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In large areas of the Southern Ocean, iron limits phytoplankton production.
Although biologically mediated iron recycling has been studied for the higher
trophic-level whales and the lower trophic-level krill, less is known of the
numerically abundant seabirds foraging in Antarctic waters. In this study, we
estimate the magnitude of iron recycled by two Antarctic breeding seabirds, the
Adélie and emperor penguins, across the austral spring and summer in the Prydz
Bay region, East Antarctica. Their contribution to iron recycling and associated
pathways differs in line with their contrasting life history strategies (summer and
winter breeding) and their breeding habitat (land and fast ice). We consider their
breeding cycle in relation to their terrestrial activities compared to foraging
periods at sea. High iron concentration (~419 mg kg™) in guano of both penguin
species suggests that they are a source of regenerated iron. Breeding emperor
penguins supplied an average of 237 umoliron m™2 day™* on the fast ice that they
breed on that eventually ends in the ocean when the ice melts completely in
summer (November—February). During their foraging trips, the adult emperor
penguins contribute between 7 x 107° and 4 x 10~ pmol iron m™2 day ™, as their
foraging ranges increase over the breeding season. In contrast, breeding Adélie
penguins supplied between 254 and 1,243 umol iron m~2 day™* whilst at their
colony, with a fraction of guano entering the ocean via meltwater flowing into
the ocean. The flux decreases to 2 x 10~ to 6 x 1072 umol iron m~2 d™%, whilst
they are foraging. Our study finds that penguins redistribute a large flux of iron
onto their colonies, which may enter the adjacent water through sea ice melt and
facilitated through katabatic winds. Despite their high abundance in Prydz Bay,
the contribution of penguins to iron flux during their foraging periods is minor,
due to the enormous foraging range being covered. Further research into the
bicavailability of iron by marine organisms coupled with parallel measurements
of seawater iron concentration and phytoplankton uptake experiments will be
invaluable in refining iron budgets in both this region and other hotspots along
the Antarctic coast where higher trophic-level animals are abundant.
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Introduction

Phytoplankton growth in one-third of the global ocean is
limited by the availability of iron, an essential trace nutrient
(Moore et al., 2004). This is important for ecosystem functioning
and productivity as phytoplankton form the base of ecosystem food
webs. The Southern Ocean is the largest and most climatically
important iron-limited region as it is responsible for ~40% of
anthropogenic carbon dioxide (CO,) uptake by the ocean
(Takahashi et al.,, 2009; Landschutzer et al., 2015). At the basin
scale, deep winter mixing coupled with year-round diapycnal
diftusion represents the main physical processes that supply iron-
rich subsurface waters to the surface ocean (Tagliabue et al.,, 2014).
In addition to the subsurface reservoir, localised sources such as
hydrothermal vents, especially around mid-ocean ridges (Tagliabue
et al., 2010; Holmes et al., 2017), dust (Bowie et al., 2015),
weathering of shelf sediments (Sedwick et al., 2008; Bowie et al.,
2009), and the melting of glaciers (Lin et al., 2011), icebergs (Smith
et al,, 2007; Lin et al,, 2011) and ice shelves (Herraiz-Borreguero
et al., 2016) around the Antarctic coast all contribute to the
dissolved iron inventory.

The seasonal formation and melting of sea ice acts as an
important vector for iron storage and recycling that significantly
influences phytoplankton growth in Antarctic waters (Lannuzel
et al., 2011; van der Merwe et al., 2011). Bacterial remineralisation
and viral lysis are two biologically mediated processes that recycle
iron within the water column (Poorvin et al., 2004; Dalbec and
Twining, 2009; Bowie et al., 2015). However, less is known about the
biologically mediated recycling of iron by higher trophic levels, with
previous studies focussing on lower trophic zooplankton such as
salps (Salpa thompsoni) and Antarctic krill (Euphausia superba),
and higher trophic baleen whales, which migrate to the productive
Southern Ocean waters to feed during summer (Tovar-Sanchez
et al,, 2007, 2009; Nicol et al., 2010; Schmidt et al., 2011; Ratnarajah
et al.,, 2016; Schmidt et al., 2016; Cabanes et al., 2017).

One component of the ecosystem that has potential to
redistribute nutrients over large areas are seabirds (Zhu et al,
2014; Wing et al.,, 2014, 2017; Shatova et al.,, 2017; Otero et al,,
2018; Belyaev et al., 2023). In contrast to whales, seabirds are
central-place foragers during the breeding season, with foraging
trips emanating from their breeding sites. High densities of birds
can deposit large amounts of guano in coastal and terrestrial
ecosystems (Otero et al., 2018; Belyaev et al., 2023). Numerically
abundant, seabirds foraging in Antarctic waters include those that
breed along the Antarctic coastline, offshore islands and ice shelves,
and those that forage in the Southern Ocean but breed outside of
Antarctica (e.g., Arctic terns and shearwaters; Perron et al., 2010;
Raymond et al., 2010).

In this study, we examine the contribution of iron from two
seabird species that breed exclusively in Antarctica—the Adélie
(Pygoscelis adeliae) and emperor (Aptenodytes forsteri) penguins
with their contrasting breeding seasons over summer and winter
respectively. Adélie penguins and most other Antarctic seabird
species breed on ice-free land along the continental coastline and
offshore islands (Southwell et al., 2017), with obvious layers of
guano accumulated over generations at their nesting sites (Gao
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et al,, 2018). When fast ice surrounds their colonies, the penguins
defecate on the ice during their traverse to reach the open water for
foraging (Emmerson and Southwell, 2008) and in the water within
their several hundred-kilometer foraging ranges (Ballance et al,
2009; Clarke et al., 2006). In contrast, emperor penguins breed
almost exclusively on fast ice (sea ice attached to the continent) with
guano stains so prominent that they can be seen from space
(Fretwell and Trathan, 2009). At most sites, the sea ice on which
emperor penguins breed melts in the peak of summer, releasing the
deposited guano into the ocean.

For Antarctic land- and ice-breeding seabirds, there are several
pathways through which iron can enter the oceanic system from the
deposition of their guano. These pathways depend on the bird’s life
cycle, the cycle of sea ice growth and retreat, and the timing of these
in relation to when iron is needed for phytoplankton growth. When
considering the iron cycle, iron from penguin guano can be supplied
directly into the seawater when they are foraging, or as run-off from
the colonies via snow or sea ice meltwater. Specifically, iron
recycling pathways include (1) defecation at land-based breeding
colonies (e.g., Adélie penguins) of which a fraction can be
transported to the ocean via meltwater from melting snow
forming substantial runoff through the nesting areas into the
ocean immediately surrounding the colonies, (2) strong katabatic
winds may supply a fraction of the guano to nearby seawater
through atmospheric transport, (3) deposition on the ice or in the
water during foraging trips which either enters the water
immediately or is released when the ice melts, and (4) in the case
of emperor penguins, guano deposited on the fast ice at their
breeding site over winter enters the water when the sea ice on
which they breed melts during the following summer months.
Understanding seabird colony attendance patterns and activity as
well as the area over which they are foraging and breeding is
therefore critical in determining their contribution of nutrients into
the ecosystem.

Here, we examine whether Adélie and emperor penguins are an
important source of recycled iron, which could influence
phytoplankton productivity across Prydz Bay. We chose this area
because it has an abundant Antarctic krill population (Nicol et al.,
2000), is home to the largest Adélie penguin metapopulation in East
Antarctica (Southwell et al., 2017), and contains a large emperor
penguin colony (Fretwell et al., 2012). This area includes multiple
important bird areas based on the large and species-diverse seabird
populations (Harris et al., 2015). We measure the concentration of
iron in fresh guano and use these values in conjunction with
published estimates of population size, foraging area, and the
bird’s attendance patterns at their colonies to estimate their
contribution to iron recycling across the austral spring and
summer (mid-October to mid-February). Our calculations
incorporate differences associated with life history stages and
activities at their colonies and whilst foraging in the ocean. To
quantify the flux of iron supplied over spring and summer, we used
field-derived data and published literature values to take into
account species-specific differences in daily activity and the well-
known changes in their foraging distribution during the breeding
season (Wienecke et al., 2004; Kirkwood and Robertson 1997; Kato
et al., 2003; Clarke et al., 2006; Kokubun et al., 2021).
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Methods

Study sites and species

Our focus here is on quantifying the contribution of recycled
iron by Adélie and emperor penguins breeding in the Prydz Bay
area in East Antarctica extending from 72°E to 81°E (Figure 1).
Guano from emperor penguins from Auster Rookery was also
collected but only used to determine if guano iron concentrations
were similar between sites, as their foraging region is outside the
Prydz Bay region (Figure 1) and hence not included in flux
calculations. Flux estimation used data on penguin (1) population
size, (2) activity patterns in terms of presence at the colony or at sea
foraging, (3) foraging ranges, and (4) measurements of iron content
in fresh guano. We sampled guano from emperor and Adelie
penguins and used data from long-term monitoring in Prydz Bay
or nearby East Antarctic sites to determine their population size,
activity patterns, and foraging range (Table 1). The spring/summer
period was selected because it coincides with the phytoplankton
bloom period as seasonal changes in light limit phytoplankton
production at other times of the year. In this study, fluxes are
calculated from 15 October to 15 February (inclusive), although we
acknowledge that penguins feed and defecate on fast ice, land, and
at sea at other times of the year based on their breeding, foraging,
and moulting patterns (Figure 2A). Our focal period covers the
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entire Adélie penguin breeding cycle (Emmerson et al,, 2011) but is
at the end of the emperor penguin breeding cycle (Wienecke and
Robertson, 1997) and includes the annual injection of fledglings into
the marine environment departing the colonies for the first time on
their maiden journeys (Wienecke et al., 2010).

Across the Prydz Bay region, there were an estimated 551,058
occupied Adelie penguin nests spread across 62 breeding sites
(Table 1 and Figure 1) in 2010, which translates to over a million
breeding birds nesting over an area covering approximately 500,000
m? on land (Southwell et al., 2017). Approximately 81,400 pairs of
these Adélie penguins were breeding on Hop Island (Southwell
et al,, 2017) in the Rauer Group (68° 49’S, 77° 42’E) where fresh
guano was collected from adult Adélie penguins (1 = 10) and chicks
(n =9) in January 2016. Amanda Bay (69°15’S, 76°49’E) is the only
emperor penguin rookery in Prydz Bay and is located
approximately 100 km to the southwest of Davis Station between
Hovde Glacier and Flatnes Ice Tongue (68°35'S, 77°58'E, Figure 1).
The Amanda Bay emperor penguin colony numbered 6,831
breeding pairs in 2009 and is located on the fast ice in the
southwestern part of the bay, covering an area of 7,315 m? of fast
ice (Fretwell et al, 2012). Guano from emperor penguins were
collected at Amanda Bay (n = 6) within Prydz Bay in December
2015 and from Auster Rookery (n = 6), Mac. Roberston Land in
November 2015 located approximately 50 km to the east of Mawson
Station (63°58’S, 67°23’E), thus providing a comparison between
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FIGURE 1

Location of Adélie (purple squares) and emperor (green circles) penguins breeding sites. The black arrows indicate where the guano samples were
collected from Hop Island, Amanda Bay and Auster Rookery. The black dashed line marks the location of Prydz Bay where the flux of iron from
penguins were calculated. This area is aligned with the breeding penguins foraging range during summer based on data from Hop Island (Adélie
penguins). We only have quantitative information on emperor penguin fledgling foraging ranges within Prydz Bay from Amanda Bay, and not the
adults. However, emperor penguin adult foraging ranges were available from Auster Rookery, hence we used the extent of their foraging ranges
from emperor penguin adults from Auster Rookery and assumed a similar extent within Prydz Bay. Note that arrows also indicate Mawson and Davis
stations but no guano samples were collected from these locations. Inset on top right indicated study location in Antarctica.
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TABLE 1 Percentage (%) of the penguin population at the colony and at sea by date.

Species At colony At sea

Emperor penguins

Dates Reference

Breeding adults - 6,831 breeding pairs within Prydz Bay

Adélie penguins

Breeding adults - 551,058 breeding pairs within Prydz Bay

98 2 April to mid-May Wienecke and Robertson, 1997
(13,389) (273) (egg lay)
50 50 mid-May to 21 Sep Wienecke and Robertson, 1997
(6,831) (6,831) (chick reaches créche)
20 80 22 Sep to 20 Dec Wienecke and Robertson, 1997
(2,732) (10,930) (post créche period)
0 100 21 Dec to 22 Jan Kooyman et al., 2000,
(13,662) (pre moult hyperphagia) Wienecke et al., 2004
100 0 23 Jan to mid-Feb Kooyman et al., 2000,
(13,662) (moult) Wienecke et al., 2004
Chicks
100 0 15 July Robertson et al., 2013
(4713) (chick hatch)
0 100 22 Dec Wienecke et al., 2010
(4713) (fledglings depart colonies)

98 2 mid-Oct to 21 Nov Emmerson et al., 2011
(1,080,074) (22,042) (arrival and courtship)

50 50 22 Nov to 15 Jan (incubation Emmerson et al., 2011
(551,058) (551,058) and guard)

20 80 16 Jan to 15 Feb Emmerson et al., 2011, 2019
(220,432) (881,684) (créche)

Chicks

100 0 end Dec (chick hatch) to 15 Emmerson et al., 2011, 2019
(495,952) Feb (chick fledge)

The number of breeding individuals across Prydz Bay corresponding to those percentages are provided in brackets. For Adélie penguins, this includes populations at 62 breeding sites (Hop Island
is one of the 62 breeding sites in Prydz Bay) and for emperor penguins at Amanda Bay, which is the only breeding site in the region. Chick populations were calculated as 90% of the breeding pairs
for Adelie penguins, and 69% of the breeding pairs for emperor penguins as described in the methods. (Note that chick numbers decrease between hatching and fledgling due to mortality and we
only consider the lower end of the value and do not account for the maximum number at the time of hatch).

guano iron concentration collected from different breeding
populations. The Auster emperor penguin rookery numbered
7,855 breeding pairs in 2009 (Fretwell et al., 2012).

Penguin colony attendance

Understanding the life cycle of seabirds, and particularly their
attendance at colonies, on the fast ice and when foraging in the
water, is crucial for calculating the magnitude of iron that could be
supplied by penguins into nearby waters (Otero et al, 2018).
Seabirds breeding in Antarctica have a regular breeding cycle that
is primarily dictated by the necessity to reproduce whilst conditions
are suitable (Figure 2).

Although Adelie and emperor penguins breed during summer
and winter, respectively, both species have predictable annual cycles
of arrival, egg lay, incubation, chick guard, chick créche, the
departure of adults from the colonies to forage prior to moult,
and the departure of fledglings from the colonies to commence their
winter migration (Figure 2A and Table 1). Emperor penguins
typically breed on fast ice between April and December, whereas
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Adélie penguins breed on ice-free breeding sites around the
continent from mid-October to mid-February. The emperor
penguin breeding cycle therefore has to be complete by the time
the fast ice that the birds breed on melts, which is between
November and March each year at Amanda Bay (Figures 2B, C).

Adélie penguins arrive at their colonies in mid-October and
remain until ~21 November when the females depart the colonies to
forage at sea, with one parent remaining with the chick at the colony
during the guard period (i.e., 50% of population at colony between
~22 November and ~15 January, Table 1). Once the chick’s créche,
on average 80% of the breeding population is then at sea at any
given point in time from ~16 January to ~15 February (Emmerson
et al., 2011; Southwell et al., 2015). Adélie penguin chicks fledge
from mid-February onwards (Emmerson et al, 2011), and the
adults depart the colonies from early February to forage in
preparation for their moult (Emmerson et al., 2019). We used an
average value of 0.9 chicks per occupied nest based on data from
Magnetic Island in Prydz Bay (Whitehead et al., 1990).

Emperor penguins arrive at their rookeries in April. Egg laying
occurs in mid-May after which the females go on a long foraging
trip leaving the males to incubate the egg (~June to ~15 July)

frontiersin.org
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Seasonal breeding cycle for East Antarctic breeding Adélie and emperor penguin and sea-ice phenology in the Amanda Bay area: (A) breeding cycle
of winter breeding Emperor and summer breeding Adélie penguins across the year (B) annual cycle of sea-ice phenology including melting and re-
formation of sea ice around the Amanda Bay emperor penguin colony with mean across years 1979-2017 indicated by solid line and standard
deviation in dashed lines, and (C) satellite images between November and March showing the breakup of the sea ice at Amanda Bay (green triangle)
and the surrounding area. Satellite images obtained from https://earthdata.nasa.gov/labs/worldview/

(Wienecke and Robertson, 1997). Males leave the colonies in July/
August once the females return, and chick rearing occurs from mid-
July through December (Wienecke and Robertson, 1997). Chicks
fledge by ~7 December, after which the adults are at sea to prepare
for moulting, which starts mid-January (Wienecke and Robertson,
1997). During the spring/summer period, 20% of the emperor
penguin population remains at the colony and 80% forage at sea
from mid-October until approximately the 20 December.
Approximately 100% of the population is then at sea from 20
December to 22 January (Kooyman et al., 2000). From ~22 January
until mid-February, the Emperors are at their moulting sites
generally along the coastline (Kooyman et al., 2000, Wienecke,
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Kirkwood, and Robertson 2004). We used an average breeding
success of 69% based on studies at Taylor Glacier in the Mac.
Robertson Land area (Robertson et al., 2013).

We use published dates for key breeding phenology events such
as arrival, egg lay (incubation), chick hatch, chick creche, and
departure for their pre-moult hyperphagia to determine the ratio
and number of breeding penguins (i.e., breeding pairs x 2) present
in the colony or foraging at sea for each species (Table 1). The
number of chicks at a breeding sites was estimated from published
breeding success values applied to colony population size to allow
their inclusion in the production of guano. Dates and literature
sources are summarised in Table 1.
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Foraging area

We calculated the total area of the at sea foraging range of
Adélie and emperor penguins breeding across Prydz Bay. For the
Adelie penguins which have multiple breeding sites across this area,
we used the method developed by Critchley et al. (2018) and
Handley et al. (2021) for central-place foragers as a pragmatic
means of projecting at-sea foraging distribution when tracking data
are not available from every colony. The approach delineates the
foraging range for central-place foragers by a sector of a circle
extending from the breeding site location and with the extent
determined by a maximum foraging distance, a central foraging
direction, and a span of foraging directions to either side of the
central direction.

Adélie penguins foraging ranges were estimated for all local
breeding populations in Prydz Bay for the incubation (end
November to end December when the chicks hatched), guard
(end December to mid-January) and creche (mid-January to mid-
February) breeding stages based on the average maximum distances
for each foraging trip and direction data from a tracking study at
Hop Island (Kokubun et al.,, 2021). We assumed the same average
maximum distance and foraging direction applied to all local
populations based on results presented in Kokubun et al. (2021)
from a single breeding site (Hop Island) located centrally within the
study region. Because the projected foraging sectors of
neighbouring local populations can overlap, our estimate of the
total foraging area for the entire Prydz Bay population was
calculated such that overlapping foraging areas of neighbouring
local populations were only included once in the calculation. Hence,
our estimate of foraging area is the overall area expected for foraging
penguins across the entire study region.

Because Amanda Bay is the only emperor penguin colony
within Prydz Bay and fledgling penguins are not central-place
foragers, we estimated foraging area based on 75% minimum
convex polygons (MCP) of tracking data instead of applying the
Critchley et al. (2018) method. The 75% MCP is a simple measure of
the foraging range. Foraging location data for fledgling emperor
penguins were available from Amanda Bay, in Prydz Bay during
December, January, and February (Wienecke and Robertson, 2016).
As we did not have foraging location data for breeding emperor
penguins specifically from within Prydz Bay, at-sea foraging areas of
breeding emperor penguins were based on tracking data for adults
breeding at Auster Rookery, near Mawson Station during October,
December, and January (Wienecke et al., 2004; Wienecke and
Robertson, 1997).

Faecal sample collection and
laboratory analysis

Five millilitre low-density polyethylene (LDPE) nutrient tubes
were used for collecting and drying penguin guano specimens,
sample dilution, and analysis. New LDPE nutrient tubes were
soaked in 2% Decon 90 (Decon Laboratories) cleaning solution
for at least 7 days and soaked in 10% (v/v) hydrochloric acid (HCI,

Frontiers in Marine Science

10.3389/fmars.2024.1465847

Merck, Analytical grade 32%, Germany) for 4 weeks prior to use to
avoid contamination. Teflon perfluoroalkoxy (PFA) screw cap vials
(15 mL; Savillex Corp., USA) for use in sample digestion were
soaked in 50% (v/v) HCI for 1 week. Following all acid leaches,
materials were rinsed thoroughly (5 times) with ultra-high purity
water and left to dry in a high-efficiency particulate air system
(HEPA)-filtered Class 100 laminar flow bench.

Sample collection

Fresh penguin guano was carefully collected using new food
grade straws as tweezers to lift the sample into acid-cleaned 5-ml
LDPE tubes. Individual straws for each sample were used to ensure
there was no contamination between samples. The upper most
portion (excluding the outer membrane that had formed) of fresh
faecal samples were collected to minimise contamination with sea
ice or rock sediments. Likewise, any guano samples that were deeply
embedded in the ice were avoided as the guano sample was likely
impacted by iron from melting ice or snow. Antarctica is
predominantly ice covered, which greatly reduces access to
sources of dust, and circumpolar winds and currents isolate much
of the Southern Ocean from the other continents further north
(Wagener et al., 2008). Therefore, dust impact on penguin guano is
considered negligible. For the emperor penguins, we were unable to
determine whether the sample had come from an adult or a
fledgling. As the Adélie penguin guano samples were typically
accessible on land rather than ice at the time of collection, only
the upper part of the sample was collected to prevent contamination
of the sample from terrestrial material. It was possible to collect
samples for both adults and chicks for Adélie penguins. Guano
samples were frozen at —20°C until analysis. To avoid sample
disturbance and contamination, no underlying soil or bedrock
samples were collected from the rookeries.

Analysis of iron

Guano samples were dried at 60°C overnight to attain constant
weight. Digestion of 5-960 mg subsamples were performed in acid-
cleaned 15 ml Teflon (PFA) vials (Savillex, Minnetonka, MN, USA)
by adding 1 ml of concentrated nitric acid (HNO3) and 0.125 ml of
hydrogen peroxide (H,O,) (all Ultrapure, Seastar Baseline, Choice
Analytical). Samples were then heated at 125°C for 8 h on a Teflon-
coated digestion hotplate, housed in a bench-top fume hood
coupled with HEPA filters to ensure supply of clean air
(Digiprep, France). Use of hydrofluoric acid (HF) was
unnecessary as this method has been successfully used with prior
faecal samples to obtain the biogenic iron content in faecal material
(Ratnarajah et al., 2016). We note that penguins may occasionally
swallow stones, which are stored in the pyloric region of the gizzard
to aid in the mechanical breakdown of food (Baune et al., 2008), but
the effects of these stones on iron recycling are not considered in
this study since the combination of HNO; and H,O, is not expected
to digest the stones without an addition of HF.
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Identical procedures were applied to procedural blanks (1 = 3)
and to one certified reference material (CRM, BCR-414 plankton,
n = 3) to assess detection limit and digestion efficiency, respectively.
Prior to analysis, all samples, CRMs, and digest blanks were diluted
100-fold in 2% v:v HNOj; (Ultrapure, Seastar Baseline). Indium (In)
(High-Purity Standards, USA) was added to all samples at a final
concentration of 10 pug L' and used as an internal standard.
Representative subsamples (n = 4) from each analytical sequence
were also spiked with a multi-element solution (QCD Analysts,
MISA suite of solutions, final concentration of 10 ug L', Spring
Lake, USA) to monitor instrumental elemental recoveries in the
final sample matrices considered.

Four calibration standards with concentrations 0, 1, 5, and 10
ug L' were prepared by serial dilution from multi-element stock
solutions (QCD Analysts, MISA suite of solutions, Spring Lake,
USA). All analyses were conducted using sector field inductively
coupled plasma mass spectrometry (ICP-MS) (Thermo Fisher
ELEMENT 2, Bremen, Germany), following methods described in
Bowie et al. (2010) and Townsend (2000). This ICP-MS has three
pre-defined spectral resolutions available enabling isotopes to be
quantified with minimal spectral interferences. Iron was measured
using “medium” resolution mode (m/dm ~4,500). Average
procedural blanks were 0.4 + 0.1 pg L™ and limits of detection
(defined as 3 times the standard deviation of the blank) was 0.3 ug
L™" for iron. Certified reference material (BCR-414) recovery was
86% (BCR-414 Referenced value for iron were 1,850 + 190 mg kg '
and measured average (n = 3) were 1,588 + 46 mg kg'l). Multi-
element spike recoveries of iron in guano digests ranged between
94% and 105% (n = 4).

Statistical analysis

Type II analysis of variance (ANOVA) was used for unbalanced
data to determine if there were significant differences in iron
concentration between adult and chick Adélie penguins, and
between sites for sample collection and species. The iron
concentrations were log-transformed to meet the assumptions of
ANOVA. Statistical analysis was performed using R.

Flux calculation

The flux of iron was calculated as:

(Ny+ Mx [Fe]) + (%2 BS)x 0.5Mx [Fe])
A

Feﬂux =

where N, is the number of adult breeding individuals (i.e.,
breeding pairs x 2) and the number of chicks is calculated as the
number of breeding pairs multiplied by the breeding success (BS)
(Table 1), M is mass of guano released per day (84.5 g individual '
d! dry weight for adults, Qin et al., 2014, and we assume the value
is halved for chicks due to their smaller size), [Fe] is the species and
life stage-specific mean concentration of iron in guano (mg kg™),
and A is the area occupied (m?) whilst on land, ice or whilst
foraging at sea as described in the Study sites section (Table 2).
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We converted values of mean specific concentration of iron in
guano to umol kg™ to facilitate comparison with other published
flux estimates.

Results

Within-breeding season changes in
foraging area

The estimated areas for foraging ranges for the Adélie penguin
metapopulation across Prydz Bay were 86,061 km” during
incubation, 5,793 km? during guard, and 38,605 km? during the
créche periods. We assume that Amanda Bay adult emperor
penguins foraged over a similar area to Auster Rookery emperor

TABLE 2 Flux of iron from Adélie and emperor penguins breeding across
the Prydz Bay region based on their life stage and time spend at the
colony vs foraging at sea.

Source Dates At colony  At-sea flux
(umol
m~2 day™?)

Adelie Breeding adults

penguins

15 Oct-21 Nov 1,243 2x107°
(arrival and courtship)
22 Nov-25 Dec 634 4x107°
(incubation)
26 Dec-15 Jan 634 6x1072
(guard)
16 Jan-15 Feb 254 1x107°
(créche and post créche)
Chicks
25 Dec-15 Feb 285 n/a
Emperor Breeding adults
penguins
15 Oct-31 Oct 237 2x107
1 Nov-30 Nov 237 2x107*
1 Dec-22 Dec 237 7 %107
23 Dec-31 Dec n/a 9%x107°
1 Jan-22 Jan n/a 4x107*
23 Jan-15 Feb 1,184 n/a
Chicks
15 Oct-22 Dec 204 n/a
23 Dec-31 Dec n/a 6x107°
1 Jan-31 Jan n/a 3x107°
1 Feb-15 Feb n/a 5x10°°

For emperor penguins, the dates here differ to those in Table 1, because we have date specific
foraging ranges which we accounted for. For example, between 22 September and 20
December, 20% of the breeding adults are in the colony and 80% foraging at sea, but over
the same period, their foraging areas increases from 31,981 km® to 98,733 km®. Please see
Supplementary Material for details on flux calculations. n/a Indicates entire population is not
in the area, so the flux is not calculated.
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penguins due to lack of site-specific foraging data for adults during
summer at Amanda Bay. On this basis, we estimate their 75%
minimum convex polygon foraging areas to be 31,980 km* during
October, 98,733 km® during December, and 24,436 km® during
January (Wienecke and Robertson, 2016; Wienecke et al., 2004, and
Wienecke and Robertson, 1997). We assumed the area covered for
November where we lacked data to be the same as October. For
fledglings from Amanda Bay where observational data is available,
we estimated that they forage over 25,938 km* during December,
499,005 km?> during January, and 276,920 km? during the start of
February (Wienecke and Robertson, 2016).

Iron concentration in penguin faeces

Penguins release guano on land (Adélie), fast ice (Emperor),
and in the ocean (both). Iron concentrations in Adélie penguin
guano were 418 + 269 mg kg™" dry weight for adults (1 = 10) and
592 + 538 mg kg ' dry weight for chicks (n = 9) (Figure 3). The
concentration of iron in emperor penguin guano were 228 + 187 mg
kg™' dry weight for guano samples collected from Auster Rookery
(n = 6) and 351 + 236 mg kg' dry weight for guano samples
collected at Amanda Bay (n = 6) (Figure 3). We found no significant
difference between iron concentrations measured in the guano of
Adélie penguin adults and chicks (p = 0.8), between guano samples
collected from emperor penguins for the two locations (p = 0.3), or
between Adélie and emperor penguins (p = 0.1). As there was no
significant difference between species, life stage and location,

Adelie penguins
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pooling all the data results in an iron concentrations of 419 +
362 mg kg ' dry weight.

Iron flux for terrestrial and marine activity

Because there was no significant difference in iron
concentration in the guano, we extrapolated the results to the
entire Adélie penguin population in Prydz Bay. Whilst
neighbouring populations are likely to have overlapping foraging
ranges, the Critchley et al. (2018) method accounts for this, and by
calculating the common area used by the entire population, not the
sum of individual penguins’ ranges which if overlapping would
over-estimate the populations foraging range due to repeat counting
of range overlaps. The flux of iron supplied via penguin recycling
varies based on the breeding/foraging patterns (Tables 1, 2 and
Supplementary Material). The flux is greater at their colonies
compared to the ocean (Table 2), which is consistent with their
dense aggregations at their breeding colonies as opposed to their
widespread foraging range. Across the regional Adélie penguin
population of Prydz Bay, breeding Adélie penguins supplied
between 254 and 1,243 umol iron m™2 day™" at their colony and
0.002 and 0.06 umol iron m > d”"' whilst they are foraging. This is
supplemented by the guano from their chicks, which adds an
additional 285 umol iron m™> day™' at their colony. Note that
our flux calculations are from 15 October until the 15 February, but
chicks only release guano after they have hatched, which occurs
towards the end of December. Emperor penguins have a different

Emperor penguins

10001
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600

400

200

Chick Adult

FIGURE 3

Amanda Bay Auster i'ookery

Guano iron (Fe) concentrations for Adélie penguin chick (n = 9) and adult (n = 10) and emperor penguin from Amanda Bay (n = 6) and Auster
Rookery (n = 6) (mg kg™?). Thick black horizontal line indicates median value. All points outside of the box and whiskers are outliers (1.5x below the

1st quartile or 1.5x above the third quartile).
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life cycle and, over the same period, the breeding population from
Amanda Bay supplies between 237 and 1,184 umol iron m™2 day ™"
when at their fast ice colonies compared to 7 x 107 to 4 x 107*
umol iron m~> day ' when foraging at sea. Emperor penguin chicks
contribute towards the guano iron pool over the entire period as
well and therefore supplement an additional 204 umol iron m>
day " when at their fast ice colonies and 3 x 10° to 6 x 10> umol

iron m~* day ' when foraging at sea.

Discussion

How does penguin guano compare to
other recycled sources of iron in
the region?

When compared to other biological iron sources, Adélie and
emperor penguin guano from this study (419 + 362 mgkg ', n = 31)
are higher that what is observed for Yellow eyed penguin (140 + 28
mg kg ™!, Wing et al., 2017), Southern royal albatross (158 + 42 mg
kg™, Wing et al., 2017) and whale faecal material (ranging from 64
to 237 mg kg™ ' depending on species, Nicol et al., 2010).
Interestingly, Chinstrap penguin guano from Deception Island
had iron concentrations 6 times higher (3,020 + 1,455 mg kg_l,
Belyaev et al,, 2023) compared to what was observed in this study.
Whilst Chinstrap penguins also feed on Antarctic krill, there is an
active submarine volcano in Deception Island. Antarctic krill can
feed at the seabed (Clarke and Tyler, 2008; Schmidt et al., 2011), and
iron concentration in the fifth abdominal segment (krill muscle)
alone of Antarctic krill from Deception Island were significantly
higher (140 + 20 mg kg ™', Deheyn et al., 2005) compared to whole
krill (19 +7 mgkg ™", 10 + 3 mgkg ™', 18 + 12 mgkg ™' depending on
year, Ratnarajah et al, 2016) or krill muscle (5 + 1 mg kg™,
Ratnarajah et al., 2016) from Prydz Bay. This suggest that
geothermally sourced iron is transferred up the food chain and
can be recycled through the biology (i.e., both Antarctic krill and
penguins), leading to greater recycling of iron in iron-rich hotspots.

Iron in guano considered in this study was also comparatively
lower than that measured for brown skua guano (6,577 + 1,309 mg
kg_', Wing et al., 2017), Southern giant petrel (2,343 + 501 mg kg_l,
Wing et al., 2017), Auckland Island shag (2,254 + 1,301 mg kgfl,
Wing et al., 2017) and Antarctic krill faecal pellets (25,245 + 36,577
mg kgfl, Schmidt et al., 2016; Ratnarajah et al.,, 2016) (Figure 4).
The higher iron concentration noted for brown skua guano may
arise due to their feeding on burrowing petrels and Antarctic fur
seal (Anderson et al., 2008), whilst the higher, and highly variable,
iron content in Antarctic krill faecal pellets may result from their
feeding at the seabed and/or the surface (Schmidt et al., 2011, 2016;
Ratnarajah et al., 2016).

Are penguins a source of recycled iron to
Southern Ocean surface seawaters?

In large areas of the Southern Ocean, dissolved iron
concentration in surface seawater is typically less than 0.5 nmol
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L™" which limits phytoplankton production (Tagliabue et al., 2012).
The high iron concentration in penguin guano suggests that they
are a source of recycled iron. Using the average iron concentration
in penguin guano (419 mg kg™'), and excretion of guano per day
(84.5 g individual ' day ™' dry weight, Qin et al., 2014), the entire
breeding population of emperor penguins at Amanda Bay and
Adélie penguins within Prydz Bay (1,115,778 individuals) can
mobilise the redistribution of up to 39 kg of iron per day.
However, penguins reside on land or ice and forage in the open
ocean, thus the flux of iron released is dependent on their location
(e.g., on fast ice versus land), timing within a breeding season (e.g.,
penguin breeding or feeding season and timing of ice melt), seabird
abundance, and the extent of the inhabited/foraging area.
Consequently, to determine the relative contribution of penguins
to the cycling of iron, we calculated the daily flux of iron from
penguins accounting for their different breeding patterns (Table 1).

For breeding Adélie penguins, at the start of spring/summer, 98%
of penguins are in their colonies whilst 2% are foraging at
sea (Table 1). Over this period, Adélie penguins contribute 1,243
umol iron m 2 day’1 in their colonies (Table 2). Over the incubation
and guard period, 50% of the population are at the colonies and
50% are at sea, but during the guard period, their foraging
extent decreases. Consequently, whilst their flux at the colonies
remains the same for both periods (634 pmol iron m™ day™’,
Table 2), their flux during foraging increases ~13 times (from 0.005
to 0.06 pmol iron m* day ', Table 2). During the créche and post
créche periods, 20% of the population are at the colonies and 80% are
at sea. Despite most of Adélie penguins foraging at sea over this period,
they contribute only 0.01 pmol iron m™> day_1 (Table 2) because the
881,693 individuals cover a large foraging range of 38,605 km®.

Emperor penguins have a different life cycle compared to Adelie
penguins, therefore by the start of the flux calculation period
(15 Oct), only 20% are at their fast ice colonies and 80% are
foraging at sea as it is their post creche period (Table 1). Over this
period, the population remaining at the fast ice colonies contribute
237 umol iron m™? da)f1 (Table 2) whilst those at sea contribute
between 9 x 107> and 2 x 10~* umol iron m™* day ", as their foraging
ranges increase over time (Table 2 and Supplementary Material).
The entire chick population is at the colony, and this adds a
contribution of 204 umol iron m™> day™'. During the pre-moult
hyperphagia, the entire breeding population is at sea, and this
coincides with the chicks fledgling, so 100% of the breeding adults
and chicks are at sea. The breeding adults add between 9 x 10> and
4 x 107* umol iron m? day™' as their foraging ranges changes
between these months. Similarly, the chicks contribute between
3 x 107® and 6 x 10~> umol iron m> day ™', also due to changing
foraging ranges.

Penguins redistribute a large fraction of iron onto their colonies
(237-1,243 umol m™* day™"). Because emperor penguins inhabit
fast ice, ultimately the large flux of iron deposited within the
colonies enters the seawater in spring/summer depending on the
melt rate of sea ice (Figures 2B, C, 5). Fast ice melts from November
to February and emperor penguins begin re-colonising the fast ice
as it forms again (Figure 2B). In contrast, Adélie penguin guano on
land accumulates at their nesting sites on the island and in the
vicinity of their breeding ground and can only enter the seawater via
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meltwater (from above the colonies that wash the guano into the
water), and/or strong katabatic winds that could blow the guano
into the ocean. However, the accumulation of guano visible on Hop
Island and at other Adélie penguin colonies suggests that the large
amount of guano deposited whilst Adélie penguins are on land may
largely remain there.

Whilst foraging at sea, the flux of iron from penguin guano is
comparable to flux from dust deposition (0.00027-0.09 pmol m™>
dayfl, Duce and Tindale, 1991; Lefévre and Watson, 1999; Edwards
and Sedwick, 2001; Bowie et al.,, 2001; Edwards et al., 2006;
Lannuzel et al., 2007; Bowie et al,, 2009, 2015) but is minor in
comparison to other sources of iron in the region. Compared to
another biological source, the flux of iron from Antarctic krill can be
over an order of magnitude higher (0.006-0.076 umol m™> day ™",
Schmidt et al., 2011). Various other physical sources dominate the
supply of iron in different regions of the Southern Ocean. For
example, in the Atlantic sector, the horizontal flux (advection and
diffusion) is an important source of iron but decreases with
increasing distance from the shelf break (1-1,375 pmol m2
day™!, deJong et al, 2012). Other studies demonstrate that
horizontal flux is lower, such as in the northeast of the tip of the
Antarctic Peninsula (1.8 umol m dayfl, Dulaiova et al., 2009) and
at Crozet Islands (0.39 pmol m2 dayfl, Charette et al., 2007;
Planquette et al., 2007). Lateral dissolved iron fluxes from
sediments also represent an important supply with estimates as
high as 136 pwmol m™> day ' in the Kerguelen Island shelf
(Blain et al., 2008) and lower estimates of 1.3-15.5 and 0.028-8.2
umol m™? day*1 in the Atlantic sector (deJong et al., 2012) and in
the Ross Sea (Marsay et al., 2014), respectively. Other important
sources of iron include vertical upward advective/diffusive supply
(0.001-5.1 umol m™2 day', deJong et al, 2012; Tagliabue et al,

2014; Schine et al., 2021), hydrothermal input (up to 1 umol m™>

day ™!, Tagliabue et al., 2010), melting icebergs (0.1-1 pmol m™>
dayfl, Arrigo et al., 2008; Shaw et al,, 2011), and melting sea ice
(0.03-1.5 umol m 2 dayfl, Croot et al., 2004; Lannuzel et al.,
2007, 2008).

It should be noted that our flux calculations are conservative
estimates. At present, there are no counts on the number of non-
breeding pairs, which also feed and release iron-rich guano. Based
on estimates for Adélie penguin populations, this could nearly
double the overall population size (Southwell et al., 2017); hence,
the flux of iron on land and at sea could double. Our estimates can
also be improved by taking a finer resolution of the foraging range
within a breeding season; for example, although we take account of
differences between different life history stages (i.e., during the
guard stage, the Adélie penguin forages relatively close to their
breeding colonies (typically within 20 km) compared with the 400
km during their incubation foraging trips, Clarke et al., 2006),
within these breeding stages, the penguins may concentrate guano
within localised areas as they leave and return from their colonies.
Moreover, we use the broader summer foraging area, which is
dependent on sea-ice extent (i.e., foraging area is smaller earlier in
the season compared to later in the season) and assume that
penguin guano production (84.5 g individual ' day™' dry weight,
Qin et al,, 2014) is the same for emperor and Adélie penguins when
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it is highly possible that they may have different guano production
rates (Burger et al., 1978).

Future studies: key uncertainties in the
bioavailability of guano-derived iron

Our study demonstrates that penguin guano contains high iron
concentrations (Figure 4), with a large flux being deposited at their
colonies that requires mechanisms for entry into the seawater.
Melting ice can wash the high flux of iron deposited in the
colonies into the coastline (Figure 5). In contrast, their
contribution directly into seawater during their foraging period is
somewhat negligible (Table 2), because the penguins cover a very
large foraging area. In a separate incubation experiment, the
addition of iron from penguin guano to phytoplankton
communities from sub-tropical, sub-Antarctic islands, and sub-
Antarctic water masses resulted in an increase in phytoplankton
biomass and shifted the community structure to more large-celled
species (Shatova et al, 2017). Taken together, this suggests that
penguin guano may be an additional source of iron along the
marginal ice zone that could stimulate phytoplankton production
over the spring/summer period alongside the other sources of iron
in the region. However, many questions remain on the
bioavailability of guano-derived iron which should be addressed
in future studies to gain a holistic view of iron recycling in
the region.

Despite its liquid-like consistency, guano is denser than
seawater and as such may sink below the mixed layer relatively
quickly. Although the sinking rate of guano is unknown,
solubilisation, bacterial remineralisation and complexation by
organic ligands could sustain guano-derived iron in the upper
ocean. Experiments carried out on dust and whale faecal material,
leached with seawater showed that iron leached is transferred from
the particulate into the dissolved phase as it remained in contact
with seawater over time (Ratnarajah et al., 2017; Perron et al., 2020).
In parallel, guano can also be remineralised by the bacterial
community similar to fast-sinking zooplankton faecal pellets
and contribute to the recycling of iron in the upper ocean (Bowie
et al,, 2015) and/or complexed by organic ligands that make iron
more bioavailable for uptake by phytoplankton. It is unclear if
penguin guano contains organic ligands or is reliant on organic
ligands present in seawater and/or sea ice. Antarctic sea ice contains
some of the highest concentrations of organic ligands ever recorded
in the marine environment that could bind with guano-derived iron
(4.5-72 nmol L' iron-binding ligands in sea ice, Lannuzel
et al., 2015).

In summary, Antarctic sea ice has been shown to incorporate
iron at levels up to two orders of magnitude higher than the water
column below (Lannuzel et al., 2015). Most of the iron found in sea
ice is incorporated from seawater below, not from the top. Iron is
not able to percolate into the sea ice cover (whether it is dust or
guano) when it forms, because the typically low permeability of the
ice in winter does not allow the brine pockets/channels to connect
and allow the transfer of iron from the surface to deeper layers
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FIGURE 4
Average iron (Fe) concentrations (as log values) and standard deviation in Adélie (adult and chick) and emperor [from Auster Rookery (AR) and

Amanda Bay (AB)] penguin guano from this study (black triangle) compared to faecal material from other biological sources (blue icons) in the
Southern Ocean. Blue triangles denote other Southern Ocean seabirds such as Brown skua, Southern giant petrel, Auckland Island shag, black-
backed gull, yellow eyed penguin, and Southern royal albatross (Wing et al., 2017; Belyaev et al., 2023). Blue asterisk represents iron concentration
for Antarctic krill (Ratnarajah et al,, 2016. Schmidt et al,, 2016). Blue diamonds denote Pygmy blue whale, blue whale, fin whale, and humpback whale

from the Southern Ocean (Nicol et al., 2010).

(Lannuzel et al., 2016). Penguin guano is primarily released directly ~ (Figure 2). The timing of guano-iron input is ideal, as it occurs
into seawater during their foraging trips or washed and diluted into ~ when phytoplankton are not inhibited by light availability. Penguin
seawater during sea ice melt. Therefore, the guano enters the  guano may remain in the surface waters for longer time periods
seawater during a period of ice melt rather than formation aided by solubilisation, remineralisation, and complexation by

e e e -

FIGURE 5
Image showing plume of guano and mud flowing into the Antarctic coastline from Adélie penguin colony [credit: L. Emmerson]. Red arrow

indicates plume.
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organic ligands in the water column as discussed above and
incorporated into sea ice as it reforms.

Conclusion

Penguins are unique in that their contribution to nutrient
recycling occurs both in their breeding colonies (land and ice)
and in the ocean, and this is dependent on their breeding and
foraging cycles. Our study finds that penguins redistribute a large
flux of iron onto their colonies. Iron redistributed on fast ice by
emperor penguins enters the ocean as the ice melts over the spring/
summer season. However, iron redistributed on land by Adélie
penguins largely remains at the site, as can be seen from satellite
imagery. Because of the much larger foraging area they occupy, the
flux of iron supplied during their foraging periods at sea is negligible
compared to other iron sources in the region but may be
concentrated where penguins access their breeding sites. Further
studies should address the bioavailability of penguin guano,
particularly the local importance around the marginal ice zone
where seawater iron levels are generally low, and a large flux of iron
is deposited daily by emperor penguins.
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