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ARTICLE INFO ABSTRACT

Keywords: We tested for near-shore iron (Fe)-limitation of phytoplankton at the strong upwelling center at 30°S in the
Humboldt current Humboldt Current System (Lengua de Vaca Point). Fe-amended and control microcosms showed differences in
Iron

variable fluorescence consistent with Fe-limitation (dark-adapted PSII maximum quantum efficiency, functional
absorption cross-section of PSII, and the time constant for quinone Qp oxidation). Evidence for Fe-limitation was
strongest at a site within 4 km from shore south of Lengua de Vaca Point, where warmer, low chlorophyll waters
came onshore due to upwelling relaxation and mesoscale circulation, and weak at a site north of Lengua de Vaca
Point with higher initial chlorophyll. Alleviation of Fe-limitation in waters increased chlorophyll and particulate
organic nitrogen (PON) but did not significantly affect particulate organic carbon (POC) or opal. Fe-addition at
another nearshore site increased opal, but not chlorophyll, PON, or POC. The diatom Pseudo-nitzschia sp., a
potential producer of the neurotoxin domoic acid, increased upon Fe addition. Fe-stimulated domoic acid
correlated with alleviation of Fe-limitation indicated by variable fluorescence. Variation in Fe supply might be
important to other trophic levels in the neritic system as scallop larvae consumed Fe-stimulated phytoplankton
from the site showing Fe-limitation. Results confirm Fe-limitation of primary production can occur in very
nearshore waters in the Humboldt Current System where the continental shelf is exceptionally narrow. Besides
stimulating phytoplankton, inputs of Fe might increase phytoplankton toxicity, affecting other trophic levels.
Even neritic ecosystems in this region may be sensitive to alteration of Fe input whether due to global or local

Phytoplankton
Domoic acid

changes.
1. Introduction oxygenated waters (Boyd and Ellwood, 2010; Moore et al., 2013; Jiang
et al., 2024). Primary productivity near the coast is often not limited by
Iron (Fe) is an essential micro-nutrient that, despite being one of the Fe due to terrigenous Fe inputs from rivers, ground waters, and aeolian
most abundant elements in the Earth's crust, limits phytoplankton pro- deposition, as well as benthic fluxes from shallow continental shelves.
ductivity in large regions of the open ocean due to the very low solubility However, a combination of narrow continental shelves, low riverine
of Fe(Ill), the thermodynamically stable oxidation state of Fe in inputs, low rainfall, and prevailing winds can result in a mosaic of iron
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(Fe)-limited and nitrogen (N)-limited waters as observed in the Cali-
fornia Current upwelling system (Hutchins et al., 1998; Till et al., 2019;
Forsch et al., 2023).

The Humboldt Current System (HCS) in the Eastern South Pacific
stands out with exceptional pelagic fish catches (Bakun and Weeks,
2008; Chavez et al., 2008; Chavez and Messié, 2009) and might also
experience a mosaic of Fe-limitation. Fe-limitation of phytoplankton in
offshore areas of the northern HCS has been demonstrated (Hutchins
et al., 2002; DiTullio et al., 2005), and low dissolved Fe can occur within
50 km of the Peruvian coast (Gu et al., 2024). Iron can reach the coastal
ocean from the sediments, through river discharges and atmospheric
inputs (Boyd and Ellwood, 2010). The HCS is characterized by extensive
and shallow Oxygen Minimum Zones (OMZ) associated with the
southward-flowing Equatorial Subsurface Water (ESSW) (Fuenzalida
et al., 2009; Silva et al., 2009; Pizarro-Koch et al., 2019), where core
waters can become anoxic (Tiano et al., 2014). Dissolved Fe can accu-
mulate when such essentially anoxic waters interact with the conti-
nental shelf, due to the greater solubility of Fe(II) compared to Fe(III),
providing an Fe-source to the overlying euphotic zone through turbu-
lence or upwelling that can exceed aeolian inputs (Homoky et al., 2012;
Noffke et al., 2012; Robinson et al., 2024), However, the degree to which
anoxic waters release Fe from sediments is complex (Croot et al., 2019;
Plass et al., 2020) because prolonged anoxia can deplete the shelf in-
ventory of labile Fe while H;S can further moderate release of Fe into the
water column (Noffke et al., 2012; Schlosser et al., 2018).

Despite the Coquimbo upwelling at 30°S being one of the strongest
upwelling centers in the HCS (Thiel et al., 2007; Montecino and Lange,
2009), it shows lower average surface chlorophyll and primary pro-
ductivity than upwelling centers to the north and south (Montecino
et al., 2006). Very low Fe levels in nearshore surface waters have been
attributed to an extremely narrow (<5 km) continental shelf, low rain-
fall, minimal river flow, and predominantly southwesterly winds which
limit aeolian input (Torres and Ampuero, 2009). Additionally, the
coastal subsurface oxygen deficient waters of the HCS become oxygen-
ated as they move south along the Chilean coast, resulting in the
disappearance of the subsurface nitrite max south of 25°S (Silva et al.,
2009; Cornejo and Farias, 2012), potentially contributing to decreased
Fe input. Bottle experiments showed that Fe-enrichment stimulated a
drop in CO; fugacity over 5 to 7 day incubations, ranging from —32 to
—234 patm (~4% to 33%) in samples collected at 30°S nearshore (<20
km) (Torres and Ampuero, 2009).

Coastal mosaics of Fe-limitation vs. macronutrient-limitation may
impact the occurrence of Harmful Algal Blooms formed by the diatom
genus Pseudo-nitzschia, up to half of which produce the neurotoxin
domoic acid (DA; the cause of amnesic shellfish poisoning) (Trainer
et al., 2009, 2012; Bates et al., 2018; He et al., 2024). This genus is
especially competitive in the transitions between iron-limited and
replete conditions due to their production of the intracellular Fe-storage
protein ferritin (Marchetti et al., 2009, 2012; Cohen et al., 2018; Lampe
et al.,, 2018). How Fe-limitation impacts DA production is complex
(Maldonado et al., 2002; Wells et al., 2005; Brunson et al., 2024). In-
creases in DA have been reported upon artificial Fe-fertilization (De
Baar, 2005; Silver et al., 2010; Trick et al., 2010), though Fe amendment
has no effect on DA in waters where diatoms are not Fe-limited (Torres
et al., 2023). In Chile, the area between 30°S-27°S is a principal zone of
Harmful Algal Blooms involving DA (Barria et al., 2022; Rosales et al.,
2024; Secretaria Regional Ministerial de Salud, 2026).

Chile was the subject of a highly controversial marine geo-
engineering proposal to conduct commercial iron fertilization in coastal
waters near 30°S, with the claims that this ocean “seeding” would
stimulate fish production (Tollefson, 2017). Although opposition from
the scientific community stalled this proposal, it motivated a push for
Chile to become the 6th nation to ratify the 2013 Amendment (LP.4(8)
to the 1996 Protocol (to the 1972 Convention on the prevention of
marine pollution by dumping of wastes and other matter; hereafter LP)
in order to provide a specific legal mechanism for regulating such
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activities in territorial waters (Fundacion Terram and Instituto Milenio
de Oceanografia, 2020). Furthermore, it renewed scientific interest in
assessing the possible role of iron limitation in Chilean waters, as well as
the risks that might entail.

In this study, we aimed to confirm that Fe-limitation of phyto-
plankton can occur in the nearshore environment. We also aimed to
determine if Fe can have effects on higher trophic levels by testing
domoic acid levels and whether larvae of the scallop Argopecten pur-
puratus consumed Fe-induced phytoplankton. This scallop is locally
important to aquaculture and is native in subtidal zones along the coasts
of Chile and Pert, where it was naturally abundant prior to severe over-
fishing (Stotz and Gonzalez, 1997; Kluger et al., 2019).

2. Materials and methods
2.1. Satellite observations

Remotely-sensed sea surface temperature (SST) was used to drive the
sampling strategy based on the evolution of coastal upwelling. MUR
(Multi-scale Ultra-high Resolution; JPL. MUR MEaSUREs Project, 2010)
Level 4 daily SST (~1 km resolution) over October 2017 was obtained
from the Physical Oceanography Distributed Active Archive Center
(https://podaac.jpl.nasa.gov).

Satellite altimetry enables the monitoring of surface current patterns
controlling the fate of coastal upwelling waters, e.g. filaments and
eddies. The Salto/Duacs AVISO 2014 altimetry product (Duacs/AVISO,
2014) over October 2017 was obtained from the Copernicus Marine
Environment Monitoring Service (http://marine.copernicus.eu).

Satellite ocean color data were used to track the evolution of
phytoplankton spatial patterns associated with coastal upwelling.
Backscattering varies with particle abundance while chlorophyll is also
affected by physiological variability of the chl:C ratio mostly associated
with light and nutrient stress (Siegel et al., 2005; Behrenfeld et al.,
2016), so we used both as proxies of phytoplankton biomass. Surface
chlorophyll concentration (CHL) and particulate backscattering (bbp)
were taken from a merged product of the SeaWiFS, MODIS-AQUA and
MERIS datasets made available over the period 1998-present by the
GlobColour project (http://globcolour.info) developed in the frame-
work of the European Space Agency Data User Element program to
support global carbon cycle research. We worked with near-real time
daily Level 3 binned images (~ 4 km resolution). High cloud cover
during the sampling period limited the amount of valid data.

2.2. Sampling and incubations

Sampling was conducted from a rented fishing vessel (see Figs. 1-2
and Table 1 for coordinates). To sample near-surface water without
metal contamination from the boat, an acid-cleaned all plastic towed
fish “sipper” system at 1 m depth (Torres and Ampuero, 2009) was
deployed to permit water to be pumped onboard, via an all-plastic wet-
part pump, positioned 2 m from the boat hull while underway. The
pumped seawater line was divided between being pumped through an
Oceans Seven 304 CTD-O (Idronaut, Italy) used to measure temperature,
salinity, and dissolved oxygen (Oy; with both low temperature and low
O, used to indicate recently upwelled waters due to the presence of the
OM?Z) and filling of samples or filling microcosms. This system could
simultaneously fill two microcosm bottles at a time, so microcosms were
filled in pairs. At each of the three sites (Site 1 used in Experiment 1,
Sites 2S, and 2N used in Experiment 2), four pairs of microcosms were
filled. One member of each microcosm pair was randomly assigned as
the control, and FeCl3 was added to the other. This protocol requires that
the vessel be in motion, so subsequent pairs may sample water with
distinct characteristics. To account for this, we report the distance
traveled during sampling at each site and rely on pairwise statistics for
evaluating differences between control and Fe-amended microcosms
(see below). While the goal was to sample waters recently upwelled or
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Fig. 1. Satellite observations of coastal oceanographic conditions near 30°S prior to and during the sampling on the dates 10-13 Oct. 2017 (see Fig. 2 for 14-17
Oct.). Left column panels show backscattering (bbp; m™1), center panels show chlorophyll-a (CHL; mg m~>) and right panels show sea surface temperature (SST; °C).
Black contours and arrows indicate sea level anomaly and associated geostrophic velocities. Grey arrows represent the wind field. Blue contours are isobath 100, 200,
1000 and 2000 m. Lengua de Vaca Point (LVP) is indicated in top left panel. The white square indicates the position of Site 1 and the three CTD profiles crossing
Lengua de Vaca Point, while the white circles indicate Site 2S and Site 2N. In Fig. 1 and Fig. 2, the sites are also labelled with black arrows in the left panel on the date
of sampling. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. As in Fig. 1, but for 14-17 Oct. 2017.

advected from offshore to the continental shelf, sampling was also
affected by sea conditions (for example, on the first sampling date,
conditions did not permit the vessel to leave the Bay of Tongoy).
Experiment 1 was started on 13 Oct. 2017, when sampling was
performed at Site 1, near Punta Lengua de Vaca. Sampling began 1 km

northwest of Punta de Lengua de Vaca (still over the continental shelf,
onshore of the 200 m isobath; Fig. 1, Table 1). The towed fish had been
deployed and running for 0.5 h as the vessel traveled to the start of
sampling. Microcosm bottles were filled in pairs from the towed fish as
the vessel was in motion, and the vessel traveled 2 km to the east over
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Table 1
Coordinates of in situ sampling and measures/samples taken.

Event Date Latitude Longitude  Event description

Start 13-10- —30.2353 —71.6226  Deploy towed fish and water
2017 pumping

Site 1start  13-10- —30.2323 —71.6383  Start fill microcosms pairs
2017 Exp. 1
Site 1 end 13-10- —30.2313  —71.6225  End fill microcosms pairs
2017 Exp. 1
Profile 1 14-10- —30.2351 —71.6480  CTD profile and Niskin
2017 sample
Profile 2 14-10- —30.2393  —71.6179  CTD profile and Niskin
2017 sample
Profile 3 14-10- —30.2576  —71.5866  CTD profile and Niskin
2017 sample
Start 16-10- —30.2198  -71.6424  Deploy towed fish and water
2017 pumping
Site 2S 16-10- —30.4111 —71.7185  Start fill microcosms pairs
start 2017 Exp. 2S
Site 2S 16-10- —30.4222 -71.727 End fill microcosms pairs
end 2017 Exp. 28
Site 2N 16-10- —30.1096  —71.5527  Start fill microcosms pairs
start 2017 Exp. 2N
Site 2N 16-10- —30.0938  —71.5473  End fill microcosms pairs
end 2017 Exp. 2N

30 min, remaining within 1 km of the shore.

On 14 Oct. three CTD-O profiles to 20 m depth were collected near
the Site 1 at Lengua de Vaca Point (located 1.8 km offshore, 0.8 km
inshore, and 4.3 km inshore of the Point; Fig. 2, Table 1). In parallel,
near surface samples (at 5 m or 0 m depth) were taken with a 5 L Niskin
bottles for measurement of chlorophyll and domoic acid.

Experiment 2 was performed starting on 16 Oct., including micro-
cosms filled at Site 2S, located approximately 20 km south of Punta
Lengua de Vaca, and Site 2N, located at approximately 15 km north of
Punta Lengua de Vaca (Table 1). The towed fish had been deployed and
running for three hours as the vessel traveled to the first site (Site 2S). As
microcosm pairs were filled at Site 2S, the vessel traveled 1.5 km in the
direction south-southwest over 16 min. As microcosm pairs were filled
at Site 28, the vessel traveled 1.5 km in the direction south-southwest
over 16 min. The distance to the nearest shore increased from 2.8 km
(just offshore of the 200 m isobath) when the first bottle pair was filled,
to 3.8 km when the last pair was filled. The towed fish remained
deployed and running as the vessel traveled to Site 2N. At Site 2N, the
distance from the coast increased from 11.1 km when the first micro-
cosm pair was filled, to 12.3 km when the last pair was filled.

Incubations were performed in climate-controlled rooms. Tempera-
ture was set at 13 °C, and illumination was provided by cool-white
fluorescent lamps with a 12:12 light-dark cycle. It was not possible to
measure illumination directly, but the same lamps in a similar position
provide approximately 50 ymol photons m~2 51, The incubation period
was four days for Site 1 and adjusted down to three days for Sites 2S and
2N because of the dense biomass reached in Experiment 1. At the end of
the incubation period, microcosms were opened and samples were
taken.

2.3. Variable fluorescence

Variable fluorescence was measured with a FIRe fluorometer system
(Satlantic) using the blue LED. Preliminary measurements were used to
establish gains, STF length, and number of repetitions following man-
ufacturer's recommendations. FIRe data are only available from Exper-
iment 2 due to instrument error in Experiment 1.

2.4. Biogeochemical variables

Samples (150 mL duplicated) were filtered on GE/F filters for anal-
ysis of chlorophyll a (chl-a). Fluorescence of acetone extracts was
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measured before and after acidification (Strickland and Parsons, 1984;
Aminot and Rey, 2000), using an AquaFluor fluorometer with the
extracted chlorophyll optical kit (Turner Designs). Only uncorrected chl-
a values are reported here. The correction for phaeopigments after
acidification assumes that chlorophyll-b is absent, but prasinophytes can
be important in coastal waters (Collado-Fabbri et al., 2011). Neverthe-
less, the results for corrected chl-a were very similar.

Samples (200 mL, duplicated) were filtered on combusted GF/F fil-
ters for particulate organic carbon (POC) and particulate organic ni-
trogen (PON), dried, and analyzed after acidification to remove
inorganic carbon by a Delta Advantage mass spectrometer coupled to a
Flash EA2000 Elemental Analyzer (Thermo). This analysis was per-
formed by the Laboratorio de Biogeoquimica e Isétopos Estables Apli-
cados of the Pontificia Universidad Catélica de Chile). Samples for opal
(particulate Si) were filtered onto 2 pm filters (200 mL, duplicated) and
analyzed as in Torres et al. (2023). Samples for nutrient analysis were
lost.

2.5. Phytoplankton analysis

Samples for flow cytometry (1.8 mL) in cryovials were fixed by
adding 200 pL of a solution of 0.5% glutaraldehyde, 10% formaldehyde
(prepared by dissolving paraformaldehyde at 60 °C), and 100 mM so-
dium borate pH 8.5. The fixative stock was kept frozen until use to
minimize degradation of formaldehyde. After 15 min of incubation in
the dark, samples were flash-frozen in liquid N». Samples were thawed
and analyzed using an Influx Mariner Flow Cytometer as in Spilling et al.
(2019).

Samples for enumeration of microphytoplankton were fixed with
Lugol's and counted after Utermohl sedimentation, with identification to
genus-level. Pseudo-nitzschia cells were further distinguished by valve
width. “Small” Pseudo-nitzschia, with valve widths about 3 pm or less,
mostly comprise species of the “delicatissima” and “pseudodelicatissima”
species-complex, while those with valve widths >4 pm are likely
members of the seriata/australis (“seriata™) group, which mostly corre-
sponds to P. australis in the studied zone (Lundholm et al., 2002; Von
Dassow et al., 2023). Many samples for microphytoplankton counts
were lost during shipping, so only surviving pairs are presented.

2.6. Determination of domoic acid (DA)

Cell pellets were suspended with 250 pL methanol/0.03 M acetic
acid (8:2 (v/v)) and transferred into cryovials. The sample vial was
rinsed a second time with 250 pL extraction solvent and combined with
the suspension. After addition of 0.9 g lysing maxtrix D (Thermo-Savant,
Illkirch, France), samples were homogenized by reciprocal shaking for
45sat6.5m st (FastPrep instrument, Thermo-Savant). The homoge-
nates were centrifuged for 0.5 min at 7.000 xg and supernatants were
collected. Filters were transferred into 50-mL centrifugation tubes and
covered with 5 mL methanol/0.03 M acetic acid (8:2 (v/v)). Homoge-
nization of samples was achieved by two rounds of ultra-sonication with
a sonotrode (Sonoplus HD2070, Bandelin, Berlin, Germany), 1 min each
(cycle: 7, power: 50%). The extract was transferred to a 5-mLvial and
taken to dryness in a gentle nitrogen stream. Dry samples were taken up
in 500 pL methanol/0.03 M acetic acid (8:2 (v/v)). All extracts were
filtered through 0.45 pm cut-off centrifugation filters (Ultrafree, Milli-
pore, Eschborn, Germany) and filtrates were transferred to HPLC vials
and stored at —20 °C until analysis.

DA was determined by liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS) in the selected reaction monitoring
(SRM) mode as detailed previously (Krock et al., 2008). In brief, sepa-
ration was performed on a C8 column (HyperClone 3 um BDS, 130 A, 50
x 2 mm) with a gradient elution of water and acetonitrile, both con-
taining 50 mM formic acid and 2 mM ammonium formate. DA was
calibrated against an external calibration curve consisting of DA stan-
dard solutions (CRM programme, Institute of Marine Biology-NRC,
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Halifax, NS, Canada) of 10, 50, and 100 pg pL’l.
2.7. Larval growth experiments

Scallop larvae (Argopecten purpuratus) were kindly provided by the
hatchery of Invertec (Ostimar S.A., Tongoy, Chile) at an abundance of 6
individuals mL~!. After the initial incubation to assess Fe-limitation of
phytoplankton growth, water was collected from pairs of microcosm
bottles (Fe-amended and control) and used to fill 250 mL borosilicate
glass bottles to which 60 larvae were added. Incubations were for 24 h, a
time selected to be sufficient to capture clearance rates before ontoge-
netic changes or starvation-induced mortality confound the results
(Sprung, 1984; Rico-Villa et al., 2009). The first three microcosm bottle
pairs were chosen from Site 1 in Experiment 1. From Experiment 2, the
first three microcosm bottle pairs were taken only from Site 2S (limi-
tations of space and available larvae meant only one site could be
selected, and Site 2S was selected because stimulation of phytoplankton
by Fe was clear in bottles from that site, as described in Results). Two
borosilicate bottles were filled from each microcosm bottle, one without
larvae and one to which larvae were added. Larval size was measured
initially and again at the end (measuring 10 larvae per bottle with a
stereomicroscope, for a total of 30 per treatment). In Experiment 2, the
proportions of live to dead larvae (in a minimum of 34 larvae) and the
final chl-a were also measured after 24 h. Chl-a data are available only
from Experiment 2. Chlorophyll-specific growth was calculated as the
natural log of final vs initial chl-a, and chlorophyll-specific grazing loss
was calculated as the difference with vs without larvae (In(chl-agnaw-
larvae/Chl-ajnitial)-In(chl-a final-wo-larvae/Chl-ainitial))-

2.8. Statistical analysis

Statistical tests were performed in Prism 10 (Graphpad, La Jolla, CA,
USA). As microcosm bottles were filled in pairs and could not be
sampled at time 0, the values for initial time points, when presented, are
from samples taken from the towed fish system immediately prior and
immediately after microcosm pairs were filled. Thus, they are not exact
matches to the final microcosms, so statistical analyses only consider the
values from microcosm pairs (control vs Fe-amended) at the end of the
incubation. Prior to statistical tests, ratios which can only vary between
0 and 1 (Fv/Fm) were arcsine transformed while other ratios (e.g. POC/
PON) and parameters which showed large consistent differences be-
tween sites were log transformed. Statistical analyses in Experiment 1
evaluated differences in chl-a, POC, PON between control and Fe-
amended microcosms using paired t-tests. In Experiment 2, matched 2-
way ANOVAs were used, including testing effects of treatment x site,
treatment, site, and pair. When significant differences were detected
either in treatment or treatment x site, Sidak posthoc testing was used to
determine which site (N o S) showed significant differences between
control and Fe-amended treatments. To test whether differences in DA
between control and Fe-amended treatments correlated with differences
in Fv/Fm, a simple linear regression was performed.

3. Results
3.1. Oceanographic conditions before and during sampling periods

Upwelling favorable winds were present from 6 to 13 Oct. 2017
(Figs. 1-2). From 7 to 14 October, satellite data showed cooler recently
upwelled water (<13 °C) persisted nearshore and in a jet extending
offshore from south of Lengua de Vaca Point (Figs. 1-2). Upwelling
relaxation began on 14 Oct., and on 15-16 Oct. warmer waters came
onshore (Fig. 2). However, geostrophic currents (from satellite altim-
etry) indicated persistent onshore flow affecting Lengua de Vaca Point
itself throughout the study period (Figs. 1-2). An increase in coastal
phytoplankton biomass very nearshore was indicated by both bbp and
CHL signals on 16 October (Fig. 2) compared to 11-12 Oct. (Fig. 1),
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although cloud cover limited signals from the study area. South of
Lengua de Vaca Point on 17 Oct., bbp and CHL suggested phytoplankton
biomass dropped further (Fig. 2).

On 13 Oct., a 1.56 km transect from east to west was made 0.6 km to
the north of Lengua de Vaca Point prior to sampling from Site 1. Sea
surface temperature (SST) varied from 11.6 to 11.9 °C (consistent with
satellite imagery and active coastal upwelling), sea surface salinity (SSS)
remained at 34.5, and dissolved O, varied from 3.09 to 5.33 mg L
Sampling at Site 1 was performed immediately after a transect in the
reverse direction, during which SST ranged from 11.6 to 12.0 °C, salinity
remained at 34.5. Dissolved O, varied from 3.01 to 3.80 mg L1, being
lowest at the start of sampling. In situ biomass values varied from 0.72 to
0.76 pg L1 chl-a, 27-29 pmol C L1 POC, 3.1-3.4 ymol C L™! PON, and
0.9-1.3 pmol Si L1 opal. The phytoplankton community contained
abundant diatoms (>20 cells mL 1) from the centric genera Chaetoceros,
Detonulla, and Skeletonema and the pennate genera Asterionella and
Pseudo-nitzschia (Table 3).

On 14 Oct., three points were sampled around Lengua de Vaca Point,
profiling down to 20 m. Temperature did not vary over this depth range,
staying at 11.6 °C west (offshore) of the Point and 11.7 °C east (inshore)
of the Point. Dissolved O, dropped from 4.17 mg L™} (offshore) and 3.38
mg L1 (inshore) at the surface to 2.83 mg L~! (offshore) and 2.46 mg
L ! (inshore) at 20 m depth. Surface chl-a was 0.51 + 0.01 pg L™L. In this
transect, in situ DA was measured, ranging from 1.3 to 1.7 ng L L

On 16 Oct., during sampling at Site 2S, SST ranged from 13.6 to
13.8 °C while salinity remained at 34.3, suggesting a water mass coming
from the open ocean. Dissolved O, varied from 9.89 to 10.11 mg L™,
with the lowest value corresponding to the first bottle pair (the rest were
above 10 mg L™1). During sampling at Site 2N, SST ranged from 12.6 to
13.3 °C while salinity remained at 34.3, suggesting a water mass still
under coastal upwelling influence. Dissolved Oy varied from 6.35 to
7.58 mg L™! but did not vary in an obvious way with respect to SST. In
situ measurement of chl-a and POC showed differences between Site 2S
and Site 2N consistent with satellite observations of bbp and CHL: Chl-a
values were lower at Site 2S compared to Site 2N (0.37-0.40 vs.
1.08-1.19 pg L%, respectively). Likewise, POC values were lower in Site
2S compared to Site 2N (23.7-27.0 vs 29.1-32.8 pmol C L. In
contrast, PON and opal values overlapped between Site 2S and Site 2N
(3.1-4.1 vs 3.9-4.5 pmol N L™ and 0.8-9.9 vs 2.6-4.9 pmol Si L™1).

3.2. Experiment 1

Chl-a values increased to 3.0-5.6 pg L™ by the end of the bottle
incubations (between 4.1-fold to 7.6-fold higher; Fig. 3A). There were no
differences in chl-a between Fe-amended and control microcosms
(Table 2). In the same incubation, POC increased to 146-374 pmol C
L™, with no differences between control and Fe-amended microcosms
(Fig. 3B, Table 2). PON increased to 14.6-16.5 pmol C L7! in control
bottles and 16.7-19.2 pmol C L™} in Fe-amended microcosms, being
higher in the Fe-amended microcosm in every pair, although this dif-
ference was not significant (Fig. 3C). Biological opal and opal/POC
increased significantly more in Fe-amended than control bottles
(Fig. 3D,F). POC/PON varied widely and there was no trend in POC/
PON in control vs Fe-amended microcosms (Fig. 3E). DA values were not
significantly higher in Fe-amended bottles (26.4 + 18.9 ng L™1)
compared to controls (22.7 &+ 12.1 ng L’l; Table 2).

In all microcosms, centric diatoms showed the largest numerical
increases, with the genera Chaetoceros, Skeletonema, and Detonulla
comprising the first, second, and third most numerically abundant
genera, respectively, at the end of the incubation (Table 3). Among
pennate diatoms, Asterionella glacialis, small Pseudo-nitzschia (assumed
to belong within the diverse P.  “delicatissima” and
P. “pseudodelicatissima” species-complex, which are not distinguishable
by light microscopy) and other smaller pennate diatoms also showed
substantial increases. Only medium-sized Chaetoceros and larger Pseudo-
nitzschia (“seriata” type, which are likely to be P. australis or the
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only pairs of microcosms could be filled during sampling of surface waters from the vessel, so initial conditions (time 0) bottles were collected just before and just
after the sampling of the four experimental microcosm pairs. Significance of differences between control vs. Fe-amended treatments by paired t-tests (p < 0.05) are

indicated by an asterisk (*).

Table 2

Results of paired t-tests for differences between control and Fe-amended mi-
crocosms in Experiment 1 (four paired microcosms). Significant differences are
marked with *.

Parameter t p

Chl-a 0.613 0.584
POC 1.431 0.248
PON 2.369 0.099
Opal * 4.086 0.027
POC/PON 0.115 0.916
Opal/POC * 3.497 0.040
Domoic acid 0.252 0.812

P. fraudulenta) were consistently higher in the Fe-amended member of
each microcosm pair (Table 3).

After the initial 4-day incubation, larvae were inoculated into water
from control and Fe-amended microcosms and incubated for 1 day.
Larvae size did not change significantly during the incubation (from 182
+ 6 pm, range 170-195 pm, to 183 + 7 pm, range 170-200 pm), and
there were no significant differences in larval size between larvae
incubated in control vs Fe-amended water (Supplementary Fig. S1).

3.3. Experiment 2

At the end of a 3-day incubation, maximum PSII quantum efficiency

(Fv/Fm) was highly variable among microcosms, but Fv/Fm tended to
be higher in Fe-amended microcosms (Fig. 4A). The effect of treatment
was significant but not the effect of site or site x treatment (ANOVA
results for Experiment 2 are in Table 4). Fe-amended microcosms usually
exhibited smaller functional absorption cross section opg; (Fig. 4B).
Microcosms from Site 2S always had higher opg; compared to micro-
cosms from Site 2N, and the effects of both site and treatment were
significant. The quinone Q4 reoxidation time constant tg, dropped in all
microcosms from Site 2S and two from Site 2N, with significant effects of
treatment and treatment x site (Fig. 4C).

Chl-a tended to increase more in Fe-amended than control micro-
cosms (Fig. 5A). The effects of treatment and site were significant
(Table 4). Within sites, the effect of Fe addition was only significant in
bottle pairs from Site 2S. POC increased in microcosms from Site 2N,
with increases similar between control and Fe-amended microcosms but
remained low in pairs from Site 2S (Fig. 5B). POC tended to be slightly
higher in Fe-amended microcosms from Site 2S, but this effect was not
significant (Table 4). PON increased in microcosm incubations from
both sites and both treatments (Fig. 5C). The increase was larger in
microcosms from Site 2N. The increase in PON was modest but signifi-
cantly higher in Fe-amended microcosms compared to control micro-
cosms from Site 2S. Opal values increased substantially in microcosms
from Site 2N, but not in Site 2S, and there was a significant effect of site
on opal values (Fig. 5D). Values were higher in the Fe-amended
microcosm compared to the control microcosm in three of four pairs
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Table 3

Abundances (cells mL™!) of phytoplankton enumerated by the Utermohl method
in Experiment 1. The TO abundance is the average + standard deviation of
samples taken from the towed fish sampling system before and after filling the
microcosm bottles. As there was no difference in chlorophyll values between Fe-
amended and control microcosms and most taxa exhibited inconsistent differ-
ences between treatments, the mean =+ standard deviation (with range) of all
microcosms is given. The average + standard deviation for the abundance ratio
(Fe-amended/control) is shown for three taxa which showed consistent differ-
ences between treatments.

Taxon Initial Final abundance Ratio

abundance

Centric diatoms

Chaetoceros spp. “small” 0+0 1449 + 1372 (0-3741)
Chaetoceros spp. 93+7 3034 + 1522 1.7 +
“medium” (1336-5278) 0.8
Chaetoceros spp. “large” 19 +21 967 + 978 (90-2420)
Detonulla pumilla 22 +4 1096 + 2581 (0-6947)
Ditylum brightwellii 0+0 7 + 12 (0-30)
Eucampia zodiacus 77 325 + 600 (37-1681)
Guinardia delicatula 0+0 58 + 152 (0-403)
Guinardia striata 2+3 0+ 0 (0-0)
Guinardia flacida 1+1 12 + 16 (0-36)
Lauderia 0+0 87 + 230 (0-609)
Leptocylindrus danicus 0+0 1+3(0-9
Nitzschia longissima 1+1 0 &+ 0 (0-0)
Odontella 0+1 30 + 76 (0—203)
Rhizosolenia spp. 0+0 0+ 0 (0-0)
Skeletonema spp. 20 +10 3151 + 2064
(942-6146)
Thalassiosira “median” 0+0 28 + 29 (0-81)
Thalassiosira “large” 3+1 130 + 68 (22-206)
Small centrics 3+3 274 + 424 (0-1117)
Pennate diatoms
Asterionella glacialis 53 +13 2739 + 1486
(660-4810)
Cylindrotheca closterium 10+6 99 + 125 (0-267) <0.1
Nitzschia longissima 1+1 0 + 0 (0-0)
Pseudo-nitzschia spp. 42+ 3 458 + 331 (187-976)
“small”
Pseudo-nitzschia spp. 10t6 16 + 20 (0-45) 32.7 +
“seriata” 0.9
Small pennates 9+13 392 + 685 (0-1624)
Large pennates 0+0 9 + 16 (0-36)
Others
Thecate Dinoflagellates 3+4 29 + 76 (0—202)

from Site 2S, but the effect was not significant. POC/PON ranged
initially from 6.6 to 7.7 and 7.4-7.5 in Sites S and N, respectively, and
dropped to 5.14 + 0.47 in microcosms from Site 2S and 4.64 + 0.30 in
bottles from Site 2N after the incubation, with no effect of Fe-
amendment (Fig. 5E, Table 4). Opal/POC was lower at Site 2S
compared to 2S but did not change with Fe-amendment (Fig. SF,
Table 4).

For each microcosm pair, the differences between treatment and
control in chl-a and in opal were significantly and positively related to
the differences in Fv/Fm (Fig. 6). In the case of POC and PON, there were
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similar tendencies, but the effects were not significant (data not shown).

Analysis of pico- and nanophytoplankton by flow cytometry showed
that Site 2S initially contained higher abundances of all pico- and
nanophytoplankton groups compared to Site 2N (Supplementary Fig. S2,
Table 4). Prochlorococcus abundances were low, below 10° cells mL~' in
Site 2N (Fig. S2A). Picocyanobacterial, picoeukaryotic phytoplankton,
and cryptophyte abundances dropped during the incubation in bottles
from Site 2S, with no consistent trends between Fe-amended and control
bottles (Fig. S2B,C,F). In contrast, nanophytoplankton abundances
increased in both treatments from Site 2S, but increased more in Fe-
amended bottles (Fig. S2D). Prochlorococcus, Synechococcus and nano-
phytoeukaryotes in bottles from Site 2N tended to be modestly higher
than the initial values from that site, whereas picophytoplankton and
cryptophytes (Fig. S2E) were slightly lower. Nevertheless, there was no
significant effect of either site or Fe-amendment. In bottles from Site 2S
but not Site 2N, cellular red fluorescence values were higher in Fe-
amended compared to control bottles for picophytoeukaryotes, and
nanophytoeukaryotes (Fig, S2F), and the effects of both site and Fe-
amendment were significant (Table 4).

Unfortunately, many samples for microphytoplankton counts were
lost. However, one complete pair survived from each site (S and N;
Table 5). The abundance of centric diatoms was much higher in the
microcosms from Site 2N compared to Site 2S, with the genera Chaeto-
ceros and Skeletonema being the most numerically important. In the pair
from Site 2N, large Chaetoceros, both small and large (“seriata’”) Pseudo-
nitzschia, and larger pennates were substantially (5- to 15-fold more
abundant in the Fe-amended bottle, while Skeletonema spp. were more
abundant in the control bottle. In the pair from Site 2S, larger (“seriata”-
type) Pseudo-nitzschia, unidentified small pennates, and unidentified
small centric diatoms were higher in the Fe-amended microcosm.

DA levels were significantly lower in microcosms from Site 2S
compared to Site 2N in both control and Fe-amended treatments
(Fig. 7A, Table 4). DA levels were on average higher in Fe-amended
compared to control bottles (100 + 116% in Site 2S and 56 + 77% in
Site 2N), but this effect did not reach the threshold for significance (p =
0.087). Nevertheless, when comparing across all microcosm pairs, the
difference in DA correlated significantly both with the difference in Fv/
Fm and opg; between Fe-amended and control treatments (Fig. 7B).

After the initial 3-day incubation, larvae were inoculated into water
from three pairs of control and Fe-amended microcosms and incubated
for 1 day. Larval size changed insignificantly overall, from 157 + 6 pm
(range 150-170 pm) to 156 + 9 pm (range 140-190 pm). Larval mor-
tality varied from O to 22% (average 8.4 + 8.6%), but no differences
were observed between incubation with water from Fe-amended versus
control microcosms. Larval size tended to be larger after treatment with
water from Fe-amended versus control microcosms (p = 0.049)
(Fig. S3A). When converted into growth rate, there was no significant
difference (Fig. S3B), however it is noteworthy that pair 1, where there
was no difference in size or growth between larvae grown on the control
and Fe-amended phytoplankton, was the pair which showed no differ-
ence in variable fluorescence. In all bottles to which Fe-amended
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Fig. 4. Variable fluorescence parameters in microcosms from Sites 2S and 2N after 3-day incubation. Lines indicate paired microcosms (filled simultaneously at the
sites). A) Maximum dark-adapted PSII quantum yield (Fv/Fm) by STF). B) Functional absorption cross section of PSII (6pgy). C) QA reoxidation time constant Tga.
Significance of differences were evaluated by paired 2-way ANOVA. Significant differences between control vs. Fe-amended treatments within a site are (p < 0.05)

are indicated by an asterisk (grey * 2S; black * 2N).



P. von Dassow et al.

Table 4

Results of 2-way ANOVA testing of pairwise differences between control and Fe-
amended microcosms in Experiment 2. Significant differences for treatment or
treatment x site are marked with *.

Parameter Treatment x Treatment Site Microcosm
Site pair
Fv/Fm ** Fi6=1.686 Fi= Fi6 = Fe = 1.183
p=0.242 8.448 0.602 p=0.422
p =0.027 p =0.468
opsi *” F1,6 = 4.601 Fi6 = Fi6 = Fe6 =
p =0.076 7.692 51.57 0.6904
p =0.032 p= p = 0.668
0.0004
Toa *¢ F16=6.768 Fi6= Fi6 = Fe6 = 2.307
p = 0.0406 6.702 0.01401 p =0.166
p =0.041 p=0.910
Chl-a *¢ Fi6=4.197 Fig= Fre = Fe6 = 1.249
p =0.086 7.943 197.7 p=0.397
p=0030 p<
0.0001
POC Fi6=1442 Fig= Fie= Foo =
p=0.275 3.414 1390 0.6494
p=0.114 p= p=0.693
0.0001
PON ** Fi6=6.512 Fig= Fi6 = Fes = 1.329
p=0.043 4.944 730.7 p=0.369
p =0.068 =
0.0001
Opal Fi6=1.670 Fie= Fre = Fe6 = 5.270
p=0.244 1.269 111.2 p =0.0315
p=0.303 =
0.0001
POC/PON Fi6=3.303 Fie= Fi6= Fes = 1.578
p=0.119 1.030 3.996 p = 0.2968
p=0.349 p=0.093
Opal/POC F16=0.567 Fig= Fre = Fo6 = 4.632
p =0.480 0.1438 28.51 p =0.042
p=0.718 p =0.002
Domoic acid Fi6=0.118 Fi6= Fi6= Fe 6 = 2.729
p=0.744 4.182 28.82 p=0.124
p =0.087 p = 0.002
Prochlorococcus-like F16 = 1.639 Fi6 = Fi6 = Fe = 0.613
p=0.248 1.185 7.308 p=0.717
p=0.318 p =0.035
Synechococcus-like Fp6 = 0.123 Fi6 = Fi6 = Fe = 1.194
p=0.738 0.2078 5.183 p=0.418
p = 0.665 p =10.063
Picophytoeuk. Fi6 = Fi6 = Fi6 = Fe = 1.746
0.00521 0.0489 3.089 p=0.258
p =0.945 p=10.832 p=0.129
Nanophytoeuk. F6 = 4.522 Fi6 = Fi6 = Fe 6 = 2.140
p=0.078 1.425 0.0176 p=0.188
p=0.278 p =0.899
Cryptophytes F16 = 0.342 Fi6 = Fi6 = Fe 6 = 0.702
p =0.580 0.2253 26.14 p = 0.661
p = 0.652 p = 0.002
Picophytoeuk. red F16 = 6.341 Fi6 = Fi6 = Fe6 = 3.819
fluorescence *' p =0.045 4.942 1.054 p = 0.064
p=0068 p=0.344
Nanophytoeuk. red Fi6 =8.717 Fi6 = Fi6= Fe 6 = 5.828
fluoresc. *¢ p=0.026 2.415 18.49 p=0.025

# Posthoc test showed significant difference treatment vs control in Site 2S, p
= 0.049.

b posthoc test showed significant difference treatment vs control in Site 25, p
= 0.026.

¢ Posthoc test showed significant difference treatment vs control in Site 25, p
= 0.021.

d posthoc test showed significant difference treatment vs control in Site 2S, p
= 0.027.

¢ Posthoc test showed significant difference treatment vs control in Site 2S, p
= 0.030.

f posthoc test showed significant difference treatment vs control in Site 25, p
= 0.031.

8 Posthoc test showed significant difference treatment vs control in Site 2S, p
= 0.038.
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phytoplankton was added, chl-a was higher in the bottles without
larvae, consistent with larval grazing, but this was not the case in some
bottles filled with phytoplankton from control microcosms (Fig. 8A).
Calculated grazing was modestly higher on Fe-amended microcosms
(0.13-0.20 day~! vs —0.18-0.06 day ! in controls; Fig. 8B), but the
effect was just at the significance threshold (p = 0.05).

4. Discussion

The current study adds to the evidence that Fe-limitation occurs in
the Humboldt Current System (HCS) (Hutchins et al., 2002; DiTullio
et al., 2005) even in very nearshore environments (Torres and Ampuero,
2009). To allow trace metal-clean sampling in this coastal zone, we used
the towed fish “sipper” system previously employed by Torres and
Ampuero (2009). The system has the advantage of being deployable
from the type of small fishing vessels available to rent along the Chilean
coast. However, it has the challenge of not permitting true technical
replicates. Each microcosm pair was separated by approximately 300 m
and may have been affected by substantial submesoscale variability in
water properties. Also, we did observe variations in opal and opal/C
ratios during sampling, which can also result in variability among
mesocosm pairs as diatom-dominated and flagellate-dominated com-
munities to alleviation of Fe-limitation can differ (Schulz et al., 2018).

We first consider Experiment 2, because we were able to collect
variable fluorescence parameters in that experiment, which have been
found to be among the most consistently sensitive to Fe-limitation as
well as responding much more rapidly than other variables to the alle-
viation of Fe-limitation (Greene et al., 1992; Kolber et al., 1994; Beh-
renfeld et al., 1996, 2006; Hutchins et al., 2002; Liu and Qiu, 2012;
Strzepek et al., 2012; Behrenfeld and Milligan, 2013; Trimborn et al.,
2019). The three different variable fluorescence parameters measured
showed consistent responses to Fe-amendment. Maximum dark-adapted
PSII quantum efficiency, Fv/Fm, responded positively to addition of Fe,
although the response was greater in Site 2S than in Site 2N. Fv/Fm is
always reported to drop under Fe-limitation and to increase when Fe-
limitation is alleviated by the addition of Fe, both in phytoplankton
cultures and natural waters (citations above) although this parameter
also responds to other stresses (Gorbunov and Falkowski, 2022). Func-
tional absorption cross-section opg; decreased as Fv/Fm increased in Fe-
amended bottles. Larger opg; under Fe-limited compared to Fe-replete
conditions, and a rapid decrease in ops; upon alleviation of Fe-
limitation, has been consistently reported in diatoms, chlorophytes
and the pico-cyanobacteria Synechococcus (Greene et al., 1992; Liu and
Qiu, 2012; Strzepek et al., 2012; Trimborn et al., 2019). One study re-
ported that this parameter increases upon Fe addition to natural
phytoplankton communities in equatorial HNLC waters (Behrenfeld and
Milligan, 2013), but Fe-addition to temperate HNLC waters of the North
Pacific (perhaps more similar to the waters of the zone studied here)
decreased opgy (Suzuki et al., 2009), like reports in culture experiments.
Such differences might reflect differences in adaptations of organisms in
different habitats (Strzepek and Harrison, 2004). Here, we consider the
lower opg; in Fe-amended bottles to be consistent with alleviation of Fe-
limitation. The dark-adapted Qa reoxidation time constant tg, is a
fluorescence parameter suggested to be more specific than other vari-
able fluorescence parameters to Fe-status than N-status, as it increases
under Fe-limitation and decreases upon Fe-addition to Fe-limited
phytoplankton yet is unchanged under N-stress (Greene et al., 1992;
Liu and Qiu, 2012; Trimborn et al., 2019; Gorbunov and Falkowski,
2021, 2022). Consistent with detection of Fe-limitation in Experiment 2,
TQa Was lower in Fe-amended microcosms in all four pairs from Site 2S,
though only two from Site 2N.

Thus, all variable fluorescence parameters suggested stronger Fe-
limitation in Site 2S and weaker or no Fe-limitation in Site 2N. A
major weakness in our study is the lack of nutrient data due to loss of
these samples as ideally nitrate and Fe concentrations would be
measured to assess in situ levels as the Fe to nitrate ratio or similar
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indicators are usually used to confirm the potential for Fe limitation (Till
et al., 2019). However, both sites showed SST and salinity consistent
with dominance by recently upwelled Subantarctic Water, which is rich
in macronutrients (Silva et al., 2009; Torres and Ampuero, 2009). Pre-
vious data from the same zone would suggest that Site 2N would have
had high nutrients (in the range of 15-20 pM nitrate and silicate) (Torres
and Ampuero, 2009). Site 2S had higher SST so was expected to have
lower macronutrients.

Dissolved Fe tends to be much higher inland of the shelf break than
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farther offshore both in the California Current and Humboldt Current
(Bruland et al., 2005; Kudela et al., 2006), and Torres and Ampuero
(2009) concluded that Fe-limitation in recently upwelled water (low
SST) in the zone studied here is most likely to occur offshore of the shelf
break (200 m). Site 2S was just offshore of the 200 m isobath, much
closer to the coast than Site 2N, so it may be surprising that Site 2S
exhibited much stronger evidence of Fe-limitation than Site 2N.
Nevertheless, occasional reports of Fe-limited waters over the shelf in
the California Current System (e.g., Hutchins et al., 2002) have been
explained by upwelling relaxation causing a pause in supply of Fe from
the shelf, or by mesoscale features bringing offshore water onshore (Till
et al., 2019). Geostrophic velocities on 15-16 Oct. 2017 indicated Site
2N was affected by a northward current where water might have
interacted with the shelf (injecting Fe) upon upwelling. Satellite altim-
etry and associated geostrophic velocities indicated that water at Site 2S
had been advected onshore by a persistent anticyclonic circulation
centered to the south of Lengua de Vaca Point during and prior to
sampling at that site (Figs. 1-2). The geostrophic circulation appears
consistent with the explanation of Till et al. (2019) for how Fe-limited
waters can occasionally occur very near shore: Site 2S may have con-
tained water that had been upwelled earlier to the south, advected
offshore by the mesoscale feature, before any Fe could be taken up by
interaction with the seafloor, and then advected onshore again (after
warming) by the same mesoscale circulation. The Fe-limitation would
explain the more moderate chl-a (indicated by satellite CHL and bbp as
well as in situ measurement of chl-a) and that it would have retained
sufficient macronutrients to exhibit phytoplankton growth upon Fe
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Table 5
Abundances (cells mL™!) of phytoplankton enumerated by the Utermohl method
in Experiment 2.

Taxon Site 28 Site 2S Fe- Site 2N Site 2N Fe-
control amended control amended
Centric diatoms
Chaetoceros spp. 0 0 1903 1489
“small”
Chaetoceros spp. 53 53 3806 3722
“median”
Chaetoceros spp. 0 0 182 872
“large”
Detonulla pumilla 0 0 36 30
Ditylum brightwellii 0 0 0 0
Eucampia zodiacus 0 9 36 15
Guinardia delicatula 0 0 0 0
Guinardia striata 0 0 0 0
Guinardia flacida 0 0 18 7
Lauderia 0 0 0 0
Leptocylindrus 0 0 82 52
danicus
Nitzschia longissima 0 0 0 0
Odontella 18 0 0 0
Rhizosolenia spp. 0 9 9 0
Skeletonema spp. 0 0 6253 456
Thalassiosira 9 0 36 60
“median”
Thalassiosira “large” 0 0 46 15
Small centrics 9 27 0 0
Medium centrics 0 0 0 0
Pennate diatoms
Cylindrotheca 0 0 0 0
closterium
Nitzschia longissima 0 0 0 0
Pseudo-nitzschia spp. 142 89 9 135
“small”
Pseudo-nitzschia spp. 0 27 0 52
“seriata”
Small pennates 0 89 0 0
Large pennates 0 9 91 752
A oo B) 3q
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Fig. 7. A) DA levels in microcosms from Sites 2S and 2N. Microcosm pairs are
indicated by lines. B) The pairwise normalized difference in DA vs difference in
Fv/Fm. Lines represent linear regression with 95% confidence interval R? =
0.60, p = 0.024).

amendment. This would also explain the similar salinity between Sites
2N and 2S despite higher temperatures at Site 2S. The very narrow shelf
and steep slope of the continental margin in northern Chile may imply
that mesoscale activity can cause even very nearshore waters to be
sensitive to Fe-amendment.

Changes in chl-a paralleled changes in Fv/Fm in the bottle pairs
among both Sites S and N. However, changes in POC, PON and opal were
small (sometimes even negative) in Site 2S. The increase in pico- and
nanophytoplankton fluorescence per cell, and the lack of consistently
higher cell counts in the Fe-amended microcosm, indicated that part of
the increase in chl-a may have been due to a higher chl-a per cell in Fe-
amended microcosms at Site 2S. In microcosms from Site 2N, in contrast,
much larger increases in chl-a were seen in control and Fe-amended
microcosms and were reflected by large increases in POC, PON, opal,
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Fig. 8. Evidence for grazing by scallop larvae on phytoplankton microcosm
communities. A) Chl-a levels in bottles filled with phytoplankton from control
and Fe-amended microcosms from Site 2S, measured before and after incuba-
tion with and without larvae. B) Grazing rates calculated from difference in the
change of hl-a with and without larvae.

and diatom abundances in microcosms. The lack of increase in pico-
plankton or nanoplancton abundances upon Fe-addition in both sites, in
either control or Fe-amended microcosms, may be due to tight coupling
with predominantly grazers that are also small-sized and respond
rapidly (Landry et al., 2000b, 2000a). The higher initial biomass, a
higher portion of diatoms (indicated by a higher opal/POC), and more
nutrients due to more recently upwelled water permitted higher growth
in Site 2N. In contrast, the low increases in biomass at Site 2S, even with
Fe-amendment, suggest that the waters at this site might have been
secondarily limited by macro-nutrients.

As Site 1 was very close to shore and at the entrance of Tongoy Bay, it
was not expected to be Fe-limited. Indeed, pronounced increases in chl-
a, POC, and PON in all microcosms, independently of Fe-amendment,
were consistent with no initial nutrient limitation (unfortunately, we
do not have variable fluorescence measures from this site), as would be
expected from the SST below 12 °C (Torres and Ampuero, 2009).
However, opal increased much more strongly in Fe-amended bottles,
which might indicate that diatoms were secondarily Fe-limited in these
waters.

Some lab studies report Fe-limitation restricts cellular DA production
(Bates et al., 2001; Sobrinho et al., 2017), while other lab studies as well
as a recent environmental metatranscritomic study indicate that DA
production is strongly induced by acclimation to low Fe or to co-
limitation by Fe and other nutrients (Maldonado et al., 2002; Wells
et al., 2005; Brunson et al., 2024). Despite these contrasting reports,
Pseudo-nitzschia is highly competitive for Fe (Wells et al., 2005; Mar-
chetti et al., 2009; Trainer et al., 2009, 2012; Trick et al., 2010; Cohen
et al., 2018; Lampe et al., 2018). Both Pseudo-nitzschia spp. and DA were
detected in situ in this study as in previous studies in the zone, where
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microscopy and molecular studies have reported that principal
P. “australis/seriata”-type species present repeatedly in this zone is the
highly toxic P. australis, while the smaller P. pseudo-nitzschia spp. re-
ported in this area include both toxic and non-toxic species (Alvarez
et al., 2009; Von Dassow et al., 2023). In Experiment 2, DA after
microcosm incubations were substantially higher that had been
measured in situ at Punto Lengua de Vaca. DA tended to be higher in Fe-
amended compared to control microcosms, but differences were highly
variable. This might partly reflect the variation in Fe-limitation among
pairs, but it might also reflect differences in the specific phytoplankton
seed communities captured in each microcosm pair, where the abun-
dance and species of Pseudo-nitzschia present would be expected to be
important. Nevertheless, DA was higher in Fe-amended microcosms
proportionally to differences in variable fluorescence parameters be-
tween Fe-amended and control microcosms, consistent with Fe-induced
DA that relates to the degree of initial Fe-limitation. In microcosm pairs
for which data is available, the larger Pseudo-nitzschia were typically
higher in the Fe-amended bottle, so the higher DA in Fe-amended
treatments might be due partially to growth of these Pseudo-nitzschia.
Pulses of Fe to Fe-limited waters, for example at the borders between Fe-
poor and Fe-rich waters in in a coastal boundary region with patchy Fe
concentrations, might stimulate the growth of Pseudo-nitzschia (over
competing phytoplankton) (Trainer et al., 2012), which then increase
cellular toxin levels when Fe is exhausted again enough to limit or co-
limit growth.

Previous studies of microzooplankton and mesozooplankton abun-
dances and grazing rates in response to Fe-addition focused principally
on unicellular grazers or copepods (Landry et al., 2000b, 2000a;
Schultes et al., 2006; Henjes et al., 2007; Chen et al., 2011). As far as we
are aware, the present study is the first to look at responses of mer-
oplanktonic invertebrates. Differences in larval growth and mortality
were not detected in these short experiments. Longer-term exposure
remains to be tested before concluding if Fe-induced phytoplankton
would be beneficial or harmful to such larvae. Nevertheless, larvae were
grazing on phytoplankton communities grown with Fe-amendment, so
meroplanktonic larvae might transfer Fe-induced domoic acid to higher
trophic levels.

It is striking that both this study and the study by Torres and
Ampuero (2009) found that marine waters displaying Fe-limitation
come within only a few kilometers from the nearby coast, an arid land
that is especially rich in iron outcrops and mines (Cisternas and Gélvez,
2014), and where climate variability and human activities may affect
continental sources. For instance, a megadrought since 2010 has
affected glaciers, vegetation indices and land use in central and north-
central Chile, including the Coquimbo Region (Boisier et al., 2025;
Zambrano et al., 2025). Meanwhile, iron mining and export of iron ore
are major activities that locally can generate dust (Cisternas and Galvez,
2014; Consejo Minero, 2026). Both global and local alterations to Fe-
input might impact coastal communities in this zone.

This is also the latitude of a major biogeographic and oceanographic
transition (Thiel et al., 2007; Tellier et al., 2009; Tapia et al., 2014;
Segovia et al., 2020) of high importance for marine conservation: The
Marine Protected Areas and reserves of Damas, Choros, and Chanaral
Islands at 29°S (Gutiérrez et al., 2024) are important for coastal birds
such as penguins (Vianna et al., 2014) and a feeding ground for fin and
blue whales (Buchan et al., 2024). The zone also has an important
coastal shellfish aquaculture industry (Kluger et al., 2019; Bakit et al.,
2022). Our results on the effects of Fe-amendment either on phyto-
plankton toxicity or on larval feeding should be considered preliminary,
requiring further study. Nevertheless, the presence of near-shore pelagic
Fe-limitation might be relevant to local coastal management and
stakeholders.

5. Conclusions

Fe-limitation of phytoplankton can occur even in very nearshore
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waters of the Humboldt Current System. Variability in Fe supply to local
coastal waters is an important factor in determining phytoplankton
physiology, growth, composition, toxicity and quality as food for
planktivorous animals.
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