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ABSTRACT

The Patagonia archipelago interior sea (PAIS) of southern Chile is one of the largest fjord systems on earth. These coastal waters include remote and virtually pristine
areas where extreme rainfall/runoff and glacial meltwaters intensify the land-ocean interaction impinging on the biological, physical, and chemical characteristics of
oceanic subantarctic Surface Water (SAASW) that flood the archipelago basins. The SAASW mix with silicon- and iron-replete continental water and diatom growth
would occur concomitantly with a rapid drawdown of SAASW macronutrients. Consequently, phytoplankton metabolism (e.g. macronutrient utilization for primary
productivity) in estuaries of southern Patagonian has been previously assumed independent of iron availability (i.e. iron-replete conditions). Experimental results
shown here suggest that the nitrate and phosphate drawdown in low salinity (29) water can be enhanced by a 5 nM dissolved iron enrichment (by 13% and 28%,
respectively) during the developing phase of a diatom bloom. The simultaneous enrichment in iron (5 nM) and silicic acid (5 uM) in these estuarine waters resulted in
a similar macronutrient uptake enhancement, a 119% increment of the production of biogenic silica and a 2-fold rise in the abundance of Pseudo-nitzschia spp (a
diatom capable to produce the neurotoxin domoic acid). We suggest that natural freshwater pulses of allochthonous bioavailable forms of iron and silicon to inner
waters of the Patagonia archipelago during the onset of the productive season play a potentially significant role modulating macronutrient dynamics (input vs
utilization) and influencing coastal phytoplankton assemblages.

1. Introduction

Iron (Fe) is an essential micronutrient for marine phytoplankton, and
its availability limits primary production in 30-50 % of the surface
ocean (Boyd et al., 2007; de Baar et al., 2005; Sunda and Huntsman,
2011). Fe plays a key role in multiple microbial physiological pathways
(Raven et al., 1999) including the capacity to utilize macronutrients (e.
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g. NO3) and resources (e.g. light) (Falkowski & Raven, 1997). Iron
limitation in the ocean is primarily associated with poor solubility of
thermodynamically stable Fe(III) chemical species in well-oxygenated
surface waters and distance from continental Fe sources (de Baar
et al., 1999; Liu & Millero, 2002; Martin & Fitzwater, 1988). Coastal
waters are proximal to Fe sources and are often characterized by
elevated levels of iron, particularly in the form of particles and colloids
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(Batchelli et al., 2010; Fujii et al., 2008; Gobler et al., 2002; Kunde et al.,
2019; Nishioka et al., 2001; Raiswell and Canfield, 2012; von der Hey-
den and Roychoudhury, 2015; Raiswell et al., 2006). The dissolved iron
concentration is controlled by several processes and factors (Croot &
Heller, 2012), including the availability of organic Fe-chelators that
raise the solubility limit (Kuma et al., 1996, 1998; Liu and Millero, 2002)
and the scavenging of iron on to particles (Seo et al., 2022; Tagliabue
et al., 2019).

Low concentrations of trace-nutrients (e.g. Fe) and other resources
(e.g. silicic acid, light) in macronutrient-rich waters promote the pro-
liferation of smaller organisms and functional groups with adaptations
for coping with environmental stressors (e.g. larger surface/area ratio,
low or no Si requirement, vertical mobility, mixotrophic capacity (Caron
et al., 2017; Finkel et al., 2010; Lewis, 1976). However, both smaller
sized phytoplankton, as well as other functional groups, struggle to
outcompete diatoms under resource replete conditions. The success of
coastal diatoms as dominant phytoplankton groups in dynamic and
nutrient-rich coastal waters partially rely on their capacity to acclima-
tize to rapid fluctuations in light availability and to rapidly use available
macronutrients (e.g. NO3 and POZ). The ability to rapidly utilize mac-
ronutrients requires Fe-rich photosynthetic architecture (Strzepek &
Harrison, 2004) and Fe-based enzymatic pathways for the reduction of
thermodynamically stable forms of inorganic nitrogen (Schoffman et al.,
2016). Diatoms have likely evolved to cope with Fe limitation (Lampe
et al., 2018) implying that more recently evolved branches of diatoms (i.
e. Coscinodiscophytina, Coscinodiscophyceae; Medlin & Kaczmarska,
2004) could be less sensitive to iron levels of the modern ocean. Genes
for iron storage proteins such as Ferritin have been discovered in di-
atoms (Marchetti et al.,, 2009). It has been shown that Ferritin-
containing pennate diatom Pseudo-nitzschia granii, native to iron-
limited waters of the Northeast Pacific Ocean, exhibited an exception-
ally large luxury iron storage capacity and increased ferritin gene
expression at high iron concentrations (Cohen et al., 2018). However, in
general, no systematic differences among Ferritin-containing and non-
Ferritin containing diatom lineages has been observed related to their
ability to store iron in excess of that needed to support maximum growth
rates (Cohen et al., 2018). It has been suggested that Ferritin may serve
multiple functional roles that are independent of diatom phylogeny
(Cohen et al., 2018).

Diatom growth requires silicic acid (DSi), but silicification of diatom
frustules is highly plastic, allowing them to grow in a wide range of
environments. Hence diatoms can significantly reduce their silicification
levels under silicon-limited conditions (Ragueneau et al., 2000), how-
ever DSi concentration < 2 uM often preclude diatoms to dominate the
phytoplankton ensemble (Egge & Aksnes, 1992). Diatoms stressed by
macro or micronutrients shortage (e.g. Fe, N) can continue silicification
depending on the availability of DSi. Indeed, iron limitation in macro-
nutrient and DSi rich waters induce high DSi/N uptake ratios (Hutchins
& Bruland, 1998; Takeda, 1998), potentially leading to High Nutrient
Low Silicate Low Chlorophyll (HNLSiLC) conditions. Although iron
limitation effect on DSi/N uptake rates in diatoms can be fully reverted
after iron enrichment (Brzezinski et al., 2002; Franck et al., 2000, 2003),
the DSi deficient seawater relative to N will remain unless an allochth-
onous Si input occurs. Iron stimulated diatom division rate in low DSi
but N and P-rich waters could result in thin frustules due the dependency
in the extent of silicification on the growth rate (Martin-Jézéquel et al.,
2000).

N and Si metabolism in diatoms are not closely tied since cellular
energy for silicification and transport comes from aerobic respiration
without any direct involvement of photosynthetic energy (Martin-
Jézéquel et al., 2000). Therefore, it has been proposed that when both Si
and Fe are depleted, Si uptake is limited by silicic acid concentration
while N uptake and photosynthesis are limited by Fe (Ragueneau et al.,
2000). The degree of silicification may in turn play a role in the diatom
prey-predator dynamics, frustules recycling times, cell density and
therefore with the potential to modulate the channeling of diatom
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biomass energy through both the water column and the trophic web
(Assmy et al., 2013; Grgnning and Kigrboe, 2020; Kemp et al., 2000;
Ryderheim et al., 2022; Smetacek, 1998; Smetacek et al., 2012). While
the inputs of bioavailable Fe to nitrate rich waters could be critical in
setting the timing and intensity of new productivity during the pro-
ductive season of high latitude ecosystems, inputs of bioavailable Si may
be pivotal in the fate of this new productivity (Martin et al., 2013).
Diatom standing stock in surface waters can be controlled by mortality
(e.g. grazing (Steinberg & Landry, 2017), parasitism (Tillmann et al.,
1999)) and the formation of rapidly sinking aggregates (Logan et al.,
1995; Mopper et al., 1995).

Bottle-incubation experiments using Subantarctic Front water at
Crozet basin (Sedwick et al., 2002) showed that soon after (<4.5 days)
adding iron a macronutrient drawdown increased relative controls.
Greater abundance of pennate diatom and biogenic silica (bSi) were also
observed in bottles that were amended with both Fe and DSi, relative to
controls and bottles that were amended exclusively with Fe (Hutchins
et al.,, 2001; Sedwick et al., 2002). Similar experiments conducted in
equatorial Pacific HNLCLSi surface waters demonstrated that the
simultaneous addition of Fe and DSi enhanced rates of diatom organic
matter accumulation and cell division (Marchetti et al., 2010). Larger
diatom standing stock after the addition of both DSi and Fe could be
attributed to large diatom growth rates and/or lower diatom mortality
rates compared to controls.

Micro-zooplankton grazing is considered one of the largest loss fac-
tors of marine primary production (Calbet & Landry, 2004; Steinberg &
Landry, 2017). Heterotrophic dinoflagellates can comprise 60-80% of
microplankton grazer biomass during spring blooms at high latitudes
(Menden-Deuer et al., 2018). In subantarctic waters dinoflagellates of
the genus Gymnodinium and Gyrodinium have been reported to feed and
grow on diatom blooms (Saito et al., 2006). Grazer activity is signifi-
cantly modulated by the characteristic of the prey (e.g. size, shape,
silicification degree, physiological state (Assmy et al., 2013; Liu et al.,
2016; Liirling, 2021)) which in turn can be a function of the availability
of nutrients and silicic acid, among other factors.

The natural enrichment of Fe and DSi in macronutrient-rich eastern
Pacific subantarctic waters could be a key process driving the shift in
phytoplankton assemblage from flagellates (e.g. Prymnesiophytes)
dominating in open eastern Pacific subantarctic waters (Bouman et al.,
2012; de Baar et al., 1999) to large diatoms dominating in the inner
waters of PAIS during the productive growing season (Iriarte et al.,
2001). The orographic effect of the Patagonian Andes intercepting the
moist Westerlies (Smith & Evans, 2007) results in a major supply of
terrestrial waters and associated solutes into the coastal ocean. Large
volume of precipitation, run-off and continental ice melt result in a
buoyant surface layer likely enriched in allochthonous “continental”
nutrients (e.g. silicon and iron e.g. (Hopwood et al., 2019; Torres et al.,
2014; Pryer et al., 2020)) which are scarce in the subantarctic open
waters (Sarmiento et al., 2004; Torres et al., 2014) that flow into the
archipelago. However, the internal cycling of bioavailable forms iron in
the water column (Tagliabue et al., 2019), the complex interaction be-
tween continent-ocean-atmosphere, and the estuarine metabolism
(Bianchi, 2007; Bianchi et al., 2020) are expected to drive high spatio-
temporal variability of the concentration of terrestrially derived bioac-
tive elements (e.g. silicon and iron).

High nutrient low chlorophyll (HNLC) concentrations in the euphotic
layer during austral spring has been reported in the southern western
portion of the Patagonian archipelago (Iriarte et al., 2018). While the
observation of “coastal HNLC’’ conditions during austral spring has been
attributed to light (low stratification) and DSi deficit waters because of
oceanic SAASW intrusion into the archipelago, events of high biological
productivity and drastic drops in surface seawater pCOy are often
associated to stratification forced primarily from freshwater discharge
from the continent. Indeed, along Patagonia, surface waters of salinity
lower than 28 are typically undersaturated in pCO during the produc-
tive season (Torres et al., 2011b). Fe has been shown to be the limiting
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nutrient in the productive continental shelves surrounding the Antarctic
continent; however, no attempt to assess the levels of dissolved Fe or test
its effects on phytoplankton has been reported for PAIS. The bioavail-
ability of Fe in PAIS has been assumed to be replete for phytoplankton
needs due the many and varied potential sources of Fe (e.g. large amount
surface runoff (Davila et al., 2002) and glacial meltwater inputs (Chen
et al., 2007; Glasser et al., 2011; Hopwood et al., 2019; Willis et al.,
2012). However, removal of dissolved iron at low salinities in estuaries
can be significant due to flocculation, aggregation, and scavenging from
the euphotic zone (Boyle et al., 1977; Hopwood et al., 2016; Schroth
et al., 2014; Sholkovitz, 1976; Sholkovitz et al., 1978; Yeats & Bewers,
1976). Processes of bioavailable Fe removal could lead to suboptimal
conditions for blooming phytoplankton in fjord waters (Oztiirk et al.,
2002). Currently, comprehensive datasets and integrated analysis of
trace metals, nutrients and phytoplankton characteristics in the pro-
ductive dynamic of this austral ecosystem are lacking.

We report an on-deck nutrient addition bottle incubation experiment
as an initial attempt to explore the response of phytoplankton commu-
nities in southern PAIS waters to Fe and Fe + DSi amendments. We test
the microbial consortia’s capacity to use macronutrients (nitrate,
phosphate, silicate, carbon) and phytoplankton (diatom and di-
noflagellates) abundance, composition, allocation of photosynthetic
pigments in different size ranges, cellular domoic acid (DA) production
and biogenic silica concentration. Additionally, we describe the spatial
variability of the majority of variables mentioned above for a latitudinal
transect along the southern portion of the PAIS (53.5°S-50.5°S) with a
spatial resolution of < 15 km during austral spring. The discussion of
survey results will explore the effect of continental freshwater discharge
and associated solutes on the spatial-temporal variability of diatom
blooms in southern Patagonia.
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2. Methods
2.1. Study area

Hyper humid subantarctic fjords and continental reservoirs of
freshwater (including ice fields and peatlands) result in high levels of
freshwater discharge year-round, particularly during the warm summer
period associated with snow and glacier melting as is observed in the
largest hydrographic basin of the study area (Rio Serrano basin, Fig. 1).

Freshwater discharge varied spatially depending on hydrographic
basin configuration, latitudinal and longitudinal gradients in precipita-
tion associated with westerlies, with maximum levels (up to 7-10 m y'l)
at the western boundary of the archipelago where hydrographic basins
are small (e.g. near 50°S) contrasting with large hydrographic basin at
the continental side. The continental inputs include different freshwater
discharge sources (glacier runoff and non-glacier runoff fed by direct
precipitation) that flow into coastal waters, likely influencing the dis-
solved and particulate material loads of freshwaters (Pryer et al., 2020;
Pryer et al., 2019).

The transect of marine interior fjord waters starts in the Magellan
Strait, running from Peninsula Brunswick near the mouth of Otway
sound (Sta. 1; 53.7S) to the mouth of Xaultegua Gulf (Sta. 7; 53.1° S),
where the transect is interrupted by western ocean exposure, resuming
in interior waters near Isla Renourd (Sta. 8; 52.6'S) and continuing until
Madre de Dios Archipelago (Sta. 29; 50.5 S). The transect is therefore
characterized by constrained inland marine waters in close contact with
innumerable small to medium point sources of continental runoff, areas
of concentrated high-volume runoff where interior canals connect with
the large Rio Serrano basin (Stations 12-13, near the western mouth of
Union Channel), and areas of glacial input from the Darwin Range
(Stations 1-2) and the Southern Patagonia Icefields (Stations 17-22). In

Fig. 1. Surface water sampling stations and estimation of freshwater inputs linked to transect stations. Left panel shows stations along the coastal transect of fjords
and channels spanning 3°. Also shown are coastal watersheds providing runoff from adjacent terrestrial sources, together with glacial inputs indicated by areas of
receding glaciers, and net changes in ice field thickness. Central panel summarized mean annual freshwater volume input near sampling stations and respective
sources along the transect, based on calculation shown in Supl. Table Al. Right panel summarized freshwater input near the stations during August and September
2017 and respective sources along the transect, based on calculation shown in Supl.Mat A.
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addition to runoff generated from continental basins and glacial melt-
water, direct precipitation is expected to contribute a significant per-
centage of dilute freshwater input along the transect, which is
characterized by a precipitation gradient ranging from 2.000 to 7.000
mm y'l. Surface lithology along this transect is diverse (Torres et al.,
2014), as is vegetation cover (Luebert & Pliscoff, 2006) and potentials
soils (virtually uncharacterized, but likely ranging from volcanic
Andosols, Entisols in recently deglaciated areas, and abundant Histosols
corresponding with extensive wetlands). The corresponding quality of
freshwater inputs, in terms of nutrients and other solutes is also expected
to be diverse but remains poorly unknown. Partitioning of freshwater
inputs is generalized here (Fig. 1b, 1c) as direct precipitation (trace
solutes), glacial runoff (high suspended load and low nutrient), and
land-surface runoff (diverse and variable solute and suspended load).
The experimental location and surface water grab samples which
constitute the experimental matrix were between stations 25 and 29
(Fig. 1, Concepcion Channel), at the end of the fjord transect near the
Madre de Dios Archipelago, representing transitions in surface runoff
lithology from crystaline/granitic to sedimentary limestone, strong cli-
matic gradient, and geographic transition from inner to outer fjords,
with corresponding gradients in salinity and terrestrial subsidy
(described in Torres et al., (2020)).

2.2. Underway sampling

Underway sampling of surface waters from 53.5°S to 50.5°S (Fig. 1)
was carried out from 22 to 23 September 2017. Surface water was
collected at ~ 1 m depth and ~ 3 m off the side of the vessel using a lab-
made, metal free, tow “fish’’ connected through polyethylene tubes with
two non-metallic ARO™ air operated diaphragm pumps. All surfaces
that came into contact with the sample were acid cleaned. One sampling
line outlet, was located inside a small (1 mz) flow laminar bench to allow
clean sampling (used exclusively to trace metal work), and the other
sampling line outlet was connected to a small CTD (Idronaut 304) and
used to collect discrete samples for determining pH, Ar, nitrate, phos-
phate, silicic acid (DSi), biogenic silica and size fractionated chlorophyll
a (chl a). This underway system was used to collect 29 discrete seawater
surface samples (Stations 1-29, Fig. 1a,b) at an approximate rate of one
sample per hour while steaming (8-14 km h™!) along the track shown in
Fig. 1a.

2.3. Incubation water

Unfiltered surface seawater for bottle incubation experiments was
collected using the tow fish systems described above. Twelve acid
cleaned (soaked in 10% trace metal grade HCl for 3 months), and
carefully rinsed with 18.2 MQ em ™! milli-Q water within a laminar flow
bench. 25 L polycarbonate carboys (Nalgene) were filled with surface
seawater while steaming at low speed (<8 km h™') across Concepcion
channel (CQC), from St. 25 to St. 27 (Fig. 1). The carboys correspond to
four groups (G1 to G4) of three 25 L incubations carboys (control, +Fe,
and + Fe + Si; i.e. 12 carboys in total). Each group was filled virtually
simultaneously immediately before station 25, between stations 25-26,
26-27, and immediately before station 27. Iron enrichments were spikes
of an aqueous solution of FeCls to a final concentration of 5 nM. Simi-
larly, Fe and Si enrichments to a final solution of 5 nM (Fe) and 5 uM (Si)
were achieved by the addition of aliquots of aqueous solutions of FeCls
and NaySiO3. Environmental DSi variability ranged between 3 and 9 uM
therefore it is likely that initial concentration of DSi in the Si enrichment
treatments (i.e. + Fe + DSi) lay between 44% and 133% the initial DSi
concentration in control and + Fe treatment (see discussion Section 4).
We measured total dissolved iron (dFe, see method Section 2.7) at the
end of each experiment, and it ranged from 4.9 nM to 11.4 nM. The
average net increment in dFe in iron enriched carboys (i.e. + Fe and +
Fe + Si) relative to controls was ca. 1 nM (see Section 3.2; Fig. 3).

The 12 carboys were incubated on deck for three days (the daylength
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was ~ 12 h) and immersed in an intermittently surface seawater running
water bath to keep them near the ambient sea surface water temperature
(ca. 8 °C, see Fig. 2h). Immediately after the incubation period, pH was
measured and subsamples were collected for size-fractionated chloro-
phyll a, macronutrients, biogenic silica, domoic acid, phytoplankton
abundance and SEM identification, total alkalinity, and salinity.

2.4. Salinity and carbonate system parameters

Discrete samples collected along the transect were analyzed for
salinity with a salinometer (YSI Model Pro30; calibrated with IAPSO
standard seawater) at a constant temperature of 25.0 °C. Total alkalinity
(At) was determined using an automatic potentiometric titration system
(Haraldsson et al., 1997). At accuracy was verified with certified
reference material (CRM) supplied by Andrew Dickson (Scripps Insti-
tution of Oceanography). Based on the analysis of blind At samples
during the “2017 Inter-laboratory Comparison of CO, Measurements”
(coordinated. Emily Bockmon and Andrew Dickson, unpublished data)
we estimate deviations of approximately 0.1% from the reference value
(uncertainties ca. 2 ymol kg™ 1). Surface seawater pH was measured in
discrete samples immediately after collection, at a constant temperature
(25.0 °Q), following (DOE, 1994) using a Metrohm pH meter (model
780) and a glass-fixed ground-joint diaphragm electrode with an inte-
grated platinum resistance thermometer (model Aquatrode Plus, Met-
rohm) calibrated every 12 h with Tris buffer in synthetic seawater.
Accuracy was previously verified using a certified Tris buffer supplied by
Andrew Dickson Laboratory (Scripps Institution of Oceanography), and
the overall uncertainty in the measured pH values was estimated by
Torres et al. [1999] as 0.006 pH units for marine surface waters. A
previous at-sea comparison between pH measured by spectrophoto-
metric (DOE, 1994) and pH measured by the potentiometric method
described above, showed absolute mean differences of 0.01 pH units in
the salinity range from 22 to 27 (E. Alarcon, unpublished data). Car-
bonate system speciation and the seawater saturation state with respect
to calcium carbonate (Omega) were determined using CO2SYS software
(Lewis & Wallace, 1998) set with K; and Ky constants (Dickson &
Millero, 1987) derived from a refit of Mehrbach solubility data (Mehr-
bach, Culberson, Hawley & Pytkowicz, 1973), using measured values of
pH, A, temperature, salinity, silicic acid, and phosphate. Overall un-
certainties in the calculated pCO2 and Cr, including those derived from
uncertainties in carbonate system measurements and uncertainties in
constants (Ko, K1, and K3), were previously estimated to be approxi-
mately 9 patm and 9 pmol kg1, respectively (Torres et al., 1999).

2.5. Nutrients, fractionated chlorophyll a and biogenic Si

Nitrate, nitrite, phosphate and silicic acid (DSi) were analyzed
colorimetrically following (Strickland & Parsons, 1968) manual method.
The standard solutions were made from salts of KNO3 (Riedel-de Haén
Lot 6167A), NaNO, (Riedel-de Haén Lot 51010) and KH,PO4 (Riedel-de
Haén Lot 53550), in the case of silicic acid, a Merck™ silicon standard
solution (traceable to NIST Standard Reference Material) was used.
Although no replicates or other assessment of precision was performed
during the analysis of the samples, the attainable precision for the used
methods is likely < 6% (Grasshoff et al., 1999). We use Whatman GF/F
0.7 um glass microfiber filters, 0.45 pm and 2 ym polycarbonate mem-
branes, in combination with 20 um and 200 pm mesh nets to fractionate
phytoplankton in three size fractions: 0.45-2 um, 2-20 um, 0.7-200 pm.
The 0.45, 0.7 and 2 pm filters were kept in liquid nitrogen, until pig-
ments were extract in 90% acetone solution to be analyzed for chloro-
phyll a (chl a) using a Trilogy Turner Designs fluorometer previously
calibrated with a Anacystis nidulans chl a standard (Strickland & Parsons,
1968). Each individual chla measurement was done without replicates.
Size fractionated chl a was classified as pico-chl a (0.45-2 pm), nano-chl
a (2-20 um) and total-chl a (0.7-200 um). The difference between the
total chla and the sum of pico and nano chl a and was assumed equal to
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Fig. 2. Surface water properties and freshwater inputs along a transect during austral spring 2017. Dots and triangles correspond to the left and right axis
respectively. (a) Sea Surface Salinity (SSS) and 60 days mean specific runoff (cm / 60 days) corresponding to august and september 2017 based on Fig. 1c, (b) nitrate
(NO3) and phosphate (POZ), (c) dissolved silicate (DSi) and biogenic silicate (bSi), (d) Chlorophyll a (chl a) allocated in the pico, nano and micro size fraction are
depicted by the red, blue and green horizontal line, respectively. The summa of all three fractions (total_chl a) is depicted by red dots. (e) Carbon dioxide partial
pressure (pCO,) and Omega Aragonite (Qaragonite), atmospheric pCO; and calcium carbonate saturation with respect to seawater is depicted by upper and lower
segmented lines, respectively. Surface water properties and freshwater inputs along a transect during austral spring 2017. Dots and triangles correspond to the left
and right axis, respectively. (f) Silica star (Si*) and the difference between total silicate and nitrate ([DSi + bSi]-NO3). (g) dissolved iron (dFe) and dissolved
manganese (dMn). (h) Sea Surface Temperature (SST) and Total-scale pH at in situ temperature. (i) chlorophyll a allocated in the micro size fraction (micro-chl a) and
micro-phytoplankton abundance. (j) Dinoflagellate and diatom abundance. (k) Abundances of Minidiscus spp. and Emiliania huxleyi estimated by SEM. Abundance

estimations of E. huxleyi were taken from Diaz et al. (2021).

micro-chl a. This calculated micro-chl a (20-200 pm) value, however,
could be slightly underestimated since total-chl a do not consider the
fraction from 0.45 to 0.7 um size as the pico-chl a fraction do. Indeed, in
some stations calculated micro-chl a was slightly negative, in that case
they were assumed equal to zero.

Biogenic silicate (bSi) of seston larger 2 um (retained on 2 ym pore
polycarbonate membrane) of one liter of sample was estimated from the
digestion of particles in a 85 °C NayCO3 0.5 % solution for 2 h
(DeMaster, 2002). We assumed that although digestion could dissolve
some lithogenic silicate (Ragueneau et al., 2005; Ragueneau and
Tréguer, 1994), its effect would be minimal due the exclusion of clay
(lithogenic silicate particles < 2 um). Additionally, any relative effect
would be canceled when net bSi production is calculated from the same
seawater batch incubation.

2.6. Domoic acid

Samples for domoic acid (DA) were processed by vacuum filtration of
1 L seawater through a muffled 0.7 pm Whatman GF/F filter and stored
in liquid nitrogen before analysis at the Marine Toxins Laboratory,
University of Chile (labtox.cl). At the laboratory the individual filters
were transferred to a 100% methanol solution by homogenizing the
filter in 1 mL of solvent. The homogenized solution was centrifuged
(14,000 rpm x 10 min), filtered through a 0.22 ym PVDF Millipore
Millex-GV, and dried under nitrogen gas. The dried extract was resus-
pended and measured via liquid chromatography-tandem mass spec-
troscopy (LC-MS/MS) with a detection limit of ca. 0.025 pug DA/ml
(Lopez-Rivera et al., 2005).
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Fig. 3. Dissolved iron at t = 3 days in control carboys (blue), enriched in Fe

(red) and enriched in both Fe and Si (green). The values of Fig. 3 can be
inspected in supplementary material D.

2.7. Phytoplankton

2.7.1. Phytoplankton abundance determined by optic microscopy.

Samples for phytoplankton cell counts were preserved in Lugois so-
lution. For samples along the transect (Fig. 1) a 50-mL sub-sample was
placed in a sedimentation chamber and allowed to settle for 24 h
(Utermohl, 1958) prior to identification under an inverted microscope
(Carl Zeiss, Axio Observer A.1). Phytoplankton counting was done
without replicates. For experimental samples, phytoplankton abundance
was determined similarly (Utermohl, 1958) at the IFOP phytoplankton
laboratory (IFOP-Punta Arenas).

2.7.2. Phytoplankton abundance determined by Scanning Electron
Microscopy.

Scanning Electron Microscopy (SEM) imagery (Diaz-Rosas et al.,
2021) was used to facilitate phytoplankton identification, diatom vol-
ume and estimation of the abundance of Minidiscus spp. with apical axis
smaller than 3.5 pm (see an example SEM imagery in Supplementary
Material B). Intact frustules (single or in aggregates) were counted in 36
SEM images per sample, covering 1.8 mm? of the filter area corre-
sponding to 1.5 mL of water analyzed. The Minidiscus spp. (Rivera and
Koch, 1984) abundances were calculated using the same equation for
coccolithophores given in Diaz-Rosas et al. (2021)

2.7.3. Diatom biovolume

Several geometric shapes were selected for determining biovolume
of diatoms according mainly to (Naz et al., 2013; Olenina et al., 2006),
and the website https://nordicmicroalgae.org. The linear dimensions
were measured digitally, through scanning electronic photomicrographs
using the Photoshop™ software. The volume of each cell was measured
and computed in an excel worksheet by applying average dimensions for
each species to its most closely geometrical shape (cylinder, sphere,
ellipsoid, cone, etc.). For each treatment, at least 30 randomly selected
cells for each species were measured, and in the case of rare species, they
were measured as they occurred. The mean biovolume was calculated
from the mean value individual cell biovolumes.

2.7.4. Diatom total volume

Total diatom volume was defined as the sum of total volume of each
taxa, where the total volume of a particular taxa was equal to an average
diatom-taxon biovolume multiplied by diatom-taxa abundance. There-
fore, the relative differences in total biovolume of diatoms reported here
(comparison between treatments) indicates a change on the diatom
assemblage size structure. We assume that biovolume errors are pri-
marily systematic (associated with the simplification of diatom shape to
perform the volume calculations, see section 2.6.3) which tend to cancel
out when analyzed in relative terms, and the non-systematic errors
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(which is a function primarily dependent on the number of measured
individuals) are minimized in the most abundant taxa (were the bio-
metric measurements were carried out in 30 organisms per specie, see
section 2.6.3). However, we did not attempt to estimate the error of our
estimation of total diatom biovolume (since diatom-taxa abundance was
done without replicates) and therefore these estimates should be viewed
with caution and analyzed in relative terms.

2.7.5. Mean diatom cell volume

Defined as diatom total volume/ diatom abundance ratio. Mean
diatom cell volume is therefore exclusively driven by changes in the size
structure of the diatom community.

2.8. Dissolved iron measurements

Seawater samples were filtered through an acid cleaned 0.45 pm
capsule filter (Whatman PolyCap GW) and subsequently through a 0.02
pm Anotop 25 syringe filter (pre-cleaned with 0.02 M ultra trace metal
grade HCI as per (Hawkings et al., 2020)) inside a flow laminar bench
into acid cleaned LDPE bottles (cleaned as per GEOTRACES protocols;
Cutter et al., (2017)). Samples were acidified with hydrochloric acid to
pH ~ 2 in a Class 100 clean room bench and let stand for a month before
analysis for Fe, Mn and other metals (not shown here) after pre-
concentration and matrix removal using an ESI seaFAST pico system.
Isotope dilution inductively coupled plasma mass spectrometry (on a
sector field inductively coupled plasma mass spectrometer Thermo
Element 2) was used to determine Fe concentrations as described in
Forsch et al. (2021). Accuracy and precision for Fe were + 3 %, as
determined by repeat measurements of an in-house low Fe seawater
reference standard. We use the naming convention of Raiswell et al.,
2018 for < 0.45 pm and < 0.02 pm filtrate as dissolved Fe (dFe) and
soluble Fe (sFe), respectively. The difference between dFe and sFe will
be assumed to correspond to the colloidal Fe concentration.

2.9. Interpolation, used parameters, analysis and inference limitation.

2.9.1. Interpolation-extrapolation of initial values.

The initial condition for the four incubated groups (G1 to G4) of
three treatments (control, +Fe and + Fe + Si) were interpolated/
extrapolated assigning station 25 as t = 0 of G1, the average value of Sts.
25-26 and Sts. 26-27 as t = 0 for G2 and G3, respectively, and assigning
station 27 values as t = O for G4, the merits of this method of “running
interpolation” can be seen in the agreement between dashed lines and
black filled circles in Figs. 4, 6-8, 10 and 12.

2.9.2. Parameters and data reduction rationality

We signal the difference of response variables nitrate, phosphate,
DSi, pH subtracting the respective initial values (t = 0 days) from cor-
responding end values (t = 3 days) of each experimental bottle, shown as
A. e.g. ANO3 = [NOg-3) - NOg—q)].

Response was expected to be dependent on initial conditions, which
in turn may vary between experimental groups. We therefore define the
accumulation parameter () as the coefficient between the variation rate
of the response variable (A response variable / 3 days) and the response
variable at the corresponding t = 0. e.g. £ Chla = (AChla/3 days)/ Chla
(t=0), With units (day’l).

In the specific case of dFe (which was measured only at t = 3) we
utilize a unitless parameter (X.) to show the magnitude dFe variation
(between iron enriched treatment and control) relative to dFe at the
control, E.g.. X dFe = [dFe(_3; tre) — dFe (t=3, contron]/ dFe (t=3, control).

2.9.3. Experimental design: assumption/limitations and interpretation of
results.

In order to prevent metal contamination from the vessels hull, the
collection of seawater for experimentation was done while steaming
using a single clean sampling device (see Section 2.2). Although surface
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Fig. 4. Surface water nitrate, phosphate and DSi at the start (t = 0) and after three days of “on-deck” incubation (t = 3). Dots depict the surface water concentration
of macronutrients and DSi within the East-West transect where experimental carboys (G1-G4) were filled. Coloured symbols depict the concentration of macro-
nutrients and DSi (in controls and in Fe and Fe + Si treatments) after 3 days of “on-deck” incubation. Dashed line corresponds to the interpolated t = 0 values that
were used for the calculation of macronutrients drawdown for each group of carboys (G1-G4), see Fig. 4.

Fig. 5. Nitrate, phosphate, and DSi drawdown during the incubation period (3 days). Negative values indicate drawdown and positive values indicate gain.

Fig. 6. Surface water total chlorophyll a in three size ranges (pico, nano, and
micro) at t = 0 and after three days of “on-deck” incubation. Dots depict the chl
a within the East-West transect stations (Sts. 25-27) where experimental car-
boys (G1-G4) were filled. Colored symbols depict the concentration of chl a (in
controls and in dFe and dFe + DSi treatments) after 3 days of “on-deck” in-
cubation. The dashed line corresponds to the interpolated t = 0 values that were
used for the calculation of the chl a accumulation for each group of carboys
(G1-G4).

seawater sampling within each experimental group was virtually
simultaneous, changes in the characteristics of surface water across
Concepcion Channel (CC), discussed in Section 4.2, preclude consid-
ering experimental groups (G1-G4) as replicates.

The accumulative effect (3-day experiment) of the spatial variability
of seawater properties across CC has the potential to lead to large dif-
ferences in standing stock response by means of top-down (e.g. grazing
variability between experimental groups) and bottom-up processes (e.g.
nutrient variability between experimental groups). The data analysis is
therefore be based on the differences between treatments and corre-
sponding controls between treatment and controls (i.e. when all four
experimental groups, G1 to G4, show the same pattern) as an increment
(+A) or a reduction (-A) of a response variable. Inconsistent differences
between treatment and controls between experimental groups are also
analyzed and discussed, searching for potential relationships between
the differences between control and treatments of a given response
variable with the chemical- biological peculiarities across the CC envi-
ronmental gradient where surface water was collected (i.e. t = 0 spatial
gradients). This last analysis is based upon the statistical significance of
the correlation between the experimental response variables and envi-
ronmental gradient descriptors.

3 Results

3.1. Spatial variability of biogeochemical parameters in the southern
portion of the PAIS (53.5°S-50.5°S) during austral spring 2017

Surface waters along the transect exhibited low salinity values
(salinity 25-30, Fig. 2a) compared to fully oceanic SAASW off Patagonia
during austral spring (salinity 33-34, (Palma & Silva, 2004)). The per-
centage of fresh water in surface water (FW) along the transect ranged
between 9% and 24%, assuming a two-points dilution curve of terres-
trial and marine waters with salinities of 0 and 33.5, respectively. Spe-
cific runoff during August and September 2017 near sampling stations
(see Sup. Mat A methodology and Figs. 1 and 2a) was negatively
correlated to salinity (R =-0.4; p = 0.03) and nitrate (R = -0.4; p = 0.02)
and positively correlated to SST (R=+0.6; p < 0.01) and the percentage
of chl a allocated in micro-size range (R=+0.5; p = 0.04).
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Fig. 7. Surface water bSi, total diatom volume, and diatom mean volume at t = 0 and after three days of “on-deck” incubation. Dots depict the last variables within
the East-West transect stations (Sts. 25-27) where experimental carboys (G1-G4) were filled. Colored symbols depict the variable levels (in controls and in Fe and Fe
+ Si treatments) at t = 3 of “on-deck” incubation. The dashed line corresponds to the interpolated t = 0 values that were used for the calculation of the accumulation
parameter for those variables.

Fig. 8. Selected diatom taxas from surface water at t = 0 and after three days of “on-deck” incubation. Dots depict the abundance of selected taxas within the East-
West transect stations (Sts. 25-27) where experimental carboys (G1-G4) were filled. Colored symbols depict the taxons abundance (in controls and in Fe and Fe + Si
treatments) after 3 days of “on-deck” incubation. The dashed line corresponds to the interpolated abundance of the shown diatom taxa at t = 0.

Fig. 9. Total diatom volume (biovolume) at t = 0 and after three days (control, +Fe and + Fe + Si) of “on-deck” incubation. Bars indicate standard deviation.
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Fig. 10. Pseudo-nitzschia spp. at t = 0 and after three days of “on-deck” in-
cubation. Dots depict the abundance of Pseudo-nitzschia spp. within the CC
East-West transect where experimental carboys (G1-G4) were filled. Colored
symbols depict the abundance of Pseudo-nitzschia spp (in controls and in + Fe
and + Fe + Si treatments) after 3 days of “on-deck” incubation. The dashed line
corresponds to the interpolated abundance of the shown diatom taxa at t = 0.
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The surface water with the lowest proportion of FW (i.e. Sts. 1, 28
and 29; salinity ca. 30, Fig. 2a) have the highest levels of nitrate and
phosphate (12 £ 0.7 uM and 1.0 + 0.0 uM respectively; Fig. 2b), and low
to moderate levels of DSi (4.9 + 0.4 uM; Fig. 2¢) and biogenic silica (1.4
+ 0.4 uM; Fig. 2¢) with particularly low (negative) Si* values (Fig. 2f)
even when dissolved and biogenic silica were summated to estimate a
proxy of the potential Si* (i.e. [DSi + bSi] -NO3). Total-chl a concen-
tration in high salinity surface waters (ca. 30) was 1.1 + 0.3 pg 17!
(Fig. 2d), mostly contained in the pico and nano size fractions (Fig. 2d,
also see Fig. 2i). pCO, of these high salinity water was slightly under-
saturated (387 + 8 patm; Fig. 2e) relative to atmospheric levels (likely
near 403 ppm, see https://www.esrl.noaa.gov/gmd/ccgg/trends/) and
saturated with respect calcium carbonate in the form of aragonite
(Omega aragonite ranging from 1.4 to 1.5 approximately, Fig. 2e).
Samples for dFe and dMn were not collected in waters with sal-
inities>28, however dFe and dMn were measured in surface waters of
salinity 29.3 collected for the incubation experimentation blank in St.27
and were 6 nM dFe and 5 nM dMn (after 3 days of incubation). In sta-
tions 11 (salinity 26) and 15 (salinity 27) we analyzed dFe (12 and 17
nM, respectively) and sFe (5 and 3 nM, respectively), suggesting that
most the dFe (59 and 79%, respectively) was in the colloidal size fraction

Fig. 11. Average values of cellular Domoic acid, Pseudo-nitzschia abundance and DA normalized by Pseudo-nitzschia abundance at t = 0 and after three days

(control, +Fe and + Fe + Si). Bars indicate standard deviation.

Fig. 12. Surface water dinoflagellate abundance (a), Total volume of dinoflagellates (b), Mean dinoflagellate volume (c) at t = 0 and after three days of “on-deck”
incubation. Variation (A = t3-t0) in the abundance of selected dinoflagellate taxon’s (d-f).
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(i.e. between 0.45 pm and 0.02 um in size).

The pH (at temperature in situ) and SST of higher salinity surface
water values (corresponding to station 1, 28 and 29) ranged from 8.01 to
8.03 pH units and from 7.1 to 8.0 °C, respectively (Fig. 2h). These sta-
tions were also characterized by very low levels of micro-chl a (<0.4 pg
171, Fig. 2i) and micro-phytoplankton abundance (<4 x 107 cell 17}, 2j).

The maximum contribution of FW (~22%) was observed ca. 52.0°S
(see St.12-13, Fig. 1; Salinity < 26, Fig. 2a) corresponding to the in-
fluence of Southern Patagonia Ice Field and the Rio Serrano the only
major hydrographic basin that connect to the study area through Montt
Gulf and Kirke channel (see Fig. 1). These brackish waters were also high
in nitrate and phosphate (~10 pM nitrate, ~0.8 pM phosphate; Fig. 2b),
with moderate levels of DSi (~6 uM; Fig. 2c), biogenic silicate of ~ 1.3
uM (Fig. 2¢) and relatively low total-chl a levels (~1.3 ug 1L Fig. 2d)
corresponding mainly to the nano size fractions (~0.9 pg 171; Fig. 2d).
pCO2 levels of this low salinity water were virtually in equilibrium with
the atmosphere (405-409patm; Fig. 2e) and characterized by the
undersaturation of surface water with respect calcium carbonate in the
form of Aragonite (Omega aragonite < 0.93; Fig. 2e) and by the highest
Si* values (Si*~0 pM, Fig. 2e). This low salinity water (St.11) has dFe
and dMn concentrations of 21 nM and 12 nM respectively (Fig. 2g). SST,
pH at in situ SST and micro-chl a were relatively low (6.5 °C, 7.96 pH
units, ~0.4 ug 17}, respectively. See Fig. 2h and 2i).

The largest concentrations of biogenic silicate (2.5 + 0.4 pM; Fig. 2e)
and total-chl a (3.5 & 0.4 pg 1%; Fig. 2f) were found at intermediate
salinities (approximately between 27 and 29) adjacent to relatively salty
water (>29). These large stock maximums coincided with lower con-
centrations of nitrate, phosphate, DSi, and pCO; (9 + 2 uM nitrate, 0.7
+ 0.2 pM phosphate, 2.9 & 1.1 uM dissolved silicate and 350 + 24 patm,
respectively; Fig. 2b-c and 2e).

In general, nitrate, phosphate and pCO, were negatively correlated
to chl a in the micro size range (Table 1). Macronutrients and the
amount of chl a in pico and nano size range were not correlated (Table 1)
although the mean concentration of both pico-chl a (1.1 £ 0.5 pgl™)
and nano-chl a (1.0 & 0.5 pgl™!) were ~ 2 fold larger than micro-chl a
(0.5+0.6 pgl’l). Total-chl a was better correlated with DSi (negatively)
and bSi (positively) than any particular size fraction of chl a.

Micro phytoplankton composition analyzed in stations 1, 6, 16, 17,
25-29 were largely dominated by diatoms, but with a large variability
along the transect. Minimum abundances were found at St.1 (ca. 1x10%
cell I'Y) and maximum at St. 27 (ca. 5 x10° cell 171), mostly corre-
sponding to the class Mediophyceae (e.g. Thalassiosira, Chaetoceros,
Leptocylindrus, and Skeletonema genus; data not shown). Dinoflagellates
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represented between 0.5 and 8 % of micro-phytoplankton abundance,
with densities that did not exceed 4x10° cell 17! (data not shown).
Scanning Electron Microscopy (SEM) imagery for stations 1, 4, 7, 8, 12,
15, 17, and 23 showed the presence of very small free centric diatoms of
a mean diameter of 2-3.5 um (Minidiscus spp., see Supplementary ma-
terial B) co-occurring with the coccolithophore Emiliania huxleyi with
abundances ranging between 1.3 x10°-1.4 x10° and 1.7 x10* 9.1 x10°
cell 17}, respectively (Fig. 2k; n = 11 stations). The micro-phytoplankton
were dominated by diatoms, however the biogenic silicate in particles >
2 pm were not correlated to the content of micro-chl a but correlated
with total-chl a, pico-chl a and nano-chl a (Table 1).

The pCO, along the transect was positively correlated to nitrate,
phosphate and dissolved silicate (R% 0.7, 0.6 and 0.7 respectively; p-
value < 0.005) and negatively correlated with micro-chl a and total-chl
a (Table 1). pH and Ar in surface waters ranged from 7.95 to 8.11 pH
units and from 1742 to 2068 ymol Kg ™! respectively (data not shown).
At was strongly correlated to salinity (R? = 0.96). Surface waters with
salinity lower than 26.5 were virtually in equilibrium with the atmo-
sphere (pCO3 = 409 + 4uatm, Fig. 2j) but undersaturated with respect to
calcium carbonate in the form of Aragonite (Fig. 21).

3.2. dFe and dFe + DSi enrichment incubations

3.2.1. Initial conditions

Sea surface water used in the iron enrichment experiment was
collected over salinities from 28 to 29, characterized by high levels of
total-chl a (3.9-4.7 pg chl a 1™Y) and low chl a percentage (6%-26%) in
the micro size-range. The diatom abundance ranged between 4x10* and
5x10° cell 17!, Diatom mean volume, bSi, and DSi ranged from 400
—~1600 um® cell ™}, 2-3 pmol Si 1! and 3-9 uM, respectively. The con-
centration of nitrate and phosphate ranged from 7.6 — 9.2 uM and
0.5-0.6 pM respectively. The pCO5 calculated from pH-Ar pairs suggests
that this water was undersaturated relative to the atmosphere (Fig. 13),
ranging between 324 patm and 354 patm. Salinity, total -chl a, nitrate,
phosphate, and pCO, tended to increase westward from St.25 to St.27,
but micro-chl a and diatom abundance tended to decrease (see dashed
line in Fig. 6). Diatom mean volume, bSi and DSi reached a relative
maximum at the middle station (i.e. St.26). Dissolved iron was only
measured at the end of the experiment (t = 3; Fig. 3). The final mean
increments of total dissolved iron (dFe) in + Fe enriched treatments
relative controls was ca. 1 nM but highly variable between bottles,
representing a moderate increment from the control levels (20-25 %)
and only the 20 % of the intended Fe enrichment (i.e. 1 of 5 nM).

Table 1
Pearson correlation coefficient between standing stock of chl a and environmental variables for the transect shown in Fig. 1. N = 17. Marked correlations are significant
at p < 0.050.
T_Chla Pico Nano Micro %pico %nano %micro
Sal 0,0317 0,3372 0,164 —0,3895 0,5257 0,0222 —-0,6337
p=,904 p=,186 p=,529 p=,122 p=,030 p=,932 p=,006
Specific —0,2806 —0,2923 —0,4638 0,2241 —0,0895 —0,3547 0,5039
runoff p=,275 p=,255 p=,061 p=,387 p=,733 p=,162 p=,039
pH 0,5471 0,4096 0,2456 0,6937 0,0198 —0,3246 0,3433
at 25 °C p=,023 p=,103 p=,342 p=,002 p=,940 p=,204 p=,177
Ar —0,0172 0,2341 0,1919 —0,4441 0,4425 0,1257 —0,6541
p=,948 p=,366 p=,461 p=,074 p=,075 p=,631 p=,004
NO3 —0,3796 —0,0636 0,0292 —0,8472 0,3211 0,4131 -0,8379
p=,133 p=,808 p=,911 p=,000 p=,209 p=,099 p=,000
POZ —0,4808 —0,0771 —0,1506 —0,8572 0,3765 0,2916 —0,7649
p=,051 p=,769 p=,564 p=,000 p=,136 p=,256 p=,000
DSi —0,7947 —0,6728 —0,3838 —0,6872 —0,0989 0,3735 —0,3069
p=,000 p=,003 p=,128 p=,002 p=,706 p=,140 p=,231
bSi 0,7548 0,7195 0,5770 0,1964 0,0646 0,0918 —-0,1783
p=,000 p=,001 p=,015 p=,450 p=,806 P=,726 p=,493
pCO,y —0,5937 -0,4211 -0,1571 —0,8292 0,0666 0,4287 —0,5609
p=,012 p=,092 p=,547 p=,000 P=,799 p=,086 p=,019
Si* —0,1383 —0,4226 —0,3187 0,4954 —0,4538 —0,2132 0,7659
p=,596 p=,091 p=,212 p=,043 p=,067 p=,411 p=,000

10



R. Torres et al.

Progress in Oceanography 214 (2023) 102982

Fig. 13. Ph at a temperature in situ, pco, and dissolved inorganic carbon standardized to salinity 28.8 at t = 0 and after three days (control, +Fe and + Fe + Si) of

“on-deck” incubation. Bars indicate standard deviation.

3.2.2. Macronutrients and DSi drawdown

The concentrations of nitrate and phosphate at the end of the incu-
bation period (t = 3) were low relative to t = 0, reaching minimum levels
in the iron enriched treatments (+Fe and + Fe + Si treatments)
compared to controls. DSi concentrations in t = 0 and t = 3 were highly
variable, with the exception of + Fe treatment at t = 3 where DSi levels
were consistently close to 2 uM.

Nitrate drawdown (ANO3) at + Fe and + Fe + Si treatments was
enhanced by 13% and 14% respectively relative to the control (Fig. 4a).
Maximum ANO3 occurred at G4 (western side of CC transect), however,
the maximum difference in ANO3 between controls and + Fe treatments
seems to occur in G1-G2 (eastern side of the CC transect, Fig. 4a). A
similar pattern followed phosphate drawdown in + Fe and + Fe + Si
treatments, with drawdown enhanced by 28% and 30% respectively
relative to the control (Fig. 4b).

In general, the nitrate drawdown and phosphate drawdown rela-
tionship was linear and positive (ANO3 = 11.9 x APO? -3, R2=0.8, n
= 12, p < 0.005); the calculated slope (i.e. 11.9) was fully consistent
with mean drawdown ratio reported for diatom-dominated Antarctic
waters (Arrigo, Dunbar, Lizotte & Robinson, 2002). Total inorganic
carbon drawdown and phosphate drawdown were not correlated (ACr
=99.2 x APOZ;3 +28,R>=0.2,n=12, p = 0.17). Similarly, the nitrate
drawdown and DSi drawdown were not correlated (R2 = 0.01). The
nitrate/ DSi drawdown ratio was 1.3 + 0.3 (n = 4) at + Fe + Si treat-
ments and 3 fold larger in + Fe treatments (3.0 + 1.7, n = 4). Indeed, the
ADSi drawdown reached a maximum in the + Fe + Si treatment (ca. 6
uM, assuming that the added DSi was not polymerized). DSi drawdown
was similar in the + Fe and control incubations at G2 and G3, but
significantly different at G1 and G4, where a small DSi increase in
controls occurred relative t = 0 levels (ADSi ca. + 2 uM; Fig. 4c).

3.2.3. Chlorophyll a

The mean concentrations of total chl a doubled after 3 days incu-
bation, associated mainly with phytoplankton growth in the pico and
micro size fractions. No consistent differences between treatment and
control were observed, with the exception of relatively low total chl a
levels in + Fe treatments relative to controls (Fig. 6a). Spatial patterns
were evident for total chl a, e.g. it was relatively low in G1 and G2
compared to G3 and G4 at both t = 0 and t = 3 (Fig. 6a). Additionally, in
t = 0 and controls (no nutrient enrichment), nano-chl a increased from
G1 to G4 (Fig. 6¢). Micro-chl a in Fe-enriched treatments was higher in
G3 and G4 relative to G1 and G2, with the exception of the G1 control
(Fig. 6d).

3.2.4. Biogenic silicate, diatom total volume
The bSi was higher in + Fe + Si than in + Fe and the control (Fig. 7a).
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The total diatom volume was variable but higher in the control and + Fe
+ Si treatments at t = 3 compared to t = 0, (Fig. 7b). The diatom mean
volume was variable but tended to be small and less variable in G1 and
G2 compared to G3 and G4 (Fig. 7c), note that diatom mean volume tend
to be smaller at t = 3 compared to t = 0, with the exception of + Fe + Si
G3 and control G4 (Fig. 7c).

Diatom abundance was highly variable and different between taxa
(Fig. 8). No consistent differences were detected with the notable
exception of Pseudo-nitzschia, as described in the Section 3.2.5.

In general, the mean relative contribution of diatom classes to the
total biovolume shown little variability, with the exception of + Si + Fe
treatment, which seems to suggest increased contribution of Medi-
ophyceae and reduced the influence of Coscinodiscophyceae (Table 2).
Bacillariophyceae contribution to diatom biovolume was low (ranging
between 3% and 6%), but twice as large in + Fe + Si relative to control.
The total diatom biovolume was variable, but for Mediophyceae and
Bacillariophyceae was larger in + Fe + Si treatment compared to t =
0 (Fig. 9).

3.2.5. Pseudo-nitzschia and cellular domoic acid

Bacillariophyceae abundance was dominated by relatively small
Pseudo-nitzschia var seriata and delicatissima, which show a sharp in-
crease from t = 0 to t = 3 in control and + Fe + Si treatment but not + Fe
treatment (Fig. 10). From all 22 diatom taxa identified, only Pseudo-
nitzschia var. dellicatissima (Hasle et al., 1996) was consistently higher in
+ Fe + Si treatment relative to controls. Pseudo-nitzschia var. dellica-
tissima abundance at + Fe treatment was close to t = 0 abundances.

Domoic acid (DA), a neurotoxin attributed to the diatom genus
Pseudo-nitzschia, was highly variable and not correlated with Pseudo-
nitzschia abundance. However, the DA per Pseudo-nitzschia cell was very
low and constant in the + Fe + DSi treatment relative to both the control
and + Fe treatment (Fig. 11).

3.2.6. Dinoflagellates
The abundance of dinoflagellates, their total volume and mean

Table 2

Relative contribution of diatom classes (Bacillariophyceae, Mediophyceae and
Coscinodiscophyceae) to total diatom biovolume at t = 0 and t = 3 (control, +Fe
and + Fe + Si).

% % %

Bacilliophyceae Mediophyceae Coscinodiscophyceae
t0 52+23(m=3) 75+12(n=3) 19+ 13 (m=3)
Control 33+£09(mn=4 75+11 (n=4) 22+12(n=4)
+Fe 47+47m =4 767 (n=4) 20+£20(n=4)
+Fe + Si 62+48n=4) 88+8m=4) 11+7(m=4)
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volume were variable, with positive and negative net changes with
respect to t = 0 (Fig. 12a-c). Naked dinoflagellates, (Gyrodinium spp.,
Gymnodinium spp.; Fig. 12d-e) reduce their abundance in G2 and G3
relative t = 0. The abundance of Gyrodinium spp. in Fe enriched treat-
ments increased at G1 and G4 (Fig. 12d). The abundance of Gyrodinum
spp. was consistently larger at + Fe + Si treatment relative to controls
(Fig. 12d). The thecate dinoflagellate Protoperidinum only showed an
increase in its abundance at G3 (+Fe + Si treatment) and at G4 (control)
(Fig. 12f).

3.2.7. Carbonate system parameters

pH measured at 25.0 °C increased by ca. 0.22 pH units in both Fe
enriched treatments and controls (Fig. 13). The range of measured pH in
control, +Fe and + Fe + Si bottles at t = 3 were small (0.09, 0.05 and
0.07 pH units, respectively).

The At normalized by salinity was higher in t3 compared to to (AAT
= 27, 14 and 16 umol kg_1 in control, + Fe and + Fe + Si treatment,
respectively). The AAr corrected for nitrate consumption (i.e. AAt +
ANO3) was 20, 6 and 9 umol kg_1 in control, + Fe and + Fe + Si
treatments, respectively.
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3.2.8. Relationship between response variables

Nitrate drawdown was negatively correlated to nitrate concentration
at t = 0 in treatments and controls. Superimposed on this last general
trend, the maximum nitrate drawdown levels take place in + Fe and +
Fe + Si treatments (Fig. 14a). No correlation was found between the
increase dFe and nitrate decline relative corresponding controls
(Fig. 14b), however maximum dFe increase and a large reduction of
nitrate relative to controls occurred at G4 + Fe + Si treatment (Fig. 14b-
c). The increase in micro-chla and dFe in iron enriched treatments
relative to corresponding controls (see method section 2.8.2) were
positively correlated (R% = 0.73, p = 0.006, n = 8; Fig. 14c). In general,
nitrate drawdown was negatively correlated with micro-chl a accumu-
lation (Fig. 14d), the accumulation of micro-chl a per mol of nitrate was
particularly high in controls (Fig. 14d). The accumulation of nano-chl a
only occurred when the accumulation of micro-chl a was low or null
(Fig. 14e). Biogenic silica accumulation (in particles > 2 pm) was
positively correlated with diatom biovolume accumulation only in
controls (Fig. 14f). In the + Fe and + Fe + Si treatments, the accumu-
lation of biogenic silica was not associated with the accumulation of
diatom biovolume (Fig. 14f). The accumulation of bSi tended to be

Fig. 14. Relationship between response variables, numbers indicate the experimental group. (a) Nitrate drawdown vs. nitrate concentration at the beginning of the
experiment. (b) dFe X vs. Nitrate 3¢ (c) dFe ¢ vs. micro-chl a £, solid line depict a regression, (d) Nitrate drawdown vs. micro-chl a accumulation. (e) Nano-chl a
accumulation vs. micro-chl a accumulation. (f) biogenic silica accumulation vs. diatom abundance accumulation. (g) biogenic silica accumulation vs. mean diatom
cell volume accumulation. (h) Gyrodinium spp abundance accumulation vs. diatom abundance accumulation. (i) ratio between Gyrodinium spp abundance accu-
mulation and diatom abundance accumulation vs. diatom abundance accumulation.
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higher when the mean volume of the diatoms increased in + Fe and
controls (Fig. 14g). However, in + Fe + Si treatment, the accumulation
of bSi was high even when the mean volume of the diatoms decreased
(Fig. 14g). The accumulation of Gyrodinium spp. cells and the accumu-
lation of diatoms were highest in G4 in + Fe and + Fe + Si treatments.
The accumulation of Gyrodinium spp was inversely correlated with the
total accumulation of diatoms in controls (Fig. 14h). The ratio of accu-
mulation between Gyrodinium spp and diatoms was maximum at + Fe G1
(Fig. 14i). This carboy (+Fe G1) was also characterized by loss of micro-
chl a (Fig. 14d) and accumulation of nano-chl a (Fig. 14e).

4. Discussion

4.1. Iron-enhanced new productivity in estuarine waters of southern
Patagonia

The general rapid drop in macronutrient (nitrate, phosphate, and Cr)
concentrations in both control and Fe-enriched treatments relative to
initial conditions suggest that very high levels of new productivity were
most likely associated with alleviation of any light limitation due the on-
deck incubation that emulates an extreme stratification condition (see
Fig. 1in de Baar et al. (2005)), together with already high initial levels of
chlorophyll of the surface water used for the experiment (total-chl a ~ 4
pg 171). The initial experimental conditions (undersaturated levels of
CO4, moderate levels of macronutrients) suggest a micro-phytoplankton
bloom was in its developing phase at the sampling time, particularly
near station 25, where relatively low salinity and macronutrients levels
(Fig. 4a-b) and high micro-chl a levels (Fig. 6d) were recorded; The
higher nitrate (and phosphate) drawdown in all Fe-enriched carboys
relative to controls (Fig. 5a-b), suggest that the addition of unchelated Fe
was the factor inducing higher macronutrients drawdown levels. Since
nitrate: phosphate drawdown ratio (see section 3.2.2.) was consistent
with what has been reported for high latitude diatom-dominated waters
(Arrigo et al., 2002), we suggest that macronutrients drawdown re-
ported here was mainly due to diatom new production. However, the
dFe:nitrate ratio (mmol mol™1) in estuarine surface waters varied be-
tween 0.4 and 4, several orders of magnitude higher than the expected
phytoplankton cellular Fe:nitrate ratio for fjord waters (Kanna et al.,
2020) suggesting no iron limitation. Therefore, we conclude that only a
fraction of the ambient dFe is bioavailable or readily bioavailable for
phytoplankton. i.e. the amount of bioavailable Fe was higher in those
treatments enriched with unchelated iron, enhancing new productivity
and therefore causing a significative acceleration in the nitrate and
phosphate drawdown.

The enhanced productivity in Patagonian estuarine waters after a 5
nM Fe enrichment was small compared to previous experiments carried
out in HNLC coastal upwelling areas off central Chile during austral
spring (Torres and Ampuero, 2009; Ampuero, 2007). This difference
was likely a result of chla-rich waters in our study (although most of it
was allocated in the pico and nano size fraction) and not with HNLC
coastal waters as determined in Torres and Ampuero (2009). We hy-
pothesize that events of iron stress in coastal water are potentially more
severe in recently upwelling waters of central Chile, which are typically
low in chl a (<1 pg 1_1), high in nitrate and silicate, and low in dFe (ca.
1.4 nM), compared to PAIS surface waters. We note that dFe concen-
tration of PAIS surface waters were high (particularly at salinity < 29)
but likely not readily available to fully meet potential maximum rates of
macronutrient uptake / new productivity under blooming conditions.

4.2. The role of initial conditions and grazing pressure on Fe enrichment
experiments

The experimental groups (G1-G4) were collected over a salinity,
macro-nutrient, micro-chl a, and dFe gradient that may represent a
changing “age” or “maturity” of the diatom community along the CC E-
W transect. While the early stage of the diatom bloom appears located in
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the salty water of the western CC portion (e.g. relative high nitrate, low
micro-chl a and low dFe in G4), a more mature diatom community was
observed at the CC east stations (e.g. relative low nitrate, high micro-chl
a and high dFe in G1). Since an Fe pulse has the potential to increase the
maximum potential uptake rate (V-max) of both DSi and nitrate (Franck
et al., 2003) we expected that the sudden relief of Fe stress in an already
large “mature” diatom community (e.g. G1 at t = 0) resulted in early
resource limitation relative to controls, which could explain the occur-
rence of low diatom stock in + Fe relative controls at eastern portion of
the transect (i.e. G1 and G2). On other hand, the gain (positive accu-
mulation) of micro-chl a and total diatom volume after an iron pulse at
western portion of the CC transect (e.g. G4 + Fe) suggest a diatom
standing stock builtup (i.e. increase diatom production/diatom mortal-
ity ratios).

In general, we suggest that the impact of iron pulses on diatom stock
in a given period of time could be dependent on the developing stage of
the diatom bloom, this last dependency can explain the contrasting ef-
fect of iron addition on micro-chl a accumulation and total diatom
volume at the two extremes of the transect (i.e. G1 vs. G4). Comple-
mentary, no differences between bSi accumulation in controls and + Fe
treatment, suggest that new productivity enhanced by Fe addition was
independent to diatom bSi accumulation. If new production was mostly
driven by diatoms, the rise in diatom standing stock (e.g. G4) should
correspond to small or thin diatom in + Fe relative controls. Indeed,
blooming diatoms were typically small of the class Mediophyceae.
Blooming of small/thin diatoms could be particularly vulnerable to
protozoan grazers that select for diatoms with thin frustules (Zhang
et al., 2017). Accumulation of micrograzers in G1 and G4 suggest that
micrograzing pressure was intense in those experimental groups.
Micrograzer pressure could be particularly intense in G1 where accu-
mulation of Gyrodinum spp. (the dominant naked dinoflagellate group)
was substantially larger compared to the accumulation of diatom bio-
volume (which indeed was null or negative in G1, see Fig. 7b). The
accumulation of Gyrodinum spp in G1-control and G4-control coincide
with a small increase in DSi (relative t = 0; Fig. 5c).

4.3. + Fe + Si enrichment experiment outputs: bSi, Pseudo-nitzchia and
domoic acid

Silicic acid uptake by diatoms likely explains the rapid DSi shortage
even in + Fe + Si treatments. bSi accumulation and Pseudo-nitzschia var
dellicatissima abundance were consistently greater in + Fe + Si in-
cubations relative to + Fe and controls. Since the “poorly silicified”
Pseudo-nitzchia sp. cf. dellicatissima. represent<1% of the total diatom
abundance and<0.2% of the total diatom biovolume, the increase in bSi
was likely associated with the frustules of the Mediophyceae and
Bacilliophycea rather than a small increase in abundance of one single
taxa.

Even though we identify DSi as a factor controlling bSi and Pseudo-
nitzchia sp. cf. delicatissima, our experimental design precludes
discrimination between the role of DSi by itself and the role of its
interaction with iron, particularly considering that previous iron addi-
tion experiments have shown that Fe levels are important in the pro-
motion of Pseudo-nitzschia blooms in coastal waters (Hutchins et al.,
1998).

One characteristic of Pseudo-nitzschia is its ability to produce DA. The
level of cellular DA in the Pseudo-nitzschia community was particularly
low in + Fe + Si experiments (Fig. 11c), supporting the generalized
concept that DA is produced under nutrient (Davidson et al., 2012) and/
or Si stress (Fehling et al., 2004; Pan et al., 1998; Pan et al., 1996). The
generation of high specific levels of allelopathic substances in some
diatom taxa (e.g. DA in Pseudo-nitzschia) could be a way to compensate
for the vulnerability to grazing associated with lower diatom community
silicification in low DSi environments. Our observations suggest that low
and constant specific cellular DA concentration in Pseudo-nitzschia spp.
are associated with high Pseudo-nitzschia abundance and high
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concentrations of bSi (i.e. + Fe + Si treatment), which agrees with the
suggestion that DA production varies inversely with Pseudo-nitzschia
growth rates (Maldonado et al., 2002). Our results imply that the spe-
cific DA cellular content of Pseudo-nitzschia could reach a maximum at
the western boundary of PAIS (particularly negative Si* waters) due a
reduced allochthonous Si supply. This hypothesis needs to be tested in
the future given the detrimental impact of DA in ecosystems.

PAIS is expected to have longitudinal gradients in the fluxes of iron
and DSi to surface water due the mixing between oceanic water (west)
with continental water (east). Eastward increases of DSi and dFe fluxes
likely results in neither Fe or Si -stress near the continental sources.
Along the E-W salinity gradient, however, the dFe and DSi relief may be
uncoupled. for example, when continental subsidies are sufficient to
relieve iron stress, but insufficient to relieve DSi stress. In the later
conditions of higher new productivity together with high DSi stress,
Pseudo-nitzschia cells could be particularly toxic. Consistent with this last
hypothesis, high levels of DA in mussels have been only reported on the
western side of the archipelago (Pizarro et al., 2017) in regions of low
continental DSi supply (Torres et al., 2020). A similar rationale has been
suggested for the northeast Pacific Ocean (Ribalet et al., 2010). Ribalet
et al. (2010) identified the oceanic size of ecotones as optimum condi-
tion for blooming of small cell phytoplankton and DA production. We
hypothesize that the ratio of bioavailable “continental elements” (e.g. Fe
and Si) during the freshening of subantarctic waters (SAASW) could play
a role in modifying predator-prey interaction though the degree of
toxicity of specific phytoplankton taxons, as well as by the ability to
produce and export bSi.

4.4. The role of environmental dFe and the addition of unchelated dFe.

The internal cycle of iron in surface waters is constituted by a com-
plex matrix of components and processes (Croot & Heller, 2012) and
internal fluxes critically determine its bioavailability. In this experi-
ment, the addition of unchelated iron to estuarine water likely caused an
acute and transient increase in the concentration of bioavailable iron,
follows by the formations of colloids which become rapidly aggregated
(Nowostawska et al., 2008) and removed from the dissolved pool.
Indeed, ca. 80 % of added Fe did not remain in the < 0.45 um size
fraction. Based on our colloidal iron measurements (0.02-0.45 um size
fraction) we expect that dFe (<0.45 um) increase relative to controls
were allocated in both colloidal fraction and ligand-bound Fe com-
plexes, where extension of the latter depends upon ligand availability.
The G1-control, like all other experimental groups controls, showed low
levels of nitrate drawdown compared to Fe-enriched treatments (i.e. G1
+ Fe and G1 + Fe + Si). However, the dFe concentration in the G1-
control was high (12 nM at t = 3) and similar or larger than those
measured in Fe-enriched treatments at t = 3, suggesting that the ligand
pool in this experimental group (G1) was close to being saturated for
dFe, however this initial ligand-Fe complex pool was not entirely
available to produce obviously “iron-replete conditions” for macronu-
trient drawdown, confirming that dFe pool is a poor indicator of what is
bioavailable for phytoplankton assimilation (Gobler et al., 2002). Since
additions of readily bioavailable iron can eventually trigger luxury iron
storage (Cohen et al., 2018; Lampe et al., 2018) or faster iron assimi-
lation in Fe-depleted diatoms compare to Fe-replete diatoms (Chen &
Wang, 2008), the increase of nitrate drawdown in Fe-enriched treat-
ments could be attribute to both an initial pulse of unchelated iron
(forcing a rapid assimilation and storage of iron) and/or to an enhanced
lability of newly formed ligand bond Fe complexes and colloids.
Certainly, there are some evidence that phytoplankton can take up Fe
derived from colloids and from ligand-bound Fe (Chen & Wang, 2008;
Maldonado & Price, 1999; Maldonado et al., 2005) but the latter may
largely dependent on the specific phytoplankton and ligand group in
question (Blain et al., 2004). Dissolved organic matter of terrestrial
origin, a ubiquitous characteristic of estuarine water, contain a wide
variety of ligands with varying binding strengths (e.g. Humic acids, HA).
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Fe3* jons form strong but reversible bonds with hydroxyl and carboxyl
groups of HA, allowing the transfer of iron to siderophore-type ligands
released by microorganisms for its subsequent uptake (Chen & Wang,
2008) or/and could act as substrate (HA-Fe complexes) to photoreac-
tions that produce highly soluble reduced iron (Croot & Heller, 2012)
that can be directly incorporated through microorganism membrane
channels. Therefore, is believed that HA play an important role trans-
ferring Fe to marine phytoplankton (Batchelli et al., 2010; Chen &
Wang, 2008). Our experimental result may indicate that despite a pre-
sumably high Fe solubility in coastal waters (forced by marine and
continental ligands) the rates of transfer to marine phytoplankton
(which may be dependent on a broad range of direct and indirect factors
as for example: UV light regimen, characteristics of terrestrial organic
matter pool and the availability of siderophore-type ligands) could be
insufficient to allow maximum potential productivity levels during a
diatom bloom.

In general, the capacity of a unchelated iron addition to intensify
macronutrient drawdown (Fig. 5a-b), the positive correlation between
the increments in X.dFe and E.micro-chl a (Fig. 14c) and a nitrate:
phosphate drawdown ratio typical of diatom dominated systems (see
section 3.2.2.) seem consistent with the hypothesis that pulses of
unchelated iron to estuarine water of Patagonia can accelerate diatom
new productivity during the study period.

4.5. Integration of the surface waters characteristics in austral spring and
iron enrichment experiment results

The negative relationship of nitrate, phosphate and pCO5 to micro-
chl a in surface waters (Table 1) along the latitudinal transect (Fig. 1)
indicates that diatoms, which dominate micro-chl a size fraction, were
the main driver of surface water new productivity in the study area
during September 2017 (austral spring), consistently micro-
phytoplankton represent the dominant fraction of phytoplankton com-
munity exported from upper layer to subpycnocline waters during the
productive season in Patagonian waters (Gonzalez et al., 2016).

Surface seawater salinity (SSS) and the specific runoff near each
station was positively correlated with micro-chl a percentage, but only
runoff was negatively correlated to nitrate (Table 1). This pattern may
suggest that the drop in nitrate concentration rather than a consequence
of freshening per se (i.e. dilution), is a positive response of new pro-
ductivity to continental solutes (e.g. Fe, Si, Fe + Si).

At the most brackish extreme (i.e. salinity 26) chl a was mostly
present in the small size fractions. Our finding of small phytoplankton in
the most brackish waters is consistent with previous reports suggesting
that brackish waters in southern Patagonia are characterized by small-
cell photosynthetic organisms (Diaz-Rosas et al., 2021; Torres et al.,
2011a). This surface water salinity minimum located at 52°S (i.e.
salinity 26 at St.13) could be associated the influence of glaciated hy-
drographic basins in southern Patagonia (e.g. Serrano River basin and
Estero las Montanas). Although we did not assess any optically active
constituents, we hypothesize that optically active particles and solutes
from continental origin could produce intense light attenuation (e.g. silt-
rich brackish waters associated to subglacial discharges and/or CDOM
leached out of the periglacial peatlands, as reported for others fjord
systems (Mascarenhas et al., 2017; Paredes and Montecino, 2011))
selecting for small-cell photosynthetic organisms (Chisholm, 1992).
However, the effect of CDOM on phytoplankton metabolism may be
broader than just its effect on PAR attenuation, for example, UV
photoreduction of CDOM ligand-Fe complexes (Croot & Heller, 2012)
could provide highly soluble reduced iron, which eventually may help
phytoplankton to adapt to low PAR environments. Alternatively, the
extreme stratification of brackish waters could favor the persistence of
small photosynthetic flagellates (due to their ability to swim to locate
themselves in a better PAR regime) compared to large diatoms that
require turbulence to avoid sedimentation (Kigrboe, 1993).

At the highest salinities (S§SS ~ 30; St. 1, 28 and 29) where the lowest
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water column stability was expected, the chemical characteristics of
surface waters (low in total-chl a particularly in micro-chl a size range,
rich in nitrate with moderate levels Si and pCO-, levels near equilibrium
with the atmosphere) were consistent with a pre-bloom condition in a
poorly stratified surface layer, as previously reported for Pacific extreme
of Strait of Magellan during Austral spring 1989 (Cabrini and Fonda-
Umani, 1991; Saggiomo et al., 1994; Saggiomo et al., 2011) and for
Concepcion Channel (near station 28-29) during austral spring 2009
(Iriarte et al., 2018). Direct measurements of Gross Primary Productivity
(GPP) and community respiration (CR) reported by Iriarte et al. (2018)
suggest very low levels of “net productivity” (GPP-CR) in surface waters
(e.g. 10 pg €171 d'1) which contrast with the high levels of productivity
(Saggiomo et al., 2011) and biomass reported for the fresher easter
portion of the Strait of Magellan. We hypothesize that the reduced haline
stratification of the upper water column at the western boundary of the
archipelago may delay spring diatom productivity due to light limitation
but also due to suboptimal levels of bioavailable Fe as our bottle ex-
periments suggest. Nonetheless, the typical negative Si* values (ca. —6)
of salty surface waters (>30) are expected to lead to rapid Si stress as
diatom development progresses. If an intense diatom proliferation is
triggered in these saltier and moderately DSi rich waters (e.g. due a high
irradiance in combination with a pulse of iron bioavailability), the onset
of Si stress could lead to the activation of physiological adaptation and
selection mechanisms to cope with DSi scarcity (e.g. lower Si:NO3
diatom uptake ratio and a reduction of silicification). Indeed, the
occurrence of physiological adaptation and/or selection mechanisms to
Si stress could explain high Si:NO3 drawdown ratios (near 1) in + Fe + Si
treatments compared to controls and + Fe treatments (where no DSi was
added, see section 3.2.2).

Favorable conditions for augmenting micro chl a and bSi standing
stocks, and consequently the drawdown of macronutrients during early
spring, seem to occur at intermediate salinity levels. These optimal
growth conditions are likely linked to the combined effect of reduced
turbulent mixing due to haline stratification, and a complementary mix
of marine (N and P) and terrestrial nutrients (Si and micronutrients like
Fe). However, our experimental results suggest that even in frontal
waters with high diatom productivity, a pulse of highly bioavailable sFe
(over a relatively high dFe baseline) could accelerate the nitrate uptake
likely due to the particularly high biological demand for Fe and reduc-
tion of sFe in these high productivity and high pH levels waters.

During early spring, bioavailable Fe and DSi supply from the conti-
nent likely allows for maximum rates of new productivity in surface
waters. Consistently, field observations suggested that runoff and sur-
face water nitrate were negatively correlated during the study period
(Table 1). Conversely, at higher SSS (e.g. SSS > 30 typically associated
with nitrate concentration greater than DSi concentration, see Torres
et al. (2014)), suboptimal Fe and/or Si supply could favor the growth of
thinner/small diatom community (Leynaert et al., 2004; Marchetti &
Cassar, 2009), as well as, small-sized non-silicic functional groups.
While the former groups likely base its growth on regenerated nutrients
and therefore with limited abilities to produce high rates of new pro-
ductivity (Eppley and Thomas, 1969), higher new productivity levels of
thinner/small diatoms may result in low diatom stocks due an efficient
control by micrograzing compared to thicker/large diatom with higher
Si needs. A Fe-Si colimitation scenario, may be particularly true under
low light regime (Falkowski & Raven, 1997; Raven et al., 1999; Strzepek
& Price, 2000), in the study area we expect low light regime at western
boundary of Patagonian archipelago (well exposed to open ocean and to
Westerlies) associated to a deeper turbulent layer caused by the inter-
action between low haline stratification and higher wind speeds, and
signaled by high surface salinity levels. We hypothesize that a Fe-Si-light
colimitation dynamic could better explain reports that salty surface
waters are often not depleted in nitrate even at the height of the pro-
ductive season (a time series showing high salinity high nitrate low
silicate conditions near Faro San Isidro at Strait of Magellan is shown in
Supplementary Material C).
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In summary, this first experimental response of phytoplankton
communities in southern PAIS waters to Fe and Fe + DSi amendments,
identifies both factors (Fe and Fe + DSi) as capable of modulating as-
pects of spring diatom bloom dynamics (e.g. community composition
and abundance, nutrient drawdown rate, biogenic silica production).
The intensity of this modulation is likely sensitive to the location and
flux of continental water discharge and the oceanographic characteris-
tics that set the fluxes of marine and continental complementary nutri-
ents. It is also likely to be strongly variable temporally (mainly on
seasonal basis), depending on the diatom bloom development stage
when continental runoff nutrients pulses do occur. It seems evident that
timing of Fe (DSi) fertilization pulses should be a key variable to take in
account when assessing the effect of iron, DSi or both on coastal waters
phytoplankton stocks. Therefore, care must be taken in extrapolating
these first experimental results to other periods and places. Certainly,
more focused research is required to better understand the role of con-
tinental solutes, their geographic and temporal variability in response to
climatic events and local watershed-scale variability, in different aspects
of spring bloom characteristics and dynamics at Patagonian waters.

4.6. Concluding remarks

1. Optimum conditions for diatom new productivity and diatom stock
accumulation take place within the salinity gradient in inner surface
waters of Southern Patagonia Archipelago during austral spring
2017.

2. Environmental variability in both macronutrient and CO, was driven
by micro phytoplankton in early austral spring 2017, although most
of chl a was located in smaller size fractions.

3. Nano-diatoms (e.g. Minidiscus sp) were abundant, likely constituting
a significant fraction of phytoplankton biomass during early austral
spring 2017.

4. Nominal 5 nM unchelated Fe-enrichment of estuarine waters
(salinity 28-29) of Concepcion Channel (Southern PAIS) enhance
nitrate and phosphate drawdown during an experimentally triggered
diatom bloom, even when environmental levels of dFe were rela-
tively high.

5. Early spring diatom bloom characteristics in the Patagonia archi-
pelago, mainly caused by increments light regimen, is likely modu-
lated by the bioavailability of iron and DSi.

6. DSi or DSi + Fe stress relief can enhance standing stocks of Pseudo-
nitzschia and biogenic silicate, but tends to reduce the specific con-
tent of domoic acid in Pseudo-nitzschia.

7. Rapid iron-forced depletion of macronutrients probably led to early
decay of diatom stocks in experiments with low DSi levels (i.e. + Fe
treatments).
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