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Abstract
This study examines the phenological response of Lessonia spicata to environmental variability and anthropogenic stress. 
Two central Chilean sites with contrasting pollution levels were selected: Horcón (high impact) and Quintay (low impact). 
Sori were collected in spring 2023 and autumn 2024 to assess reproductive effort, followed by a 28-day culture period. 
Weekly observations recorded spore settlement, germination, sex ratio, fecundity, reproductive success, and sporophyte 
density. The results indicate that the reproductive effort reached a maximum in autumn at both sites (> 50%), with season 
having a significant effect; the lowest values were recorded in Quintay during spring (< 30%). Early development varied 
by site and season, with sustained growth in Quintay cultures and early gametophyte loss in the Horcón autumn cultures. 
Sex ratio varied significantly between sites but not seasons. By day 21, Horcón autumn cultures showed complete loss of 
gametophytes, while Quintay maintained a stable ~ 50% ratio. Fecundity also displayed a significant site-season interaction, 
showing a maximum in Horcón during autumn (> 90%). Sporophyte formation followed the same tendency, reaching 100% 
in Horcón by days 21 and 28. This apparent success likely resulted from early bleaching that eliminated most gametophytes, 
allowing only viable individuals to be fertilized, potentially inflating success estimates. Sporophyte density was significantly 
lower in autumn, especially in Horcón where necrosis and degradation were evident. Our results suggest that anthropogenic 
contamination affects L. spicata phenology and may compromise long-term persistence. Pollution, in combination with 
seasonal dynamics and environmental drivers, such as temperature and nutrient variability, could potentially influence the 
timing and success of key life cycle stages.
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Introduction

The term heavy metals is commonly used to refer to a 
group of metals and metalloids that can become toxic 
when present in high concentrations, often acting as envi-
ronmental pollutants (Tchounwou et al. 2012; Walker et al. 
2012; Kumar 2024). These elements can originate from 
natural sources, such as volcanic activity or the weather-
ing of mineral-rich rocks, as well as from anthropogenic 
activities, including mining, fossil fuel combustion, indus-
trial discharges, urban runoff, and agricultural practices. 
Among these, human activities are particularly significant 
in increasing both the concentration and bioavailability 
of heavy metals in ecosystems, thereby amplifying their 
ecological and health risks (Walker et al. 2012; Saravanan 
et  al. 2024). The rise in specific contaminants within 
marine ecosystems has prompted an intensification of eco-
toxicological research aimed at evaluating their impacts 
across multiple biological levels: individuals, populations, 
communities, and entire ecosystems (Eklund and Kautsky 
2003; Kumar 2024; Saravanan et al. 2024). Among these 

contaminants, heavy metals are of particular concern due 
to their persistence and bioaccumulation potential. Marine 
pollution has been shown to adversely affect seaweed by 
impairing key physiological processes such as growth, 
reproduction, and cellular homeostasis. These disrup-
tions compromise the ecological functions that seaweeds 
perform, ultimately affecting the stability and resilience 
of marine ecosystems that depend on them as primary 
producers, habitat providers, and nutrient cyclers (Nor 
1987; Nielsen et al. 2003; Ansari et al. 2004; Naser 2013; 
Oyarzo-Miranda et al. 2020; Espinoza-González et al. 
2021; Latorre-Padilla et al. 2021; Meynard et al. 2021; 
Gayó et al. 2022; El-Sharkawy et al. 2025).

The Quintero-Puchuncaví industrial park (32°46′23.5″ S, 
71°29′35.20″ W) (Fig. 1) is one of the most heavily impacted 
coastal zones in Chile. Located within Quintero Bay, this 
area hosts major industrial activities, primarily a copper 
smelter and a coal-fired power plant complex. The region has 
experienced long-term environmental degradation, including 
chronic atmospheric deposition since 1964 and hydrocarbon 
discharges into the coastal environment (Salmani-Ghabeshi 

Fig. 1   Geographic locations of the sampling sites for Lessonia spicata at Caleta Horcón and Quintay, Valparaíso Region, Chile. The maps on the 
right detail the specific coastal areas surveyed, with a star indicating the location of the Quintero-Puchuncaví industrial park
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et al. 2016; Oyarzo-Miranda et al. 2020; Gayó et al. 2022). 
Hydrodynamic conditions in the southern sector of Quintero 
Bay are characterized by persistent northwesterly currents 
throughout the water column, with greater intensity near the 
surface (Contreras-Porcia et al. 2023). These currents facili-
tate vertical export from deeper layers and promote offshore 
advection in the upper water column. As a result, floating 
debris and pollutants are transported away from the bay and 
directed northward, influenced by prevailing winds and sur-
face wind-driven circulation (Contreras-Porcia et al. 2023).

Severe ecological and social impacts have been docu-
mented in the vicinity of the Quintero-Puchuncaví indus-
trial park. For instance, Latorre-Padilla et al. (2021) assessed 
heavy metal concentrations in the biomass of the kelp Mac-
rocystis pyrifera and in the gonads of the black sea urchin 
Tetrapygus niger collected from Horcón, a highly impacted 
site (Fig. 1). Their results revealed significantly elevated 
concentrations of copper (Cu: 0.75 mg kg⁻1), arsenic (As: 
1.39 mg kg⁻1), and cadmium (Cd: 0.04 mg kg⁻1) in tissues of 
M. pyrifera from Horcón compared to specimens of a more 
southern non-impacted site such as Algarrobo (33°21′51.67″ 
S, 71°40′29.67″ W). Moreover, the high bioconcentration 
factors (BCFs), ranging from 3.4 to 4214, particularly for 
cadmium, indicate that M. pyrifera acts as a hyperaccumu-
lator of metals. In parallel, T. niger from the impacted area 
exhibited higher concentrations of Cu (3.07 mg kg⁻1) and 
As (7.98 mg kg⁻1) in their gonads, suggesting trophic trans-
fer of contaminants from seaweeds to higher trophic levels 
(Latorre-Padilla et al. 2021).

Oyarzo-Miranda et al. (2020) investigated the effects of 
pollution on populations of the intertidal kelp Lessonia spi-
cata at three sites near the Quintero-Puchuncaví industrial 
park: Cachagua, Horcón, and Ventanas. In general, coastal 
waters at these locations exhibited elevated concentrations 
of copper (Cu: 19–859 µg L⁻1) and arsenic (As: 6–1484 µg 
L⁻1), exceeding international water quality criteria for the 
protection of aquatic life (U.S. EPA 1999). Morphological 
differences among L. spicata populations were observed, 
with individuals from Ventanas displaying significantly 
smaller holdfasts and shorter blades compared to those from 
Horcón and Cachagua. The study also emphasized that early 
developmental stages of L. spicata are particularly vulner-
able to contamination, as evidenced by a reduced percentage 
of male gametophytes and increased sensitivity to pollutants. 
Complementarily, Espinoza-González et al. (2021) assessed 
the ecotoxicological effects of copper and polycyclic aro-
matic hydrocarbons (PAHs) on L. spicata. They found that 
the combined exposure to copper and PAHs caused the high-
est inhibition of gametophyte development after 21 days. 
While the formation and growth of early sporophytes were 
most inhibited by the combined contaminants, juvenile 
sporophytes were more strongly affected by copper alone. 
Together, these studies provide compelling evidence that 

both metallic and organic pollutants disrupt key stages of 
the L. spicata life cycle. Such disruptions can ultimately 
alter population dynamics, affecting growth and reproduc-
tion, and compromise the ecological functions and ecosys-
tem services provided by these foundational kelp species 
along Quintero Bay.

Although substantial research has addressed the effects 
of pollution on seaweed (e.g., Coelho et al. 2000; Contreras-
Porcia et al. 2023; Veluchamy et al. 2023), most studies have 
predominantly focused on adult stages, leaving a notable 
gap in our understanding of the phenological responses of 
seaweeds in environments subjected to intense anthropo-
genic pressures. For example, Reed et al. (1994) assessed 
the impact of a nearshore oil-production outfall on M. pyrif-
era recruitment. Field and lab experiments showed that 
negative effects mainly reduced gametophyte survival and 
sporophyte formation were limited to within ~ 50 m of the 
diffuser. The primary cause of impairment appeared to be 
microbial competition, rather than direct toxicity. Labora-
tory assays confirmed reduced reproductive performance at 
contaminant concentrations expected near the outfall. Nev-
ertheless, the potential transference of environmental stress 
from the macroscopic stage to the early microscopic stages 
of development remains poorly explored, despite its critical 
implications for population dynamics and the provision of 
ecosystem services.

Phenology is defined as"the study of the timing of recur-
rent biological events and the causes of their temporal pat-
terns in relation to biotic and abiotic factors"(Espinoza-Ava-
los 2005). Phenological studies have proven instrumental 
in elucidating how seasonal variation influences organismal 
fitness, revealing phenology as a key factor shaping spe-
cies distribution, population dynamics, and even life history 
evolution (Chuine and Regniere 2017; De Bettignies et al. 
2018; Chefaoui et al. 2019; Ponti and Sannolo 2023; Bian-
cacci et al. 2024). Particularly, phenological studies have 
demonstrated that intertidal and subtidal seaweeds regulate 
the timing of growth and reproductive events in response to 
seasonal environmental factors such as photoperiod, temper-
ature, and nutrient availability (Kain 1989; Espinoza-Avalos 
2005; Bellorín et al. 2022).

Although many seaweed species exhibit year-round 
growth and reproductive activity, these processes tend to 
peak under optimal environmental conditions (Bellorín 
et  al. 2022). Importantly, resource allocation trade-offs 
have been observed, where investment in reproduction can 
reduce vegetative growth due to the diversion of nutrients 
to reproductive meristems. For example, Tala et al. (2004) 
investigated the subtidal kelp Lessonia trabeculata and 
reported that growth peaked during spring–summer, while 
reproductive effort increased markedly in autumn, as evi-
denced by a significant rise in blade area and reproductive 
biomass. Conversely, studies on Ascophyllum nodosum, a 
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knotted wrack kelp, revealed that the reproductive cost is 
relatively low for large individuals, which can allocate up to 
70% of net productivity to reproduction without compromis-
ing growth (Aberg 1996). In the case of Lessonia corrugata, 
its reproductive dynamics were studied over five consecutive 
seasons at three sites differing in wave exposure (Nardelli 
et al. 2025). Lessonia corrugata reproduced in all seasons 
except austral spring, with maximal zoospore release during 
winter. Zoospores from high-wave exposure sites exhibited 
longer swimming durations, up to 52 h compared to those 
from sheltered sites. These patterns suggest reproductive 
timing and propagule performance are influenced by wave 
environment. These contrasting strategies suggest that sea-
sonal reproductive patterns in seaweed exhibit considerable 
phenotypic plasticity, influenced by species-specific life 
history traits and local environmental conditions. In this 
context, pollutants such as heavy metals may act as chronic 
environmental stressors at local or regional scales. These 
contaminants can interfere with critical phases of the algal 
life cycle, potentially reducing reproductive effort, compro-
mising gamete quality, impairing fertilization, and inhibiting 
germination and early development (Coelho et al. 2000). 
Such disruptions could have cascading effects on population 
dynamics and ecosystem functioning, particularly in highly 
impacted coastal zones.

The kelp Lessonia spicata, the biological model of this 
study, is a key habitat-forming species in the exposed rocky 
intertidal zones of south-central Chile and inhabits from 30° 
to 43°S and has been reported as far as 49°S, a thermal range 
of almost 20 °C (Lara et al. 2019; Rosenfeld et al. 2019). 
It delivers crucial ecological functions and supports eco-
nomically valuable resources (Vásquez et al. 2013; Cotas 
et al. 2023; Eger et al. 2023; Oyarzo-Miranda et al. 2023; 
Contreras-Porcia et al. 2025). This species exhibits a com-
plex heteromorphic haplodiplontic life cycle, consisting of 
a macroscopic diploid sporophyte (2n) and microscopic 
haploid gametophytes (n), which are sexually dimorphic 
(Contreras-Porcia et al. 2017; Contreras-Porcia et al. 2025). 
These life stages may respond differently to environmental 
variation, including seasonal changes in temperature, nutri-
ent availability, and ultraviolet radiation (Ávila et al. 1985; 
Tala et al. 2007; Oppliger et al. 2012; Nardelli et al. 2023), 
as well as anthropogenic stressors such as heavy metal con-
tamination (Espinoza-González et al. 2021).

In this study, we evaluated the phenological responses 
of L. spicata through in vitro cultures established from 
reproductive sori collected in two contrasting seasons, early 
spring 2023 and early autumn 2024, from two sites in central 
Chile: Horcón, a heavily polluted area, and Quintay, a less-
impacted reference site. Reproductive effort in the macro-
scopic phase was estimated using the reproductive blade area 
as a proxy for reproductive output. In the microscopic stages, 
we quantified the abundance, proportion, and developmental 

status of spores, female and male gametophytes, and juve-
nile sporophytes, along with fecundity and reproductive suc-
cess. We hypothesized that phenological traits would dif-
fer between seasons and pollution levels, with microscopic 
stages from Horcón showing reduced performance due to 
prior in situ contaminant exposure affecting the reproduc-
tive tissues. Consistent with previous observations for L. 
spicata in central Chile (Santelices and Ojeda 1984), we 
also expected reproductive traits to peak in autumn and be 
comparatively lower in spring.

Materials and methods

Sample collection

Seasonal sampling of reproductive biomass was conducted 
at Horcón (Playa El Tebo; 32°43′34.52″S, 71°30′11.58″W; 
Fig. 1) during early spring 2023 and early autumn 2024. 
This site, located near the industrial zone of Quintero Bay 
in central Chile, was selected due to its documented his-
tory of contamination, with copper (Cu) and arsenic (As) 
concentrations in seaweed, sea urchins, seawater, and sedi-
ments exceeding international marine water quality stand-
ards (Oyarzo-Miranda et al. 2020; Latorre-Padilla et al. 
2021). A second site, Quintay (CIMARQ; 33°11′39.71″S, 
71°40′29.67″W; Fig. 1), characterized by low pollution lev-
els, was also sampled during the same seasons. Quintay, 
located south of Horcón and outside the influence of the 
Quintero-Puchuncaví industrial complex, served as a control 
site (Contreras-Porcia et al. 2023). Seawater temperatures at 
the two sites are different, with Quintay having lower tem-
peratures (Fig. S1, Supplementary Materials). The selected 
seasons were based on previous research on another spe-
cies of Lessonia (L. trabeculata), which identified summer-
spring as the period of maximum individual growth and 
autumn as the season of peak reproductive output (Tala et al. 
2004). It is important to note that the experimental area at 
the polluted site is currently devoid of the characteristic Les-
sonia belt that typically dominates the low intertidal zone 
along the central-southern coast of Chile (Santelices et al. 
1980; Santelices and Ojeda 1984, and references therein; 
Oyarzo-Miranda et al. 2020).

Blades bearing reproductive sori of L. spicata were ran-
domly collected from a minimum of 10–15 individuals at 
each site and season to obtain a representative sample of the 
population. Collected blades were cleaned to reduce contam-
ination by epiphytes, bacteria, protozoa, diatoms, and other 
microorganisms according to Contreras-Porcia et al. (2025). 
The cleaning procedure involved brief sequential rinses in 
4% ethanol, distilled water, and 1 µm filtered seawater, fol-
lowed by gentle drying with absorbent paper. Blades were 
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then transported in darkness and maintained at 10–14 °C 
in coolers containing ice packs to the LEBMA laboratory 
(www.​lebma.​cl).

In the laboratory, blades and sori were photographed and 
analyzed using ImageJ software (version 1.54 k; Schneider 
et al. 2012) to estimate sori area (area × 2, because a similar 
reproductive area is developed on both sides of the blade) 
relative to total blade area as following Tala et al. (2004). 
The reproductive effort was expressed as percentage relat-
ing the area of reproductive to non-reproductive tissue (De 
Wreede and Klinger 1988).

Release of spores

The selection of sori areas was performed by trimming the 
blades and discarding sections with epiphytic growth. The 
selected sections were initially desiccated in a laminar flow 
hood under white light for 1 h. Subsequently, sori were placed 
in 2-L Schott bottles containing 0.22-µm filtered seawater and 
agitated for 12 h at 15–17 °C to stimulate spore release. Dur-
ing this process, the bottles were wrapped in aluminum foil to 
maintain complete darkness and protect the reproductive tissue.

Culture and maintenance

Spore density was determined in triplicate using a Neubauer 
chamber by counting the number of spores per milliliter. The 
spore suspension was subsequently diluted to a final concen-
tration of 10,000 spores mL⁻1, and 20 mL of this solution 
was inoculated into six sterile 100 mm plastic Petri dishes 
for each sampling site and season.

Cultures were maintained at 15–17 °C under a light inten-
sity of 30–50 µmol photons m⁻2 s⁻1 and a 12:12 h light–dark 
photoperiod for 28 days. The culture medium consisted of 
1-µm filtered seawater enriched with von Stosch medium 
(8 mL L⁻1) and was replaced weekly. The first medium 
change and enrichment were performed 48 h after inocula-
tion. To prevent contamination, either an antibiotic mixture 
(ampicillin, penicillin, and streptomycin at 0.25 g L⁻1) or 
germanium dioxide (GeO₂ at 1 g mL⁻1) was added to the 
medium to control bacteria and diatoms, respectively.

Microscopic developmental stages were monitored 48 h 
after culture initiation and subsequently at 7, 14, 21, and 
28 days. Counts of L. spicata life stages were performed 
using an inverted microscope (Eclipse Ts2, Nikon, Japan). 
For spore settlement and germination, observations were 
conducted in twelve 0.5 mm2 fields per Petri dish. For the 
quantification of undifferentiated gametophytes, male and 
female gametophytes, and juvenile sporophytes, twelve 1 
mm2 fields per Petri dish were examined. Each stage was 
expressed as a percentage of the total stages observed at 

each time point. Final sporophyte density was calculated 
as the number of individuals per cm2. The sex ratio was 
determined based on the proportion of male gametophytes 
following the formula described by Oppliger et al. (2011):

where MG represents male gametophytes and FG represents 
female gametophytes. In addition, fecundity and repro-
ductive success were calculated following the formulas 
described by Lee and Brinkhuis (1986):

where TS represents total sporophytes, FGO represents 
female gametophytes with oogonia, and FGwO represents 
female gametophytes without oogonia. This approach 
allowed us to determine the timing (in days) of each devel-
opmental stage and its quantitative representation.

Statistical analysis

All data, except for final sporophyte density, were expressed 
as percentages. Normality and homogeneity of variances 
across seasons and sites were assessed using Shapiro–Wilk 
and Bartlett’s tests, respectively. When assumptions were 
met, a two-way analysis of variance (ANOVA) was con-
ducted to evaluate the effects of season, site and their inter-
action on the response variables, specifically the percentage 
of reproductive effort with arcsine transformation and the 
final density of L. spicata sporophytes. Post hoc comparisons 
were performed using Tukey’s HSD test. For datasets that 
violated the assumption of homogeneity of variance, gener-
alized linear mixed models (GLMMs) with a beta distribu-
tion were applied. Percentages were transformed into propor-
tions to avoid extreme values (0 or 1) following the method 
proposed by Smithson and Verkuilen (2006). The effects of 
site and season were included as fixed factors, while time (in 
days) was treated as a random factor to account for repeated 
measures on additional response variables, including the 
percentage of each life stage, sex ratio, fecundity, and repro-
ductive success, were analyzed using GLMMs, with sig-
nificance assessed via χ2 statistics. Post hoc analyses were 
performed using estimated marginal means (EMMs) with 
the ‘emmeans’ package (Version 1.11.2; Lenth et al. 2025), 
applying a Tukey adjustment for multiple comparisons. All 
statistical analyses were performed in R software (version 
4.3.0; R Development Core Team 2024).

Sex ratio(%) =
MG

MG + FG
∗100

Fecundity(%) =
TS+FGO

TS + FGO + FGwO
∗ 100

Reproductive success(%) =
TS

TS+FGO+FGwO
∗100

http://www.lebma.cl
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Results

Reproductive effort

The maximum reproductive effort of L. spicata was recorded 
during autumn at both locations, with values exceeding 50% 
(Fig. 2). The statistical analysis revealed no significant dif-
ferences between sites (F₁,₂₄ = 1.16, p = 0.29), while a sig-
nificant independent effect of season on reproductive effort 
was detected (F₁,₂₄ = 12.88, p < 0.001). Additionally, a sig-
nificant interaction between site and season was observed 
(F₁,₂₄ = 6.92, p < 0.01) (Table S1, Supplementary Materi-
als). Post hoc comparisons indicated that reproductive effort 
was significantly lower in Quintay samples during spring 
(24.6 ± 9.5%, mean ± SD) compared to Quintay in autumn 
(60.9 ± 18.2%, mean ± SD) and to Horcón samples in both 
seasons (Fig. 2).

Life cycle development

Observations revealed no significant differences in the 
percentage of settled spores between sites (χ2(1) = 2.04, 
p = 0.153) or between seasons (χ2(1) = 2.28, p = 0.131) 
(Fig. 3), and no significant interaction between these fac-
tors was detected. Although the overall model did not 
show statistically significant effects, post hoc comparisons 
revealed significant differences (p < 0.05) involving Quin-
tay in autumn. Specifically, Quintay in autumn differed 
significantly from Horcón in both autumn and spring, as 
well as from Quintay in spring (Table S2, Supplementary 
Materials).

For germinated spores, no significant differences were 
observed between sites (χ2(1) = 0.29, p = 0.588), with val-
ues exceeding 80% on day 2 across all cases (Fig. 3). In con-
trast, a significant seasonal effect was detected (χ2(1) = 6.87, 
p = 0.008), although no significant interaction between site and 

season was found. Post hoc analysis revealed significant differ-
ences (p < 0.05) between seasons at both sites. Additionally, sig-
nificant differences were observed between Horcón in autumn 
and Quintay in spring, as well as between Quintay in autumn 
and Horcón in spring. Spring cultures from Horcón exhibited 
the highest percentage of germinated spores (59 ± 20%), while 
in autumn, germinated spores at both sites were nearly absent 
after day 7 (Fig. 3). This seasonal pattern suggests a faster 
but shorter differentiation process from germinated spores to 
gametophytes during autumn, compared to a slower but more 
sustained development during spring at both sites.

Significant differences between sites were found for both 
female (χ2(1) = 18.67, p < 0.001) and male gametophytes 
(χ2(1) = 32.72, p < 0.001), whereas no significant seasonal 
effect was detected (p > 0.05) (Fig. 3). However, a significant 
interaction between site and season was observed for both 
female (χ2(1) = 10.21, p < 0.001) and male gametophytes 
(χ2(1) = 11.42, p < 0.001). Post hoc analysis revealed sig-
nificant differences (p < 0.05) across all site and season com-
binations for both female and male gametophytes, except for 
comparisons between sites in spring (Table S2, Supplemen-
tary Materials).

On day 7, seasonal differences became evident, with higher 
percentages of female than male gametophytes in autumn cul-
tures (female: Quintay = 47 ± 11%, Horcón = 32 ± 17%; male: 
Quintay = 36 ± 7%, Horcón = 23 ± 10%), showing a clear pre-
dominance of female gametophytes. In contrast, no gameto-
phyte formation was observed on day 7 in spring cultures at 
either site. In these spring cultures, both spore germination 
and the transition to gametophytes occurred more gradually 
over time (Fig. 3).

By day 14, differences in gametophyte development were 
evident, with notably low percentages of both female and male 
gametophytes in the autumn cultures from Horcón. Overall, 
lower gametophyte percentages were recorded in autumn com-
pared to spring at both sites. The highest percentage of female 

Fig. 2   Reproductive effort (%) 
of Lessonia spicata popula-
tions from Quintay and Horcón 
during spring 2023 and autumn 
2024. Different letters indicate 
significant differences among 
seasons and sites (two-way 
ANOVA, p < 0.05, followed 
by Tukey’s post hoc test). Bars 
represent mean ± SD (n = 7)
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gametophytes was observed in the spring cultures from Quin-
tay (44 ± 7%), while male gametophyte development followed 
a similar pattern, with the highest values also recorded in the 
spring cultures from Quintay (34 ± 7%; Fig. 3).

On day 21, the absence of both female and male gameto-
phytes in the autumn cultures from Horcón emerged as the 
most pronounced pattern. This observation is consistent with 
the previously detected significant site-specific differences, 
highlighting that the spring cultures from Quintay exhibited 
the highest gametophyte percentages across all site-season 
combinations. By day 28, these trends persisted, with no 
substantial changes in gametophyte presence (Fig. 3).

Significant differences in the timing of sporophyte forma-
tion were observed between sites and seasons. A significant site 
effect was detected (χ2(1) = 3.89, p = 0.049), with the highest 
sporophyte percentage recorded in the Horcón autumn cultures 
(28 ± 13%) at 28 days. A significant seasonal effect was also 
identified (χ2(1) = 7.95, p = 0.005), although no significant 
interaction between site and season was found (p = 0.627). Post 
hoc analysis revealed significant differences (p < 0.05) between 
sites during the spring season, as well as between seasons at 
both sites. Additionally, a significant difference was observed 
between Horcón in autumn and Quintay in spring.

Sex ratio

A significant difference in the sex ratio between sites was 
detected (χ2(1) = 25.55, p < 0.001), while no significant 
seasonal effect was observed (χ2(1) = 0.06, p = 0.811). 

However, a significant site–season interaction was identified 
(χ2(1) = 18.65, p < 0.001) (Fig. 4). Consistent with the post 
hoc results obtained for the gametophyte phase, significant 
differences (p < 0.05) were found across all site and season 
comparisons, except between sites during the spring season 
(Table S2, Supplementary Materials).

Sex ratio data were available on day 7 only for the autumn 
cultures, with identical values recorded at both sites (Quin-
tay = 43 ± 3%; Horcón = 43 ± 4%). In contrast, no gametophytes 
were observed in the spring cultures at this time point (Fig. 4), 
consistent with the delayed transition from germinated spores 
to gametophytes during spring compared to autumn (Fig. 3).

On day 14, gametophytes were observed at both sites 
and during both seasons. The autumn culture from Quintay 
exhibited the highest sex ratio (59 ± 7%), whereas the lowest 
was recorded at Horcón during the same season (16 ± 4%; 
Fig. 4). By day 21, no male or female gametophytes were 
present in the Horcón autumn cultures, consistent with the 
life cycle disruption observed at this site compared to the 
spring culture at Horcón and both seasonal cultures at Quin-
tay (Fig. 3). At this time, a balanced sex ratio (~ 50%) was 
maintained in Quintay across both seasons. This trend per-
sisted through day 28, with Quintay cultures maintaining a 
sex ratio close to 50%, while no gametophytes were detected 
in Horcón autumn cultures (Fig. 4).

Fecundity

Fecundity exhibited temporal variation associated with the 
rate of gametophyte development and gamete maturation, 

Fig. 3   Life cycle stages (%) of 
Lessonia spicata determined 
at Quintay and Horcón during 
spring 2023 and autumn 2024. 
The percentages of settled 
spores, germinated spores, male 
and female gametophytes, and 
sporophyte stages were recorded 
at 2, 7, 14, 21, and 28 days 
of culture. Data are shown as 
mean ± SD (n = 6)
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which in turn influenced the timing of sporophyte formation 
and the persistence of gametophytes (Figs. 3, 5).

On day 14, no development of sporophytes or female game-
tophytes with oogonia was observed in the spring cultures from 
Quintay, indicating a delay in fecundity-related processes at 
this site and season (Fig. 5). In the Horcón autumn cultures, 
female gametophytes were absent on both days 21 and 28. 
Consequently, fecundity was estimated based solely on the 
non-necrotic sporophytes present at these time points. No 
significant differences in fecundity were found between sites 
(χ2(1) = 0.65, p = 0.419) or between seasons (χ2(1) = 0.55, 
p = 0.458). However, a significant site–season interaction was 
detected (χ2(1) = 9.52, p = 0.002), suggesting context-depend-
ent variations in fecundity. Post hoc analysis revealed signifi-
cant differences (p < 0.05) between sites in both seasons, as well 
as between seasons at both sites. By day 28, fecundity patterns 
remained consistent with those observed on day 21, with the 
highest values recorded in the Horcón autumn cultures (Fig. 5).

Reproductive success

No significant differences were detected between sites 
(χ2(1) = 0.82, p = 0.364) or between seasons (χ2(1) = 0.25, 
p = 0.620). However, a significant interaction between site and 
season was observed (χ2(1) = 8.39, p = 0.004) (Fig. 6). Similar to 
the fecundity post hoc analysis, significant differences (p < 0.05) 
were observed between sites across both seasons, and between 
seasons within each site.

On day 14, the most pronounced seasonal differences 
occurred at Horcón, where sporophyte formation reached 
88 ± 11% in autumn compared to only 9% ± 8 in spring 
(Fig. 6). By day 21, site differences were minimal in spring 
(Quintay = 54 ± 6%; Horcón = 60 ± 9%), and seasonal dif-
ferences at Quintay were also reduced (spring = 54 ± 6%; 
autumn = 43 ± 8%).

Fig. 4   Sex ratio (%) based on 
male gametophytes determined 
at both sites (Quintay and 
Horcón) during spring of 2023 
and autumn of 2024. Zero val-
ues represent non-differentiation 
in gametophyte stages. The sex 
ratio, expressed as the percent-
age of male gametophytes, 
was measured at 7, 14, 21, and 
28 days of culture. Bars are 
mean ± SD (n = 6)

Fig. 5   Fecundity (%) at Quintay 
and Horcón during spring 
2023 and autumn 2024. The 
percentage of fecundity was 
measured at 14, 21, and 28 days 
of cultivation. Bars represent 
mean ± SD (n = 6)
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By day 28, sporophyte formation percentages between 
sites in spring were relatively similar (Quintay = 53 ± 9%; 
Horcón = 70 ± 7%) (Fig. 6). In contrast, Horcón main-
tained a 100% sporophyte formation rate in autumn, rep-
resenting the highest values recorded in the study (Fig. 6). 
These patterns align with the fecundity trends previously 
described, particularly the consistent 100% sporophyte 
formation recorded in Horcón during autumn at both 21 
and 28 days (Fig. 5).

Juvenile sporophyte density

Sporophyte density varied according to site- and season-
dependent delays in formation. After 28 days, final den-
sities were lower in autumn at both sites, particularly at 
Horcón (102.97 ± 48.50 individuals per cm2; Table  1). 
Significant differences were detected between sites and sea-
sons (p < 0.01), with post hoc analysis revealing divergences 
between sites in autumn and between seasons at both sites, 
with peak densities recorded in spring.

Across the monitoring period (14, 21, and 28 days), 
sporophyte density was consistently higher at Quintay 
than at Horcón. However, at 14 days, this pattern reversed 

seasonally, with higher densities in autumn (Quin-
tay = 1002 ± 319 individuals cm⁻2; Horcón = 2417 ± 897 
individuals cm⁻2) and lower densities in spring (Quintay = 0; 
Horcón = 615 ± 497 individuals cm⁻2). At 21 days, maximum 
densities were recorded in spring, although autumn values 
remained markedly higher at Quintay (1003 ± 224 indi-
viduals cm⁻2) than at Horcón (365 ± 149 individuals cm⁻2). 
In Horcón during autumn, necrosis of sporophyte tissue 
emerged at 21 days and intensified by 28 days, resulting in 
discolored, diffuse morphologies (Figs. 7 ).

Discussion

The early development of L. spicata exhibited clear sea-
sonal and site-specific patterns, with cultures initiated in 
autumn displaying rapid but short-lived germination, while 
those from spring showed slower yet more sustained growth. 
Gametophyte abundance was significantly higher in spring, 
particularly at Quintay, indicating more favorable environ-
mental conditions. In contrast, Horcón cultures, especially in 
autumn, showed reduced gametophyte formation, early loss, 
and markedly lower cumulative densities of both gameto-
phytes and sporophytes. Despite this, sporophyte production 
peaked in Horcón autumn cultures, accompanied by a higher 
reproductive effort, as evidenced by increased sori devel-
opment and earlier gametophyte maturation. However, the 
phenological advantages observed in autumn were offset by 
signs of physiological stress, including tissue bleaching and 
necrosis by days 21 and 28. This high reproductive success 
is attributed to early bleaching events that eliminated most 
gametophytes, leaving only viable individuals that were 
successfully fertilized and developed into sporophytes, thus 
leading to an overestimation of the calculated success rates. 
Finally, both variables, fecundity and reproductive success, 

Table 1   Sporophyte density (individuals cm⁻2) after 28  days of cul-
tivation at the two study sites (Quintay and Horcón) during spring 
2023 and autumn 2024 (mean ± SD)

Site/Season Density
(N° ind. cm−2)

Quintay/Spring 1378 ± 243.62
Horcón/Spring 1120 ± 193.45
Quintay/Autumn 427 ± 65.51
Horcón/Autumn 102 ± 48.50

Fig. 6   Reproductive success (%) 
at Quintay and Horcón during 
spring 2023 and autumn 2024. 
The percentage of reproductive 
success was measured at 14, 21, 
and 28 days of cultivation. Bars 
represent mean ± SD (n = 6)
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did not show significant differences with respect to site or 
season individually but did exhibit a significant interac-
tion between site and season. These findings underscore 
the strong influence of seasonality on reproductive dynam-
ics and highlight the detrimental impact of environmental 
effects, particularly during early stages in polluted coastal 
areas (Fig. 8).

Previous studies in Laminariales have demonstrated that 
phenological shifts, seasonally driven variations in life cycle 
events, exhibit a degree of plasticity yet are predominantly 
regulated by environmental factors such as photoperiod and 
sea surface temperature (SST) (Kain 1989; De Bettignies 
et al. 2018). Less commonly reported, but ecologically rel-
evant, are additional drivers such as blue-light-mediated 
gametogenesis in Laminaria spp. and episodic swell and 
rainfall events that can trigger spore release in edge popula-
tions of Ecklonia radiata (Veenhof et al. 2023). In the case 
of the intertidal kelp L. spicata of central Chile, previous 
surveys by Santelices and Ojeda (1984) have indicated that 
reproduction and development of microscopic life stages 
occur all year round but exhibit maximum values during the 
autumn and winter seasons, with the recruitment of juve-
nile sporophytes taking place more frequently at the end of 

winter through to spring and maximum growth of the mac-
roscopic phase during spring and summer. As these authors 
pointed out, maximum fertility in this species and in the 
subtidal L. trabeculata (Tala et al. 2004) is usually observed 
in autumn–winter. In fact, recruitment mostly takes place 
after the occurrence of autumn and winter storms, which 
are strong enough to remove whole L. spicata adult plants, 
thus opening patches and enabling the settlement of juvenile 
kelp individuals (Ojeda and Santelices 1984). Our laboratory 
results reflect the potential for early stages of development 
depending on their origin (site) and seasonality. In the natu-
ral environment, both gametophytes and early sporophytes 
can undergo delayed development during unfavorable con-
ditions, forming a bank of microscopic stages that can be 
maintained on the substratum (Hoffmann and Santelices 
1991; Edwards 2022). Under favorable environmental con-
ditions, which vary depending on the site, different recruit-
ment patterns may occur that are not directly correlated with 
the species'maximum fertility.

Lessonia spicata from Horcón and Quintay showed 
both a higher reproductive effort in adult sporophytes and 
an earlier development of gametophytes and sporophytes 
from the autumn than the spring cultures. This trend for both 

Fig. 7   Photographs obtained 
after 28 days of cultivation 
of sporophytes at Quintay (a, 
b) and Horcón (c, d) during 
autumn. Horcón images exhibit 
sporophyte necrosis and a 
bleached background associated 
with gametophyte mortality 
(scale bar = 100 µm)
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sites is coincident with reproductive seasonality typical of 
“short-length” temperate seaweed species, where reproduc-
tive maturation is triggered as day length shortens at lower 
temperatures (Cunningham et al. 1993). Nonetheless, results 
of statistical analyses assessing the effects of site, season, 
and their interaction on the different phenological traits 
suggested the following more specific patterns. In the first 
place, the reproductive effort was significantly influenced 
by both season and the interaction between site and season. 
This pattern is reflected in the higher values observed in 
autumn compared to spring at both sites. The interaction 
effect was evident in the seasonal shift of the site exhibit-
ing the highest reproductive effort, that is, either Horcón 
or Quintay, depending on the season (Fig. 2). Furthermore, 
most composite indices (i.e., sex ratio, fecundity, and repro-
ductive success) were mainly influenced by the interaction 
of site and season, revealing more generally the influence of 
seasonal environmental variation (higher values in autumn 
than spring), as well as an additional environmental deter-
mination, such as pollution level, that could also play a role 
in phenological shifts and their magnitudes.

Despite the earlier development of microscopic stages in 
autumn, the cumulative number of gametophytes and spo-
rophytes over 28 days was higher in spring. This suggests 

lower overall developmental success in autumn, probably 
because autumn cultures showed rapid but short-lived ger-
mination, while spring cultures displayed slower, sustained 
development. However, as Schiel and Foster (2006) noted, 
seasonal viability of spores and early stages remains uncer-
tain. Santelices et al. (1980) also reported a seasonal lag 
between peak fertility in summer and juvenile sporophyte 
appearance in late autumn–winter, suggesting delayed 
recruitment. Since fertile sporophytes typically reach 
150 cm, fertility likely correlates with the proportion of large 
individuals in the population.

The earlier and faster development observed in autumn 
cultures could reflect inherited traits and environmental 
triggers, including photoperiod, temperature (De Bettignies 
et al. 2018), and light quality (e.g., blue light or low irra-
diance in winter; Lüning 1980; Reed et al. 1997). Similar 
autumnal fertility patterns and wave-stimulated spore release 
were reported for Alaria marginata in California (McCo-
nnico and Foster 2005), consistent with increased kelp 
strandings in Horcón during autumn–winter (Santelices 
et al. 1980).

Thermal tolerance varies among kelps depending on 
their distribution. For instance, Lessonia corrugata (Tas-
mania) has a narrow optimal range (15.7–17.9 °C) (Paine 

Fig. 8   Schematic overview of the phenological effects of marine contamination and seasonal variability on the life cycle of Lessonia spicata. 
Negative impacts recorded at Horcón, a contaminated site on the central coast of Chile, are indicated in red
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et al. 2021), while Ecklonia radiata shows broader toler-
ance (~ 18–23 °C) (Mohring et al. 2014). Lessonia spicata 
gametophytes can survive at 20 °C but remain small and 
infertile, unlike the more tolerant L. berteroana (Oppliger 
et al. 2012). Oceanographic conditions in Horcón due to 
weaker upwelling may explain the lower densities observed 
there compared to the more intense upwelling in Quintay 
(Aravena et al. 2014 and Fig. S1, Supplementary Materi-
als), particularly in autumn. Indeed, gametophyte abundance 
was significantly higher in spring, particularly at Quintay, 
suggesting more favorable conditions. In contrast, Horcón 
cultures, especially in autumn, showed reduced gametophyte 
formation and early loss. We do not attribute the differences 
in gametophyte abundance to temperature alone. Within 
the thermal tolerance range of L. spicata across its biogeo-
graphic distribution, the temperature difference between 
Horcón and Quintay is relatively minor (Lara et al. 2019). 
In contrast, the presence of recently upwelled waters near 
Quintay suggests substantial differences in nutrient avail-
ability for sporophytes, potentially resulting in a mild mater-
nal effect that may contribute to the observed differences in 
sporophyte performance between the two populations.

In summary, the early development of L. spicata exhib-
ited strong seasonal and site-specific patterns. Faster game-
tophyte maturation was observed in both autumn cultures, 
especially in Horcón, where higher fecundity by day 14 sug-
gests stimulation by seasonal signals. Sporophyte produc-
tion also peaked in Horcón autumn cultures, despite overall 
developmental instability. However, necrosis and bleach-
ing in some sporophytes on days 21 and 28, along with the 
absence of gametophytes from day 21 onwards, indicate a 
likely increase in mortality. In contrast, sex ratios in Quin-
tay remained stable at ~ 50% from day 14 in both seasons, 
while in Horcón, autumn cultures showed a drastic decline, 
suggesting an unstable sex ratio likely due to environmental 
stress. Although mild shifts in sex ratios have been linked 
to thermal stress in L. spicata and L. berteroana (Oppliger 
et al. 2011), the sharp imbalance observed in Horcón would 
be indicating an additional stressor influencing reproductive 
dynamics beyond temperature alone. These results highlight 
the influence of environmental quality and seasonality on L. 
spicata recruitment, with populations in impacted areas fac-
ing greater challenges in maintaining early life stage success.

These findings align with previous studies in the impacted 
Quintero-Puchuncaví area, near the industrial park, where 
L. spicata from the most polluted site, Ventanas, exhibited 
the shortest blades, smallest holdfasts, and the lowest spore 
release and settlement rates after 120 h when exposed to 
local seawater (Oyarzo-Miranda et al. 2020). The same study 
reported increased male gametophyte mortality under pollut-
ant-induced stress, causing a sex ratio bias toward females. 
Elevated levels of contaminants, such as copper (Cu), arse-
nic (As), and PAHs, have been consistently recorded in the 

seawater and sediments of the area (Oyarzo-Miranda et al. 
2020). In vitro studies further confirmed that spore develop-
ment in L. spicata ceases upon exposure to high Cu concen-
trations (7.87 µg L⁻1), with toxic effects impairing gameto-
phyte formation and disrupting the life cycle (Contreras et al. 
2007; Contreras-Porcia et al. 2017). Similar sensitivity has 
been observed in other kelps like Macrocystis pyrifera and 
Undaria pinnatifida (Leal et al. 2016; Meynard et al. 2021). 
Moreover, metal and naphthalene accumulation in M. pyrif-
era and its trophic transfer to Tetrapygus niger have been 
documented, exceeding Codex Alimentarius Safety Limits 
(Contreras-Porcia et al. 2017; Latorre-Padilla et al. 2021). 
Thus, the comprehensive phenological analysis conducted 
in this study suggests detrimental effects of marine pollu-
tion, as well as the combined influence of environmental 
variables such as temperature and nutrient availability, on L. 
spicata populations. Furthermore, the results provide clear 
evidence of negative impacts throughout the marine area 
of the Quintero-Puchuncaví coastal zone, highlighting the 
urgent need for environmental management measures.

Conclusions

This study demonstrates that both seasonal environmental 
factors and local anthropogenic pollution significantly influ-
ence the reproductive phenology of L. spicata. Cultures devel-
oped from reproductive material collected in autumn showed 
enhanced reproductive performance compared to those from 
spring, suggesting a seasonal induction for reproductive shifts. 
On the other hand, the generally lower sea surface temperatures 
(SSTs) associated with stronger upwelling conditions could 
potentially contribute to the higher densities of microscopic 
life stages observed in Quintay compared to Horcón. This pat-
tern might be linked to enhanced survival at relatively lower 
temperatures; however, further analyses are needed to con-
firm this hypothesis. However, in the polluted site of Horcón, 
signs of reproductive impairment, including rapid but short-
lived germination, skewed sex ratios, gametophyte absence, 
and sporophyte necrosis, highlight the combined impact of 
contamination. These findings suggest that in highly impacted 
coastal environments, pollution may act synergistically with 
seasonal stressors to alter the timing, success, and viability 
of key life cycle stages in kelp populations. This underscores 
the need for targeted environmental management strategies in 
degraded marine areas to support the resilience and persistence 
of foundational algal species.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10811-​025-​03644-4.

Acknowledgements  Acknowledgements The authors express their 
gratitude to the Caleta Horcón TURF (Territorial Use Rights for Fish-
ing) for their invaluable support in the development of this initiative 

https://doi.org/10.1007/s10811-025-03644-4


Journal of Applied Phycology	

within their territory. We also thank Bitecma Ltda. for their assistance 
with the permit applications to the Undersecretariat of Fisheries and 
Aquaculture of Chile, Artisanal Fisheries Department, as well as for 
their recommendations. We gratefully acknowledge the anonymous 
reviewers, whose comments helped enhance the quality of this work. 
Finally, we acknowledge Frank Véliz Pino for the preparation of Fig-
ure 8 and Aníbal Contreras for his support during fieldwork activities.

Authors’ contribution  All authors contributed to the research design 
and the development of field and laboratory methodologies. The first 
draft of the manuscript was prepared by A.M., B.P., G.V., and L.C.-P. 
All authors participated in the editing of draft versions and approved 
the final manuscript. This work formed part of G.V.’s marine biology 
thesis at Universidad Andrés Bello, supervised by L.C.-P. and F.T.

Funding  This work was supported by ANID—Millennium Science Ini-
tiative Program—ICN2019_015 ICM-ANID and ANID PIA/BASAL 
AFB240003.

Data availability  All data generated or analyzed during this study are 
available within the published article and its supplementary materials.

Declarations 

Competing interest  The authors declare no competing interests.

References

Aberg P (1996) Patterns of reproductive effort in the brown alga Asco-
phyllum nodosum. Mar Ecol Prog Ser 138:199–207

Ansari TM, Marr IL, Tariq N (2004) Heavy metals in marine pollution 
perspective–a mini review. J Appl Sci 4:1–20

Aravena G, Broitman B, Stenseth NC (2014) Twelve years of change 
in coastal upwelling along the central-northern coast of Chile: 
spatially heterogeneous responses to climatic variability. PLoS 
One 9:e90276

Ávila M, Hoffmann AJ, Santelices B (1985) Interacciones de tempera-
tura, densidad de flujo fotónico y fotoperíodo sobre el desarrollo 
de etapas microscópicas de Lessonia nigrescens (Phaeophyta, 
Laminariales). Rev Chil Hist Nat 58:71–82

Bellorín A, Bulboa-Contador C, Contreras-Porcia L (2022) Algas: Una 
introducción a la ficología. RIL editores, Santiago, Chile

Biancacci C, South PM, Scott N, Crossett D, Heasman K (2024) 
Intrapopulation variation in reproduction of Lessonia variegata 
J. Agardh. N Z J Mar Freshw Res 59:537–552

Carney LT, Edwards MS (2006) Cryptic processes in the sea: a 
review of delayed development in the microscopic life stages 
of marine macroalgae. Algae 21:161–168

Chefaoui RM, Serebryakova A, Engelen AH, Viard F, Serrao EA 
(2019) Integrating reproductive phenology in ecological niche 
models changed the predicted future ranges of a marine invader. 
Divers Distrib 25:688–700

Chuine I, Regniere J (2017) Process-based models of phenology 
for plants and animals. Annu Rev Ecol Evol Syst 48:159–182

Coelho SM, Rijstenbil JW, Brown MT (2000) Impacts of anthropo-
genic stresses on the early development stages of seaweeds. J 
Aquat Ecosyst Stress Recovery 7:317–333

Contreras L, Medina MH, Andrade S, Oppliger V, Correa JA (2007) 
Effects of copper on early developmental stages of Lessonia 
nigrescens Bory (Phaeophyceae). Environ Pollut 145:75–83

Contreras-Porcia L, Meynard A, Lopez-Cristoffanini C, Latorre N, 
Kumar M (2017) Marine metal pollution and effects on seaweed 

species. In: Kumar M, Ralph PL (eds) Systems Biology of 
Marine Ecosystems. Springer, New York, pp 35–48

Contreras-Porcia L, Meynard A, Bulboa C, Vargas PF, Rivas J, 
Latorre-Padilla N, Navarrete SA, Search FV, Oyarzo-Miranda 
C, Toro-Mellado F (2023) Expansion of marine pollution along 
the coast: negative effects on kelps and contamination transfer-
ence to benthic herbivores? Mar Environ Res 192:106229

Contreras-Porcia L, Broitman B, Meynard A, Pinilla-Rojas B, 
Bulboa C, Tala F, Otaíza R, Pedrini C, Rosson A, Núñez M, 
Vera-Duarte J, Véliz G, Oyarzún FX, González D, Lagos N, 
Mora AM, Segovia NI (2025). Manual of Best Practices for 
the Restocking of Brown Algae. https://​doi.​org/​10.​53382/​isbn.​
978-​956-​7247-​97-4

Cotas J, Gomes L, Pacheco D, Pereira L (2023) Ecosystem services 
provided by seaweeds. Hydrobiology 2:75–96

Cunningham EM, Guiry MD, Breeman AM (1993) Environmental 
regulation of development, life history and biogeography of 
Helminthora stackhousei (Rhodophyta) by daylength and tem-
perature. J Exp Mar Biol Ecol 171:1–21

De Bettignies T, Wernberg T, Gurgel C (2018) Exploring the influ-
ence of temperature on aspects of the reproductive phenology 
of temperate seaweeds. Front Mar Sci 5:218

De Wreede R, Klinger T (1988) Reproductive strategies in algae. In: 
Doust J, Doust L (eds) Plant Reproductive Ecology: Patterns 
and Strategies. Oxford University Press, New York, pp 267–284

Edwards MS (2022) It’s the little things: the role of microscopic life 
stages in maintaining kelp populations. Front Mar Sci 9:871204

Eger AM, Marzinelli EM, Beas-Luna R, Blain CO, Blamey LK, Byrnes 
JEK, Carnell PE, Choi GC, Hessing-Lewis M, Young Kim K, 
Kumagai NK, Lorda J, Moore P, Nakamura Y, Pérez-Matus A, 
Pontier O, Smale D, Steinberg PD, Vergés A (2023) The value of 
ecosystem services in global marine kelp forests. Nat Commun 
14:1894

Eisenreich SJ, Elzerman AW, Armstrong DE (1978) Enrichment of micro-
nutrients, heavy metals, and chlorinated hydrocarbons in wind-gen-
erated lake foam. Environ Sci Technol 12:413–417

Eklund BT, Kautsky L (2003) Review on toxicity testing with marine 
macroalgae and the need for method standardization––exempli-
fied with copper and phenol. Mar Pollut Bull 46:171–218

El-Sharkawy M, Alotaibi MO, Li J, Du D, Mahmoud E (2025) Heavy 
metal pollution in coastal environments: ecological implications 
and management strategies: a review. Sustainability 17:701

Espinoza-Avalos J (2005) Fenología de macroalgas marinas [Phenol-
ogy of marine macroalgae]. Hidrobiologica 15:109–122

Espinoza-González C, Meynard A, Núñez A, Castañeda F, Oyarzo-
Miranda C, Latorre-Padilla N, Rivas J, Contreras-Porcia L 
(2021) Assessment of the independent and combined effects of 
copper and polycyclic aromatic hydrocarbons on gametogen-
esis and sporophyte development of the kelp Lessonia spicata 
(Phaeophyceae, Ochrophyta). J Appl Phycol 33:4023–4034

Gayó EM, Muñoz AA, Maldonado A, Lavergne C, Francois 
JP, Rodriguez D, Klock K, Sheppard PR, Aguilera-Betti I, 
Alonso-Hernández C, Mena-Carrasco M, Urquiza A, Gallardo 
L (2022) A cross-cutting approach for relating Anthropocene, 
environmental injustice and sacrifice zones. Earths Future 
10:e2021EF002217

Hoffmann AJ, Santelices B (1991) Banks of algal microscopic forms: 
hypotheses on their functioning and comparisons with seed 
banks. Mar Ecol Prog Ser 79:185–194

Kain JM (1989) The seasons in the subtidal. Br Phycol J 24:203–215
Kumar N (2024) Heavy metal toxicity. Springer, Cham
Lara C, Saldías GS, Cazelles B, Rivadeneira MM, Haye PA, Broitman 

BR (2019) Coastal biophysical processes and the biogeography 
of rocky intertidal species along the south-eastern Pacific. J Bio-
geogr 46:420–431

https://doi.org/10.53382/isbn.978-956-7247-97-4
https://doi.org/10.53382/isbn.978-956-7247-97-4


	 Journal of Applied Phycology

Latorre-Padilla N, Meynard A, Rivas J, Contreras-Porcia L (2021) 
Transfer of pollutants from Macrocystis pyrifera to Tetrapygus 
niger in a highly impacted coastal zone of Chile. Toxics 9:244

Leal PP, Hurd CL, Sander SG, Kortner B, Roleda MY (2016) Expo-
sure to chronic and high dissolved copper concentrations impedes 
meiospore development of the kelps Macrocystis pyrifera and 
Undaria pinnatifida (Ochrophyta). Phycologia 55:12–20

Lee J, Brinkhuis BH (1986) Reproductive phenology of Laminaria sac-
charina (L.) Lamour. (Phaeophyta) at the southern limit of its dis-
tribution in the northwestern Atlantic Ocean. J Phycol 22:276–285

Lenth RV, Banfai B, Bolker B, Buerkner P, Giné-Vázquez I, Herve M, 
Jung M, Love J, Miguez F, Piaskowski J, Riebl H, Singmann H 
(2025) emmeans: Estimated marginal means, aka least-squares 
means (Version 1.11.2) [R package]. https://​doi.​org/​10.​32614/​
CRAN.​packa​ge.​emmea​ns 

Lüning K (1980) Critical levels of light and temperature regulating 
the gametogenesis of three Laminaria species (Phaeophyceae). 
J Phycol 16:1–15

McConnico LA, Foster MS (2005) Population biology of the inter-
tidal kelp, Alaria marginata Postels and Ruprecht: a non-fugitive 
annual. J Exp Mar Biol Ecol 324:61–75

Meynard A, Espinoza-González C, Núñez A, Castañeda F, Contreras 
Porcia L (2021) Synergistic, antagonistic, and additive effects 
of heavy metals (copper and cadmium) and polycyclic aromatic 
hydrocarbons (PAHs) under binary and tertiary combinations in 
key habitat-forming kelp species of Chile. Environ Sci Pollut Res 
28:18300–18307

Mohring MB, Wernberg T, Wright JT, Connell SD, Russell BD (2014) 
Biogeographic variation in temperature drives performance of 
kelp gametophytes during warming. Mar Ecol Prog Ser 513:85–96

Nardelli AE, Visch W, Wright JT, Hurd CL (2023) Concise review of 
genus Lessonia Bory. J Appl Phycol 35:1485–1498

Nardelli AE, Visch W, Farrington G, Sanderson JC, Bellgrove A, 
Wright JT, MacLeod C, Hurd CL (2025) Reproductive patterns 
of the kelp Lessonia corrugata vary temporally and between sites 
with different wave exposure. Eur J Phycol 60:162–174

Naser HA (2013) Assessment and management of heavy metal pol-
lution in the marine environment of the Arabian Gulf: a review. 
Mar Pollut Bull 72:6–13

Nielsen HD, Brownlee C, Coelho SM, Brown MT (2003) Inter-
population differences in inherited copper tolerance involve 
photosynthetic adaptation and exclusion mechanisms in Fucus 
serratus. New Phytol 160:157–165

Nor YM (1987) Ecotoxicity of copper to aquatic biota: a review. 
Environ Res 43:274–282

Ojeda FP, Santelices B (1984) Ecological dominance of Lessonia 
nigrescens (Phaeophyta) in central Chile. Mar Ecol Prog Ser 
19:83–91

Oppliger LV, Correa JA, Faugeron S, Beltrán J, Tellier F, Valero M, 
Destombe C (2011) Sex ratio variation in the Lessonia nigres-
cens complex (Laminariales, Phaeophyceae): effect of latitude, 
temperature, and marginality. J Phycol 47:5–12

Oppliger LV, Correa JA, Engelen AH, Tellier F, Vieira V, Faugeron 
S, Valero M, Gomez G, Destombe C (2012) Temperature effects 
on gametophyte life-history traits and geographic distribution 
of two cryptic kelp species. PLoS One 7:e39289

Oyarzo-Miranda C, Latorre N, Meynard A, Rivas J, Bulboa C, Con-
treras-Porcia L (2020) Coastal pollution from the industrial park 
Quintero bay of central Chile: effects on abundance, morphol-
ogy, and development of the kelp Lessonia spicata (Phaeophy-
ceae). PLoS One 15:e024058.1

Oyarzo-Miranda C, Otaíza R, Bellorín A, Vega JMA, Tala F, Lagos 
NA, Oyarzún FX, Estévez RA, Latorre-Padilla N, Mora Tapia 
AM, Figueroa-Fábrega L, Jara-Yáñez R, Bulboa C, Contreras-
Porcia L (2023) Seaweed restocking along the Chilean coast: 

history, present, and inspiring recommendations for sustain-
ability. Front Mar Sci 9:1062481

Paine ER, Schmid M, Gaitán-Espitia JD, Castle J, Jameson I, Sander-
son JC, Hurd CL (2021) Narrow range of temperature and irra-
diance supports optimal development of Lessonia corrugata 
(Ochrophyta) gametophytes: implications for kelp aquaculture 
and responses to climate change. J Appl Phycol 33:1721–1730

Ponti R, Sannolo M (2023) The importance of including phenol-
ogy when modelling species ecological niche. Ecography 
2023:e06143

R Core Team (2024) R: A language and environment for statistical 
computing (Version 4.3.0). R Foundation for Statistical Com-
puting. https://​www.R-​proje​ct.​org

Reed DC, Lewis RJ, Anghera M (1994) Effects of an open-coast 
oil-production outfall on patterns of giant kelp (Macrocystis 
pyrifera) recruitment. Mar Biol 120:25–31

Reed DC, Anderson TW, Ebeling AW, Anghera M (1997) The role 
of reproductive synchrony in the colonization potential of kelp. 
Ecology 78:2443–2457

Rosenfeld S, Mendez MS, Calderon MS, Bahamonde F, Rodríguez 
JP, Ojeda J, Marambio J, Gorny M, Mansilla A (2019) A new 
record of kelpLessonia spicata (Suhr) Santelices in the Sub-
Antarctic Channels: implications for the conservation of the 
“huiro negro” in the Chilean coast PeerJ 7:e7610

Salmani-Ghabeshi S, Palomo-Marín Bernalte E, Rueda-Holgado F, 
Miró-Rodríguez C, Cereceda-Balic F, Fadic X, Vidal V, Funes 
M, Gil EP (2016) Spatial gradient of human health risk from 
exposure to trace elements and radioactive pollutants in soils 
at the Puchuncaví-Ventanas industrial complex, Chile. Environ 
Pollut 218:322–330

Santelices B, Castilla JC, Cancino J, Schmiede P (1980) Compara-
tive ecology of Lessonia nigrescens and Durvillaea antarctica 
(Phaeophyta) in central Chile. Mar Biol 59:119–132

Santelices B, Ojeda FP (1984) Recruitment, growth and survival 
of Lessonia nigrescens (Phaeophyta) at various tidal levels in 
exposed habitats of central Chile. Mar Ecol Prog Ser 19:73–82

Saravanan P, Saravanan V, Rajeshkannan R, Arnica G, Rajasimman 
M, Baskar G, Pugazhendhi A (2024) Comprehensive review on 
toxic heavy metals in the aquatic system: sources, identifica-
tion, treatment strategies, and health risk assessment. Environ 
Res 258:119440

Schiel DR, Foster MS (2006) The population biology of large brown 
seaweeds: ecological consequences of multiphase life histories 
in dynamic coastal environments. Annu Rev Ecol Evol Syst 
37:343–372

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH image to ImageJ: 
25 years of image analysis. Nat Methods 9:671–675

Smithson M, Verkuilen J (2006) A better lemon squeezer? Maximum-
likelihood regression with beta-distributed dependent variables. 
Psychol Methods 11:54–71

Tala F, Edding M, Vásquez JA (2004) Aspects of the reproductive phe-
nology of Lessonia trabeculata (Laminariales: Phaeophyceae) 
from three populations in northern Chile. N Z J Mar Freshw Res 
38:255–266

Tala F, Véliz K, Gómez I, Edding M (2007) Early life stages of the South 
Pacific kelps Lessonia nigrescens and Lessonia trabeculata (Lami-
nariales, Phaeophyceae) show recovery capacity following exposure 
to UV radiation. Phycologia 46:467–470

Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ (2012) Heavy metal 
toxicity and the environment. In: Luch A (ed) Molecular, Clinical and 
Environmental Toxicology. Springer, Basel, pp 133–164

US EPA (1999) National Recommended Water Quality Criteria—
Aquatic Life Criteria Table. https://​www.​epa.​gov/​wqc/​natio​nal-​
recom​mended-​water-​quali​ty-​crite​ria-​aquat​ic-​lifec​riter​ia; accessed 
1 March 2025

https://doi.org/10.32614/CRAN.package.emmeans
https://doi.org/10.32614/CRAN.package.emmeans
https://www.R-project.org
https://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-lifecriteria
https://www.epa.gov/wqc/national-recommended-water-quality-criteria-aquatic-lifecriteria


Journal of Applied Phycology	

Vásquez J, Zuñiga-Jara S, Tala F, Piaget N, Rodríguez D, Vega JMA 
(2013) Economic valuation of kelp forests in northern Chile: 
values of goods and services of the ecosystem. J Appl Phycol 
26:1081–1088

Veenhof RJ, Champion C, Dworjanyn SA, Shalders TC, Coleman MA 
(2023) Reproductive phenology of the kelp Ecklonia radiata at its 
Australian warm-range edge and the influence of environmental 
factors. Mar Freshw Res 74:928–940

Veluchamy C, Divakar S, Sekaran M, John A, Buot IE Jr, Perumal A, 
Ramamoorthy S, Nachiappan K, Chandrasekaran R, Thiagara-
jan K (2023) Current status of seaweed diversity: Anthropogenic 
interventions. In: Ramamoorthy S, Buot IE, Rajasekaran C (eds) 
Plant Diversity in Biocultural Landscapes. Springer, Singapore, 
pp 563–579

Walker CH, Sibly RM, Hopkin, SP, Peakall DB (2012). Principles of 
Ecotoxicology. CRC Press, Boca Raton

Publisher's Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.


	Influence of environmental seasonality and marine pollution on the phenology of the kelp Lessonia spicata (Phaeophyceae)
	Abstract
	Introduction
	Materials and methods
	Sample collection
	Release of spores
	Culture and maintenance
	Statistical analysis

	Results
	Reproductive effort
	Life cycle development
	Sex ratio
	Fecundity
	Reproductive success
	Juvenile sporophyte density

	Discussion
	Conclusions
	Acknowledgements 
	References


