-APO and Ls-ERM
sites), and from 14°C to 20°C at 26°S (Lb-PAN site). Thus,
according to these data, Lb-PAN and Ls-LC populations are
exposed to contrasting levels of both SST and RH.

Effect of air exposure on gametophyte
survival

The mean number of spores that initially settled was vari-
able among species. The samples of Lessonia berteroana
had initial spore densities of 136+43 and 56116 spores mm
for Lb-PAN and Lb-APO, respectively. For Lessonia spicata,

L. berteroana L. spicata
Lb-PAN Ls-LC
100

Gametophyte survival as percentage of the initial spore number
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the densities of spores were 121+23 and 98+9 for Ls-LC and
Ls-ERM, respectively. Air exposure had a differential effect
on gametophyte survival in L. berteroana and L. spicata. By
day 11, gametophytes from L. berteroana (Figure 2, Lb-PAN
and Lb-APO) had high survival (80-97%) in all treatments,
while those of L. spicata (i.e., Ls-LC and Ls-ERM) exposed
to air for 1 or 2 h were all dead (SpeciesxTreatment interac-
tion: F=941.763, p<0.0001). Gametophyte survival was not
affected by Population (F=5.975; p<0.037, see Bonferroni
adjustment in Statistical analysis).

After 18 days of culture, more than 75% of the L. berter-
oana gametophytes survived in the control, 0.5 and 1 h of
daily exposure to air (Figure 2; Lb-PAN and Lb-APO). On
the other hand, only 60-72% of L. spicata gametophytes
survived in the control and 0.5 h of daily exposure to air.
All gametophytes exposed to air for a longer period had
died by day 11 (Figure 2; Ls-LC and Ls-ERM).

Effect of air exposure on gametophyte
development

Air exposure had a significant effect on gametophyte
development, and it varied according to the species

25 - B
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0 5 10 15 20 25 0 5 10 15 20 25
Time (days)
—&— Control Air exposure: =o-- 0.5h ——1h ¢ 2h

Figure 2 Gametophyte survival. Survivorship of Lessonia berteroana (Lb-PAN and Lb-APO) and Lessonia spicata (Ls-LC and Ls-ERM)
gametophytes from different sites (abbreviations as in Figure 1), expressed as percentage of the initial spore number, exposed to different
air exposure treatments: 0.5 h, 1 h, and 2 h, and controls (i.e., no air exposure). Values are mean+SD of five replicates.
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(TreatmentxPopulation (Species): F=4.829, p<0.0004, and
F=7112, p<0.000008, for Stage I and Stage II, respectively).
A higher proportion of spores from Lessonia berteroana
germinated (Stage I) and produced gametophytes (Stage
II) under the different air exposure treatments than those
from Lessonia spicata (Figure 3A and B, respectively). More
than 75% of settled spores from L. berteroana, particularly
from Lb-PAN (Figure 3A), germinated in most of air expo-
sure treatments, whereas only 28% or less of L. spicata
did so in 1 and 2 h (Figure 3A) of daily exposure to air. The
remaining treatments had intermediate values.

A similar trend was observed in the levels of game-
tophytes development. With 1-h-long or shorter daily
air exposure, 75% or more of the spores of L. berteroana
developed into gametophytes (Figure 3B; Lb-PAN and
Lb-APO). Even when exposed to air for 2 h daily, the lowest
values were higher than 50% in the progeny from Lb-PAN.
In contrast, none of the germinated spores from L. spicata
developed into gametophytes when exposed to air for 1 or
2 h daily (Figure 3B; Ls-LC and Ls-ERM).

A Germinated spores (stage 1)
c E 100 a a2 a3 abc ab
£% 75 % ] %
93 501 % %
g / |
Lb-PAN Lb-APO Ls-LC Ls-ERM
B Gametophytes (stage I1)
= 100 1 abc a abe
E é abc abc abc g%% ¢ ab be
A | " 7
§ :\O; 0 %% T %% T - T . 1
- Lb-PAN Lb-APO Ls-LC Ls-ERM
I Control Air exposure: 05h 1h []2h

Figure 3 Effect of air exposure on the development of spores from
Lessonia berteroana (Lb-PAN and Lb-APO) and Lessonia spicata
(Ls-LC and Ls-ERM) from different sites (abbreviations as in Figure
1). Treatments were daily exposure to air for 0.5, 1, or 2 h; control
spores and germlings were not exposed to air during the trials. (A)
Stage |: settled spores with germ tubes. (B) Stage Il: immature and
mature gametophytes. Spore germination rate and gametophyte
development are expressed as percentage of the initial spore
density. Values are mean£SD of five replicates. Letters above his-
tograms indicate results of Tukey tests; means with the same letter
are not significantly different at p=0.05.
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Antioxidant responses of early development
of L. berteroana and L. spicata

Basal AP activity, displayed under control conditions,
was significantly influenced by stage of development
and species (Stage: F=13.83, p=0.001, Species: F=8.85,
p=0.012; StagexSpecies: F=1.85, p=0.200). This activity
was significantly higher in juvenile sporophytes from Les-
sonia berteroana (Lb-PAN) than in those from Lessonia
spicata (Ls-LC) (Figure 4A).

In 70-day-old sporophytes, although mean basal
AP activity was higher in plantlets of L. berteroana than
in L. spicata (Figure 4B), the difference between species
was not significant (Species: F=1.18; p=0.319; Treatment:
F=3.70; p=0.103; SpeciesxTreatment: F=0.002; p=0.970).
It is important to mention that basal AP activity was an
order of magnitude higher in 70-day-old sporophytes
(Figure 4B) than in juvenile sporophytes (15- to 18-day-
old; Figure 4A). While AP activity tended to increase when
plants were exposed to air, CAT activity displayed a sig-
nificant decline (Treatment: F=21.92; p=0.003), particu-
larly in L. spicata, compared with control plants (Figure
4B). No significant effects of Species (F=0.52; p=0.498)
and SpeciesxTreatment (F=0.144; p=0.718) were detected.

Discussion

Our results show that for both seaweed species, a long air
exposure disrupts the normal life cycle, interfering with
normal spore germination and survival, and with matura-
tion of the microscopic stages of development. Our data
also show that negative effects of long air exposure on the
microscopic stages are accompanied by changes in the
activity of CAT, revealing the generation of a desiccation
stress condition. Our findings also show a clear differen-
tial level of tolerance to air exposure between the species,
with spores and progeny of Lessonia spicata being less tol-
erant than those of its sibling Lessonia berteroana.
Development of the microscopic life cycle stages in
both sibling species was not different when their spores
germinated in the absence of air exposure or when
exposed to air during periods of 0.5 h per day. In con-
trast, under longer periods of daily air exposure (1 h), the
normal life cycle of sporelings from the two populations of
L. spicata was disrupted as spores suffered high mortality
and displayed low germination rates, and gametophytes
failed to reach sexual maturity. This clearly differed from
the response of L. berteroana, whose spores and game-
tophytes were not affected by 1 h of daily air exposure.



C. Lopez-Cristoffanini et al.: Air exposure and kelp distribution =—— 437

DE GRUYTER
A . L. berteroana D L. spicata
0.15 1
c
K]
(=] 4
2 010
Z
=
2 E
5% 0.05
IE
3
°
£
2 0.00-
Germinated spores Gametophytes Sporophytes
B I:] Control condition Air exposure
2.00 - 0.20 4
< =3
g ]
© 1.50 - © 0.15 A
3‘”: Z —;
S >
£E 100 8E 0101
o< = E
<
<3 °8
< 0.50 1 5 0.05]
£ £
= =
0.00 0.00

L. berteroana L. spicata

L. berteroana

L. spicata

Figure 4 Activity of two antioxidant enzymes in the microscopic stages of Lessonia berteroana from Lb-PAN and Lessonia spicata from
Ls-LC (site abbreviations as in Figure 1). (A) Activity of ascorbate peroxidase under control conditions (i.e., no air exposure). Dark gray bars,
L. berteroana; light gray bars, L. spicata. Effects of developmental stage and species were significant; see text for details. (B) Activity of
ascorbate peroxidase and catalase in 70-day-old sporophytes under control (no air exposure; open bars) and air exposure treatments

(2 h daily for 15 days; hatched bars). Values are mean+SD of three replicates. Effect of treatment was significant; see text for details.

However, prolonged air exposure (2 h per day) negatively
affected both species, but in distinct ways. In L. spicata
(Ls-LC and Ls-ERM), air exposure mainly affected germi-
nation and limited development in Stage I, whereas the
main impact in L. berteroana (Lb-PAN and Lb-APO) was
on gametophyte maturation (Stage II) and development
after fertilization (early sporophytes, Stage III). In nature,
these differences in timing could be crucial, particularly
when individuals must face periods of intense desiccation
generated by prolonged exposure to air. In this situation,
L. berteroana, but not L. spicata, would be able to survive
and continue its normal development.

To distinguish the differences between species from
differences among populations of the same species,
two neighboring sites inhabited by each of the species
(Lb-APO and Ls-ERM) were included in this study. These
sites are separated by a 1.5-km-long sandy beach. The
results show that, even though these populations occur
at the same latitude, their tolerance to air exposure and
therefore to desiccation stress was rather different. More-
over, the tolerance to air exposure is similar between pop-
ulations of the same species, regardless of their latitude
of origin (Figure 3). Thus, these results suggest that air

exposure tolerance is indeed a species-specific trait rather
than an adaptation to a given local environment. Increas-
ing the number of populations studied would certainly
add robustness to this conclusion.

Differential effects of air exposure, and therefore
desiccation tolerance, between species at the early life
stages are also reflected in their physiology and metabo-
lism. The basal activity of the antioxidant enzyme ascor-
bate peroxidase (AP) was significantly higher in the early
and juvenile sporophytes of L. berteroana than in those
of L. spicata (Figure 4A). Owing to the absence of enzyme
measurements for plants from neighboring populations,
we cannot distinguish whether the differences are species
specific or population specific.

It has been reported that tolerant species respond
to air exposure through their antioxidant system, which
results in a rapid attenuation of ROS excess (Contreras-
Porcia et al. 2011; Burritt et al. 2002). Both L. spicata and L.
berteroana displayed CAT inactivation under air exposure
(Figure 4B), suggesting a low capacity to attenuate ROS,
particularly H,0,. As the antioxidant system is an impor-
tant and widespread mechanism to protect all organisms
from stress (Blokhina et al. 2003), our results, combined
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with those on spore and progeny development, suggest
that an inactivation of antioxidant machinery to cope with
redox cellular fluctuations in L. berteroana and L. spicata
is also a species-specific attribute rather than an adapta-
tion to local environments.

Our results on the effect of air exposure on microscopic
stages help, to some extent, to explain the geographic dis-
tribution of the sibling species L. spicata and L. berteroana.
The capacity of L. berteroana to stand higher desiccation
levels, due to a long air exposure, would likely confer an
advantage to colonize and endure both lower and higher
latitudes along the Chilean coast. In contrast, the northward
distribution of L. spicata is probably limited by the higher
levels of desiccation, which likely exceed the physiological
tolerance to the stressor by this species. Thus, based on the
results, it is suggested that the presence of L. berteroana,
and the absence of L. spicata, at lower latitudes might be
due to their differences in tolerating long air exposure and
thus desiccation stress characteristic of this coastal region.
Furthermore, and complementary to the potential effect of
desiccation on the species’ latitudinal distribution, there
are indications that temperature could also play a role in
the latitudinal distribution of the species considered in our
study. In this context, reports have shown that L. bertero-
ana is also more tolerant than L. spicata to high tempera-
tures (Oppliger et al. 2011, 2012; see also Martinez 1999), a
feature that supports the occurrence of the former species
in lower latitudes along the Chilean coast.

Although the absence of L. spicata from lower lati-
tudes could be reasonably explained by our results and
those in the literature, the absence of L. berteroana at
higher latitudes cannot be fully explained by any of the
available studies. The mainly northward currents could
certainly have an effect by limiting the dispersal of
L. berteroana toward southern regions. However, far more
research is needed in this context to support the eventual
role of coastal oceanographic processes on the dispersal
capacity of this kelp. Experimental evidence, on the other
hand, suggests that it should be able to tolerate the levels
of desiccation occurring in central-southern Chile. Never-
theless, Oppliger et al. (2012) reported a lower fitness of
individuals of L. berteroana compared to L. spicata when
exposed to low temperature (10°C). Oppliger et al. (2012)
suggested that such a difference in fitness could be a
factor influencing the absence of L. berteroana at higher
latitudes. Clearly, as mentioned by numerous authors (see
Sexton et al. 2009), species distributions depend upon
multiple and interactive factors. Therefore, results on the
patterns of tolerance to only a couple of factors as respon-
sible for latitudinal distribution of the two species of Les-
sonia should be interpreted carefully.
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It should also be considered that the main pattern
of latitudinal variation of SST and air exposure does not
exclude variations at smaller spatial scales. Although
beyond the scope of this study, our results raise new ques-
tions. It seems unlikely that only temperature and air expo-
sure can explain the absence of coexistence of species,
and the fine distribution in a mosaic of pure populations
of the two species where their ranges overlap (29-30°S)
(Tellier et al. 2009, 2011a). Fine-scale characterization of
one of the distribution limits for the two model species
(only low intertidal individuals were sampled) (Tellier
et al. 2011a) revealed the absence of coexistence of the
two species. Considering our results, the need for further
studies, including vertical sampling in order to assess the
possibility of species coexistence within the same site but
at different vertical heights, becomes apparent. At small
geographic scales, several studies have demonstrated that
tolerance to desiccation affects species distribution within
the rocky intertidal zone, with tolerant species dominat-
ing the upper intertidal zone (Dring and Brown 1982,
Smith and Berry 1986, Schagerl and Mostl 2011, Contreras-
Porcia et al. 2012, 2013, Flores-Molina et al. unpublished
data). In this context, and based on our results and those
of Oppliger et al. (2012), it seems reasonable to expect that
some sites sampled in the low intertidal by Tellier et al.
(2011a) were occupied by L. berteroana, forcing L. spicata
into the shallow subtidal of the same sites. A reasonable
explanation for the occurrence of pure populations of
L. spicata within the mosaic area is still required. Patches
in the low intertidal within which L. spicata individuals
occur are sizable (20-50 km of coastline, F. Tellier, pers.
obs.) in this mosaic region. The current knowledge of
the biology of the two Lessonia species does not allow
us to understand the presence of these individuals in the
lower intertidal zone, and further studies should consider
factors such as species interactions, including competitive
exclusion, reproductive output, and interference among
germlings. Our present study highlights the importance of
considering the vertical distribution of Lessonia individu-
als to detect potential coexistence on the same shore.

The use of two sibling species has the additional
advantage of allowing the inferential analysis of factors
believed to be active during and after the speciation
process. In this context, it seems reasonable to expect
that differential air exposure and temperature tolerances
may have played an important role during the speciation
process. Tellier et al. (2009) suggested a budding specia-
tion event, a type of parapatric speciation, involving the
colonization of new habitat (in this case the northern
Chilean coast) by a reduced number of individuals. It has
been hypothesized that acquisition of an adaptive trait
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might have allowed this colonization. Thus, if the new
habitat was characterized by conditions similar to those
present today (e.g., high air and SST, low RH, leading to
the exposure of individuals to higher desiccation stress),
adaptation to these conditions should have allowed the
expansion of the range distribution and speciation in Les-
sonia, when combined with other evolutionary processes
such as strong genetic drift and a likely low dispersal
capacity.

Conclusion

This study has demonstrated that the sibling species
Lessonia berteroana and Lessonia spicata have contrast-
ing developmental and physiological responses when
submitted to air exposure. The greater tolerance to air
exposure of L. berteroana compared to L. spicata could
explain, to some extent, their contrasting geographic
distribution along the climatic gradient characteristic of
the Chilean coast. Air exposure affected the development
of early life stages and the antioxidant system in the two
species. A complete understanding of the mechanisms
limiting the geographic distribution of these two cryptic
species requires additional studies, including both the
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