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Abstract

The vertical profiles of nitrate and iron concehtmas in the open ocean are
characterized by sharp increases (nitracline amtliae) beneath the sunlit euphotic
zone. However, the ferricline in the Pacific Océaaoften displaced 10’s to more than
100 meters below the nitracline, presenting a bata iron acquisition. We have
observed physiological indicators of photosynthstatus in rising and sinking
phytoplankton that are consistent with phytoplanktertical migration through this
displacement barrier in order to acquire iron. adidition, the nitrate above the ferricline
represents a nutrient stock that could potent@diytribute to a stronger biological pump

that lowers atmospheric G@uring glacial periods with higher iron inputs.



1. Introduction

Surface ocean iron concentrations are insuffidiersustain high phytoplankton
growth rates in some 40% of the ocean akaofe et al., 2004]. Open ocean iron
fertilization experiments have demonstrated unaodugly that addition of iron to these
systems results in increased phytoplankton groatidsrand biomass accumulation
[Coaleet al., 2004]. Given the linkage between iron and biomassiaxedation,
pathways for iron transport into the upper oceastrba understood to assess the
processes that regulate marine ecosystems andelirAarosol fluxes dominate inputs
in most regionsHung et al., 2000;Archer et al., 2000], but they are highly episodic and
most flux occurs during a few months of the ydamde and Tindale, 1991]. Time series
observations of dissolved iron at the sea surfadeate that the dissolved iron residence
time is much less than one year and the aerosodioes not remain in the system
[Johnson et al., 2003;Boyle et al., 2005]. Therefore, upward transport of iron beesm
an important iron source during much of the yedh\wiw aerosol inputs.

A distinctive feature of vertical iron distributie at most locations in the Pacific
Ocean is the presence of a ferricline at depthmb#te nitracline (Fig. 1). The vertical
separation of the ferricline from the nitraclindasind in all of the High Nitrate, Low
Chlorophyll (HNLC) regions of the ocean becauséasriron is depleted, but nitrate is
not. Itis also a common feature in much of thethland South Pacific Ocean gyres
[Johnson et al., 1997b], except near Hawaii where the fractioirar that dissolves from
aerosol is highJohnson et al., 2003;Boyle et al., 2005].

The separation between the nitracline and fenicis absent from any of the three-

dimensional, biogeochemical models that we havenexad. Although this separation



was observed at four different locations (Fig.thg predicted iron and nitrate profiles at
these locations provided for the Los Alamos/UMdiaeChai, pers. comm.), Princeton
(J. Dunne and J. Sarmiento, pers. comm.), MIT (Mlows, pers. comm.), UC Irvine (J.
K. Moore, pers. comm.), and NASA/Goddard (W. Grgmgys. comm.) models place the
ferricline at or above the nitracline, rather thehow. This implies that the separation
does not result from physical processes such atustibn of high nitrate, low iron
waters at high latitude and then lateral transpbttis chemical signature into the
thermocline of the central gyres. Instead, it nmastlt from biological processes not
included in models.

Large diatoms, such &hmodiscusrex [Villareal, 1999] and members of the
generaRhizosolenia [Villareal et al., 1999] can migrate below the euphotic zone to
acquire nitrate. An earlier attempt was madessess whether vertical migration may
also supply iron by measuring the ferridoxin/flagguh ratio in rising and sinking
Rhizosolenia sp. mats McKay et al., 2000]. The results were inconclusive because no
change in flavodoxin was seen, even Vithzosolenia cells incubated in the presence of
high iron concentrations. We examined the paaéidr vertical migration of large
phytoplankton into high iron waters below the feline to supply iron during the Fe
Vertical Transport (FEVER) cruise on the Researeksél Western Flyer from October

17 to 28, 2005.

2. Methods
Dissolved iron (0.2 um filter) was measured atisesamples acidified to pH 3 and

on shore in the same samples after acidificatiqrHd..8 for one month using techniques



for sample collection and analysis that were dbsdrpreviouslyJohnson et al., 2003].
Samples for iron analysis were collected with a&tiessampler and 2.5 |, external closure
bottles modified for trace metal samplinipiinson et al., 2003]. Chlorophyll was
determined by filtering one liter of seawater owbatman GFF filters and extracting in
cold acetone for one day before fluorometric analyslitrate concentrations were
determined in discrete samples using an Alpkem R&&mated analyzer and with in
situ sensorsJphnson and Coletti, 2002].

The effects of vertical migration were studied bylecting phytoplankton in 7.6
liter polycarbonate sample containers with coniocpk and bottoms that were deployed
on the Remotely Operated Vehicle Tiburon (Auxilidgterial, Fig. 1). Assuming that
phytoplankton vertical migration contributes sigrantly to chemical transport, then
phytoplankton vertical velocities must be great@mntseveral 10’s of meters per day to
translocate from the euphotic zone to depths resfetrricline and back in a reasonable
time. At these velocities, the rising populatidritee captured cells should aggregate in
the top cone of the sampler, while the sinkingscate likely to be found in the bottom
cone within an hour. To allow for such separattbe, samplers were held in a cold room
at 14°C, near ambient temperature, for one holoiahg each ROV dive, in addition to
one to two hours that had elapsed after samplsuctowhile the ROV was in the water.
Two to ten paired samples (2 to 250 ml) were théhdsawn from the top and bottom
cones by slowly displacing the distal volumes vtk pum filtered surface seawater
through a fitting at the middle of each sampler.

Variable fluorescence parameteikolber et al., 1994;Behrenfeld et al., 1996]

were measured on samples from the top and bottowsoaf the ROV sampler and from



hydrocast samples. Unfiltered samples were andlgneall ROV dives. In addition,
samples were size fractionated in some experinveitiiss pum filters (Poretics) on two
ROV dives and 10 um filters on three ROV diveshe Benchtop fast repetition rate
(FRR) fluorometer used to determine variable flsoemce was a new design with
enhanced sensitivity. The variable fluorescemngeas was readily detected at
chlorophyll concentrations near 0.03 [Tgtypical of the 170 m samples. All FRR
measurements were corrected for blank values ssingler water, sequentially filtered
with Whatman GFF filters and then with Millipore&2Qum filters. Small amounts of iron
contamination have negligible impact on variablefescence over the short time period
from sample collection to analysis. The conicaMNR€&amplers were acid cleaned and
verified to have only low levels of iron contamiiat (typically <0.1 nM above ambient)
by measuring samples from each depth on each R@/ dsamples were also
withdrawn from the ROV samplers for phytoplankt@t counts by epifluorescence

microscopy.

3. Results and Discussion

The FEVER station was located 800 km (34°N, 1298#/}he California coast
in highly oligotrophic waters. Estimated annuat@age primary production rates
determined from satellite sensatghis location (508 mg C fnd™* mean value from July
2002 to July 2005) are similar to Station ALOHAeg tHawaii Ocean Time series site

(484 mg C it d%) (data downloaded &ttp://oceanwatch.pfeg.noaa.gpviThe

nitracline was found at depths ranging from 110206 m. (Fig. 2a). The ferricline was

found near 160 m (Fig. 2b), about 45 m below thadiine.



The chlorophyll maximum is present at 90 to 100epttd (Fig. 2c), well below
the wind mixed layer, which extends to 45 m depily.(2d). The 1% light level,
determined with a PAR sensor on the sampling reseticurred near 95 m depth (shown
as a dashed line in Fig. 2c). The ferricline Wedl below this light level or the
community compensation irradiance value of 1.3 phatons rif d* [Segel et al., 2002]
at 70 m depth. Twenty percent of the extractablerophyll (Fig. 2c) and ten percent of
the biomass estimated from the light attenuatignadiin the upper 200 m (not shown)
were found below the nitracline. The high chlorglpto biomass ratio is indicative of a
shade adapted phytoplankton community below thracalibe, rather than grazed and
degraded material sinking to the bottom.

Samples were collected with the ROV at 100, 120,dd 170 m to assess
phytoplankton vertical migration to acquire ironhese depths were selected to be above
the nitracline, near the nitracline, near the &dime and below the ferricline. The paired
sets of samples from the top (rising cells) anddmot(sinking cells) cones of the ROV
samplers were analyzed by Fast Repetition Rate JR&ometry. Open ocean iron
fertilization experiments demonstrate unambiguotishy variable fluorescence
parameters of phytoplankton, which are detecteBRIR, respond to iron acquisition
[Kolber et al., 1994;Behrenfeld et al., 1996]. The mean photochemical quantum
efficiency of photosynthesis (variable fluoresceRgdivided by maximal fluorescence
Fm) in unfractionated samples collected during eleR@V dives at 100 m, a depth
above the ferricline and nitracline, was 0.58 fsing cells (Fig. 3a). This value is near
the theoretical maximum value of 0.6 to 0.7 for folsgnthesis, indicative of nutrient

replete phytoplanktorKolber et al., 1994]. The cells from the bottom cone of the



samplers have significantly (P<0.001, t-test) lowgF, values (0.51), more indicative
of iron stress. At greater depths, the differeindg/F, becomes smaller and below the
ferricline there was no difference between celisrfithe top and bottom cones (Fig. 3a).

The difference between quantum efficiency of phgttisesis in rising and
sinking cells is indicative of vertical migratioly photosynthetically-stressed cells to
acquire iron. Vertical migration over distanced 6fs of meters is generally thought to
be possible only for large phytoplankton. Varefliorescence in size-fractionated
samples was measured to examine this mechanishefurThe large (>5 or 10 pm) cells
appear to be iron stressed with mean values/6f,K~0.46) that are significantly
(P<0.001) lower than in the small cells at deptheva 170 m (Fig. 3b). Small cells
appear to be iron replete with/F, values near 0.6 at depths above 170 m. Similar
patterns of iron stress were observed over theevbgbhotic zone, with large cells
generally displaying about 30% loweyIi, than the small ones, which indicates the iron
is not coming from above. This result is consisteith the “Ecumenical Hypothesis”,
which suggests that small cells can adapt moretefédy to iron stress as they are more
efficient at acquiring ironNlorel et al., 1991].

The large, iron-limited cells must have an altegrsitategy for iron acquisition.
The capability of the large cells to migrate downivh0’s of meters and acquire iron is
demonstrated by comparing thgHz, values in large cells collected from the top and
bottom cones of the ROV sampler (Fig. 3c). Thé&iamcells at depths above the
ferricline (100 and 120 m) have significantly (PF8®and P<0.001) lowerf~, values

than do the rising cells. There is no significdifterence at or below the ferricline.



Large cells, which are rising above the ferriclimere more iron replete and must have
acquired iron earlier in their transit.

Epifluorescence microscopy showed that the larfie aee primarily the pennate
diatomsFragilariopsis doliolus, Pseudonitzschia sp., Thallasiothrix sp., and
Thallasionema sp. (in order of contribution to total cell carbon, ith was estimated
from cell size and published conversion factorscidl volume to carbon). The total
number of large diatom cells per liter is small@rof 500 to 1000) and the diatoms
contribute about 10% of the total cellular carb@hich is dominated by <5 um cells.
There are no statistically significant (P>0.05¥aliénces in numbers of rising and
sinking diatom cells (Fig. 4), indicating that tees an approximate balance in flux of
cells through the water column.

The 40 m offset in the ferricline below the nitiael implies a substantial vertical
migration would be required to obtain iron. Laldorg measurements of phytoplankton
sinking rates seldom exceed a few meters per dayrdn deficiency clearly increases
sinking rates in diatom$/uggli et al., 1996;Waite and Nodder, 2001]. Further, in situ
observations of phytoplankton sinking rates candyg high, on the order of 100’s of
meters per daydiTullio et al., 2000]. Iron-limited diatoms in the ocean inceediseir
Si:NO; uptake ratio, forming additional ballagtitchins and Bruland, 1998]. Sinking in
iron-fertilized, experimental patches occurs vesgrsafter the onset of iron limitation
[Boyd et al., 2005]. These observations suggest that rapicedésa the ferricline by
iron-limited diatoms is feasible, but leaves opes question of how buoyancy is
restored. Perhaps diatoms possess a capabilitiefballasting silica, which accounts for

the large (~60%), but variable (10 to 100%), fractd biogenic silica production that



dissolves near the base of the euphotic zBagdneau et al., 2000]. This capability
may be related to the ability of the enzyme carbamhydrase to use diatom silica as a
proton donor Milligan and Morel, 2002].

Recently, attention has been focused on nutrieckstin thermocline waters of
the low latitude ocean as a major control on pnnpmoduction farmiento et al., 2004;
Palter et al., 2005]. Our results suggest an additional mechafos control of ocean
productivity by thermocline nutrients. If iron coentrations increased during glacial
periods, then much of the nitrate that now liesvalibe ferricline in the Pacific would
also become accessible during vertical migratidiis presumes that vertical migration,
which now transports some nitradljareal et al., 1999], would become more efficient
when the low iron condition at the nitracline ifeeed. Thick deposits of the vertical
migrating diatonE. rex, which were present in net tows at the FEVER @tatare found
in deep-sea sediment cores during glacial periBdsefker et al., 2000]. These deposits
demonstrate that vertical migration can become raffirgient in glacial periods. Large
diatoms from the nutricline region are responsibtenuch of the annual carbon export

[Kemp et al., 2000].
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Figure Legends

Figure 1. Vertical profiles of dissolved irom)(@and nitrate ¢). Horizontal
arrows show locations of the ferricline (solid jrand nitracline (dashed line). a Iron,
nitrate in the Northeast Pacific (34°N, 128.5°%hnson et al., 2003). b Iron, nitrate in
the tropical North Pacific (15°N, 140°Wohnson et al., 1997a). c Iron, nitrate in the
tropical South Pacific (12°S, 145°\@hnson et al., 1997a). d Iron, nitrate in the Pacific
sector of the Southern Ocean (61°S, 17086&le et al., 2005). Southern Ocean
samples are from January, while the diamonds ielphare nitrate for November and
show the depth extent over which nitrate is draawrlin the Southern Ocean summer

bloom, relative to the depth of the ferricline.

Figure 2. Vertical profiles of chemical, physieald biological properties at the
FEVER Station (34°N, 129°W). a, Nitrate determimgith an In Situ Ultraviolet
Spectrophotometer (solid line) and in discrete damgollected in Niskin bottles (solid
circles). b, Dissolved (0.2 um filter) iron contrertions determined on board ship in
samples at pH 3 (open squares) and after one nabiptd 1.8 (solid circles). Each
symbol represents the mean value from three driferertical profiles collected on
separate days. Error bars are the 90% confidenis for the mean. c, Chlorophyll
concentration in filtered (GFF) samples determibg@xtraction in cold acetone (solid
circles). The chlorophyll fluorescence signal framin situ fluorometer (solid line) was
scaled to fit the extracted values. Dashed hot&dime is the 1% light level. d,

Temperature determined in situ.
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Figure 3. Photochemical quantum efficiency oftpkgnthesis (F#F) versus
depth in samples collected by ROV. a, Unfiltesadhples collected from the tap)(@nd
bottom (1) cones of the ROV sampler. Symbols indicateptiesumed direction that the
phytoplankton were migrating. b, Mean valuessi@mmples from size fractionation
experiments: large fractio®)and small fractiond). c, Mean values for the large size
fraction collected from the to\J and bottom[{l) cones of the ROV sampler. All error
bars are 95% confidence limits for the mean. rtlicates differences in mean values

with P<0.01, * indicates difference with P<0.05.

Figure 4. Abundance of large (>5 um) diatom cellhe top A) and bottom ()

cones of the ROV sampler. Error bars are 90% denfie intervals.
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Figure 3
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Figure 4
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Auxiliary Material, Figure 1

ROV actuated sampler used to separate rising akehgicells shown in the
closed and open positions. The sampler is cortetitfoom polycarbonate and has an
internal diameter of 16.3 cm. The middle sect®B80.5 cm long and the cones are 9.2

cm in height. The samplers are closed using hyidraatuators on the ROV Tiburon.
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