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We present a comparison of the dissolved stable isotope composition of silicate (5°°Si(OH),) and nitrate
(515N03_) to investigate the biogeochemical processes controlling nutrient cycling in the upwelling area off
Peru, where one of the globally largest Oxygen Minimum Zones (OMZs) is located. Besides strong upwelling
of nutrient rich waters mainly favoring diatom growth, an anticyclonic eddy influenced the study area. We
observe a tight coupling between the silicon (Si) and nitrogen (N) cycles in the study area. Waters on the
shelf showed high Si(OH), concentrations accompanied by diminished NO5 concentration as a consequence
of intense remineralization, high Si fluxes from the shelf sediments, and N-loss processes such as anammox/
denitrification within the OMZ. Correspondingly, the surface waters show low §°°Si(OH), values (+2%,) due
to low Si utilization but relatively high 515NO3‘ (+139,,) values due to upwelling of waters influenced by N-
loss processes. In contrast, as a consequence of the deepening of the thermocline in the eddy center, a pro-
nounced Si(OH), depletion led to the highest §°°Si(OH), values (+3.79%,) accompanied by high §*°NO; val-
ues (+16%,). In the eddy center, high NO;: Si(OH), ratios favored the growth of non-siliceous organisms
(Synechococcus). Our data show that upwelling processes and the presence of eddies play important roles con-
trolling the nutrient cycles and therefore also exert a major influence on the phytoplankton communities in
the Peruvian Upwelling. Our findings also show that the combined approach of §°°Si(OH), and §*°NO; can

improve our understanding of paleo records as it can help to disentangle utilization and N-loss processes.
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The upwelling area off Peru is characterized by extremely
high primary productivity (Thiede and Suess, 1983; Berger
et al., 1989; Pennington et al., 2006) and one of the globally
largest Oxygen Minimum Zones (OMZs) with oxygen levels
below 5 ymol L™ mainly between 100 m and 500 m water
depth (Karstensen et al., 2008; Fuenzalida et al., 2009). The
extent and strength of the OMZ is a function of ventilation via
ocean circulation and degradation of organic matter depending
on primary productivity in the euphotic zone, which is driven
by upwelling, and exerts major influence on nutrient cycling.
The high productivity close to the shelf is mainly induced by
upwelling of subsurface waters with high phosphate (Pof[),
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silicic acid (Si(OH)4), and iron (Fe) concentrations (Bruland
et al.,, 2005). Besides strong surface and subsurface currents,
eddies are reoccurring hydrographic features in the area off
Peru (Chaigneau et al., 2008; Stramma et al., 2013), which
have a strong influence on the local biogeochemical cycles. A
model study of eastern boundary upwelling systems by Gruber
et al. (2011) suggested that high eddy activity is associated
with low levels of biological production, leading to reduced



upwelling region are diatoms (Estrada and Blasco, 1985; Franz
et al., 2012), which require Si(OH), to form their biogenic silica
(bSiOy) shells (Lewin, 1961) and which contribute approxi-
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Reample represents the ratio of the measured 3°Si/?®si,
I5N/YN, and 80/*0 ratios whereas Rqq denotes the isotope
ratio of the reference standard. For Si isotopes, the NBS28
standard is used, N isotopes are given relative to the N iso-
tope ratio of air, using international reference standards
USGS 34, USGS 35, and IAEA 3 for calibration. The reference
standard for oxygen isotopes is the Vienna Standard Mean
Ocean Water (V-SMOW. Repeated measurements of an inter-
nal seawater matrix standard gave a long-term reproducibil-
ity of £0.29%, (20sq, N=15) for Si isotope measurements
and *+ 0.4%, (204, N = 33) for N isotope measurements. 4*%0-
NO; are generally reproducible within 19, (2sd).
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Hy ~ograp hic setting of the st_§ area

The main subsurface currents influencing the Peruvian
upwelling (Fig. 1b) are the southward flowing Peru-Chile
Countercurrent (PCCC) and the Peru-Chile Undercurrent


http://www.aviso.oceanobs.com
http://www.aviso.oceanobs.com
http://wileyonlinelibrary.com

to + 3.7%, while Si(OH),
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(~+2%,) were accompanied by relatively high §*°NO; sig-
natures (+ 13%,). The highest 3°Si(OH), value in surface
waters in the center of the eddy (+3.79,) correspond to a
high §*®*NO; signature of + 15%,, a very low bSiO, concen-
tration (0.2 umol L%, and the highest NO;: Si(OH)4 (~15)
and PON: bSiO, ratios (~8) (Fig. 5c,d). Sta. 3 and Sta. 4
show high §*°NOj3 signatures (+16%,), whereas Sta. 5 is less
fractionated (+109,). In comparison, offshore Sta. 4 only
shows moderately fractionated surface waters (+ 2.59,) for
530Si(OH),.

Ray leig h-type isotope fractionation mo ~gl

To estimate the enrichment factors for Si and N isotopes
in surface waters and within the OMZ, we applied a
Rayleigh-type fractionation model (Supporting Information
Fig. A3) in which the stable isotope compositions are related
to the natural logarithm of the respective nutrient concen-

trations. A Rayleigh-type model describes a closed system, to
which after a single input no additional nutrients are newly
supplied (Mariotti et al., 1981). We are aware of the fact that
the Raleigh-type model does not realistically describe the
highly dynamic hydrographic system in the Peruvian upwell-
ing system, which can be better approximated by a steady
state model characterized by a continuous re-supply of
nutrients (Ehlert at al., 2012). Along the 10°S transect this is,
however, difficult to realize given that we have to assume an
initial nutrient concentration for all stations. Based on the
applied model we estimate an enrichment factor of —0.5%,
(r*=0.9) for the surface water utilization of Si(OH)






(r? = 0.8) with the lowest NO; concentrations (2 umol L™
corresponding to the highest Si(OH),; concentrations (33
pmol L),
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interface at 300 m to 1000 m water depth denitrification is
the most important process along the Peruvian slope.

During the first step of the denitrification process NOj is
converted to NO, associated with an increase of the §*°N
signature of the residual NO; and a decrease of 5N signa-
ture of the NO, produced. This can explain the very high
NO, concentrations of up to 11 umol L' at Sta. 807 and
supports denitrification to be the dominating process on the
shelf, in particular at the sediment-seawater interface, but
not the enriched §'°NO, values. Generally, the NO, max-
ima found at deeper depths within the OMZ are associated
with more negative 5'°NO, values between —109%, and 0%,,
with NO, concentrations ranging from 4 to 10 umol Lt
(Casciotti et al., 2013). Interestingly, however, the §*°NO,
shows the highest so far observed values (+159%,) at Sta. 807,
which can only be explained by very efficient denitrification
processes that transferred the highly positive §*°N signal of
the NO; into the NO, produced.



influence on the phytoplankton communities, as already
shown by a study from Vaillancourt et al. (2003) in the North
Pacific that showed higher abundances of Synechococcus out-
side of a cyclonic eddy. Their cyclonic eddy was characterized



NO;: Si(OH), (<1) was found in bottom waters on the shelf,
where the highest (315NO§ (+259,,) values were accompanied
by the lowest §°°Si(OH),. There we also found a strong negative
coupling between Si(OH), and NO; concentrations, most
likely because the organic matter fueling the N-loss processes is
derived from sinking diatoms. Our study shows that in upwell-
ing regions, which are characterized by high productivity,
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