Di erences between mono-generic and mixed diatom
silicon isotope compositions trace present and past
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1. INTRODUCTION

The silicon (Si) isotope composition (6°°Si) of diatom
frustules is used to reconstruct silicic acid (Si(OH),) utilisa-
tion in ocean surface waters in order to better understand
the biogeochemical cycling of nutrients and their relation-
ship to the extent of primary productivity (PP). In regions
dominated by diatoms, e.g. the Southern Ocean, the North
Pacific and coastal upwelling areas, PP is ultimately regu-
lated by Si(OH), availability (e.g. Lisitzin, 1971) with large
areas of the Southern Ocean also limited by iron availabil-
ity. Given that diatoms preferentially incorporate the
lighter isotopes (*2Si and 2°Si relative to 3°Si) when utilising
Si(OH), for mineralization of their opaline frustules (De La
Rocha et al., 1997), both the residual Si(OH), in surface
waters and the diatom opal produced from these waters
become progressively enriched in the heavier isotopes with
increasing Si(OH), utilisation (Douthitt, 1982; De La
Rocha et al., 1997).

Studies of the modern ocean have contributed to the
understanding of the relationship between §%°Si of biogenic
opal (bSiO,) and Si(OH), in the context of utilisation, rem-
ineralization and dissolution (Varela et al., 2004; Cardinal
et al.,, 2005, 2007; Beucher et al., 2008; Fripiat et al.,
2011; Egan et al., 2012; Ehlert et al., 2012; Xiong et al.,
2015). These studies are the basis for the use of silicon iso-
topes from bSiO, in sediments to reconstruct past changes
in Si(OH), utilisation (De La Rocha et al., 1998; Beucher
et al., 2007; Reynolds et al., 2008; Pichevin et al., 2009;
Ellwood et al., 2010; Maier et al., 2013; Ehlert et al.,
2013). Core-top calibrations of diatom §°°Si show that
the sedimentary signal reflects the cumulative seasonal
drawdown of Si(OH), but can be significantly biased by
siliceous components other than diatoms (Egan et al.,
2012; Ehlert et al., 2012). Moreover, Sutton et al. (2013)
reported species-specific Si isotope enrichment factors for
several marine diatoms species, which had previously been
assumed to be species independent (De La Rocha et al.,
1997). Therefore, changes in the dominance of di erent dia-
tom species on seasonal to geological timescales may sub-
stantially influence the reconstructed Si isotope
composition of diatom opal in the paleo record and thus
the reconstruction of Si(OH), utilisation. The potential
e ects of diatom species-specific Si isotope fractionation
thus require a comparison of the 5°°Si signal with shifts
in the diatom assemblages in the sedimentary record, in
addition to more detailed analyses of modern seasonal vari-
ations of the 5°°Si of Si(OH), in the surface waters and par-
ticulate (diatom) opal in the water column (e.g. Cao et al.,
2012).

For the present-day Southern Ocean water column
Cardinal et al. (2007) reported Si isotopic signatures of dia-
toms to be unrelated to particle size (i.e. >0.4 um, 20-70 pm
and >70 um). This has so far been supported by records of
past 0°°Si signatures from the North Pacific (Maier et al.,
2013) and Eastern Equatorial Pacific (Ehlert et al., 2013).
However, in a case study of the Peruvian coastal upwelling
area Ehlert et al. (2012) compared the present-day Si iso-
tope compositions of dissolved Si(OH), in the water col-
umn (6*%Sisions) with that of diatoms in the underlying

surface sediments of the shelf. Their first comparison of
Si isotope compositions of mixed diatom species (5*°Sipsioz;
11-32 um) and handpicked mono-generic diatoms
(@



Hebbeln, 2003). The PP successional stages generally follow
four steps (Jones et al., 1983; Maclsaac et al., 1985; Hansen
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and thus vary depending on the di erent seasonal environ-
mental conditions (Rojas de Mendiola, 1981; Kemp et al.,
2000).



funded by the German Science Foundation (DFG). Surface
sediment samples were collected with a multicorer (MUC)
and only the uppermost cm was used for sample prepara-
tion. Particulate organic carbon (Cgrg) and bSiO, concen-
trations of the surface sediments were published
previously by Mollier-Vogel et al. (2012) and Ehlert et al.
(2012) (Supplementary Material, Table S1 and Fig. S1).

Core 003-2 consists of dark olive grey sediments, interca-
lated with dark greyish to pale yellow laminated intervals.
Although smaller slumps and indications of bioturbation
can be observed, the sediment record covers the past
17,700 years without major disturbances or hiatuses. The
downcore Cqry concentrations were measured by Mollier-
Vogel (2012). The age model, previously established by
Mollier-Vogel (2012) was improved by six additional AMS
14C dates measured on the organic fraction soluble in weak
sulphuric acid. All measurements were performed at the
Leibniz Laboratory for Isotope Research and Dating at the
University of Kiel. The 17 AMS **C results were converted
into calendar years using the program CLAM2.2 (Blaauw,
2010), the Marinel3 calibration curve (
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or vegetative cells of G .. gy 44 SPP. due to the sample
processing (e.g. sieving and gentle ultrasonication). This
results in overall lower abundances of upwelling species
(Goes mpe 4. RS) between 5% and 25% with only 5-10%
during the deglaciation and up to 25% during the Holocene

at 11ka, 6ka and 2ka BP (Supplementary Material,
Fig. S5). The total diatom abundance remains generally
low (20-100 10°valves/g) during the deglaciation but
shows a broad peak centred around 13ka
( 200 10°valves/g). During the Early (11.7-8.2 ka BP)



and Mid Holocene (8.2-4 ka BP) non-upwelling species
were less abundant, accounting for less than 40% of the



Table 3

Downcore abundance of diatom species and groups over time for core M77/2-003-2 as well as the calculated values for ¢_ . ¢ (marked in
bold) was calculated using the abundance of Upwelling (1) and Non- Upwelllng 2) dlatom groups (%) (marked in bold) based on eq. (1; see
discussion chapter 4.3 for details). G, o« g = G, ¢s mye 49 SPP-; Sﬁ .= Sﬁ i .- ”[(j 1O C= 08 o (%)-G e mye 4y SPP. (%); Total
upwell. = The cumulative abundance o all upwelling related didtom species |n% Non-Upwelling = 100% Total Upwell (%).

Age Abundance Chaet Skel. O-C € Upwell Non-Upwell
(ka) Valves  10° (%) (%) (%) (%) (%)
0.38 24 45 5 55 1.55 61 39
0.63 7 51 3 49 1.60 61 39
0.87 114 62 5 38 171 78 22
1.12 115 50 15 50 1.59 76 24
1.35 131 49 12 51 1.59 74 26
1.57 303 56 14 44 1.66 76 24
1.76 201 46 31 54 1.56 80 20
1.92 152 48 10 52 1.58 62 38
2.08 303 46 22 54 1.56 69 31
2.36 94 63 5 37 1.72 76 24

1.57 303 56 14 44




4. DISCUSSION

4.1. Di erences in biogeochemical regimes along the modern
shelf

The characteristic year-round upwelling and high PP o
Peru (Pennington et al., 2006) are generally contrasted by
low PP at open-ocean areas further o shore and in the
equatorial upwelling region in the North. The latter regions
receive significantly less nutrients due to absent or weaker
upwelling of subsurface waters and are generally limited
in Fe due to low contributions from atmospheric dust. As
such, the open ocean and the equatorial upwelling systems
are described as High-Nitrate-Low-Chlorophyll (HNLC)
areas, where PP is thought to be co-limited by Si(OH),
and Fe supply (Dugdale et al., 1995; Hutchins et al.,
2002). Overall, the di erences in upwelling intensity and
PP between the shelf and these HNLC areas is indicated
by the distribution of annually averaged Chlorophyll a con-
centrations and Sea Surface Temperatures (Fig. 1a and b).
Furthermore, along the shelf upwelling intensity increases
from North to South (SST decreases, respectively) and PP
is highest within 100 km from the coast (highest Chl ).
Over the shelf PP is generally not limited by Fe, which is
released under oxygen-deficient bottom-water conditions
from upper shelf sediments (<600 m; Hutchins and
Bruland, 1998; Johnson et al., 1999; Bruland et al., 2005;
No ke et al., 2012) and upwelled waters become enriched
in iron through interaction with bottom sediments. There-
fore, the shelf width has a major influence on iron supply
with higher Fe concentrations supplied from a wider shelf
and lower concentrations where the shelf is narrow
(Johnson et al., 1999; Bruland et al., 2005). However, it
has to be noted that sulphidic conditions at the shallow
shelf can lead to a retention of iron in the sediments
(Scholz et al., 2014).

Overall, we assume that Fe supply is high above the
wide central Peruvian shelf (5-14°S), but low at the nar-
row shelf area south of 15°S and in partly above the shal-
low shelf between 10°S and 14°S (sulphidic conditions)
following previous observations and model studies
(Bruland et al., 2005; Franz et al., 2012; Scholz et al.,
2014; Messié and Chavez, 2014). Accordingly, we can dis-
tinguish between the HNLC areas (o shore and North)
and the high PP shelf areas, which can be further divided
into: regime | — 5-10°S, moderate upwelling of nutrients
and high Fe supply from the wide shelf; regime 11 — 10—
14°S, strong upwelling and PP, high Fe from the wide
shelf, but potentially a ected by sulphidic conditions;

regime 11l — 15°S, strong upwelling but low Fe supply
from the narrow shelf.
The subdivision into HNLC, regime I, Il and Il is

clearly reflected by the distribution of surface sediment
bSiO, values and Si:C ratios, with <10% bSiO, and
Si:C =1 in regime I, >10% bSiO, and variable Si:C of
1-3 in regime Il and 15-20% bSiO, and Si:C=3 in
regime Ill. Based on this subdivision we will discuss
the implications of the distribution of the di erent
proxies within the surface sediment in the following
sections.
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The HNLC condition in the northern area should be

reflected by relatively high Si(OH), utilisation and conse-
quently high 5°°Si values, but only 6*°Sicoscino
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2002; Franz et al., 2012). A possible mechanism that leads
to preferential Si(OH), uptake over NOs; (and carbon
(C)) is Fe limitation leading to increased Si:N (and Si:C)
ratios (Hutchins and Bruland, 1998; Takeda, 1998; De La
Rocha et al., 2000; Hutchins et al., 2002; Sarthou et al.,
2005). Thus, under Fe deficient conditions diatoms increase
frustule thickness leading to higher gravitational export but
decrease the internal organic matter content. However, spe-
cies e ects can also lead to less silicified and organic-rich
diatom frustules.

The reduced Fe availability concomitant with intense
upwelling conditions support the observations of Pichevin
et al. (2014) that with ongoing PP and nutrient consump-
tion during upwelling blooms Fe becomes limiting leading
to a high uptake of Si relative to NO3 and carbon thereby
enhancing the Si burial due to frustule thickening. Accord-
ingly, global Si:C ratios of settling particles between 1 and
10 are found in areas of high Si fluxes (Southern Ocean,
North Pacific and equatorial Pacific; Pichevin et al.,
2014). Therefore, we conclude that the high Si:C ratios in
the surface sediments of Northern Peru and at the southern
shelf close to the coast between 10°S and 15°S indicate iron
limitation in these areas. However, while the HNLC is gen-
erally characterised by co-limitation of Si and Fe, the shelf
area indicates transient Fe deficiency during enhanced
upwelling. This means that initial macro- and micronutrient
conditions are ideal for diatom blooms, but with on-going
nutrient consumption Fe stress leads to frustule thickness
and high Si:C ratios. This observation adds to our conclu-
sions that 5308ib5i02



dynamic changes may have been induced by alternation of
enhanced La Nifia and El Nifio-like conditions (Ehlert
et al., 2013).

During the Mid to Late Holocene the variability of
3%Si, ARcorg and diatom abundances are higher, reflecting
periods of enhanced PP and Si(OH), utilisation. This is
especially true for three periods of enhanced ARcoq Values
at 8.2-7.9 ka and 5.2-4.1 ka BP with peak values of Si:C
and 5*°Sipsioz. Simultaneously, the amount of C,ﬂ K 4w
(RS) shows a marked decrease, while S.. 4 gy Often
dominated the dlatom assemblage (Fig. 2b). Such a domi-
nance of S.. ,. KRS Over G, e5 Rje - SPP. Within the dia-
tom assemblage is commonly observed today at our study
site during fall (Rojas de Mendiola, 1981) indicating a shift
to intensified fall diatom blooms. This S.:. ,,,,"% domi-
nance is linked to low A*°Sicoscino_bsioz Values (<0.3%o),
thus supporting strong upwelling conditions and intense
PP (regime I11). In between the peak PP values, ARcqrq
and diatom abundances indicate reduced PP in combina-
tion with weaker upwelling as shown by lower 5*°Siysioz
(+0.8%0) and higher A®Sicoscinonsioz values (+0.3%o to
+0.6%o0). Thus, the Holocene was characterised by generally
intensified upwelling conditions in comparison to the
deglaciation at our core location, Mid to Late Holocene
conditions varied between moderate and high nutrient con-
centrations similar to those measured in the present-day
centre of the upwelling area (regimes Il and I11; 10-15°S).

Overall the shift we observe in the %°Siysio» and
5*%Sicosino records between the deglaciation and the Holo-
cene highlights the transition from low to intensified Si
(OH), utilisation, as well as the intensification of upwelling
conditions. This shift was associated with diatom assem-
blages that reflect a short upwelling season (deglaciation)
to an assemblage indicative of a prolonged blooming sea-
son and more intense upwelling (Holocene). Thus, our find-
ings from core-top sediments, showing that a smaller
A®Sicoscinobsioz 15 associated with more intense upwelling
and stronger Si utilisation as well as Fe limitation can be
applied to the paleo record. Accordingly, the observed
switch from high A*°Sigoscino-bsioz during the deglaciation
to low A*%Sigoscino_bsioz Values during the Holocene is con-
sistent with a shift from weak to enhanced upwelling
conditions.

4.3. The influence of varying diatom assemblages on the 5*°Si
record

Environmental conditions, such as upwelling intensity
and nutrient availability, alter the amount of Si utilisation
and thus the Si isotope composition of diatoms by regulat-
ing the diatom succession, the duration of blooming events,
and the initiation of nutrient depletion. However, a bias on
the Si isotope composition in biogenic silica may arise by
the species-specific Si isotope fractionation factors of di er-
ent diatom species. A crucial assumption for the paleo
reconstructions of nutrient utilisation and PP based on
5%°Si has so far been that the isotopic enrichment factor
during the incorporation of silicon in diatoms is species
independent (De La Rocha et al., 1997). The recent study
by Sutton et al. (2013) suggested species-dependent frac-

tionation factors between 0.5%c and 2.1%., thus high-
lighting that changes in diatom assemblages could cause
significant variability in ¢°°Si records without changes in
nutrient utilisation. Therefore, we will follow the approach
of Sutton et al. (2013) and estimate the influence of the tax-
onomic composition on past §°°Si records that considers
the relative diatom species abundance as well as their speci-
fic isotope enrichment factor *

So far mainly polar or sub-polar diatom species have
been studied regarding their fractionation factors, but iso-
tope fractionation factors obtained from culturing studies
can be found for G, .« gye o > ,, and for
various subgenera of Thalassdnsu’?; roughly matchlng the
species prevailing o Peru (De La Rocha et al., 1997;
Sutton et al., 2013). Although, the *°% factors reported for
S erx#y and E <o + SP. TaNge from 0.4 to

1.2%0 and from 0.4 to 1.8%o, respectively, the corre-
sponding mean values of 1.1%o are similar to the mean
enrichment factor previously assumed for all diatom species
(De La Rocha et al., 1997). Only for Chaetoceros brevis a
significantly larger enrichment factor of *%e= 2.09%.
was reported. Thus, we test the potential influence of the
di erent enrichment factors on our downcore record of core
003-2 by applying the model calculation adapted from
Sutton et al. (2013). To calculate the variability in *¢
caused by changes in the diatom assemblage (e , here-
after), we used the following equation:

Ea5s Y40C/100 8 2.09%0cbb p 80/100 8 1.1%cbb a1p

where C and O are the abundances of G, . gy sy SPP.
(RS) and other diatom species, respectively (Table 3, col-
umns 3 and 4). For Chaetoceros spp. we applied a %% value
of



where 5°°Si,



We conclude that during the vast interannual and sea-
sonal changes in the intensity of upwelling o Peru, the
degree of silicate utilisation and the associated diatom
assemblages have exerted the most important control on
the 0°°Si record of the diatoms, whereas variable isotope
enrichment factors of di erent diatom species have only
had minor influence. Consequently, the combined use of
diatom assemblages and 5°°Si signatures of di erent size
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