
1.  Introduction
Primary productivity in the Southern Ocean is seasonally limited by iron and light (Boyd,  2002; Martin 
et al., 1990; Mitchell et  al., 1991; Ryan-Keogh et al., 2018). Supply of bioavailable iron to surface waters is 
largely dependent on upwelling of iron-rich subsurface waters (Schallenberg et al., 2018; Tagliabue et al., 2014) 
and deposition of iron-bearing aerosols from dust storms (Jickells et al., 2005; Mahowald et al., 2005), wildfires 
(Mallet et al., 2017; Perron et al., 2020, 2022), and volcanic eruptions (Olgun et al., 2011; Perron et al., 2021). 
Iron recycling is a secondary yet substantial source of bioavailable iron and allows phytoplankton to maintain 
standing stocks for up to several weeks without new external supply of iron (Bowie et al., 2001; Boyd et al., 2015; 
Laglera et al., 2017). The role of iron retention through recycling is particularly important in large-scale fertiliza-
tion events, due to the reduced impact of dilution with ambient waters at the bloom edges (Abraham et al., 2000; 
Brzezinski et al., 2005).

Distinct changes in ocean surface optical properties have been attributed to the phytoplankton response to ocean 
iron fertilization (OIF) experiments (Westberry et al., 2013), iron addition from subsurface waters (Schallenberg 
et al., 2018; Westberry et al., 2013), and fertilization by dust (Gabric et al., 2016) and volcanic ash (Achter-
berg et al., 2013; Hamme et al., 2010; Westberry et al., 2019). The ocean fertilization potential of large-scale 
wildfires has been previously hypothesized (Abram et al., 2003; Hamilton et al., 2022; Ito et al., 2021) based on 
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as well as enhanced bioavailability of pyrogenic and mineral iron due to atmospheric and chemical processing 
during long-range transport.

Plain Language Summary  Phytoplankton are the “plant” plankton at the base of the ocean food 
chain. Phytoplankton growth in the Southern Ocean is limited by the availability of iron. Deserts and wildfires 
are two important sources of iron-bearing particles that can be transported over long distances and deposited 
on the ocean surface, causing increased phytoplankton growth and species changes. In this study we used 
observations from satellites to study the physiological response of a large phytoplankton bloom stimulated by 
emissions from the 2019–2020 Australian wildfires. We found the cells became richer in pigments, and more 
efficient in their photosynthesis. The changes are directly attributable to wildfire emissions and correspond 
with previously observed phytoplankton responses to iron fertilization experiments and natural fertilization by 
dust, volcanic ash, and upwelled iron from the deep ocean. The phytoplankton response lasted almost half a 
year after wildfire particles stimulated the bloom. We attribute the prolonged response in part to iron recycling, 
re-supplying dissolved iron inside the bloom, and to additional deposition of wildfire emissions and dust.
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the elevated bioavailable iron content of wildfire emissions (Perron et al., 2020; Winton et al., 2016) and their 
propensity for long-range transport (Zheng & Sohrin, 2019), as well as paleo-reconstructions of wildfire-sup-
ported phytoplankton productivity (Liu et al., 2022). Direct observations of the phytoplankton response to wild-
fire emissions, however, are scarce and predominantly derived from chlorophyll, carbon biomass or local changes 
in phytoplankton community composition (Kramer et al., 2020; Tang et al., 2021; W. Wang et al., 2021; Y. Wang 
et al., 2022), leaving the physiological response uninvestigated.

Between September 2019 and March 2020, the Australian wildfires injected large amounts of iron-bearing 
aerosols into the atmosphere, which were transported across the southern hemisphere, reaching remote parts 
of the iron-limited South Pacific within days, where they stimulated widespread chlorophyll anomalies (Tang 
et al., 2021; Y. Wang et al., 2022). In this study, we investigated the phytoplankton community response and 
the regional iron cycle in greater detail, to address the following questions: How did the regional phytoplankton 
community respond to the fertilization by wildfire emissions? How does this response compare to iron fertili-
zation from other sources? And to what extent have additional iron sources contributed to the bloom's longevity 
by maintaining elevated bioavailable iron concentrations at the ocean surface? Answers to these questions will 
provide valuable insights into the ecosystem response to wildfire-induced ocean fertilization and the long-lasting 
impact of widespread iron supply on phytoplankton and on the oceanic iron cycle.

2.  Methods
Anomalies of aerosol deposition and the phytoplankton response were quantified by comparing 2019–2020 satel-
lite and reanalysis data against 17-year (2002–2018) climatological records that preceded the study period. Time 
series were averaged over the bloom region, 37°S–50°S and 150°W–90°W (Figure 1). The bloom was defined 
according to Behrenfeld and Boss (2018). Relative anomalies were determined by subtracting climatologies from 
2019–2020 observations and normalizing this difference to the climatology.

2.1.  Aerosol Deposition Flux

Daily, 0.5 × 0.65° resolved aerosol data were obtained from the Modern-Era Retrospective Analysis for Research 
and Applications, Version 2 (MERRA-2; Gelaro et al., 2017). Black carbon (BC) and dust deposition fluxes were 
used as proxies for wildfire emissions and mineral dust, respectively. The total aerosol deposition flux was calcu-
lated as the sum of wet and dry deposition of BC (hydrophilic and hydrophobic) and dust (0.1–10 μm particle 
radius). Pyrogenic and mineral iron (collectively referred to as aerosol-iron) deposition fluxes were derived from 
BC and dust deposition, respectively, using an Fe:BC ratio of 0.15, a literature-based iron content in mineral dust 
(3.5 weight-%; Mahowald et al., 2005) and aerosol-specific fractional iron solubilities (20%–80% and 5%–30% of 
total pyrogenic and mineral iron, respectively; Ito et al., 2019; Perron et al., 2020; Winton et al., 2016).

2.2.  Bio-Optical Parameters

Weekly (8-day), 0.042° resolved bio-optical observations, made by the Moderate Resolution Imaging Spectro-
radiometer aboard the NASA satellite Aqua (MODIS-Aqua), were used to analyze the phytoplankton response 
throughout the bloom period. A 3-week moving mean was applied to reduce the impact of cloud coverage. 
Phytoplankton abundance was derived from surface concentrations of chlorophyll (chl) and phytoplankton 
carbon biomass (Cphyto). Cphyto was derived from the particulate backscattering coefficient, bbp, at 443  nm: 
Cphyto = bbp × 13000 – 4.55 (Behrenfeld et al., 2005).

The physiological response to changing environmental conditions was derived from two ratios. Chl per unit 
carbon (chl:Cphyto) reflects community-wide changes in cellular pigmentation, inferred from differing rates of 
change of surface pigment and biomass concentration. An increase in chl:Cphyto is commonly attributed to nutri-
ent stress relief (Gall et al., 2001; Halsey & Jones, 2015; Hoffmann et al., 2006) and reduced light availability 
(Falkowski & LaRoche, 1991; Geider et al., 1996). Phytoplankton fluorescence per unit chl (nFLH:chl), corrected 
for non-photochemical quenching based on sea surface temperature (Browning et al., 2014), was used to derive 
community-wide changes in the fluorescence quantum yield (emitted vs. absorbed light; Behrenfeld et al., 2009). 
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A decrease in nFLH:chl reflects more favorable nutrient conditions (Behrenfeld & Milligan, 2013). We assume 
a well-mixed surface ocean in which the satellite-derived phytoplankton response at the surface reflects the 
response in the mixed layer or euphotic zone (the shallower of the two).

Relative phytoplankton community changes were assessed based on the backscatter slope (Sbp). Sbp is the spec-
tral power-law slope of bbp and its relation to community structural shifts stems from the assumption that the 
bbp signal is related to particle shape and size and therefore species-dependent (Bohren,  1983; Vaillancourt 
et al., 2004; Whitmire et al., 2010).

2.3.  Mixed Layer Irradiance

The effect of changing light conditions on chl:Cphyto was qualitatively assessed based on the median mixed layer 
irradiance (IML). IML is a measure of light availability at the center of the mixed layer and a function of the photo-
synthetically available radiation (PAR), the diffuse attenuation of downwelling irradiance (Kd) and the mixed 
layer depth (MLD): IML = PAR × e −0.5×MLD×Kd (Behrenfeld et al., 2016). PAR and Kd are MODIS-Aqua products 
and the regional MLD was derived from in situ Argo float measurements. We used an Argo mixed layer clima-
tology compiled by Holte et al. (2017). We refrained from correcting chl:Cphyto using a photo-acclimation model 
due to the poor performance of these models in the Southern Ocean (Behrenfeld et al., 2016).

2.4.  Dissolved Iron Budget

Satellite net primary production, NPP (based on the Eppley-VGPM algorithm; Behrenfeld & Falkowski, 1997), 
was used to determine the mass balance between the anomalous biological iron demand (uptake) and its anomalous 
supply from recycled and atmospheric sources in the study region. Iron uptake (μmol m −2 d −1) was determined by 
multiplying NPP (mol carbon m −2 d −1) by an Fe:C uptake ratio (6–20 μmol mol −1; Twining et al., 2004). The loss 

Figure 1.  Black carbon (BC) and dust deposition over the Pacific sector of the Southern Ocean during the 2019–2020 austral summer. (a and c), September 2019–2020 
BC and dust deposition fluxes averaged over the bloom region (solid lines). Climatological fluxes and standard deviations are shown as dashed lines and gray shades. 
Red and blue shaded areas indicate positive and negative anomalies. Relative 2019–2020 anomalies are plotted on the secondary Y-axis (red dash-dotted lines). (b 
and d), Cumulative BC and dust deposition on the bloom region integrated over their respective peak deposition periods. Gray lines indicate, from north to south, the 
locations of the subtropical front, the subantarctic zone, the subantarctic front, and the polar front (Orsi et al., 1995).
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of iron exported to depth was derived from export efficiencies, defined as the fraction of biomass exported below 
100 m. Export efficiencies (e-ratio) were calculated from NPP using a log-linear relationship to Eppley-VGPM 
NPP specific to the subantarctic zone (SAZ): e-ratio = −0.69 × log10(NPP) + 2.03 (Fan et al., 2020). Recycling 
fluxes were estimated from recycling rates (10%–70% of un-exported iron; Bowie et al., 2009). Solving the mass 
balance for the atmospheric supply term (i.e., the difference between uptake and recycled supply) allowed us to 
model atmospheric dFe anomalies required to balance the bloom's increased dFe demand (see Text S1 in Support-
ing Information S1 for a detailed model description).

3.  Results and Discussion
3.1.  Elevated Black Carbon and Dust Deposition on the South Pacific

Throughout the 2019–2020 austral summer and autumn, the Pacific sector of the Southern Ocean was exposed to 
sustained and anomalously high deposition of BC and mineral dust (Figure 1). BC and dust deposition time series 
averaged over the study region reveal two distinct aerosol deposition periods. From November to February, 62,000 
tonnes of BC were deposited on the eastern South Pacific in three events (Figures 1a and 1b). The majority of BC 
was deposited in January, when fluxes temporarily exceeded the climatology by more than 1,300%. In March, as 
the wildfires abated, BC deposition fluxes decreased but remained up to twice as high as the climatology until 
July. Concurrently, an increase in dust deposition was observed over the bloom region, with fluxes exceeding the 
climatology by 50%–150% before returning to climatological conditions in July (Figures 1c and 1d).

Analysis of aerosols collected in southern Tasmania, Australia, in December and January, showed that the wild-
fire emissions were associated with elevated concentrations of soluble iron (Perron et al., 2022). Iron emitted 
during the wildfires was predominantly contained in soil particles entrained in the fire plumes by pyro-convective 
winds (Bodí et al., 2014; Wagner et al., 2018) and processed by the heat and acidity of the fire fumes (Baker 
et al., 2021; Balasubramanian et al., 1999; Perron et al., 2022). Pyro-convective updraft of soil may account for 
more than 60% of the pyrogenic iron emitted during wildfires (Hamilton et al., 2022).

Dust emissions are known to increase in the aftermath of wildfires due to increased exposure of bare soil 
(Dukes et al., 2018; Whicker et al., 2006). The MERRA-2 aerosol reanalysis calculates dust emissions based on 
surface winds over pre-defined dust source regions, which mainly encompass the Australian deserts (Randles 
et al., 2017). It therefore does not account for enhanced dust emission from wildfire-impacted regions due to 
updraft or devegetation.

Strongly light-absorbing aerosols interfere with ocean color measurements, which can result in an overestimation 
of satellite-derived chl (Frouin et al., 2019; Schollaert et al., 2003). These biases are partly corrected for during 
NASA's post-processing (Mobley et al., 2016). Due to the localized and episodic nature of the ash plumes, any 
remaining artifacts occur at significantly smaller spatial and temporal scales than the basin-scale, 3-weekly aver-
aged time series discussed here and are therefore not expected to bias our observations significantly.

3.2.  Pyrogenic Iron Stimulated Phytoplankton Biomass and Pigment Production

The deposition of wildfire aerosols was immediately followed by positive chl and Cphyto anomalies. From early 
November to late January, concurrent with the first two fire plumes, surface chl doubled, exceeding climatolog-
ical concentrations by up to 177% (0.26 mg m −3, Figure 2a). Hereafter, chl anomalies declined gradually, but 
remained 20% higher than the climatology until early July. Cphyto anomalies were smaller than chl anomalies, but 
correspondingly increased with the arrival of the first fire plume in November and December (36% peak anom-
aly), and returned to climatological conditions by April (Figure 2b). These anomalies agree with in situ chl and 
bbp anomalies observed by biogeochemical Argo floats profiling the eastern bloom region (Figure S5 and Text S2 
in Supporting Information S1; Tang et al., 2021) and are consistent with satellite-detected biological responses 
to purposeful and natural OIF (Westberry et al., 2013). The anomalies also exceeded anomalies observed after 
volcanic ash fertilization in the North Pacific (Westberry et al., 2019), likely due to higher soluble iron concentra-
tions in wildfire emissions compared to volcanic ash (Hamilton et al., 2022; Ito et al., 2019; Perron et al., 2021) 
as well as stronger iron deficiency in the South Pacific compared to the North Pacific (Abadie et al., 2017; Zheng 
& Sohrin, 2019).
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3.3.  Increased Cellular Pigmentation Induced by Iron Stress Relief

Differences in timing and magnitude of the chl and Cphyto anomalies reveal distinct physiological responses of the 
phytoplankton community to pyrogenic iron input. Cphyto anomalies peaked 6 weeks earlier, returned to climato-
logical levels 3 months earlier, and were consistently smaller than chl anomalies. Reflecting these differences, 
chl:Cphyto reached peak anomalies in mid-January (132%, Figure 3a), coinciding with anomalously high pyro-
genic aerosols and consistent with elevated in situ chl:bbp measured by BGC-Argo floats (Figure S5 in Supporting 
Information S1; Tang et al., 2021).

The observed increase in cellular pigmentation was likely the result of two separate phytoplankton acclimation 
responses. The initial increase in cellular pigment production was induced by the relief of iron stress, allowing 
for increased growth rates of the invigorated phytoplankton community (Gall et al., 2001; Halsey & Jones, 2015; 
Hoffmann et al., 2006). As a result, light attenuation (Kd) by organic matter and light-absorbing pigments at 
the surface led to depressed mixed layer light levels (IML; Figure 3c), causing an additional increase in cellular 
pigmentation as phytoplankton adapted to the reduced light availability (photo-acclimation; Falkowski & LaRo-
che, 1991; Geider et al., 1996). MLDs and PAR (additional factors controlling IML) were at near-climatological 
levels throughout the study period (Figure S1 in Supporting Information S1), suggesting that the photo-acclima-
tion response was largely caused by the bloom itself. Interestingly, the peak in chl:Cphyto in February occurred 
close in time to the seasonal maximum in light when cellular pigmentation is expected to be at its lowest, further 
highlighting the anomalous nature of the physiological response. The strong increase in chl due to the combined 
effects of phytoplankton growth and increased cellular pigmentation may have eventually led to self-shading and 
stagnation of growth (Sakshaug et al., 1991; Twelves et al., 2021), causing the observed time difference between 
the Cphyto and chl peak (Figure 2).

Figure 2.  Chlorophyll and biomass accumulation in the bloom region. (a and b), 2019–2020 observations, climatologies and relative anomalies of surface chlorophyll 
(chl) and phytoplankton carbon (Cphyto) averaged over the bloom region (lines and shaded areas correspond with Figure 1). (c and d), Spatial distribution of average chl 
anomalies from November–February and from March–June. Ocean fronts are denoted in Figure 1. (e), Pixel-by-pixel correlation between chl anomalies shown in panels 
c and d (p-value < 0.01, R 2 = 0.36).
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3.4.  Increased Photochemical Efficiency and Community Structural Shifts

Further information about the bloom physiology can be gained from phytoplankton fluorescence normalized to 
chl, nFLH:chl (Figure 3b), a proxy for the fluorescence quantum yield. We observed anomalously low nFLH:chl 
between November and January, coinciding with elevated fire emissions and other physiological anomalies. 
nFLH:chl is commonly used to estimate the photochemical efficiency (Westberry et al., 2013, 2019) and, like 
chl:Cphyto, it responds to changes in iron availability. Following iron stress relief, excess pigments are activated 
for photosynthesis, reducing phytoplankton fluorescence and lowering nFLH:chl (Behrenfeld & Milligan, 2013).

Lastly, we qualitatively assessed variations in the phytoplankton community based on Sbp (Figure 3d). Distinct 
negative Sbp anomalies between December and May suggest an anomalous shift of the phytoplankton community 
during the peak of the bloom. While we were unable to investigate the community structure in further detail, 
the coincidence of the Sbp anomalies with pyrogenic iron supply and related biological responses (all anomalies 
compiled in Figure S4 in Supporting Information S1) leads us to attribute the observed community shift to changes 
in phytoplankton species composition following iron stress relief (Armand et al., 2008; Wolff et al., 2011). Low 
silicic acid levels in the SAZ (Hiscock et al., 2003) likely favored weakly silicified and calcifying phytoplankton 
groups (prymnesiophytes, pelagophytes, dinoflagellates, Pseudonitzschia spp.), as documented during the South-
ern Ocean Iron Experiment north patch in low-iron, low-silicic acid South Pacific waters (Coale et al., 2004).

3.5.  Iron Recycling, Wildfire Emissions and Dust Sustained the Bloom for 9 Months

A particularly interesting feature of the time series is the gradual decline of the biological response persisting 
until July, despite the sudden drop in wildfire emissions in early March. To reconcile the longevity of the bloom 
with the sudden reduction of pyrogenic iron, additional iron sources need to be considered. Iron supply to the 
ocean surface from volcanic ash (Duggen et al., 2010), sedimentary sources (Tagliabue et al., 2009), upwelling 
(Morrison et al., 2015) and vertical diffusion (Tagliabue et al., 2014) are of limited relevance in the central South 
Pacific and have therefore been discounted as additional sources. Iron supply by deep mixing can be considerable, 
but mainly plays a role south of the polar front and during winter months (Tagliabue et al., 2014). Furthermore, 

Figure 3.  Anomalous phytoplankton physiology, community structure and mixed layer light conditions in the bloom region. (a, b, and d), 2019–2020 observations, 
climatologies and relative anomalies of the chlorophyll to carbon ratio, chl:Cphyto, the NPQ-corrected fluorescence to chlorophyll ratio, nFLH:chl (mW m −3 cm −2 μm −1 
sr −1 (mg chl) −1) and the spectral backscatter slope, Sbp. (c), Median mixed layer irradiance, IML (Ein m −2 d −1) and the diffuse attenuation of downwelling irradiance, Kd 
(m −1). Lines and shaded areas correspond with previous figures. Negative nFLH:chl anomalies indicate an increase in photochemical efficiency.
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between January and July the mixed layer was shallower than average (Figure S1c in Supporting Information S1). 
Thus, mixing was unlikely to have contributed significantly to the observed biological anomalies. This leaves 
mineral dust and iron recycling as the two remaining iron sources. Elevated dust deposition from March to July 
(Figure 1c) suggests that mineral iron, together with pyrogenic iron, had the potential to fuel the bloom during its 
later stages. Statistically significant pixel-by-pixel correlations between spatially resolved bio-optical anomalies 
averaged over the first and the second half of the bloom suggest that the phytoplankton response was largely 
stationary (Figures 2c–2e, S2, and S3 in Supporting Information S1), an expected feature if the bloom was rely-
ing on regenerated iron. Previous studies have demonstrated the importance of iron recycling after fertilization 
events, prolonging the phytoplankton response for days to several weeks (Barbeau et al., 2001; Bowie et al., 2001; 
Hutchins et al., 1993; Laglera et al., 2017; Westberry et al., 2019).

3.6.  A Regional Mixed Layer Dissolved Iron Budget

To test our hypothesis that the anomalous phytoplankton response was sustained by iron recycling and aero-
sol-iron deposition, we developed a mixed layer dissolved iron (dFe) budget for the bloom region using a simple 
model (Figure 4, Text S1 in Supporting Information S1). Anomalously high NPP throughout the bloom period 
implies both an elevated biological demand for dFe and an increased supply of dFe by iron recycling (Figure 4a). 
Assuming Fe:C uptake ratios of 6–20 μmol mol −1 (Twining et al., 2004), the dFe consumption of the phytoplank-
ton community would have exceeded climatological demands by up to 0.21 ± 0.08 μmol m −2 d −1 (Figure 4b). 
At recycling rates of 10%–70% (Bowie et al., 2009), regenerated dFe supplied a significant proportion of the 
increased biological demand and was likely the dominant iron source during the peak of the bloom in January 
and February.

Mass-balanced anomalous atmospheric dFe fluxes, calculated as the difference between the biological demand 
and the recycled supply, agree in magnitude with MERRA-2-derived aerosol-iron inputs (Figure 4b inset). The 
assumed Fe:BC ratio of 0.15, used to determine pyrogenic iron deposition, is higher than the global average 
(0.06; Hamilton et al., 2019), consistent with increased entrainment of iron-rich mineral dust in the smoke plumes 
(Kablick et al., 2020; Perron et al., 2022). Soluble pyrogenic and mineral iron fractions (20%–80% and 5%–30%, 
respectively) are at the upper end of literature values (Ito et al., 2019; Perron et al., 2020; Winton et al., 2016), 
too, which can be explained by an increase in iron solubility by atmospheric processing during long-range trans-
port (Shi et al., 2011), particularly in the Southern Hemisphere (Ito et al., 2019). High temperatures and strong 
acidity of wildfire plumes are expected to have further increased the iron solubility of wildfire emissions (Baldo 
et al., 2022; Perron et al., 2022).

Figure 4.  Primary production, export, and a mixed layer dissolved iron (dFe) budget of the bloom. (a), 2019–2020 satellite net primary production and export 
production. Lines and shaded areas correspond with previous figures. (b), The modeled regional mass balance between the anomalous biological dFe demand (dotted 
line, shown as negative fluxes) and its supply through recycling and atmospheric deposition (solid lines). Inset: Mass-balanced anomalous atmospheric dFe fluxes 
compared against MERRA-2-derived atmospheric dFe anomalies (dashed line). MERRA-2 fluxes are the sum of aerosol-derived mineral and pyrogenic dFe fluxes. 
Uncertainties introduced by variable model parameters are shown as envelopes and error bars (see Text S1.4 in Supporting Information S1).
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The mass-balanced atmospheric dFe fluxes assume a constant supply of iron which does not reflect the episodic 
nature of mineral and pyrogenic iron deposition. The strongly fluctuating MERRA-2-derived atmospheric dFe 
fluxes suggest alternating periods of iron excess and deficiency relative to the demand (Figure  4 inset). We 
hypothesize that excess dFe accumulated during deposition events because consumption was constrained by 
physical and chemical uptake limits (Sunda & Huntsman, 1995), macro-nutrient limitation (Sedwick et al., 2002) 
or light limitation (see above, 3.3). Assuming that excess dFe was retained at the surface, it could have sustained 
the bloom during periods of low external iron input. This assumption implies dFe residence times at the surface 
on the order of weeks to months. Such residence times are consistent with previously published estimates (Black 
et al., 2020; Hayes et al., 2015) and were likely facilitated by atmospheric processing and grazer-mediated solu-
bility enhancement (Barbeau & Moffett, 2000; Barbeau et al., 1996) and an abundance of iron-binding ligands 
(Boye et  al.,  2001; Thuróczy et  al.,  2011), which are continuously being resupplied during recycling (Croot 
et al., 2001; Hogle et al., 2016; Sato et al., 2007), preventing iron from being scavenged to sinking particulates.

The iron budget substantiates our hypothesis that the phytoplankton bloom was sustained for nearly 9 months 
by iron recycling and sporadically fueled by aerosol-iron inputs from wildfire emissions and dust—a remark-
able feature which has rarely been observed before on such long time scales (Westberry et  al., 2019). Given 
the  budget's robustness to a wide range of environmental parameters, it would require unrealistic environmental 
conditions to sustain the bloom for 9 months without recycled iron. The extensive initial supply of highly soluble 
pyrogenic iron and the widespread nature of the bloom were essential prerequisites for the prolonged recycling of 
iron, reducing the influence of dilution at the bloom edges (Abraham et al., 2000; Brzezinski et al., 2005), thus 
allowing for iron to be retained in the fertilized patch.

4.  Conclusion
This case study reveals the far-reaching impact of the 2019–2020 Australian wildfires on phytoplankton in the 
iron-limited Pacific sector of the Southern Ocean. We analyzed the phytoplankton biomass, physiology, and 
community structure following iron enrichment by wildfire emissions and dust, in the context of nearly two 
decades of bio-optical satellite observations and reanalysis data. The results of the bio-optical analysis provide 
valuable insights into the ecosystem response to wildfire-driven OIF. Physiological anomalies (increase in cellu-
lar pigmentation and photochemical efficiency, community structural shift), previously only observed in relation 
to purposeful OIF, sub-surface iron supply, dust storms and volcanic eruptions, are conclusively attributable to 
particle emissions by wildfires and lasted nearly 9 months.

Another striking feature of the bloom was its longevity. Following its initiation by pyrogenic iron between Novem-
ber 2019 and February 2020, recycling played an important role in retaining bio-available iron in the fertilized 
regions and maintaining the bloom as the wildfires abated and pyrogenic iron supply was reduced. Dissolved iron 
was continuously regenerated inside the bloom for nearly 9 months, until July 2020, and sporadically re-supplied 
by episodic deposition of continuing pyrogenic inputs and mineral iron from dust. We attribute the immediate and 
widespread biological response to highly soluble iron from fire emissions, following atmospheric transport and 
processing by the strong heat and acidity of the wildfire plumes. The month-long retention of iron in the bloom 
region was facilitated by reduced edge dilution due to the large extent of the bloom.

Data Availability Statement
All data products used in this study are freely available. Aerosol reanalysis products were obtained from the NASA 
Goddard Earth Sciences Data and Information Service Center (GES DISC, https://goldsmr4.gesdisc.eosdis.nasa.
gov/data/MERRA2/M2T1NXADG.5.12.4/). Ocean color data products (chlor_a, bbp_443_giop, nflh, bbp_s_
giop, par, Kd_490, sst, ipar) were obtained from the NASA Ocean Biology Distributed Active Archive Center 
(OB.DAAC, https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/8-Day/4km/). Net primary productivity 
maps were obtained from the Oregon State University Ocean Productivity website (http://orca.science.oregon-
state.edu/1080.by.2160.8day.hdf.eppley.m.chl.m.sst.php). Core-Argo data, used for MLD calculations, were 
obtained directly from the IFREMER Argo database (https://data-argo.ifremer.fr/geo/pacific_ocean/). BGC-Argo 
data, used in the supporting analysis of the in situ bloom response, were obtained from the US Global Ocean Data 
Assimilation Experiment Argo Global Data Assembly Center (USGODAE Argo GDAC, https://usgodae.org/ftp/
outgoing/argo/dac) using the BGC-Argo-Mat toolbox (Frenzel et al., 2021). These data were collected and made 
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freely available by the International Argo Program and the national programs that contribute to it (https://argo.
ucsd.edu, https://www.ocean-ops.org). The Argo Program is part of the Global Ocean Observing System.
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