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ARTICLE INFO ABSTRACT
Keywords: Blooms of green macroalgae have become a recurring phenomenon along many shores. Here, we conducted
Green tides oceanographic surveys and field experiments to quantify daily growth rates of Ulva stenophylloides, the pre-

Algal growth rates dominant species in the green tides that occur year-round at the southern end of the wave-protected open bay of

Inorganic nutrients
Internal waves
Upwelling bay
Marine outfall
Biomass production

Algarrobo, central Chile. We assessed the association between growth and nutrient availability, as well as other
environmental variables, and compared growth rates between the south end of the bay and the north end (1.6 km
away), where green tides are absent. Fronds of U. stenophylloides were suspended at ~3-4 m depth from
moorings anchored at 10 m depth at both sites. Daily growth rates were high at both locations, ranging from a 9
%-121 % increase in wet biomass, but were significantly higher at the southern site. Nutrient concentrations in
water samples collected once daily were not correlated with algal growth and showed no consistent differences
between sites. However, high-frequency temperature records from moorings revealed rapid (minutes to hours)
cold-water pulses at the southern end, which were nearly absent in the north. Given the strong inverse rela-
tionship between temperature and nitrate in the bay, we suggest that these cold-water intrusions—likely asso-
ciated with internal waves—supply additional nutrients supporting higher growth rates at the southern site. Our
findings indicate that once-daily water sampling may misrepresent the dynamic nutrient regimes experienced by
fast-growing macroalgae, highlighting the need for high-frequency monitoring.

1. Introduction

Blooms of Ulva macroalgae have become a recurrent phenomenon on
many shores worldwide (Joniver et al., 2021; Ye et al., 2011). These
blooms occur when the plants detach from the hard substratum or
release frond fragments that accumulate in the water column and end up

et al., 2009). While Ulva species are the predominant in green tides,
other green algae, such as Cladophora, Codium, and Spyrogyra, also form
green tides (Gladyshev and Gubelit, 2019; Teichberg et al., 2010; Ye
et al., 2011). In regions such as Brittany, France, and the Yellow Sea,
China, extensive blooms of U. prolifera have led to severe ecological
disturbances, negatively affecting tourism, marine biodiversity, and

stranded in massive quantities on sandy beaches (Gong et al., 2024; Liu coastal industries (Charlier et al., 2008; Liu et al., 2009). Sustained high
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and persistent macroalgal biomass requires both high and persistent
delivery of nutrients, which are rapidly taken up and assimilated into
growth through photosynthesis, favorable light conditions, and release
from natural controls. Massive Ulva green tides are, therefore, typically
associated with regions where nutrient levels have shifted from oligo-
trophic/mesotrophic to eutrophic conditions due to natural and
anthropogenic nutrient enrichment (Joniver et al., 2021). This pattern is
evident in places like Brittany, the Yellow Sea, and the Baltic Sea. His-
torically, these regions had comparatively low nutrient levels, but
agricultural runoff, urban wastewater discharges, and industrial activ-
ities have significantly elevated the availability of nitrogen and phos-
phorus (Li et al., 2017; Liu et al., 2009; Teichberg et al., 2010). However,
although nutrient enrichment seems to be involved in sustaining high
algal biomass in these regions, the proximate causes that trigger green
tide events are more complex. Anthropogenic alteration of hard sub-
stratum availability (e.g., habitat modification by aquaculture, seawalls,
piers, etc.), which is required for green tides’ initial growth, is frequently
implicated in green tides (Liu et al., 2009). Broader degradation of
coastal ecosystems, which weakens the multiple environmental and
ecological controls (e.g., grazing, competitors) that normally suppress
fast-growing nuisance species, is also critical (Joniver et al., 2021; Lotze
and Worm, 2002; Smetacek and Zingone, 2013; Valiela et al., 1997).
Moreover, green algal blooms also occur in many oligotrophic envi-
ronments, likely because the species involved in green tides exhibit high
nutrient uptake efficiency, even under very low (NO3 < 1 uM) nutrient
levels (Cohen and Fong, 2006; Luo et al., 2012; Taylor and Rees, 1999;
Teichberg et al., 2010). Therefore, nutrient enrichment alone cannot
explain the massive proliferation of green tides, nor can mitigation plans
be designed effectively without local information about the ecological
controls that regulate algal growth (Smetacek and Zingone, 2013).

In naturally nutrient-rich environments, such as the Eastern
Boundary Upwelling Systems (EBUS), nitrate and phosphate concen-
trations are naturally high, with peaks in spring-summer driven by
equatorward winds that force the transport of cold and rich nutrient
subsurface waters into the photic layer, triggering photosynthetic ac-
tivity and fueling coastal trophic webs (Chavez and Messie, 2009; Gar-
cia-Reyes et al., 2014). Nutrient concentrations fluctuate strongly at
seasonal, synoptic, and high-frequency (short-term: days, minutes)
scales, but coastal surface waters consistently maintain high nitrate
levels. Daily averages > 4-12 pmol/L in winter and reaching up to 35
pmol/L in spring are common in coastal waters along these regions
(Farias and de la Maza, 2024; Garcia-Reyes et al., 2014; Nielsen and
Navarrete, 2004; Palacios et al., 2013; Pérez-Mayorga et al., 2011;
Wieters, 2005), which explains the high biomass of large kelps and
corticated algae, many of which are commercially and intensively
exploited (Bularz et al., 2022; Carranza et al., 2024; Santelices, 1989;
Vasquez, 2016). In upwelling systems, nitrate and phosphate concen-
trations are strongly and inversely related to temperature, typically
resulting in inverse relationships between benthic algal growth rates,
total macroalgal biomass, and water temperature (Nielsen and Nav-
arrete, 2004; Pérez-Mayorga et al., 2011; Wieters, 2005). This contrasts
with the notion that increased Ulva growth is associated with increased
temperatures in regions where massive green tides occur. Indeed, along
upwelling shores, episodes of nutrient-depleted waters (<5 pmol/L)
occur when temperatures exceed a certain threshold, a halt in the
advection of cold water, and nutrients are depleted by photosynthetic
activity (Garcia-Reyes et al., 2014; Palacios et al., 2013; Tapia et al.,
2014). Although these high-temperature, low-nutrient events rarely last
more than a few hours, cumulative exposure to nutrient-depleted waters
can help explain differences in macroalgal biomass among sites along
the shore (Tapia et al., 2014) and variations in the growth rates of
suspended green algae (Pérez-Mayorga et al., 2011).

Along the Humboldt upwelling shores of central Chile, the southern
end of the wave-protected Bay of Algarrobo has experienced year-round
green tides for at least two decades (Inostroza, 2012). Beached algal
biomass often covers approximately 1.5 km of shoreline and has
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negatively affected tourism, sparked socio-environmental conflicts, and
caused significant economic strain on local government. Five Ulva spe-
cies have been identified from these green tides, with U. stenophylloides
being the predominant species and the most abundant on intertidal
platforms across the low and mid intertidal zones (Mutizabal-Aros et al.,
2024). Several potential causes have been proposed, including the
introduction of exotic Ulva species from other regions or countries and
the anthropogenic eutrophication of coastal waters (Inostroza, 2012).
However, to date, no local environmental, oceanographic, or ecological
data exist to support or refute these claims. A submarine sewage outfall,
which has been operating since 1998 at the northern end of the bay
(Fig. 1) and discharging untreated domestic wastewater, has been
identified as a potential contributor of excess nutrients sustaining the
green tides observed in the southern end of the bay. Yet, no systematic
studies have been conducted to quantify nutrient availability and
spatio-temporal dynamics in the bay and whether a submarine sewage
discharge of ca. 220 L/s can alter the naturally high nutrient concen-
trations within the bay in this upwelling shore.

To address these knowledge gaps, we conducted intensive oceano-
graphic surveys, characterized the nutrient-temperature relationship,
and conducted a replicated field experiment to quantify the daily growth
rates of U. stenophylloides. The experiment was conducted at the south-
ern end of the bay, where the green tides occur, and at the northern end,
closer to the submarine outfall, where green tides are absent (Navarrete
et al., 2024). We tested the hypotheses: (a) Ulva growth rates are posi-
tively associated with daily variation in nutrient concentrations; (b)
nutrient concentrations in the bay exhibit a persistent spatial pattern
associated with a permanent source, such as the submarine outfall; and
(c) if the sewage discharge significantly contributes to algal growth, Ulva
growth rates would be faster at the experimental site closest to the
outfall.

2. Materials and methods
2.1. Study site

The study was conducted in the north-facing open bay of Algarrobo
on the central coast of Chile (Fig. 1a). Because predominant waves in
Chile come from the south (Lucero et al., 2017; Winckler Grez et al.,
2020), the Bay of Algarrobo is one of the few semi-protected bays in
central Chile, which promotes nautical sports and tourism. Green tides
of Ulva species, primarily U. stenophylloides (Mutizabal-Aros et al.,
2024), have been observed on the south end of the bay at least since
about 2002 (Inostroza, 2012) and have not expanded to the northern
end of the bay (Fig. 1a and b). Ulva spp dominate (>70 % canopy cover)
the mid and low intertidal zones of the sedimentary platforms at Playa
Los Tubos and are also abundant (~40 %) at the rocky platforms in
Cofradia, 500 m to the south. In comparison, they are scarce (<10 %) at
the granite rocks of Bora Bora beach towards the northern end of the bay
(Navarrete et al., 2024). In the subtidal habitat, Ulva spp cover >70 % of
the hard substratum in front of Playa Los Tubos, which is mostly boul-
ders and broken rocky outcrops interspersed with sand and shelly bot-
tom. But Ulva does not extend beyond 10 m depth. In deeper waters and
anywhere else in the bay, Ulva spp are scarce (<5 % canopy), and the
hard substratum is covered by kelps, red algae, and barren ground
(Henriquez, 2018).

The submarine sewage outfall of ESVAL S.A. starts near Bora Bora
beach and extends 1200 m northwestward to evacuate sewage at about
26 m depth (Fig. 1). This operation started in 1998 and evacuates
“primarily treated” sewage, i.e., solids, sand, and oils have been
removed. The average peak flow was ca. 220 L/s between 2017 and
2020 (Navarrete et al., 2024).

2.1.1. Ulva growth rate experiments
We conducted a field experiment in the austral summer (January) of
2023 to assess whether algal growth responded to daily variability in
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Fig. 1. A) Map and bathymetry of Algarrobo Bay in central Chile showing the location of green tides near Los Tubos, the orientation of the north-facing open bay
(inset), study sites, and the mouth of the marine outfall. The algal growth experiment was conducted in the southern (AS) and northern (AN) ends with moorings
anchored at ca. 10 m depth and cages suspended at ca. 3-4 m below the surface. The black lines show the oceanographic transects and survey stations (red dots)
where water samples were collected at different depths on multiple occasions (see Table S1). Surveys were divided into the south transect (stations C0-C7), the north
transect (stations C7-C12), and the stations nearest to the marine outfall. Positions of the three thermistor lines, with loggers moored at 5, 15, and 20 m depth, are
labeled TS, TC, and TN. B) Beached Ulva fronds near Playa Los Tubos, Algarrobo. C) Experimental Vexar mesh cages used for the daily growth experiment, shown
attached to the anchored PVC frame. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

nutrient concentrations and whether growth rates were different be-
tween two sites: AS and AN. Site AS is on the south end near Playa Los
Tubos, where the Ulva-dominated green tides are recurrent. Site AN is
located at the northern end, across from Bora Bora beach, where kelps
and other macroalgae are common, but Ulva is scarce (Fig. 1). Fronds of
U. stenophylloides were collected locally from AS and suspended at about
3-m depth inside white 8-cm diameter x 16-cm long Vexar-mesh cylin-
der cages. The cages were attached to moorings anchored at ca. 10-
meter bottom depths (Fig. 1c). Five replicated cages containing one
frond each were deployed at each mooring. Fronds were replaced daily
with new ones collected from the Los Tubos site (Fig. 1). Although the
experiment was planned for 10 days, weather conditions and logistical
limitations allowed us to monitor only five consecutive days concur-
rently at both experimental sites.

Cages were individually labeled, and algal fronds were measured
(maximum length and width), spun in a salad spinner to remove excess
water, weighted in a precision scale (wet weight), and placed inside the
experimental cages at the Estacion Costera de Investigaciones Marinas
(ECIM), about 20 km south of Algarrobo. Deployment and monitoring
were conducted aboard ECIM’s research boat, Ilan, and with the aid of a
free diver. Each day, retrieved fronds were brought to the laboratory,
measured again, weighed, oven-dried at 60 °C for 24 h, and weighed
again to obtain dry weight. Here, we report wet weights (W) and include
the wet-to-dry weight relationship as supplementary material (Fig. S1).
Daily growth rate (DGR) was then expressed as the fraction (or per-
centage) of new growth from initial size after roughly 24 h in the field:

1) DGR = Wt

where, W, is the initial wet weight (g) of the frond at time t = 0 (before
deployment in the field). W,_; is the wet weight of the same frond after
approximately 24 h in the field (t = 1). Therefore, DRG represents the
new biomass gained daily as a fraction of the original size (% if multi-
plied by 100), which accounts for variation in initial frond size (Fig. S1).

A preliminary experiment conducted under running seawater and
direct sunlight (outdoor aquaria) at ECIM showed that Ulva fronds inside
the cylinder cages can grow between 28 % and 166 % in 24 h under
these conditions, i.e., unfiltered seawater pumped from ca. 1.5 m depth
at the shoreline within the Las Cruces Marine Reserve, in Cartagena Bay
(33°30.17'S, 71°38.08'W). Daily growth rates were compared between
the two moorings (AS, AN) and between days, with five replicates per
condition, using a two-way factorial ANOVA, considering mooring
location as fixed and day as a random factor. Visual inspection of re-
sidual quantile plots suggested approximately normal distributions, and
Levene’s test indicated homogeneous variances among groups (p >
0.05).

In addition to daily growth rates, we measured cumulative growth to
estimate the rate of frond loss over time. To this end, 25 Ulva fronds were
measured, weighed, and placed in groups of five in each of five 20 cm
diameter x 16 cm long replicate cages made of the same material
described above. These larger cages were interspersed amongst the daily
growth cages in the same moorings as the daily experiment. One frond
was selected randomly and removed from each cage at 1, 2, 4, 9, and 16
days after deployment, brought to ECIM, and measured following the
procedure described above. Due to the loss of cages and fronds from the
AS mooring, cumulative growth could only be monitored for cages
deployed at the north mooring (AN).

Algal growth rates in the cumulative experiment were calculated as
the average differences between the frond wet weight (one from each
cage) and the initial weight recorded at the time of deployment (time =
0), divided by the number of days (d) fronds were in the field. Thus, after
one day had elapsed, algal growth rates were equivalent to those
measured in the daily growth rate experiment described above, except
for being in a group of five fronds. To estimate frond loss (FL) over time
(grams of tissue lost), we assumed that frond loss is negligible after only
one day and, therefore, the weight increments recorded over the initial
24 h of the experiment were a good indicator of net primary production.
Then, we subtracted the observed algal weight measured after 2, 4, 9,
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and 16 days in the field, Wy, from the weight expected for fronds after
d days in the field, based on the initial weight (Wq — initia)) and the
average daily-growth rate (DGR) as

2) FL = (Wacinia*(1 + DGR)") — Wy

When no data existed for the dates when fronds were in the field for
more than 5 days, we used the overall mean DGR from the daily ex-
periments. Since some frond loss indeed occurs within the first 24 h of
deployment (e.g., Pérez-Mayorga et al., 2011), our estimates of net
primary production and frond loss are considered conservative.

2.2. Oceanographic survey: environmental variables

2.2.1. Nutrients

As part of a larger oceanographic survey within the Bay of Algarrobo,
we conducted CTD casts and collected water samples at multiple stations
and depths in winter (August 2021, July 2022) and spring-summer
(December 2021, January 2023) along two onshore-offshore transects
spanning the southern and northern portions of the Bay (Fig. 1,
Table S1). Additional stations were also surveyed daily during the
experiment in January 2023 to provide a more detailed representation
of spatial and daily variation. Water samples for chemical analyses were
collected using a 1-liter Niskin bottle. Samples were collected in tripli-
cate and stored in 15-ml tubes, filtered through 0.45 pm pore GF/F fil-
ters, and frozen (—20 °C) until laboratory analysis. Nitrate, nitrite,
phosphate, and silicate were determined using colorimetric techniques
with a Seal Autoanalyzer 3 (AA3) and following protocols described in
Grasshoff et al., (1983). Samples for ammonium determinations (40 ml)
were obtained in triplicate, stored in glass flasks, and fixed immediately
with 10 ml of o-phthalaldehyde (OPA) reagent for fluorometric analysis
(Holmes et al., 1999). The samples were kept in the dark and analyzed
by fluorometry 3 h after fixing. A summary of the oceanographic surveys
is presented by Navarrete et al. (2024). A full account of nutrient vari-
ability in Algarrobo Bay, including hydrographic sections from CTD
profiles (Seabird SBE25), will be presented elsewhere. Here, we sum-
marize spatial (horizontal) and depth nutrient patterns relevant to the
algal growth experiments.

To characterize the vertical variability of nutrient concentrations
and the relationship between the different inorganic nutrients, we used
data from all water samples collected from the surface down to 65 m
depth. Since these are not continuous depth profiles, we present all
nutrient observations across depths and Pearson linear correlations be-
tween nutrients across all water samples. For samples collected between
January 10-30th, 2023, encompassing the Ulva growth experiment, we
assessed whether there was a persistent spatial structure between the
northern and southern ends of the bay, averaging samples in the surface
layer (1-3 m depth, hereafter 1 m-layer) and subsurface layer (4-12 m
depth, hereafter 10 m-layer) for every sampling day. We constrained the
analysis to these depths because Ulva is rarely found below 10 m
(Henriquez, 2018). Daily Ulva growth rates measured at AS and AN were
then regressed on daily nutrient concentrations in the two depth layers
defined above using OLS regressions. Since discrete water samples
collected once per day may not represent well the variable nutrient
regime to which macroalgae are exposed between daily deployments,
we used (1) the nutrient concentrations measured the day before algae
were retrieved and (2) the average of concentrations recorded the day
before and the day of algal retrieval.

2.3. Surface continuous temperature and nitrate monitoring

To obtain high-frequency records of seawater temperature, in August
2021 we deployed three moorings with HOBO U22 temperature loggers
at ca. 5, 15, and 20 m depths, recording every 10 min, at the southern
(TS), center (TC), and northern (TN) sections of the study area (Fig. 1).
The moorings were anchored at depths of 27-30 m and were

Marine Environmental Research 210 (2025) 107338

periodically serviced for logger maintenance and data retrieval. Unfor-
tunately, the lines at TN and TC could not be found and retrieved during
the January 2023 surveys, but we have a semi-continuous time series for
the previous two years (2021-2022). In addition to a visual comparison
of the temperature time series, we used spectral analyses, applied
separately to winter-spring and spring-summer, to assess the relative
importance of synoptic-scale variability (mostly upwelling-related),
diurnal (mostly sea breeze and tide-related), semi-diurnal (tide-
related), and high-frequency (minutes) variability. Following (Ladah
and Tapia, 2021), from each of the nine spectra (3 depths x 3 mooring
lines), we calculated the percent of total spectral density (i.e., contri-
bution to total variability) accounted for by signals in the following
frequency bands: synoptic (0.1-0.5 cycles per day, cpd), diurnal
(0.8-1.2 cpd), semi-diurnal (1.8-2.2 cpd), and high-frequency (>2.2
cpd).

As shown in most coastal areas of the world, including the Humboldt
ecosystem, there is typically a tight inverse and nonlinear relationship
between seawater temperature and nitrate concentration (Wieters,
2005; Pérez-Mayorga et al., 2011; Palacios et al., 2013). Therefore,
using all the information collected during the study (Table S1), we
constructed the relationship between measured nitrate concentration
and seawater temperature for Algarrobo Bay and used it to predict ni-
trate concentration from the continuous temperature records collected
at three depths from the TS and TN moorings. We also estimated the
temperature above which nitrate concentration falls below 5 pmol/L,
which we considered indicative of nutrient-depleted waters at our site
(Tapia et al., 2014). Pérez-Mayorga et al. (2011) used 1 pmol/L as the
threshold for depleted waters in Baja California. We then calculated the
time (minutes) algae would be exposed to nutrient-depleted waters daily
and through the spring-summer season (integrated) in the south and
north ends of the bay. Finally, total solar radiation for the days of the
experiment was obtained from the ECIM meteorological station.

3. Results
3.1. Nutrients in the Bay of Algarrobo

The mean concentrations of nitrate, nitrite, phosphate, and silicate
from water samples collected daily between 10 and 30 January 2023
showed comparatively large fluctuations, with generally higher nutrient
values at the beginning of the Ulva growth study (14 January) than later
in the month, at both depths (Fig. 2). On 10 January, nitrate levels at 1 m
and 10 m were > 4 pmol/L and >9 pmol/L, respectively, and increased
thereafter to reach maximum values (>25 pmol/L) between 14 and 16
January. After the 16th, nitrate decreased rapidly in the surface layer
and remained low (ca. 0.3-1.2 pmol/L) but decreased more slowly in the
10-m layer, remaining above 5 pmol/L throughout the growth experi-
ment (Fig. 2). The temporal pattern of nutrient variation suggests the
onset of upwelling during the beginning of the study followed by a
period of calm, which is consistent with the wind conditions recorded
during this period (not shown). There were no persistent spatial differ-
ences between the north and south sections of the bay (Fig. 2), and daily
fluctuations were highly correlated between sections (Pearson r = 0.92,
p < 0.0001). The concentration of all nutrients increased rapidly and
significantly with depth from 1 m down to about 45 m, with only a
moderate increase from there to 70 m depth (Fig. 3). Nutrient concen-
trations at stations near the submarine sewage outfall (blue open circles
in Fig. 3) were not different from the more distant stations.

Strong (r > 0.93) and significant (p < 0.05) linear Pearson correla-
tions were observed between nitrate, nitrite, phosphate, and silicate
across dates and depths (Fig. S2). Given the tight correlation among all
inorganic nutrients, we here present the relationship between algal
growth rates and nitrate concentration.

3.1.1. Ulva growth rates
Daily growth rates (DGR) expressed as the percentage of increment
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in wet weight in the field varied widely and significantly, from 9 % to
121 %, with similar patterns at both experimental sites (Fig. 4a, Table 1,
significant Day effect). Daily growth rates were slightly but significantly
higher at the southern site (AS) than at the northern site (AN), and this
difference was persistent through the duration of the experiment (Fig. 4,
Table 1, no significant interaction between mooring and day).

Growth rates decreased rapidly when fronds were exposed for 48 h or
longer, compared with rates evaluated after 24 h, which we consider
indicative of fragment loss from fronds over time. The expected loss of
biomass (frond fragments) from a frond that starts at about 3 g wet
weight is nearly 80 g of fresh biomass over 16 days (Fig. 4b). Also, this
conservative estimate does not consider that those fragments could
continue growing in the water column.

Nitrate concentrations measured from water samples collected once
a day at ca. 10 m depth were not significantly correlated with
U. stenophylloides daily growth rates (Fig. 5a). Using nutrient concen-
trations at 1 m depth, or values only at the closest station near the
experimental moorings, did not improve these regressions. Total solar
radiation measured at Las Cruces was unrelated to daily algal growth
rates (Fig. 5¢). However, a significantly negative, albeit weak (14 %
explained variance) linear relationship was observed between daily
growth rates and mean daily temperature (Fig. 5b).

3.1.2. High-frequency temperature records and nutrient regimes

Our high-frequency temperature records showed that, during the
spring and summer months, rapid temperature drops (occurring over
minutes to hours) were observed at the southern mooring, while they
were rare at the central mooring and completely absent at the northern
mooring (Fig. 6). These temperature drops were more frequent at 15 m
and at 20 m deep. Occasionally, rapid temperature drops exceeding
2.7 °C were recorded at 4 and 15 m.

Spectral analyses of the high-frequency temperature records allowed
us to assess the intensity (based on the power spectral density) of
different signals contributing to temperature variability separately for
the spring and summer months (Figs. S3-54). Synoptic-scale fluctuations
accounted for the largest fraction of temperature variability, with

greater importance during winter-spring (>15 %) compared to spring-
summer (Fig. 7). There was minimal variation in the strength of syn-
optic signals among the three depths and mooring sites within the bay
(Fig. 7). Diurnal-scale temperature variability tended to be higher (4-5
%) at the surface than at subsurface depths, and was larger at the
northern compared to the central and southern moorings (Fig. 7). Semi-
diurnal temperature variability generally represented less than 2 % of
the total variability, except during the spring summer months at the
south end of the bay, where a clear increase was observed at 10 and 15 m
depth (Fig. 7). High-frequency variability was the second most impor-
tant timescale of temperature variability, following synoptic variability,
particularly during summer (Fig. 7). In this case, the fraction of high-
frequency variability observed at the southern-end of the bay was
twice that recorded at the central and northern moorings during the
summer months (Fig. 7), consistent with the increased frequency of
short-lived cold-spells observed in the raw data.

As expected from previous studies in the region (e.g., Wieters, 2005),
a tight nonlinear relationship was observed between temperature and
nitrate concentration, explaining more than 82 % of nitrate variability
(p < 0.0001) characterized the relationship (Fig. 8a). Predicted nitrate
concentrations derived from the high-frequency temperature records
exhibited large fluctuations during spring-summer months of
2021-2022, with both hourly and synoptic-scale variations at both ends
of the bay (Fig. 8b and c). Nitrate levels were, on average, about 20
pmol/L between September and early December, then decreased to
about 15 pmol/L between late December and March (Fig. 8b and c).
Concentrations were generally higher at 15 m than at 4 m and occa-
sionally dropped below 5 pmol/L, particularly between December and
February. The total duration of exposure (in minutes) to
nutrient-depleted waters throughout the spring-summer season
(Fig. 8d), as well as the daily exposure to these waters (Fig. 8e), was
higher and more prolonged in the northern than the southern end of the
bay.
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this article.)

4. Discussion

Our results demonstrate that fronds of Ulva stenophylloides, the main
species associated with green tides in Algarrobo Bay (Mutizabal-Aros
et al., 2024), can more than double their wet weight within 24 h and
produce over 80 g of biomass released into the water column within two
weeks (>26 times their initial size), thus explaining the high biomass of
beached fronds found at the southern end of Algarrobo Bay. The field
experiment further showed that Ulva fronds grew consistently and
significantly faster at the bay’s southern end compared to the northern
end, despite the closer proximity to a submarine outfall at the latter site.
While surface nutrient concentrations varied daily, apparently in
response to changes in upwelling intensity, they were generally high
(>10 pmol/L) at depths greater than 3 m. During the field experiment,
nutrient concentrations in seawater samples collected once per day were
not significantly correlated with daily variations in algal growth rates
but were weakly and negatively correlated with water temperature,
prompting further investigation into nutrient variability within the bay.
High-frequency temperature records revealed that brief (minutes to
hours) cold spells, with a periodicity akin to internal tide activity, occur
frequently at the southern end of the bay during spring and summer but
were nearly absent at the northern end, approximately 3 km away.
Predicted local regimes of nitrate variability, derived from the
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Fig. 4. a) Mean (+SE) daily growth rate (DGR, %) of Ulva stenophylloides,
expressed as a percentage of new biomass (wet weight) at the north (black bars)
and south (gray bars) experimental sites. Replicate fronds were replaced daily.
b) Mean (+SE) growth of U. stenophylloides at the north site (black bars) in the
cumulative growth experiment, expressed as percent growth per day over the
days that fronds were in the field (elapsed time). The hatched bars indicate the
cumulative biomass lost from the fronds (FL) over that period in the field.

Table 1
Results of a two-way mixed model ANOVA using type III sum of squares on Ulva
stenophylloides daily growth (ca. 24 h).

Source DF Type III SS MS F P-value
Day 3 24,603.00 8201.07 10.88 0.040
Mooring 1 14,323.00 14,323.00 19.00 0.022
Day*Mooring 3 2261.82 753.94 0.25 0.861
Error 32 96,897.00 3028.04

temperature records, showed higher cumulative nitrate concentrations
and substantially reduced exposure to nutrient-depleted waters at the
southern end compared to the northern end of the bay. We therefore
speculate that internal tides contribute to the faster Ulva growth at the
southern end of the bay. Here, we discuss these results in the context of
potential factors promoting green tides in Algarrobo Bay.

4.1. Field measurements of Ulva growth rates and ambient nutrients

The fast growth rates of U. stenophylloides observed in our study are
comparable to those reported for Ulva lactuca in a similar experiment
conducted at the Bay of Todos Santos, located near Ensenada along the
upwelling coast of Baja California. Pérez-Mayorga et al. (2011) experi-
mentally measured U. lactuca growth rates at 12-h intervals over eight
consecutive days and at three depths along a mooring anchored at a
bottom depth of 10 m. They documented significant daily variability in
growth rates (ca. 20-80 % per 12 h), with faster growth rates observed
near the bottom at a depth of 10 m, where nitrate concentrations were
persistently higher than at 5 m depth or the surface. The average growth
rates and magnitude of daily variability observed at 10 m depth in
U. lactuca were like those recorded in our experiment with
U. stenophylloides over 24 h at 3-4 m depth. Water temperatures recor-
ded at a 10-m depth in the Bay of Todos Santos (ca. 16-17 °C) were
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higher than those recorded at a 4-m depth in Algarrobo Bay between
2021 and 2023 (ca. 12-13 °C). Consequently, ambient nutrient levels in
Algarrobo were higher than in the Baja California site throughout these
two summertime studies. As in our study, Pérez-Mayorga et al. (2011)
did not find a correlation between the growth rates of U. lactuca and
mean nitrate concentrations but identified a strong and significant in-
verse relationship between growth rates and the time algae were
exposed to nutrient-depleted waters (defined in their case as concen-
trations below 1 pmol/L). In other words, algae grew faster when they
were least exposed to nutrient-depleted conditions between measure-
ments. Although we did not have high-frequency temperature records
for the northern site during the experiment of January 2023, using only
data from the southern end to estimate nitrate concentration and
exposure to nutrient-depleted waters (see below), we observed a sig-
nificant positive relationship between Ulva growth rates and the pre-
dicted daily integrated nitrate concentration (Fig. S5a) and a significant
negative relationship with the total time of algal exposure to
nutrient-depleted waters (Fig. S5b). Thus, our results corroborate
Pérez-Mayorga et al. (2011) conclusions that nutrient levels obtained
from low-frequency (one per day) samples are not good indicators of the
nutrient regimes experienced by fast-growing Ulva in these upwelling
shores and that the predicted time algae are exposed to depleted waters
is a good indicator of algal daily growth rates.

The study by Teichberg et al. (2010), conducted at seven sites on
different continents, although none in upwelling areas, showed that Ulva
green tides can occur at sites with a wide range of ambient nutrient
concentrations, with annual means for nitrate ranging from 0.11 to 79.8
pmol/L (Table S1 in Teichberg et al., 2010). In that study, the authors
did not measure daily nutrient levels to assess their relationship with
daily Ulva growth; however, they found a significant positive correlation
between mean annual nitrate levels at the site and Ulva growth rates
recorded in 13-day-long field incubation experiments. However, all of
their experimentally measured daily growth rates were substantially
lower (4-24 %) than those reported here for Algarrobo and by
Pérez-Mayorga et al. (2011) for Baja California. The low growth rates
recorded by Teichberg et al. (2010) could be the result of measuring
growth over a 13-day period, which can underestimate actual growth
rates due to the loss of frond fragments, as we show here for
U. stenophylloides (Fig. 4b, and see Gong et al., 2024 for U. prolifera).
Alternatively, the experimental cages used by Teichberg et al. (2010),
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Fig. 6. High-frequency temperature records at the north, center, and south moorings (TN, TC, TS in Fig. 1) at three depths during the spring (October, left panels)
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with four solid sides and two sides with fine mesh (1 mm), may have
restricted water flow inside the cage and limited growth. While this was
not a problem for their nutrient enrichment experiment and main con-
clusions, it makes it difficult to compare rates directly with our study.

4.1.1. High-frequency nutrient regimes

Given the high-frequency and fortnightly variability in seawater
temperature, it was concluded that in the Bay of Todos Santos, Baja
California, U. lactuca can rapidly assimilate nutrients delivered to shore
by internal tides, thereby enhancing growth rates. As we show below, we
suggest that the generally high growth rates of U. stenophylloides
observed in Algarrobo Bay can be further enhanced by frequent cold
spells that exhibit features (i.e., timing and periodicity) consistent with
tidally forced internal waves. Indeed, internal waves are subsurface
oscillations that occur at density interfaces (e.g., pycnocline or ther-
mocline). Similar to surface gravity waves, they oscillate vertically and
can propagate over extensive distances before dissipating along conti-
nental margins. In coastal areas, they are often generated by tidal cur-
rents interacting with topography. This process facilitates the transport
of deep ocean water onto the continental shelf, supplying nutrients
essential for photosynthesis (Alford et al., 2015; Woodson, 2018). Since
internal waves have been linked to onshore nutrient delivery and
increased green algal growth in other coastal areas (Leichter et al., 1998;
Pérez-Mayorga et al., 2011), their more frequent occurrence in the south
end of Algarrobo Bay could explain the faster algal growth at that site.

We showed that brief (minutes to hours) cold spells occurred
frequently at the bay’s southern end and most apparently at mid-depths,
while they were nearly or completely absent at the center and northern

sections of the bay. This thermal pattern is suggestive of internal waves,
with horizontal extensions of less than 2-3 km, which could be entering
the bay from the south, where the bathymetry is notably more complex
than at the northern end (see isobaths in Fig. 1). We do not have high-
frequency salinity records to corroborate the transport of deep water
onshore. However, CTD casts conducted on different seasons showed
that, during summer months, the nutrient-rich Equatorial Subsurface
Waters (ESSW), characterized by a density of 26.2 kg/m3 (Aiken et al.,
2011), are found at depths around 20 m or less, and within 500 m from
the shoreline in Algarrobo Bay (Figs. S6-5S7). The shoaling of the ESSW
and thermal stratification observed nearshore during spring-summer in
the area make it feasible for internal waves to transport these waters
onshore. However, additional observations and analyses are needed to
determine whether the cold spells in Algarrobo are indeed driven by
onshore-propagating internal waves or by other hydrodynamic features.

The high-frequency thermal phenomenon was well captured by the
spectral analyses of our temperature records, which clearly showed the
increased importance of the high-frequency variability in the bottom
half of the water column at the southern end of Algarrobo Bay. The
strong temperature-nutrient relationship established for Algarrobo Bay,
consistent with patterns observed in other coastal regions (Chavez et al.,
1996; Garcia-Reyes et al., 2014; Palacios et al., 2013), allowed us to
convert temperature measurements into nitrate concentrations. Using
these temperature records, we were able to compute the duration of
algal exposure to nutrient-depleted waters, defined here as waters with
nitrate concentration below 5 pmol/L. This analysis revealed large dif-
ferences between the bay’s north and south ends, with higher nutrient
concentrations and, especially, lower exposure to nutrient-depleted
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waters at the southern end. As expected, at the south end, these two
indicators of nutrient regimes show significant correlations with daily
Ulva growth rates.

Considering the tight inverse relationship between water tempera-
ture and nutrient concentration in all upwelling ecosystems as well as in
several other temperate and tropical coastal habitats (Chavez et al.,
1996), increased water temperatures nearshore should signal a drop in
nutrient delivery and, consequently, decreasing algal growth rates. In
laboratory experiments, where researchers supply nutrients to experi-
mental units, temperature is usually positively correlated with algal
growth, following the universal effect of temperature on anabolic pro-
cesses (Arroyo et al., 2022). However, under most natural conditions,
water temperature is strongly and inversely correlated with nutrients,
which rapidly become the limiting factor for algal growth. This pre-
diction applies over the mesoscale of upwelling intensification, i.e., 10s
of Km (Nielsen and Navarrete, 2004; Wieters, 2005), over regional scales
of 100s of Km (Tapia et al., 2014; Navarrete et al., 2022), and over
interannual timescales (e.g., Martinez et al., 2003).

4.1.2. Green tides and anthropic nutrient enrichment

Nutrient concentrations along the coast of central Chile, where Al-
garrobo Bay is located, are naturally variable at most timescales (hours,
days, synoptic, seasons) but remain generally high in waters just below
3 m depth (Nitrate >10 pmol/L, Fig. 3), which contrasts sharply with
non-upwelling shores (Chavez and Messie, 2009; Trujillo and Thurman,
2013). Such high nutrient levels explain the high kelp biomass that is
harvested daily by fishers from these shores (Vasquez, 2016; Carranza
et al., 2024). It is therefore not entirely surprising that the nutrient
contribution by the comparatively small submarine outfall (discharging
<300 L/s) was not apparent in any of our surveys (Navarrete et al.,
2024), nor in previous studies about nutrients and phytoplankton con-
ducted in the bay (Ferreira et al., 2020). In fact, we found that Ulva
growth rates were consistently lower at the northern site (AN), closer to

the outfall, compared to the southern site (AS). Thus, regardless of po-
tential pollution (e.g., coliforms, toxins, emergent chemicals) associated
with the outfall, its contribution to inorganic nutrient levels does not
appear to play a role in the outbreak or maintenance of green tides in
Algarrobo Bay. Some yet unidentified pollutants released at the outfall
could potentially suppress algal growth and prevent green tides from
occurring at the northern end. However, surveys of metals and potential
pollutants conducted at multiple stations did not reveal concentrations
above the Chilean and EPA norms or a pattern attributable to the marine
outfall (Navarrete et al., 2024).

It should be noted that although green tides have been typically
associated with anthropogenic nutrient enrichment (Li et al., 2017;
Teichberg et al., 2010), it is evident that nutrients alone cannot explain
the onset or persistence of green tide events (Valiela et al., 1997; Liu
et al., 2009; Joniver et al., 2021). Several laboratory and field experi-
ments have shown that Ulva growth rates increase with rising concen-
trations of dissolved inorganic nitrogen (DIN), sometimes without any
indication of saturation (but see Teichberg et al., 2010). Such results
have often been mistakenly interpreted as evidence that nutrients con-
trol the onset of green tide events and/or that Ulva can outcompete other
algae solely through faster growth rates. First, virtually all micro- and
macro-algae exhibit increased growth rates when exposed to higher
nutrient concentrations, particularly when other ecological controls (e.
g., grazing, competitors) are removed under experimental settings.
However, this response does not imply that these species can overcome
natural ecological constraints and produce blooms. Second, Ulva species
are capable of rapidly capturing nitrate and ammonium at very low
concentrations, generally faster than most other macroalgae (Kennison
et al.,, 2011; Luo et al., 2012). This capability confers a competitive
advantage at very low nutrient levels and helps explain the presence of
green tides in meso- and oligotrophic waters with DIN concentrations
below 1 pmol/L (Teichberg et al., 2010). However, this ability does not
confer any competitive advantage at high nutrient levels, only faster
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growth rates. Indeed, green algae are rapidly outcompeted by most late
successional macroalgal species, as shown repeatedly in field experi-
ments along temperate and tropical shores (Lubchenco, 1978; Lub-
chenco et al., 1984; Nielsen and Navarrete, 2004; Santelices, 1990). This
suggests that while reducing nutrient inputs in coastal ecosystems
affected by green tides may lower total green tide biomass, it may have a
more negative effect on other macroalgae that require higher nutrient
concentrations to sustain their biomass.

Finally, Ulva species are rapidly consumed by most intertidal and
subtidal grazers (Lubchenco and Gaines, 1981; Munoz and Ojeda, 1998;
Nielsen and Navarrete, 2004; Santelices, 1990), which, under most
conditions, can control Ulva cover and biomass. Therefore, while mod-
erate nutrient levels are necessary to maintain high biomass, Ulva
blooms are more likely associated with a lack of top-down control and
the ability of this species to continue generating biomass from detached
floating fragments, as shown here for U. stenophylloides and by Gong
et al. (2024) for U. prolifera in the Yellow Sea. We did not measure
grazing by local benthic species, including those currently present at the
site or those that have been functionally removed by harvesting (e.g.,
large limpets). This aspect should be a priority for future studies. The
calm water conditions within Algarrobo Bay, which are rare in central
Chile, undoubtedly also favor the retention of floating Ulva biomass
within the bay, allowing fronds to grow before beaching and producing
a green tide event. Thus, more attention should be paid to the multiple
anthropic disturbances that degrade coastal ecosystems by removing or
inhibiting competitors, harvesting effective consumers, and providing
hard artificial substrates, which functionally eliminate natural biolog-
ical controls and favor green algal blooming.

5. Conclusions

In conclusion, understanding temporal and spatial variability in
growth rates of green tide-forming macroalgae requires high-resolution
estimates of nutrient regimes, which cannot be adequately captured
through discrete nutrient sampling conducted once per day. The high
rate of frond tissue loss, together with whole-plant detachment (not
observed in our study), can explain the high Ulva biomass observed in
the water column, highlighting that growth rates should be measured at
intervals of no more than 24 h. Finally, the naturally high nutrient
concentrations in coastal waters of upwelling regions, such as those of
the Humboldt Current ecosystem, are sufficient to maintain high mac-
roalgal biomass. Therefore, the occurrence of green tides in these re-
gions is likely not associated with anthropogenic nutrient enrichment of
coastal waters but rather with a suite of local ecological factors indica-
tive of overall ecosystem degradation, including the loss of competitors
and the removal of grazers.
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