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Abstract

Marine green tides are ecological phenomena caused by the massive proliferation of green
macroalgae, particularly species of the genus Ulva, whose frequency and geographic ex-
tent have increased worldwide. These events are commonly associated with interacting
anthropogenic and environmental drivers, including nutrient enrichment, coastal modifi-
cation, climatic variability, and hydrodynamic retention. In Chile, green tides have been
reported in several coastal bays, including Coliumo Bay; however, systematic studies on
their species composition have been largely restricted to Algarrobo Bay, another coastal
upwelling-influenced embayment located in central Chile. In this study, we investigated
the laminar Ulva species associated with recurrent summer green tides at Dichato Beach,
located in Coliumo Bay, Biobío Region, Chile. Twenty specimens were collected during
the 2025 green tide and analyzed using an integrative approach that combined detailed
morphological characterization with molecular analyses based on the tuf A and ITS1 mark-
ers. Our results revealed the presence of three laminar, foliose, and distromatic taxa: Ulva
australis, Ulva stenophylloides, and an unresolved lineage designated as Ulva sp. (D4). These
taxa showed consistent morphological differentiation in traits such as thallus color, frond
margin morphology, and perforation patterns. Phylogenetic analyses further indicated
that Ulva sp. (D4) did not cluster with any described species included in the analyses,
supporting its recognition as a distinct lineage that may represent an undescribed taxon.
This study expands the known distribution of U. australis and U. stenophylloides in the south-
eastern Pacific and highlights the relevance of integrative taxonomy for resolving green
tide diversity and supporting future ecological monitoring and management strategies in
Chilean coastal systems.

Keywords: Ulva; green tides; macroalgal blooms; integrative taxonomy; molecular phy-
logeny; tuf A; ITS1; morphometry; southeastern Pacific; Chile
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1. Introduction
Marine green tides are large-scale events caused by the massive proliferation of green

seaweeds (Chlorophyta), resulting in high biomass accumulation along coastlines and po-
tentially disrupting ecosystem functioning. These events are mainly associated with species
of Ulva, Cladophora, and Spirogyra, with Ulva typically being the dominant genus [1–4].
This biomass reduces light penetration and consumes dissolved oxygen during respiration
and decomposition processes, among other environmental impacts [3]. When stranded
onshore, decomposing macroalgal biomass can produce gases such as hydrogen sulfide
and methane, causing odors and potential health risks [1]. Consequently, green tides have
reduced tourism and negatively affected coastal industries, including aquaculture [3–6].

Although their causes are not fully resolved, green tides are strongly linked to en-
vironmental conditions in anthropogenically altered coasts [6,7]. Main drivers include
eutrophication associated with agricultural and urban nutrient inputs to coastal zones, as
well as natural nutrient enrichment processes by coastal upwelling [8]. Additional factors
include habitat alteration reducing competition and grazing, the expansion of artificial
substrates, and rising heavy metal contamination [6,9–11]. Accordingly, Ulva species are
effective bioindicators of marine pollution due to their rapid growth and high nutrient
uptake, even at early life stages [12–14].

Large-scale green tides are recurrent worldwide. A major case occurs along the
Qingdao coast (Yellow Sea, China), where summer green tides dominated by U. prolifera
have exceeded one million tons since 2007, requiring costly removal, without even tackling
the potential control of the underlying drivers [15–18]. Another hotspot of green tides is
Brittany (northwestern France), where Ulva spp. blooms have persisted since the 1970s,
loosely linked to increasing agricultural runoff since the Second World War and leading to
the “Anti-Algae” plan in 2010 due to ecological and health concerns [19,20]. Together, these
and many cases of smaller magnitude around the world highlight the increasing global
frequency and potentially devastating extent of seaweed blooms and strandings [4,7,14].

In Chile, green tides have gained increasing attention over the past two decades due
to their negative effects on local communities. Identifying the species involved and their
drivers is urgently needed to prevent new introductions, support mitigation strategies, and
evaluate their biotechnological potential [6]. Thus far, two major green tide systems have
been recognized along the Chilean coast: the well-studied green tide in Algarrobo Bay,
Valparaíso Region, and the more recently documented event at Dichato Beach, Tomé, Biobío
Region, located at the proximal end of the semi-enclosed Coliumo Bay, approximately
35 km north of Concepción [6,21].

Although no formal scientific studies have yet addressed the persistent green tide at
Dichato, media reports describe recurrent summer accumulations of “sea lettuce,” causing
strong odors, shoreline contamination, and economic losses linked to reduced tourism,
suggesting dominance of laminar Ulva spp. [22]. There is indication that, unlike Algarrobo,
green tides at Dichato are more strongly seasonal (personal observations), but such a pattern
has not been clearly documented. The region, like all the Humboldt Current System,
is strongly influenced by coastal upwelling. Wind-driven upwelling greatly enhances
nutrient availability nearshore, fuelling primary productivity by both benthic macroalgae
and phytoplankton. Riverine inputs can also be an important and still understudied source
of nutrients in coastal environments [23–27]. These physical and biogeochemical processes
may influence nutrient availability and environmental conditions in Coliumo Bay. However,
their specific contributions to Ulva proliferation and green-tide accumulation at Dichato
Beach remain to be determined.

Morphological identification of Ulva species is challenging due to their simple mor-
phologies and high plasticity, which has led many taxa to be considered cryptic despite
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clear genetic differentiation [2,28]. As of October 2026, 101 species are recognized within
the genus Ulva, according to AlgaeBase [29]. Reliance solely on morphological characters
often results in uncertain taxonomic assignments, underscoring the need for molecular
approaches [4]. Consequently, DNA barcoding has become essential for species identifi-
cation and phylogenetic resolution in green tides, although it remains challenging due to
the ancient and highly diverse nature of green algal lineages [30]. Among the most used
markers are the plastidial tuf A gene and the nuclear ITS1 region, both of which provide
sufficient resolution for species-level discrimination within Ulva [4,31–34].

Early taxonomic studies in Chile based on classical morphology reported both foliose
Ulva spp. and tubular Enteromorpha spp. (now included within Ulva), documenting
13 tubular and 7 foliose taxa along the coast [35,36]. However, integrative morphological
and molecular studies remain critically scarce. To date, Ulva australis has been identified
using combined approaches in northern Chile (Iquique) [37], while five Ulva species forming
annual green tides were identified in Algarrobo Bay, central Chile [4]. These comprise three
laminar, distromatic species (U. stenophylloides, U. uncialis, and U. australis) and two tubular,
monostromatic species (U. compressa and U. aragoensis). Notably, U. stenophylloides was
documented for the first time in Chile and identified as the dominant taxon.

Additional records of Ulva spp. based only on morphology have been reported
from Quintay (Valparaíso Region) [38], and from southern Chile, including the Cape
Horn Biosphere Reserve and Magallanes [39–41]. These observations indicate diverse
assemblages with laminar and tubular forms; however, morphology-based identification
has proven unreliable. This taxonomic uncertainty limits species-level resolution and
hinders interpretation and management of green tides. Thus, morphological, molecular and
phylogenetic analyses are essential to resolve Ulva diversity and understand drivers of green
tides formation along the Chilean coast and their potential expansion to other localities.

In this context, the present study aimed to characterize the taxonomic diversity of
laminar Ulva specimens collected from rocky intertidal habitats surrounding Dichato Beach
during a summer green-tide event, using an integrative morphological and molecular
approach. By establishing the identity of the sampled taxa, this study provides base-
line information for future investigations addressing the species composition, ecological
dynamics, and biomass contributions of Ulva assemblages associated with green tides.

2. Materials and Methods
2.1. Sampling at Dichato Beach

A total of twenty individuals were collected in March 2025 at rocky shores surrounding
the Dichato beach where green tides regularly occur in summer months. Dichato beach
is located at the proximal (south) end of the north-facing enclosed Bay of Coliumo, Tomé
(Biobío Region) in central-southern Chile (ca. 36.5◦ S), which protects the bay from the
predominant southern waves and currents (Figure 1). Three sampling stations were located
on the rocky shores to the north-east of the beach: Site D1 (36◦32′12′′ S, 72◦56′01′′ W),
where six individuals were collected, is formed by an extensive quasi horizontal and
highly heterogenous platform of consolidated sedimentary rock in the high intertidal
zone; broken by channels, crevices and tidepools. The platform breaks into channels and
granitic boulders in the mid and low shore. Site D2 (36◦32′20′′ S, 72◦56′01′′ W), where
five individuals were collected, is formed by a very extensive, almost flat consolidated
sedimentary rock, with shallow tidepools by few channels, no boulders, and overall lower
heterogeneity than site D1. Site D3 (36◦32′31′′ S, 72◦55′56′′ W), where three individuals
were collected, corresponds to mostly boulders surrounded by sand at the edge of the
sandy beach. An additional sampling station was located south-west of the beach, Site
D4 (36◦32′47′′ S, 72◦56′56′′ W), where six individuals were collected, corresponding to a
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sedimentary platform described by Pineda [42] (1983, cited by Hödl Cruzat, 2024) as part
of the Quiriquina formation of the upper Cretaceous. The platform is very extensive and
flat in the mid intertidal zone, breaking into channels in the low shore. It does not extend
into the upper intertidal zone, as its distribution ends abruptly at the beach, where large
human-placed boulders have been installed for coastal protection.

Figure 1. Location of the study area and sampling sites at Dichato Beach, Coliumo Bay, central-
southern Chile. Coliumo Bay is a semi-enclosed, north-facing embayment located near Tomé, Biobío
Region. Black dots indicate the four sampling sites where individuals were collected in March 2025:
D1, D2, and D3 along the northeastern rocky and sandy shores around Dichato Village, and D4 on
the southwestern shore. Dashed lines indicate bathymetric contours in meters and blue lines show
local freshwater inputs. The inset map shows the location of the study area on the Pacific coast of
South America.

Each individual was collected from the sample stations with the entire thallus intact,
including the holdfast. Individuals that look different, from external attributes (thallus
color, absence or presence of perforations, serrated margins of the blade, among others),
were selected. Additionally, a 2 × 2 cm tissue subsample was excised from each specimen
and dried in situ using silica gel desiccant (ISOLAB gel beads) with absorbent paper.
Subsamples were stored individually in sterile resealable bags for subsequent molecular
analyses. All specimens were then properly herborized for morphological examination
and transported to the Laboratory of Ecology and Molecular Biology in Algae (LEBMA;
https://www.lebma.cl/, accessed on 31 March 2025).

The specimens (Table 1) are housed in the herbarium of the National Museum of
Natural History, Chile, under the numbers SGO 172447, 172449–172467 (Figure S1, Supple-
mentary Material).

The sampling strategy was specifically designed for exploratory taxonomic charac-
terization rather than quantitative assessment of species abundance. Attached specimens
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exhibiting contrasting external morphological characteristics were purposively selected to
capture morphological diversity and facilitate subsequent molecular identification. Con-
sequently, the sampling design was not intended to provide representative estimates of
taxon frequency, relative abundance, or biomass contribution. Although accumulations
of green macroalgal biomass were documented at Dichato Beach during the sampling
period (Figure 2), the accumulated material was not subjected to quantitative taxonomic
or biomass analyses. Therefore, the taxonomic composition of the collected attached
specimens should not be interpreted as directly representing the proportional species
composition of the stranded green-tide biomass.

 

Figure 2. Photographic documentation of the green tide event at Dichato Beach (Tomé, Biobío Region,
Chile), showing the spatial extent and surface accumulation of Ulva-dominated macroalgal biomass
during the summer bloom (March 2025). (a) Stranded biomass on sandy substrate; (b) biomass in
intertidal pools; (c) rocky intertidal zone.

Table 1. Herbarium voucher information and GenBank accession numbers for laminar Ulva specimens
collected from the summer green tide at Dichato Beach, Chile. The table includes the taxonomic
identification of each specimen, herbarium codes, SGO voucher numbers, and GenBank accession
numbers for the ITS1 and tuf A molecular markers. A dash indicates that no sequence was available
for that marker.

Species Herbarium Codes SGO
Codes GenBank

ITS1 tufA

Ulva australis M1-D1 172447 PZ404409 PZ414580
Ulva stenophylloides M2-D1 172449 PZ404413 PZ414584

Ulva australis M3-D1 172450 PZ404417 PZ414587
Ulva australis M4-D1 172451 PZ404421 PZ414591

Ulva stenophylloides M5-D1 172452 PZ404424 PZ414594
Ulva australis M6-D1 172453 PZ404427 PZ414597
Ulva australis M1-D2 172454 PZ404410 PZ414581
Ulva australis M2-D2 172455 PZ404414 PZ414585
Ulva australis M3-D2 172456 PZ404418 PZ414588
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Table 1. Cont.

Species Herbarium Codes SGO
Codes GenBank

ITS1 tufA

Ulva stenophylloides M4-D2 172457 PZ404422 PZ414592
Ulva stenophylloides M5-D2 172458 PZ404425 PZ414595

Ulva australis M1-D3 172459 PZ404411 PZ414582
Ulva australis M2-D3 172460 PZ404415 PZ414586
Ulva australis M3-D3 172461 PZ404419 PZ414589
Ulva sp. (D4) M1-D4 172462 PZ404412 PZ414583
Ulva sp. (D4) M2-D4 172463 PZ404416 -
Ulva sp. (D4) M3-D4 172464 PZ404420 PZ414590
Ulva sp. (D4) M4-D4 172465 PZ404423 PZ414593
Ulva sp. (D4) M5-D4 172466 PZ404426 PZ414596
Ulva sp. (D4) M6-D4 172467 PZ404428 PZ414598

2.2. Morphological Analysis
2.2.1. External Morphology

For external morphological analysis, the following attributes were recorded for each of
the 20 herborized samples: thallus color; frond texture; margin characteristics; texture across
frond zones (upper, middle, and basal); and the presence or absence of perforations. Addi-
tionally, the following morphometric variables were measured for all individuals: holdfast
diameter, total thallus length, and frond width at the upper, middle, and basal zones.

2.2.2. Internal Morphology

For internal morphological analysis, a 0.5 × 0.5 cm section of herborized tissue was
excised from the upper, middle, and basal regions of each of the 20 samples and rehy-
drated with 0.22 µm filtered seawater. Tissue sections were first examined using surface
photographic records to assess cell shape and arrangement under an inverted microscope
(Eclipse Ts2, Nikon, Tokyo, Japan). In addition, two transverse-section replicates per sam-
ple were prepared and documented photographically. Morphometric measurements were
obtained using ImageJ (https://imagej.net/ij/), with five replicates per variable in each
zone (upper, middle, and basal): cell width and height, tissue thickness, intercellular layer
width, and number of cell layers. For each morphometric variable, repeated measurements
within each thallus region were averaged at the individual level to avoid treating within-
individual measurements as independent biological replicates. Each individual thallus was
subsequently represented by a single set of morphometric values for multivariate analyses.

2.3. Phylogenetic Analyses Based on tufA and ITS1 Sequences

The 20 subsamples were preserved in silica gel desiccant (ISOLAB beads, Eschau,
Germany). For each sample, a small amount of dried plant tissue was mechanically
homogenized in the bead tubes supplied with the DNeasy Plan Pro Kit (Qiagen, GmbH,
Hilden, Germany) using a Mini-Beadbeater-24. Genomic DNA was extracted using the
DNeasy Plan Pto Kit (Qiagen), following the manufacturer’s protocol.

Taxonomic identification and lineage discrimination were based on two complemen-
tary markers widely used in Ulva molecular taxonomy: the nuclear ribosomal ITS1 region
and the chloroplast-encoded tuf A gene [4]. The combined use of nuclear and plastid
markers provided independent molecular evidence for species assignment and allowed
comparison with reference sequences available in public databases.

For PCR amplification of the tuf A marker, the primers tufGF4 (5′-GGNGCNGCNCAA-
ATGGAYGG-3′) [43] and tufAMR1 (5′-CTCGATCTCCTGGRATTACC-3′) [4] were used.
The ITS1 region was amplified using two custom-designed primers ITS F_UAM (5′-
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TCTCCGTAGGTGAACCTGCG-3′), developed from a reference sequence of Ulva australis
(accession no. OR514553.1), and ITS R_UAM (5′-GAGCWACCTACCTAGTCGG-3′), devel-
oped from a reference sequence of Ulva rigida (accession no. MW544059.1).

Amplifications were performed in a PCR workstation (Airclean 600, Air Science, USA,
LLC, Fort Myers, FL, USA) following UV sterilization to minimize contamination. PCR
reactions were carried out in a final volume of 35 µL containing 3.5 µL of template DNA,
1× PCR buffer, 0.8 mM dNTP mix, 1.3 mM MgCl2, 0.6 µM of each primer, and 0.03 U/ µL
of Taq DNA polymerase. Thermal cycling conditions included an initial denaturation at
94 ◦C for 10 min, 35 amplification cycles, and a final extension at 72 ◦C for 13 min. The
annealing temperature was 47 ◦C for both markers. Cycling conditions for tuf A were 94 ◦C
for 30 s, 47 ◦C for 30 s, and 72 ◦C for 45 s, whereas those for ITS1 were 94 ◦C for 60 s, 47 ◦C
for 60 s, and 72 ◦C for 120 s. PCR products were verified by agarose gel electrophoresis
using 1% agarose gels prepared in 0.5× TAE buffer. Electrophoresis was performed at 90 V
for 1 h, and bands were visualized under UV light. Amplified products were sequenced
in both directions by Macrogen Inc. (Seoul, Republic of Korea), using the same primers
employed for PCR amplification.

Forward and reverse sequences were assembled and edited to generate consensus
sequences using Geneious Prime 2026.1 (www.geneious.com). All chromatograms were
visually inspected, and ambiguous base calls were manually checked against peak quality.
For tuf A, sequences were translated into amino acids to verify the open reading frame and
exclude stop codons or frameshift errors. Consensus sequences were then aligned with
validated GenBank reference sequences used for species identification in Ulva, together
with sequences representing the Ulva lineages previously reported from Algarrobo by
Mutizábal-Aros et al. [4] (2024), using the Geneious Aligner in Geneious Prime 2026.1.
All newly generated sequences were deposited in GenBank under accession numbers
PZ414580–PZ414598 for tuf A and PZ404409–PZ404428 for ITS1 (Table 1).

Phylogenetic analyses were performed using the GTR nucleotide substitution model
in the PhyML [44] and MrBayes [45] plugins in Geneious Prime. Node support was esti-
mated with 10,000 bootstrap replicates for the maximum likelihood analyses and posterior
probabilities were estimated from Bayesian analyses run for 10,000,000 iterations, with 20%
of the trees discarded as burn-in.

2.4. Integrative Morphological and Molecular Analysis

Following morphological analyses and phylogenetic reconstruction, consistent taxo-
nomic assignments were obtained for all 20 samples, either at the species level (U. australis
and U. stenophylloides) or as an unresolved lineage (Ulva sp. D4). For each recovered taxon,
a detailed morphological characterization was produced in accordance with the molecu-
lar and phylogenetic evidence. Additionally, exploratory Principal Component Analyses
(PCA) were performed in RStudio (version 4.5.3; R Development Core Team, 2026) to assess
patterns of morphological variation among the recovered Ulva taxa. External and internal
morphological variables were analyzed separately. Individual thalli were considered the
biological sampling units, and repeated morphometric measurements were summarized
at the individual level before analysis. The PCA was used as an exploratory ordination
approach to visualize morphological variation and overlap among taxa rather than as a
formal test of species discrimination.

3. Results
Based on the integration of external and internal morphological traits with molecular

data derived from DNA sequencing and phylogenetic analyses, our results reveal the presence
of three taxa within the genus Ulva, all exhibiting laminar, distromatic thalli (Table 2). One
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taxon corresponds to Ulva australis Areschoug, the second to Ulva stenophylloides L.G. Kraft,
Kraft & R.F. Waller, and the third, designated as Ulva sp. (D4), represents an unresolved
lineage that may correspond to an undescribed taxon (Figure 3, Tables 1 and 2).

Figure 3. Thallus morphological variation among Ulva species associated with the green tide at
Dichato, Tomé. (a,b) represent morphotypes of Ulva australis; (c,d) correspond to Ulva stenophylloides;
and (e,f) depict morphotypes of Ulva sp. (D4).

Table 2. External morphological characteristics of the three Ulva taxa identified at Dichato Beach (Tomé,
Chile). Diagnostic traits are highlighted in green to emphasize the main differences among taxa.

Morphological Characters Ulva australis Ulva stenophylloides Ulva sp. (D4)

Color Light to dark green Light green Very light green
Thallus form Laminar, rosette-like Laminar, rosette-like Laminar, flat to expanded

https://doi.org/10.3390/phycology6040114
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Table 2. Cont.

Morphological Characters Ulva australis Ulva stenophylloides Ulva sp. (D4)

Texture Smooth Smooth Smooth

Upper margin Undulate, slightly serrate Undulate Smooth to undulate,
slightly serrate

Middle margin Undulate Undulate Undulate
Basal margin Undulate, slightly serrate Undulate Undulate

Holdfast shape Round Round Round
Frond perforations Present Absent Absent

3.1. Taxonomic Description
3.1.1. Ulva australis

The examined individuals exhibited a laminar thallus with variable morphotypes,
including orbicular rosettes as well as lobed and foliose forms (Figure 3a,b), with coloration
ranging from dark to light green. Thalli were attached to the substrate by a round holdfast
measuring 4.68 ± 1.21 mm in diameter, connected to the fronds by inconspicuous stipes.
Fronds were thin, smooth, and soft in texture, with few perforations. Margins were
generally smooth to undulate, occasionally showing slight denticulation. On average, thalli
reached 11.34 ± 11.04 cm in length, with a basal width of 0.8 ± 0.31 cm, a mid-width of
4.81 ± 1.81 cm, and an upper width of 1.05 ± 0.54 cm.

Fronds were distromatic, with a mean thickness of 55.82 ± 42.30 µm. In surface view,
cells were rounded and irregularly arranged (Figure 4). In transverse section, cells were
elongated, rectangular (16.26 ± 10.91 µm × 9.43 ± 3.09 µm), with rounded edges (Figure 4).
The interlayer space of the frond averaged 11.94 ± 12.68 µm in thickness in the middle
region. The chloroplasts occupy most of the cell volume, exhibit an irregular morphology,
and contain a single pyrenoid per cell (Figure 4).

Figure 4. Tissue organization of Ulva australis. (a) Surface view of tissue from the middle thallus region;
(b) transverse section of the middle region; (c) surface view of tissue from the basal region, showing a
rhizoidal basal cell; and (d) transverse section of the basal region, where rhizoids are visible.
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3.1.2. Ulva stenophylloides

Laminar thallus with variable morphotypes, ranging from foliose to lobed fronds of
light green coloration (Figure 3c,d). Individuals were attached to the substrate by a round
holdfast measuring 4.5 ± 1 mm in diameter, connected to the fronds by relatively thick
stipes. Fronds were thin, smooth, and soft in texture, lacking perforations. Margins were
smooth to undulate, without denticulation. On average, thalli reached 6.4 ± 0.29 cm in
length, with a basal width of 0.7 ± 0.41 cm, a width at the middle region of 3.15 ± 1.81 cm,
and an upper width of 1.05 ± 0.54 cm.

Fronds were distromatic, with a mean thickness of 35.55 ± 22.07 µm. In surface view,
cells were subquadrate and irregularly arranged (Figure 5). In transverse section, cells
were elongated and rectangular (10.76 ± 4.61 µm × 8.14 ± 3.29 µm), with rounded edges
(Figure 5). The interlayer space averaged 6.64 ± 6.27 µm in thickness in the middle region.
The chloroplasts occupy most of the cell volume, exhibit an oval morphology, and contain
one to two pyrenoids per cell (Figure 5).

Figure 5. Tissue organization of Ulva stenophylloides. (a) Surface view of tissue from the middle
thallus region; (b) transverse section of the middle region; (c) surface view of tissue from the basal
region, showing a rhizoidal basal cell; and (d) transverse section of the basal region, where rhizoids
are visible.

3.2. Ulva sp. (D4)

The examined individuals exhibited a laminar thallus with variable morphotypes.
Fronds were foliose, smooth, flat, and expanded, with coloration ranging from light to
very light green (Figure 3e,f). Thalli were attached to the substrate by a round holdfast
measuring 1.42 ± 1.71 mm in diameter, connected to the fronds by inconspicuous stipes.
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The fronds were characterized by very thin tissue, smooth, and soft in texture, lacking
perforations. Margins were smooth to undulate, becoming slightly serrate in the upper
region of the blade. On average, thalli reached 19.5 ± 2.35 cm in length, with a basal width
of 2.02 ± 1.02 cm, a width at the middle region of 5.18 ± 2.12 cm, and an upper width of
1.1 ± 0.57 cm.

Fronds were distromatic, with a mean thickness of 22.74 ± 5.91 µm. In surface view,
cells were subquadrate and irregularly arranged (Figure 6). In transverse section, cells were
compact, rectangular (8.36 ± 2.53 µm × 9.19 ± 2.97 µm), with rounded edges (Figure 6).
The interlayer space averaged 4.24 ± 2.02 µm in thickness in the middle region. The
chloroplasts occupy most of the cell volume, exhibit an oval morphology, and contain a
single pyrenoid per cell (Figure 6).

Figure 6. Tissue organization of Ulva sp. (D4). (a) Surface view of tissue from the middle thallus
region; (b) transverse section of the middle region. Images from the basal region were not included
because of their low quality, mainly resulting from the thinness of the tissue.

3.3. Molecular Phylogenetic Analyses

Phylogenetic analyses based on ITS1 and tuf A sequences recovered consistent topolo-
gies and revealed the presence of three distinct Ulva lineages associated with green tides in
Dichato (Figure 7). In both markers, specimens identified as Ulva australis and Ulva steno-
phylloides clustered with reference sequences retrieved from GenBank, including previously
reported Chilean specimens from Algarrobo, forming well-supported clades (Figure 7).

The distinct phylogenetic placement of Ulva sp. (D4) in both ITS1 and tuf A analyses
supports its genetic differentiation from closely related taxa, particularly U. linza and U.
prolifera. Maximum sequence identities of 93.96% for ITS1 and 97.58–97.73% for tuf A indi-
cate measurable divergence, although these values should not be interpreted using fixed
species-delimitation thresholds, given the complex taxonomic boundaries within Ulva. Fur-
thermore, the limited geographic sampling and the use of two molecular markers preclude
definitive species-level delimitation. Thus, we conservatively retain the designation Ulva
sp. (D4), pending additional molecular and taxonomic evidence.

Phylogenetic results also revealed differences in Ulva species composition between
localities. In contrast to previous molecular analyses conducted in Algarrobo, where five
Ulva species were detected, only three lineages were identified in Dichato (Figures 7 and 8).
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Figure 7. Maximum likelihood phylograms inferred from ITS1 and tuf A sequences of Ulva spec-
imens associated with green tides in Dichato, Chile. Numbers at branches indicate maximum
likelihood bootstrap support values (>70%) and Bayesian posterior probabilities (>0.7), respectively.
Sequences generated in this study are highlighted in color, and GenBank accession numbers are
indicated for reference sequences. Photographs illustrate representative morphologies of the principal
lineages recovered.
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Figure 8. Heatmap of pairwise sequence identity (%) used to evaluate molecular relationships among
Dichato specimens and selected Ulva reference taxa, based on ITS1 and tuf A markers. The lower
triangle shows ITS1 identities, whereas the upper triangle shows tuf A identities. Color categories
indicate sequence identity ranges, as shown in the legend. Blank cells indicate comparisons for which
data were not available for one of the markers.

3.4. Principal Component Analysis (PCA)
3.4.1. PCA of Sequenced Samples Based on External Morphology

The scree plot derived from the PCA of external morphological data from sequenced
individuals (Figure 9a) indicates that the first two principal components explain 68.7% of
the total variance (PC1 = 39.2%, PC2 = 29.5%).

The PCA biplot revealed differences in the distribution of individuals among the three
recovered Ulva taxa, although partial overlap was evident (Figure 9a). Individuals assigned
to Ulva sp. (D4) were predominantly distributed along positive values of PC1, associated
with higher basal frond width (BFW) and frond size (FS). In contrast, U. stenophylloides indi-
viduals were mainly distributed toward negative values of PC2, while U. australis exhibited
a broader distribution in ordination space, partially overlapping with U. stenophylloides.
These patterns suggest morphological differentiation among the sampled groups, although
the observed overlap indicates that external morphometric characters alone do not provide
complete taxonomic discrimination.
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Figure 9. Principal Component Analysis (PCA) biplot based on external (a) and internal (b) morpho-
logical variables of Ulva spp. from Dichato Beach, showing the differentiation among the identified
taxa (circles: Ulva australis; triangles: Ulva sp. (D4); squares: Ulva stenophylloides). BFW = basal frond
width; MFW = middle frond width; UFW = upper frond width; DS = holdfast diameter; FS = frond
length; CW = cell width; CH = cell height; TT = thallus thickness; and I = interlayer thickness.

3.4.2. PCA of Sequenced Samples Based on Internal Morphology

PC1 and PC2 explained 95% of the variance (76.3% and 18.7%, respectively). PC1
is primarily associated with cell height (CH) and thallus thickness (TT), whereas PC2 is
mainly related to cell width (CW), showing an opposite relationship with CH and TT
(Figure 9b). Individuals identified as U. australis were widely distributed along PC1, span-
ning from negative to positive values, indicating high variability in internal morphology
(Figure 9b). These individuals exhibited thicker tissues (55.82 ± 42.16 µm), larger cells
(16.26 ± 10.91 µm × 9.43 ± 3.09 µm), and a thicker intercellular layer (11.94 ± 12.68 µm)
compared to U. stenophylloides and Ulva sp. (D4). Overall, the distribution of individuals
in ordination space suggests differences in internal morphological characteristics among
the sampled taxa. Nevertheless, partial overlap among groups indicates that these traits
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provide complementary morphological information rather than unequivocal taxonomic
discrimination. Finally, although the relatively limited sample size constrains broader infer-
ences regarding intraspecific morphological variability, the integrative morphological and
molecular evidence provides a consistent characterization of the differentiation observed
among the examined lineages.

4. Discussion
The present study provides the first integrative taxonomic assessment of the laminar

Ulva species collected from rocky intertidal habitats surrounding Dichato Beach during
a summer green-tide event. Our analysis revealed the occurrence of three distinct taxa
within the sampled intertidal assemblage, including U. australis, U. stenophylloides, and
an unresolved lineage designated as Ulva sp. (D4). These findings demonstrate taxo-
nomic heterogeneity in the local intertidal Ulva assemblage. Their simultaneous presence
during the green-tide event does not necessarily indicate similar ecological preferences.
Furthermore, because the present study focused on taxonomic characterization rather than
quantitative biomass assessments, the relative contribution of each taxon to green-tide
formation remains undetermined.

This finding aligns with increasing evidence that green tides worldwide are often
multispecific assembles rather than being dominated by a single species, as historically
assumed. The identification of Ulva australis and Ulva stenophylloides at Dichato extends
their known distribution along the southeastern Pacific coast [29] and reinforces their
ecological relevance in green tides-forming systems in Chile. Notably, U. stenophylloides,
previously reported as an important component of green-tide assemblages in central
Chile [4], was also present in Dichato, supporting its recognition as a persistent green tides-
associated taxon in the southeastern Pacific [4,12]. Similarly, the presence of U. australis,
a widely distributed and ecologically versatile species [29], highlights the capacity of
certain Ulva taxa to thrive under a wide range of environmental conditions, including those
influenced by anthropogenic stressors [43,46–51]. These findings emphasize the value of
continued molecular surveillance of Ulva green tides in Chile, both to improve species
delimitation and to detect possible range expansions or recurrent occurrences of introduced
or cryptogenic taxa. Interestingly, Ulva lactuca was not detected in the Dichato assemblage,
which may reflect both the geographic distance from the putative origin of the Linnaeus
type material [52] (1753) and the historical misapplication of this name in morphologically
based records.

The lineage herein designated as Ulva sp. (D4) was consistently recovered as a distinct
and well-supported clade in phylogenetic analyses based on tuf A and ITS1 markers.
This result supports its recognition as a previously unrecognized and unresolved lineage,
highlighting the still incompletely resolved diversity within the genus Ulva, particularly
in understudied regions such as the southeastern Pacific Ocean. The occurrence of such
a potentially undescribed lineage within a green tide-forming assemblage also raises
important questions regarding its ecological role, physiological performance, and potential
contribution to green tide persistence and intensity. Its molecular distinctiveness, together
with consistent morphological traits, including very light green coloration, expanded foliose
thalli with very thin fronds, absence of perforations, and reduced holdfast size, supports
its recognition as a distinct lineage. However, these data alone do not justify formal
species-level recognition. Although the available evidence suggests that Ulva sp. (D4) may
represent an undescribed taxon, definitive taxonomic resolution will require additional
evidence, including expanded geographic sampling, reproductive and developmental
characterization, and detailed comparisons with closely related lineages. In this context, we
performed a comparative morphological analysis against closely related species according
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to the phylogenetic analyses, revealing no clear or consistent similarities with our specimens.
For instance, Ulva intestinalis was originally described by Müller [53] (1778) as a smooth,
hollow tube with a simple, monostromatic wall, whereas Ulva linza was described by
Linnaeus [52] (1753) as an elongated, flattened frond lacking perforations. Therefore, we
conservatively retain this taxon as Ulva sp. (D4), pending future taxonomic resolution.

An important limitation of the present study is that all individuals assigned to Ulva sp.
(D4) were collected from a single sampling site (D4). Consequently, taxonomic identity and
sampling location are confounded for this lineage, preventing a clear distinction between
taxon-associated morphological characteristics and potential site-specific environmental
influences. Given the well-documented morphological plasticity of Ulva, differences in thal-
lus morphology and cellular dimensions may partly reflect local environmental conditions
rather than exclusively taxonomic differentiation. Although the molecular analyses support
the recognition of Ulva sp. (D4) as a distinct lineage, the morphometric patterns should
therefore be interpreted cautiously. The multivariate analyses provided complementary
information on morphological variation among the recovered Ulva taxa. The PCA based on
external morphological traits revealed differences in the distribution of individuals, with
Ulva sp. (D4) primarily associated with greater frond size and basal width. However, partial
overlap among the sampled groups, particularly between U. australis and U. stenophylloides,
indicates that external morphological traits alone are insufficient for unequivocal taxo-
nomic discrimination. Similarly, the PCA based on internal morphological traits revealed
differences in cellular dimensions and thallus thickness, although overlap among taxa was
also observed. These results highlight the potential value of quantitative morphometric
analyses for characterizing morphological variability within green tide assemblages, while
emphasizing their limitations as independent taxonomic evidence. Accordingly, the mor-
phological patterns identified in this study should be interpreted as complementary to,
rather than definitive confirmation of, the molecular phylogenetic results.

The occurrence of multiple Ulva taxa in the rocky intertidal habitats surrounding
Dichato Beach must be considered within the broader environmental context of Coliumo
Bay. Previous oceanographic studies have described this semi-enclosed coastal system
as being influenced by seasonal coastal upwelling, short-term hydrographic variability,
and freshwater inputs [54–57]. The semi-enclosed morphology of the bay, its restricted
exchange with adjacent shelf waters, and relatively short water residence times of approx-
imately 2–5 d [58] make the system highly responsive to environmental forcing. During
upwelling-favorable conditions, the intrusion of nutrient-rich Equatorial Subsurface Water
(ESSW) promotes relatively high background nutrient concentrations, particularly during
spring–summer upwelling periods. Thus, these fluctuations could be associated with
nutrient inputs driven by physical processes, followed by intense biological uptake by
phytoplankton [59], and possibly by macroalgae, although this was not assessed in the
present study. In addition to adjacent oceanic nutrient inputs, small streams discharging
into the bay may provide localized freshwater and nutrient inputs, further contributing to
the environmental heterogeneity of the system [57].

Beyond seasonal variability, synoptic fluctuations associated with alternating up-
welling, relaxation, and downwelling events can rapidly modify hydrographic conditions
and nutrient availability within the bay [57,60]. Recent evidence from Algarrobo Bay
(central Chile) shows that Ulva stenophylloides can sustain high growth rates under highly
variable nutrient conditions [61]. High-frequency temperature records revealed short
cold-water pulses, could be interpreted as nutrient-rich intrusions likely associated with
internal waves [8]. Thus, temporal variability associated with upwelling, relaxation, and
downwelling may enhance nutrient supply, stratification, residence time, and biomass
retention [59,60], favoring multispecies Ulva accumulation in Coliumo Bay.
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Extreme events such as marine heatwaves [62] and hypoxic episodes [63] already
described in the bay may further alter the physical and biogeochemical structure of the sys-
tem, potentially creating favorable windows for green tides development and persistence.
Under such heterogeneous environmental conditions, coexistence of multiple Ulva species
may be facilitated by differential physiological responses and ecological niche partitioning,
allowing the persistence of complex green tide assemblages.

The multispecific assemblage of Ulva observed during green tide events in Coliumo
Bay may also be associated with the diversity of substrates present within the system
(Figure S2, Supplementary Material). The geomorphological heterogeneity of the bay,
characterized by abrasion platforms, rocky shores, marine terraces, and sedimentary de-
posits [42], suggests the presence of different potential habitats for macroalgal settlement
and growth. Although the influence of substrate characteristics on species distribution was
not directly assessed in this study, such environmental heterogeneity may contribute to the
coexistence of multiple Ulva taxa within the bay.

From an ecological and management perspective, these findings highlight the impor-
tance of resolving species composition in green tides. Different Ulva species may vary
in growth rates, nutrient uptake efficiency, tolerance to environmental stressors, and bio-
chemical composition [50,64–66], all of which can influence green tide dynamics and their
ecological and socio-economic impacts. Moreover, accurate species identification is es-
sential for assessing potential biotechnological applications of green tide biomass and for
designing effective mitigation or valorization strategies [67,68]. Overall, this study pro-
vides a robust taxonomic baseline for understanding green tide dynamics at Dichato Beach
and contributes to a growing body of evidence emphasizing the complexity and hidden
diversity of Ulva green tides. Future research should focus on linking species identity with
functional traits, environmental drivers, and green tide dynamics to better predict and
manage these increasingly frequent coastal phenomena.

5. Conclusions
This study provides the first integrative taxonomic framework for the laminar Ulva

assemblage associated with recurrent green-tides events at Dichato Beach, revealing a
multispecific system that includes an unresolved, potentially undescribed lineage. By
combining morphological and molecular approaches, we demonstrate that taxonomic
resolution is essential to accurately characterize green tide composition and dynamics. The
presence of a previously unrecognized linage highlights the still underestimated diversity
of Ulva in the southeastern Pacific and underscores the need for continued taxonomic and
phylogenetic efforts in the region.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/phycology6040114/s1, Figure S1: Herbarium voucher specimens of
Ulva collected during this study and deposited in the Herbarium of the National Museum of Natural
History, Chile (SGO), under accession numbers SGO 172447 and SGO 172449–172467. Detailed
specimen information is provided in Table 1 of the main manuscript; Figure S2: Sampling station D1
corresponds to an intertidal platform composed of a low-slope rocky surface in the high intertidal
and supralitoral zones, featuring a highly irregular topography characterized by crevices, channels,
depressions, and numerous tidepools. This platform is sectioned into platform fragments separated by
channels and boulders of variable size. The structural matrix of the platform consists of consolidated
sedimentary rock, while the rounded boulders appear to be of igneous-granitic origin, generating a
marked structural heterogeneity of the substrate. Panel (a) shows a view of the platform oriented
towards the south, facing the inner and pro-tected section of the bay, whereas panel (b) shows the
view oriented toward the north, facing the mouth or open section of the bay.
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