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Abstract

The sedimentary stable nitrogen isotope compositions of bulk organic matter (8'°Nyy) and silicon
isotope composition of diatoms (8*Sigg;) both mainly reflect the degree of past nutrient utilization by
primary producers. However, in ocean areas where anoxic and suboxic conditions prevail, the 8" Npuik
signal ultimately recorded within the sediments is also influenced by water column denitrification
causing an increase in the subsurface 8"°N signature of dissolved nitrate (8"°NO5’) upwelled to the
surface. Such conditions are found in the oxygen minimum zone off Peru, where at present an increase
in subsurface 8'°NO;” from North to South along the shelf is observed due to ongoing denitrification
within the pole-ward flowing subsurface waters, while the 8°°Si signature of silicic acid (8°°Si(OH)s) at
the same time remains unchanged.

Here, we present three new 63OSiBsi records between 11°S and 15°S and compare these to
previously published 63OSiBSi and 615Nbulk records from Peru covering the past 600 years. We present a
new approach to calculate past subsurface 8'°NO;” signatures based on the correlation of 8°°Sigg and
615Nbu]k signatures at a latitudinal resolution for different time periods. Our results show source water
8"°NO;” compositions during the last 200 years, the Current Warm Period (CWP) and during short-term
arid events prior to that, which are close to modern values increasing southward from 7 to 10%o
(between 11°S and 15°S). In contrast, humid conditions during the Little Ice Age (LIA) reflect
consistently low 8'°NO;™ values between 6 and 7.5%o. Furthermore, we are able to relate the short-term
variability in both isotope compositions to changes in the ratio of nutrients (NO5: Si(OH)y4) taken up by
different dominating phytoplankton groups (diatoms and non-siliceous phytoplankton) under the

variable climatic conditions of the past 600 years.

1. Introduction

Investigations of the isotopic compositions of the macro-nutrients, such as Si(OH)s and NO;", have

been used to infer changes of biogeochemical cycles in the past (Brunelle et al., 2007; Horn et al.,



Biogeosciences Discuss., https://doi.org/10.5194/bg-2018-118
Manuscript under review for journal Biogeosciences
Discussion started: 9 April 2018

(© Author(s) 2018. CC BY 4.0 License.

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

2011; Robinson et al., 2014). The preferential incorporation of the lighter isotopes N and *Si into
organic matter (OM) and biogenic opal (BSi), respectively, during primary production in surface
waters leads to an increase in the '°N and 8°°Si in the remaining dissolved nutrients (i.e. 8'°NO5™ and
8*"Si(OH),) as a results of progressive consumption of the nutrient pools (Altabet et al., 1991; De La
Rocha et al.,, 1997; Wada and Hattori, 1978). This preferential incorporation is associated with an
approximate enrichment factor of -5%o for NO;~ (Waser et al., 1998) and -1.1%o for Si(OH)4 (De La
Rocha et al., 1997). Accordingly, the degree of utilization of NO; and Si(OH), is recorded in the
8" Ny and 8™Sigs; of the OM and BSi produced. In combination with parameters such as organic
carbon, BSi or barium accumulation rates, both 8Ny and 8°°Sigs; have been employed as proxies for
the evaluation of past productivity and corresponding nutrient utilization (De La Rocha et al., 1998;
Frangois et al., 1992; Horn et al., 2011; Pichevin et al., 2005).

However, in coastal upwelling areas, where upwelling of nutrient-rich subsurface waters
causes high surface productivity, subsequent degradation of the high amounts of OM leads to extensive
oxygen consumption in the water column (Pennington et al., 2006; Zuta and Guillén, 1970). As a result
of the low oxygen concentrations, NO5” is used as an oxidant during OM degradation and is transferred
to N, leading to a net loss of bio-available nitrogen (e.g., denitrification and anaerobe ammonium-
oxidation; Codispoti, 2006; Lam et al., 2009). Due to the high isotope fractionation factor (~20%o)
associated with denitrification, the 8'°NO;” signatures of subsurface waters strongly increase and
consequently supply a heavy 8'°NO;™ signal to surface waters during upwelling (Cline and Kaplan,
1975). This "*N-enriched NO5’ is incorporated by phytoplankton and ultimately deposited and buried in
marine sediments. Accordingly, although 8" Npui also varied in phase with productivity proxies,
elevated 8" Ny, values in highly productive and poorly ventilated regions including most of the coastal
upwelling areas, have been generally interpreted as the consequence of stronger denitrification
associated with intense oxygen depletion (Agnihotri et al., 2006; 2008; De Pol-Holz et al., 2007; Fleury
et al., 2015; Gutiérrez et al., 2009; Mollier-Vogel et al., 2012; Salvatteci et al., 2014b). However, given
that dissolved 8'°NO;™ is influenced by both nutrient utilization and denitrification — associated with
water column de-oxygenation - both processes should also influence the 8'*Nyyy signatures recorded by
the sedimentary OM.

In contrast, 63OSiBSi signatures are primarily controlled by surface water diatom productivity
and Si(OH), utilization (Brzezinski, 2002; De La Rocha et al., 1998) closely coupled to the amount of
upwelling strength in the study area (Doering et al., 2016; Ehlert et al., 2012; 2013; 2015; Grasse et al.,
2013). Thus, the combination of both 8*%Sips; and 8" Ny compositions in the water column and late
Quaternary sediments off Peru has been applied as a measure to disentangle modern and past nutrient
utilization and denitrification processes (Ehlert et al., 2015; Grasse et al., 2016). Comparison of modern
dissolved Si(OH)s and NOj; distributions and their corresponding isotopic ratios has shown that
Si(OH)4 and NO;™ concentrations and the stable isotopic signatures are strongly correlated within the
surface mixed layer at near-shore and offshore areas, indicating that the signal preserved in the
sediments mainly depends on the degree of utilization of both nutrients (Grasse et al., 2016). Similarly,
an initial comparison for the past 600 years based on one sediment core indicated that both isotope

compositions were mainly influenced by nutrient utilization suggesting that denitrification was not the
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main control on past isotopic variations (Ehlert et al., 2015) thus partly contradicting previous
interpretations of N-loss having been the main driver of changes in past 8' Ny, records.

Today, the dissolved SN0y signatures increase southward along the Peruvian margin due to
the continuous enrichment in '°N by denitrification in pole-ward flowing subsurface waters (Mollier-
Vogel et al., 2012), while 63OSi(OH)4 values remain stable. Here, our goal is to verify whether this
southward increase of 8'°NO;™ due to denitrification has been persisted during the marked changes in
upwelling intensity of the past ~600 years based on correlation of 8*Sips; and 8" Ny signatures of
four different sediment cores retrieved along the entire gradient of upwelling strength of the southern
Peruvian shelf. More specifically, we aim to detect the extent of variability in 8" Ny caused as a
function of denitrification and nutrient utilization during specific time periods (i.e. Current Warm
Period (CWP) and Little Ice Age (LIA)). Therefore, we present three new records for 8™Sipg; and BSi
concentrations from the Peruvian shelf between 11°S and 15°S covering the last 600 to 1000 years BP.
These are compared to previously published 8Ny data obtained from the same cores (Fleury et al.,

2015) and t08>Sips; and &' Ny records from a fourth core from 14°S (Ehlert et al., 2015)(Fig.1).

Regional Setting

Along the Peruvian margin the main source for the high amounts of upwelled nutrients is the
subsurface Peru-Chile Undercurrent (PCUC), which flows southward along the continental slope and
outer shelf between 4°S and 14°S at a depth between 50 and 150 m, before it detaches from the shelf
south of 15°S (Brink et al., 1983; Chaigneau et al., 2013; Toggweiler et al., 1991). Eastward flowing
subsurface waters of the Equatorial Undercurrent (EUC) and the Southern Subsurface Counter Current
(SSCC) (see Fig. 1a) feed the PCUC. These subsurface currents deliver Si(OH)4 and NO;™ with mean
preformed source signatures for 63OSi(OH)4 of 1.5 £ 0.2%o (Beucher et al., 2011; Ehlert et al., 2012;
Grasse et al., 2013) and for 8"°NO; of 7.1 + 0.3%o for the EUC. Within the SSCC preformed 8'°NO;”
values of 5.5 £ 0.3%o for (Rafter et al., 2012) are slightly lower, resulting in an approximate average
PCUC value of ~6%o (Fig. 2a; Mollier-Vogel et al., 2012).

The modern surface sediment &' * Ny and 8°°Sigg; compositions both reflect an increase from
North to South (Fig. 2a). However, only the dissolved 8""NO; of subsurface waters (50-150 m water
depth) increases southward from 6%o to 15.5%0 (EQ to 17°S; Mollier-Vogel et al., 2012) as a
consequence of water column denitrification, while the dissolved 8*’Si(OH), signature remains close to
the source value of 1.5%o for the PCUC (50-150 m water depth; Fig. 2a; Ehlert et al., 2012). This
difference in the evolution of the isotopic signature from North to South is caused by the anoxic
conditions off Peru only increasing the '°NO;” signatures via denitrification in the subsurface, but not
the 8°°Si(OH), signatures. Accordingly, at the northern shelf between 1°N and 10°S, where subsurface
O, concentrations [O;] are >20 pmol L, N-loss is not observed and the 8Ny values in the
sediments range between 4 and 5% close to the source value of 6% of 8'°NO3’, thus indicating a high
degree of NO; utilization (70-80%; Fig. 2b; Mollier-Vogel et al., 2012). In contrast, the 8%Sipg;
signatures north of 10°S are highly variable (0.3-0.9%o) reflecting an overall lower degree of utilization

(20-40%; Doering et al., 2016; Ehlert et al., 2012) (Please note that all Si and N utilization calculations
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are based on an open steady-state system). At the central Peruvian shelf (10-12°S), where subsurface
[O,] is <20 pmol L' (Fig. 2a), the subsurface source value of 8"°NOj; increases to 8.6%. due to
denitrification (Mollier-Vogel et al., 2012). The *°Sigs; and 8" Ny, values both increase to 0.9 = 0.1%o
and 6.1 £ 0.8%o, respectively, reflecting higher Si(OH), utilization (20-60%) but lower NO;" utilization
(15-65%, Fig. 2b) associated with increased upwelling intensity, high nutrient re-supply and higher
consumption via diatom productivity. In the southernmost part of the shelf (13-16°S) highest
productivity and upwelling intensity prevail, leading to a further increase in the subsurface 8'°NO;
signature of up to 12.5%o at 15°S (southernmost surface sediment station of the study area), whereas
surface sediment mean 63°SiBsi and 615Nbu1k values further increase to 1.1 £ 0.1%0 and 8.9 + 1.4%o
reflecting moderate Si(OH), utilization of 50-70% (8°°Sigs;) and NO; utilization of 20-70% (8" Niu).
The supply for dissolved Si(OH), strongly increases from the northern shelf to the southern shelf area
(Fig. 2c¢), reflecting the strongest upwelling conditions. This increase in upwelling and productivity
between 10-15°S is reflected by the high sedimentary concentrations of BSi (10-17%; Ehlert et al.,
2012) and total nitrogen (TN, 0.8-1.2%; Mollier-Vogel et al., 2012). However, the NO;™ supply, as
indicated by subsurface (50-150 m) NO;™ concentrations, slightly decreases from North to South,

reflecting the loss of NO; via denitrification and anammox.

2. Material and Methods
2.1 Core locations and age models

The new data in this study were obtained from three short, fine-laminated trigger cores retrieved from
the main upwelling region off the Peruvian margin during the German R/V Meteor cruise M77/2 in
2008 as part of the Collaborative Research Center (SFB) 754. New records of 5*°Sips; and BSi
concentrations were generated for cores M77/2-024-5TC (024-5TC; 11°05°S, 78°00°W, 210 m water
depth), M77/2-005-3TC (005-3TC; 12°05°S, 77°40°W, 214 m water depth) and core M77/2-003-2TC
(003-2TC; 15°06°S, 75°41’W, 271 m water depth). Core locations are shown in Fig. 1b. The age
models were published before in study of Fleury et al. (2015). The age models for all cores are given

years BP, with BP relating to 2008.

2.2 Biogenic opal and silicon isotope analyses

The amount of BSi in the sediments was measured following an automated leaching method using
sodium hydroxide (DeMaster, 1981; Miiller and Schneider, 1993) with a precision of 1-2% (1 SD).

For the silicon isotope measurements diatoms were extracted from the sediment by chemical
and physical cleaning (11 and 32 um sieve; heavy liquid separation with a sodium polytungstate
solution set at 2.15 g mL™") as described in detail in Ehlert et al. (2012; 2013) and Doering et al. (2016).
For all samples the purity of the small diatom fraction (11-32 pm) was evaluated via light microscopy
prior to dissolution and only pure (>95%) diatom samples were treated further. All samples were
dissolved in 1 mL 0.1 M NaOH and treated with 200 pL concentrated H,O, (Suprapur). Sample
solutions were diluted with 4 mL MQ water and neutralized with 0.1 mL 1 M HCI (Reynolds et al.,
2008), followed by a chromatographic purification using 1 mL pre-cleaned AG50W-X8 cation
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exchange resin (BioRad, mesh 200-400) (de Souza et al., 2012). The Si isotopic compositions were
determined in 0.6 ppm sample solutions on a NuPlasma HR MC-ICPMS at GEOMAR applying a
standard-sample bracketing method (Albaréde et al., 2004). Silicon isotopic compositions are reported
in the d-notation relative to the reference standard NBS28 in parts per thousand: 8%si =
((Rsampte/Rstandara)-1)* 1000, where Remple is the *°Si/**Si ratio of the sample and Ryandad is the *°Si/**Si
ratio of the NBS28. All 8°°Si measurements were run at least in triplicates, with uncertainties ranging
between 0.05%o and 0.27%o (2 SD). Repeated measurements of an in-house matrix standard gave
average 5°°Si values of 1.03 + 0.21%o (2 SD, n=15). Long-term repeated measurements of the reference
materials NBS28, IRMMO18, and Big Batch gave average 8°°Si values of 0.00 + 0.24%o (2 SD, n=15),
-1.40 £ 0.21%0 (2 SD, n=15) and -10.60 £+ 0.24%o (2 SD, n=15), respectively, in good agreement with
literature values (Reynolds et al., 2007).

3. Results and discussion

The climate of the last 600 years is divided into two climatic phases consisting of the CWP (200 years
BP to present) and the LIA (600-200 years BP). Off Peru, the CWP has been characterized by dry
(arid) conditions, high upwelling intensity, as well as high productivity and strong N-loss processes,
reflecting overall dominant La-Nifia conditions (Fleury et al., 2015; Salvatteci et al., 2014b; Sifeddine
et al., 2008). In contrast, the LIA has been shown to be characterized by lower productivity and low
denitrification intensity for the present day main upwelling area between 10°S and 15°S (Diaz-Ochoa
et al.,, 2009; Salvatteci et al., 2014b; Sifeddine et al., 2008). Such conditions are more similar to
modern El-Nifio events in the area and thus generally referred to as El-Nifo-like conditions (Clement et
al., 2000). Previous paleo-reconstructions agreed that the latter conditions were a consequence of larger
scale climatic changes induced by weakening of the Walker circulation and reduction of the South
Pacific subtropical High (SPSH), as well as by a southward shift of the mean position of the
Intertropical Convergence Zone (ITCZ) and the associated precipitation belt (Fleury et al., 2015; Sachs
et al., 2009; Salvatteci et al., 2014b; Sifeddine et al., 2008). This was inferred to result in a deepening
of the nutricline and reduced surface productivity and more oxygenated subsurface waters, as indicated
by lower BSi and TOC concentrations (this study; Ehlert et al., 2015; Gutiérrez et al., 2009; Salvatteci
et al.,, 2014a) and Si/Fe ratios (Fleury et al., 2015). Conditions which are supported by a marked
reduction in the concentrations of sedimentary redox sensitive trace metals such as molybdenum and
rhenium (Salvatteci et al., 2014b; Sifeddine et al., 2008). However, these conditions were not constant
at all. Short-term variations during both periods are reflected for example by changes in diatom
abundances, productivity sensitive elements (Br/Fe) and 8Ny values (Fleury et al., 2015). These
proxy records probably indicate multidecadal shifts between arid/humid conditions during the CWP
and particularly the LIA during which marked short-term periods of arid conditions occurred (Fleury et
al., 2015) (Fig. 3).

The well-studied biogeochemical evolution of the Peruvian shelf over the last 600 years and

the significant differences in productivity and subsurface oxygenation between the CWP and the LIA
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are the basis for our study to gain new insights into the relationship between nutrient utilization and

.. . . . 1
denitrification via 8°°Sigg; and 8'* Ny records.

3.1 Changes in BSi production and GSOSiBSi during the last 600 years

The data of the sediment cores from the shelf area between 12°S and 15°S presented here show an
increase in BSi content from mean values of 13-23% during the LIA to values of 21-29% during the
CWP. The 8°°Si records follow a similar trend of lower mean 63OSiBSi values of around 0.8 to 1%o
during the LIA to higher mean values of 1 to 1.5%o during the CWP. This indicates that diatom
productivity and Si(OH), utilization, reconstructed via BSi concentrations and 8°°Sips; values, most of
the time were lower during the LIA than during the CWP (Fig. 3; Table 1).

Overall the BSi concentrations and 8*Sigg; signatures at 12°S (005-3TC) and 15°S (003-2TC)
are lowest during the LIA (Fig. 3c,e), in agreement with previously published records from 11°S
(M77/1-470) and 14°S (B0405-6; Ehlert et al., 2015). An exception is core 024-5TC from 11°S, where
5Si mean values of the LIA (1.3 % 0.4%o) are similar to CWP mean values (1.4 = 0.1%o). Furthermore,
both the BSi concentrations and 8**Sigs; of core 024-5TC are significantly higher during the LIA than
at nearby core M77/1-470 (Fig. 2a; Ehlert et al. 2015). Such consistently high BSi and 8°°Si values may
be explained by limited Si(OH)4 supply at site 024-5TC during the LIA resulting in a higher degree of
Si(OH), utilization. This is, however, not supported by other productivity proxies such as the Si/Fe
ratio and the total diatom abundance for core 024-5TC, which do not indicate similarly high BSi
production during the LIA and the CWP (Fleury et al., 2015). The finely laminated sediments do
indicate short periods of higher productivity during the LIA in phase with more arid conditions (Fig. 3,
grey shadings; for details see (Fleury et al., 2015). Accordingly, the high mean BSi and 8*’Sigg; values
obtained from core 024-5TC may be an artifact of the low sampling resolution with only two 8*°Sigg;
samples between 200 and 350 years BP. Alternatively, the increase in Si(OH), utilization decoupled
from an increase in diatom abundance (data by Fleury et al. (2015) not shown here) may indicate
stronger silicification of the diatom frustules, as often observed under iron (Fe)-deficient conditions
further associated with an increase in the Si(OH)4:NO;™ incorporated by the diatoms (De La Rocha et
al., 2000; Takeda, 1998; Wilken et al., 2011).

As previously shown the 8" Nyui values of the three cores (M77/2-024-5TC, 005-3TC and
003-2TC) presented in this study were on average lower during the LIA than during the CWP (Fleury
et al., 2015). The 8" Npui values reported for core 005-3TC (12°S) are close to values of nearby core
B0406-13 (Gutiérrez et al., 2009). Similarly, the 8" Npux values of core 003-2TC (15°S) agree well
with previously published 8" Ny record of core B0405-6 (14°S, Fig. 3 ¢, d; Gutiérrez et al., 2009);
Overall, productivity and nutrient utilization proxies (BSi and 63°SiBSi) varied in phase with 8" Npuik

signatures at all core locations (Fig. 3).

3.2 Impact of denitrification versus nutrient utilization on the records

Given the significant changes in upwelling intensity, productivity and subsurface oxygenation (and

thus N-loss) between the LIA and CWP (Fig. 3), we first investigate if and how the preformed 8"°NO;’
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signal changed with latitude (between 11°S and 15°S), and then uses this information to reconstruct
how nutrient supply and utilization changed during these time periods.

To disentangle denitrification and relative nutrient utilization we apply a correlation of *’Sipg;
and 8" Ny, values based on observations from today’s surface sediments (Fig. 4a). Despite that
denitrification strongly increases the 8'°NO;™ values in subsurface waters ultimately upwelled to the
surface and incorporated into phytoplankton, modern sediment values of 8'*Nyy are mainly controlled
by the degree of surface water NO; utilization (Ehlert et al., 2015; Mollier-Vogel et al., 2012).
Particularly between 10°S and 17°S, where the subsurface 8"°NOj; source value increases southward
due to increasing O, deficit and increasing denitrification, the 8*°Sips; and &' Ny values are generally
close to the 1:1 utilization line indicating a similar uptake efficiency of both NO;  and Si(OH)a,
respectively (Fig. 4a). This is in agreement with observations from modern water samples, for which
nutrient ratios (NO5:Si(OH)4) near the shelf were found to be close to 1:1 (varying between 1:2 and
2:1) (Grasse et al., 2016). Accordingly, the surface sediment 8°°Sigg; versus 8' Ny, signatures illustrate
the southward increase in source 8'°NO; signatures (Fig. 4a; stars), but remain close to the respective
1:1 utilization line for NO;:Si(OH),.

The linear relationship between 8°%Sips; and 8Ny, should thus also be a direct indicator of
the 8'°NO; source signatures in the past during the CWP and the LIA. In order to estimate past
changes in the 8*NO;™ source values the 8*°Sigs; and 8Ny values for both time periods were
separately plotted against each other (Fig. 4c-e) and 8'°NO;” was calculated based on the linear
function assuming that the source 5°°Si(OH), signature always remained stable at 1.5%o over time:

(1) 6%°Si(OH), = a* 6NO; +b,or

(2) 8'NO0; = (6%*Si(OH), —b)/a

with ¢ indicating the slope of the line and b the intercept. Accordingly, we calculated the linear
regression based on all samples of the different cores from the different latitudes (11°S, 12° S, 14°S
and 15°S) during the CWP and LIA. We also further differentiated between short-term productive
phases (arid phases) and the generally prevailing humid El-Nifio like conditions during the LIA (grey
shadings in Fig. 3), and resolved the resulting equation based on eq. (2) to estimate 5'°NO5".

The degree of nutrient utilization can be described assuming either Rayleigh-type (single input
followed by no additional nutrients newly supplied to a particular parcel of water followed by
fractional loss as a function of production and export) or steady-state (continuous supply and partial
consumption of nutrients causing a dynamic equilibrium of the dissolved nutrient concentration and the
product) fractionation behavior (Mariotti et al., 1981). For means of simplification we will only provide
the values derived from steady state fractionation, which was shown to better reflect upwelling

conditions off Peru (Ehlert et al., 2012).
(3) %Si(OH)4 comsumea = 1 — ((53"&' - 63°Si(0H)4source) /3%) 100 or
WNO3™ o mon = [1— (8N = 6'°N0O; ) /*%¢] x 100
with %Si(OH) 4 consumea OF 20NO3 consumea being the percentages of the supplied Si(OH), and NO; that

have been utilized. For this calculation we apply enrichment factors of —1.1%o *°¢ (8°°Si, De La Rocha

et al., 1997) and —5%o "¢ (5'°N) and assume a constant source water signature of 1.5%o for 5°°Si(OH),
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source (i.¢. the mean §*°Si(OH), of the PCUC). The impact of denitrification on the '°NO;™ signatures of
the past is assessed in the following section before calculating past NO;™ utilization for the respective

latitudes.

3.2.1 Disentangling nutrient utilization and N-loss processes: Changes in the source water nitrate
isotopic composition

To study the importance of utilization and denitrification during the CWP and LIA we reconstructed
nutrient utilization at the different core sites by assessing the deviation from 1:1 (NO;5:Si(OH),)
utilization over time based on the direct comparison of 8%Sips; and 8" Npui values. Under the influence
of denitrification (N-loss) the isotopic value of NOj in the source waters will be shifted to higher
values.

Our results show that the correlation of 8*°Sips; t0 8" Npui during the CWP is comparable to
modern values between 10°S and 15°S (Figs. 4a,b). The isotopic compositions of samples from all
cores generally plot close to the 1:1 utilization lines indicating a 8°NO;™ source value of 8 to 9%o,
similar to present day subsurface waters between 10°S and 15°S (Fig. 4a,b). Furthermore, the 8" Npuik
values and calculated subsurface 8'°NO5™ source values indicate a similar southward increase from 7%o
to 10%o between 11°S and 15°S during the CWP (Fig. 4b). Thus, we suggest that the net increase in
BISNbulk from North to South during the CWP resembles the increase observed in modern surface
sediments (Figs. 2 and 5a). However, unlike todays surface sediment data, the cores at 11°S and 12°S
show substantially higher 8*’Sigs; values during the CWP. According to the steady state calculations (3)
this reflects high Si(OH), utilization of up to 100%, whereas the NO;™ utilization only reaches 80% at
maximum (Fig. 5a).

Based on the classification of Fleury et al. 2015, we further distinguished between samples
from humid periods (El Nifio-like conditions) and arid periods (La Nifa-like conditions) for the LIA
(Figs. 4 and 5). This differentiation clearly highlights that samples from LIA (arid) phases are similar
to samples from the CWP with 8'"NO; source signatures of 8%o to 9% between 11°S and 15° S,
respectively. The shift towards a higher 1:2 NO5:Si(OH), utilization during both the CWP and LIA
(arid) indicates enhanced utilization of Si(OH), over NO; leading to Si(OH), limitation as indicated by
high Si(OH), utilization rates between 40% and 90%, whereas NO;" utilization rates were a bit lower
around 25% to 80% (Fig. 5b). Such a decoupling of Si and N within diatoms can be caused by
biogeochemical changes, such as iron availability altering the Si:N uptake dynamics (Hutchins and
Bruland, 1998; Takeda, 1998) whereby elevated Si:N ratios are characteristic for Fe-limited diatom
communities (Takeda, 1998). Accordingly, increased uptake of Si over N can lead to a Si(OH)4
limitation as found during the CWP and LIA arid phases at 11°S to 12°S. The reason may have been
that less Fe was upwelled at the narrow shelf between 11°S and 16°S, which led to Fe-limitation during
progressing diatom blooms (Doering et al., 2016).

During the humid phases of the LIA the data indicate a lower '°NO;™ source values around
6%o for samples between 11°S and 12 °S and 7.5%o further south between 14°S and 15°S (Fig. 4d).
Additionally, the 8%Sipg; and 8" Ny data plot below the 1:1 utilization line and between the utilization

lines representing ratios of 2:1 and 15:1 for NO;:Si(OH)s. The calculated Si(OH)4 utilization is
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lowered to 6-60% and NO;  utilization increased to 70-90% (Fig. Sc). Also, while 8*Sips; values
remain remarkably stable (around 0.5%o at 14°S; 0.7-1%o at 11°S, 12°S and 15°S; with the exception of
one higher data point at 11°S), 8Ny values show a wide range between 4.8%o and 6.7%o potentially
reflecting enhanced NO5” limitation prevailing during these humid phases. The shift towards increasing
615Nbulk values with consistently low BmSiBsi values can be caused by weaker denitrification due to the
higher subsurface oxygenation (only suboxic and not anoxic conditions) reconstructed for the area
together with decreased upwelling conditions at the time (Salvatteci et al., 2014b; Sifeddine et al.,
2008). Unfortunately, to date there are no isotopic measurements available for either present day El-
Nifio 8"*NO;” or 8*°Si(OH), signatures of Peruvian water masses in order to better evaluate the effects
of these significant changes in climatic forcing. Overall, our results indicate much higher NOjs
utilization over Si(OH), utilization (Fig. 5c), which is in agreement with phytoplankton assemblage
analyses during El-Nifio events indicating dominating productivity of non-siliceous phytoplankton
groups (Sanchez et al., 2000). Accordingly, primary productivity dominated by non-siliceous
phytoplankton leads to enhanced NO;™ over Si(OH), uptake. Although similar conditions are found
offshore the Peruvian shelf today, these surface waters originate from the shelf area where diatom
blooms prevail, thus being already depleted in Si(OH), and not providing an adequate analogue for the
conditions observed during the LIA.

However, while NO;™ limitation seems to have prevailed at all latitudes during the LIA
(humid) (i.e. all sample fall between the 2:1 and 15:1 utilization lines), only the data at 11-12°S
indicates a '°NO5™ source value close to 6%o. In contrast samples from 14-15°S show slightly higher
8" Npui values up to 7.3 + 0.1%o, potentially indicating a slight increase in 8'°NO5™ to up to 7.5%o due
to ongoing but decreased denitrification at 14 to 15°S during this time. It should be noted that it was
not possible to calculate 8'°NO;” values based on the linear function (eq. (2)) during this period, due to
near horizontal alignment. Alternatively, we cannot exclude that under El-Nifio-like conditions, the
hydrodynamic conditions off Peru may be better described by a Rayleigh-type model (closed system)
instead of the steady state model, which was reported to better describe the modern conditions (Ehlert
et al., 2012). Applying a Rayleigh-type model calculation, 8" Ny values of 7.3%o during the LIA
(humid) would reflect approximately 75% utilization assuming the '°NO5™ source value remaining at
6%o and an enrichment factor of -5%o. As upwelling of nutrient-rich water masses was diminished
during this time, a closed system scenario is possibly to be more appropriate to interpret the isotopic
signatures and would be in agreement with a more oxygenated (suboxic) water-column at the time
reducing subsurface denitrification (Bricefio-Zuluaga et al., 2016; Gutiérrez et al., 2009; Salvatteci et
al., 2014b; Sifeddine et al., 2008). However, due to the lack of modern data for comparison with El-
Nifo events for comparison we assume a decrease to a 8*NO; source value of 6%o between 11°S and
12°S and 7.5%o between 14°S and 15°S during the LIA (humid) for the following discussion, still
indicating a slight southward increase given that denitrification was not shut down completely (suboxic

conditions as indicated by trace metal studies; Salvatteci et al., 2014b; Sifeddine et al., 2008) .
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3.2.2 Latitudinal variation in nutrient supply during the CWP and LIA

Comparison of 8°%Sipg; and 8" Ny for the past ~600 years indicates that the source values for 8NO;y
between 11°S and 15°S during the CWP and LIA (arid) were comparable to today yielding southward
increasing values of 7% to 10%o caused by subsurface denitrification under oxygen-depleted
conditions (Fig. 2; Fig. 5a,b). In contrast, during the LIA (humid) the decrease in productivity and
upwelling have led to more oxygenated waters and subsequent reduction in denitrification devoid of a
strong increase in subsurface '°NOs’, which was presumably closer to 6%o and similar to that of the
PCUC reaching the northern shelf area today. Only at 14°S and 15°S the subsurface 8'°NO;” signal
may have been slightly increased by 1.5%o due to denitrification if assuming that NO;™ fractionation in
the hydrographic system of the area was continuously consistent with a steady-state type model over
time (Fig. 5c).

Based on these calculated subsurface 8'°NO5 values we further calculated the change in
nutrient utilization as well as nutrient supply for the different latitudes. Past nutrient utilization was
calculated following equation (2). Given the estimate of nutrient demand and export productivity it is
further possible to estimate changes in the supply with the relationship Asupply =

Ademand/Autilization by applying the equation of Horn et al. (2011) given by:

sample , present
Fgsyrn /FasiyTn

(4) Nutrient supply = SGMPLE o0 o PTESETE

N -
Yonutrient o moaq consumed

Fopayry 1s the flux of BSi or TN and %nutrientconsumea is the percent of the Si(OH)4 or NOs3™ supply
consumed (i.e. nutrient utilization). Given that there are no accumulation rates available for either the
surface sediment samples or for any of the cores to determine the export productivity directly, we used
the BSi and TN (wt%) values for calculation and not flux values. This may lead to an overestimation of
nutrient supply, but should reflect the correct trends. For the different time periods mean values for BSi
and TN were calculated and the respective nutrient supply was calculated based on equation (4),
indicating changes in the nutrient supply compared to modern values.

Generally, TN values are slightly lower during the CWP than today and lowest during the
LIA, with little difference between humid and arid phases. BSi concentrations are generally higher by
about 5% during the CWP and LIA (arid) with highest values at 15°S, and more similar values to today
during the LIA (humid) (Figs. 2, 5). When comparing modern (Fig. 2a) with mean 8*°Sigg; and 8" Ny
values for the CWP (Fig. 5a) we observe a similar southward increase of both 63('SiBsi and 8" Ny
values, with generally slightly higher (0.1-0.2%0) 8°Sigs; values and with slightly lighter (0.5-1%o)
mean 8Ny, values than today. A similar trend is observed during the LIA (arid) where 8" Ny also
reach values of up to 7.9%o at 15°S, while 8°°Si values are more variable and are even higher (0.4-
0.5%0) at 11°S and 12°S than modern values. For both the CWP and LIA (arid) calculated nutrient
utilization indicates higher Si(OH),4 utilization (ranging between 30 and 100%) over NOj;™ utilization
(ranging between 20 and 90%), similar to modern utilization at 10-15°S (Figs. 2, 5). However, Si(OH),
utilization was even higher and NO; utilization lower than modern values. The calculated Si and N

supplies both indicate a slight increase compared to today with Si supply increasing and N supply
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decreasing towards 14°S and 15°S. The latter is in agreement with continuous denitrification in the
South causing loss of NO3".

During the LIA (humid) 5*°Sigs; values were consistently lower (0.3-0.5%0) than modern
values at all latitudes with the only higher values (0.2%0) found at 11°S. The 8" Ny values remain
close to 5%o, only increasing up to 6.7%o at 15°S, representing lighter values (0.6- 3%o) than today, in
agreement with the assumption of weakened N-loss processes during this time. The calculated nutrient
utilization shows a shift to high NO;" utilization (70-90%) and strongly diminished Si(OH), utilization
(6-60%; Fig. 5c). These values are comparable to modern ones from the northern shelf (EQ-10°S),
where less nutrients are upwelled and productivity is lower (Ehlert et al., 2012). The calculated NO3
supply was lowest during the LIA (humid) with little change over latitude in accordance with
prevalence of more oxygenated waters, whereas the Si supply strongly increased especially at 12°S
(Fig. 5c). However, the calculated increased Si(OH), supply reflects the change in nutrient uptake (i.e.
nutrient ratio) due to stratification and potentially Fe limitation rather than an actual increase in
Si(OH)4 supply reaching surface waters. Accordingly we observe a high Si(OH); supply but low
utilization, thus indicating a low Si(OH), demand at the time. In contrast NOs supply appears to be
lower than today but the strongly enhanced NOj  utilization indicates a higher NO;™ demand. This shift
towards a decreased Si(OH), but an increased NO; demand further supports a change in the nutrient
uptake ratio by phytoplankton (NO;: Si(OH),; = 2:1 or 15:1, Fig. 4d). This is in agreement with
observations from modern EI-Nifio events, which show a shift in surface productivity from siliceous

(diatoms) to non-siliceous (dinoflagellates) phytoplankton (Sanchez et al., 2000).

Overall we find that the CWP, characterized by high upwelling intensity, productivity and N-loss
processes (Fleury et al., 2015; Salvatteci et al., 2014b; Sifeddine et al., 2008), is associated with
southward increasing 5**Sips; and 8" Ny values, reflecting moderate NO5™ utilization and moderate to
high Si(OH), utilization (Fig. 6, left). Highest 8Sipg; and utilization values at 15°S are potentially
caused by progressive Fe limitation during diatom blooms, causing a NO;:Si(OH), ratio of up to 1:2.
Southward increasing 8Ny values and calculated 8'°NO;™ demonstrate the consistent incorporation
of higher isotopic compositions due to subsurface denitrification under anoxic subsurface conditions in
agreement with decreasing NOs™ supply illustrating the N-loss process. Similar conditions prevailed
during the sporadic periods of arid conditions observed during the LIA.

In contrast, most of the LIA i.e., the humid phases, was characterized by low productivity and
weak denitrification intensity between 10°S and 15°S (Diaz-Ochoa et al., 2009; Salvatteci et al., 2014b;
Sifeddine et al., 2008), with no significant southward increase in the source value of 8NOy (Fig. 6,
right). Accordingly, high 8Ny and little change in NO; supply indicate more complete NO;
utilization during the LIA, while 8*Sipg; signatures and utilization remained low and Si supply high.
This indicates a shift towards a dominance of non-siliceous phytoplankton productivity causing NO;
limitation and low uptake of Si similar to observations during modern El-Nifio events, which are

characterized by a deepening of the thermocline and thus decreased nutrient delivery to surface waters.
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Conclusions

Based on a compilation of new and previously published 8*°Sips; and 8" Ny records of several short
sediment cores from the southern Peruvian shelf (11-15°S) we present a new evaluation of the impact
of denitrification on the isotopic source signature for NO; and subsequent utilization. As
denitrification increases southward along the shelf today, we applied a latitudinal correlation between
630SiBsi and 8" Ny signatures in modern surface and latest Holocene sediments. Given that the
correlation of both proxies during the last 600 years is mainly influenced by nutrient utilization we
performed a novel calculation of subsurface 8'°NO;" based on the linear correlation of 8*°Sigg; and
8" Npui signatures from the CWP and LIA (arid and humid conditions). Our results show that during
the CWP and sporadic arid conditions during the LIA the isotopic compositions of NO;™ have increased
southward from 7%o to 10%. due to subsurface denitrification, similar to modern conditions.
Furthermore, nutrient utilization was characterized by enhanced Si(OH), over NO; uptake, reflecting
strong diatom blooms as observed today, potentially leading to progressive Fe limitation increasing the
Si:N uptake ratio of diatoms to 2:1.

Low productivity and higher subsurface oxygenation (suboxic conditions) during the humid
phases of LIA were associated with low 8°°Sips; and 8" Ny signatures. The latitudinal comparison of
8*Sips; versus 8Ny signatures supports decreased influence of subsurface denitrification on the
NOj5 isotope distribution with lower and more uniform 8'°NO;” source signatures between 6 and 7.5%o.
However, NO; utilization was significantly higher, while Si(OH), utilization was lower and the Si
supply was higher compared with the demand. This change in nutrient utilization is reflected by a NO5
:Si(OH),; uptake ratio of 2:1 to 15:1, suggesting a shift from a diatom-dominated regime to one
dominated by non-siliceous phytoplankton. This is in agreement with EIl-Nifio-like conditions
prevailing during most of the LIA accompanied by a deepening of the thermocline and lower nutrient
availability.

Overall, we are able to further improve the application of combined 8%Sipgi and 8" Nyui
signatures as a powerful tool to differentiate between past changes in subsurface denitrification,
nutrient utilization and supply but also changes in the nutrient ratio caused by either micro-(Fe) or

macro-nutrient limitation.
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452 Table 1: Downcore record of core M77/2-024-5TC, M77/2-005-3TC and M?77/2-003-2TC for 8*'Sigg; (%o)
453 and BSi content (wt%). The 2 SD represents the external reproducibilities of repeated sample

454 measurements.
Core Age Depth BSi 5¥Sigg; 28D
yrs BP (mm) (wt %) (%o)

24-5TC 22 0 16.2 1.50 023

101 42 16.1 1.26 0.17

154 104 343 1.50 0.18

170 134 29.3 1.43 0.15

187 161 23.7 1.47 0.05

243 213 30.7 1.35 0.21

304 264 28.1 1.40 0.09

376 301 21.0 1.38 0.16

422 390 10.1 0.81 0.19

441 432 24.6 1.51 0.16

483 473 23.8 1.61 0.08

005-3TC 46 0 15.9 1.07 0.09

73 35 15.0 1.37 0.11

95 69 25.4 1.46 0.21

217 128 18.8 1.03 0.18

250 165 17.3 0.80 0.22

259 185 15.1 0.93 0.13

303 241 13.1 0.44 0.27

340 296 14.0 0.50 0.15

358 323 11.6 0.47 0.20

450 369 14.5 1.24 0.24

464 389 25.0 1.60 0.19

003-2TC 22 0 39.2 1.63 0.24

146 97 40.5 1.48 0.05

245 174 41.9 1.30 0.26

288 208 20.8 0.65 0.23

327 239 23.9 0.74 0.13

411 304 19.4 0.73 0.27

474 353 46.7 1.38 0.17

581 437 29.1 0.63 0.12
455
456
457
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Figure 1: (a) Subsurface (100 m) oxygen concentration and current directions in the Eastern Equatorial
Pacific. (b) Inset map shows locations of cores M77/2-024-3 TC, M77/2-005-3 TC, M77/2-003-2 TC (this
study) and M77/1-470, B0405-13 and B0405-6 (Ehlert et al., 2015; Gutiérrez et al., 2009) in more detail. The
bathymetry is given for 0 to 1000 m water depth in 50 m increments.
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Figure 2: Latitudinal overview of present day (a) mean 615Nh.,|k (%o, black diamonds, 2 SD error bars) and
83°Sigsi (%o, white circles, 2SD error bars), the black dashed line indicates the subsurface 63°Si(OH)4 source
value of 1.5 %o, the green solid line the 615N03' source value, increasing southwards from 6%. (EQ-8°S), to
about 8%o (10-12°S) and 12.5%o0 (15°S). The red bar indicates the area of suboxic conditions in subsurface
waters. The black rectangle marks the study area for downcore reconstruction (see also Fig.1). (b) Nutrient
utilization for NO;3™ (%, dark grey area) and Si(OH), (%, dashed area). (c) BSi (%, black dashed line), TN
(%, green dashed line) and subsurface nutrient concentrations (= supply; in pmol L'l, Si(OH)4: black line;
NOj": green line). (Modified from Doering et al., 2016; Ehlert et al., 2012; Mollier-Vogel et al., 2012).
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Figure 4: (a) Correlation of 8" Npui versus 83 Sigg; for
modern surface sediments (modified from Ehlert et al.,
2015), the dashed lines indicate 1:1 utilization of
different 8'NO;™ source values (7%o, 7.9%o, 8.35%0 and
11.3%0) between 9°S and 15°S (based on Mollier-Vogel
et al., 2012), the rectangle marks the respective range of
isotope values that can be expected in sediment samples
for nutrient utilization with source values of 1.5%o
(8*"Si(OH),) and 8.35%o; (inset) Schematic overview of
nutrient utilization associated with changes in the
isotopic compositions of both 8'°N and 5*'Si: the black
star marks the source signature (or 100% utilization)
for 3N and for 8%'Si, the grey star marks the
respective isotopic compositions for 0% utilization, the
black dashed line indicates the 1:1 utilization for NO;~
:Si(OH)4, respectively. Ratios that plot above the
utilization lines reflect Si(OH), limitation, as indicated
by the dark grey and light grey dotted line representing
ratios of 1:2 and 1:4, whereas data points below record
stronger NOj limitation, as indicated by the dark grey
and light grey dashed lines representing ratios of 2:1
and 15:1. The rectangle indicates the whole range of
possible isotopic values. (c-e¢) Downcore correlation of
8" Npux and 8*Sigs; for cores 024TC (diamonds),
005TC (grey stars), 003TC (grey squares) and BO405-6
(grey triangles; Ehlert et al., 2015), for the CWP and
the LIA. For the LIA the sample values are separated
into arid (d) and humid periods (e).
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575 Figure 5: Latitudinal comparison of (left) mean 8Ny, (%o, black diamonds) and 83 Sigg; (%o, white circles)
576 and the calculated §"*NO5™ source values (green line), (middle) the respective nutrient utilization of NO3~
5717 (grey, solid line) and Si(OH), (dashed area and line) and (right) TN (%) and BSi (%) and nutrient supply
578 relative to today for (a) the CWP, (b) the arid phases of the LIA and (c) the humid phases of the LIA.

579 Please note that for ﬁlsNbulk values the mean was calculated for all available values for each time period and
580 not only for samples, for which also 63°SiBSi values are available. Error bars mark the 1 SD of the mean
581 values.
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583 Figure 6: Schematic nutrient (Si(OH), and NOj3) cycle models for the Peruvian shelf area (0-200m water
584 depth) during the last 600 years. The NO;:Si(OH), (N:Si) indicates the ratio in which both nutrients are
585 taken up during productivity in surface waters.
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