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Abstract. The high availability of electron donors occurring —0.41 to—26.8 nM d™1. The addition of both ATU and GC7

in coastal upwelling ecosystems with marked oxyclinesreduced NO accumulation and increased gebnsumption,
favours chemoautotrophy, in turn leading to highONand  suggesting that AAO and AMO were responsible, in part,
CHg cycling associated with aerobic I\II—KAAO) and CH, for the cycling of these gases. These findings show that
oxidation (AMO). This is the case of the highly productive chemically driven chemolithoautotrophy (with yHand
coastal upwelling area off central Chile (36), where we  CHpg acting as electron donors) could be more important than
evaluated the importance of total chemolithoautotrophic vs.previously thought in upwelling ecosystems, raising new
photoautotrophic production, the specific contributions of questions concerning its relevance in the future ocean.
AAO and AMO to chemosynthesis and their role in gas
cycling. Chemolithoautotrophy was studied at a time-series

station during monthly (2007-2009) and seasonal cruise§ |ntroduction

(January 2008, September 2008, January 2009) and was

assessed in terms of the natural C isotopic ratio of particulateoastal upwelling regions, most of which are associated with
organic carbon3POC), total and specific (associated with eastern boundary current systems, significantly influence
AAO and AMO) dark carbon assimilation (CA), an®  oceanic biogeochemistry in terms of marine productivity and
and CH, cycling experiments. At the oxyclinef™®POC  atmospheric chemistry. Although they represent less than 1%
averaged—22.2%o; this was significantly lighter compared of the area of the ocean, these regions provide about 20% of
to the surface{19.7%o) and bottom layers-20.7%o). Total  the global fish catch (Pauly and Chistensen, 1995) and give
integrated dark CA in the whole water column fluctuated off intense NO and CH, emissions (Law and Owens, 1990;
between 19.4 and 2.924mg C#d~1, was higher during  Owens et al., 1991; Nevinson et al., 2004). Physical forcing
active upwelling, and contributed 0.7 to 49.7% of the total (through favourable wind stress) generally explains most
integrated autotrophic CA (photo plus chemoautotrophy),biological production (Rykaczewski and Checkley, 2008),
which ranged from 135 to 7.626 mg Cthd 1, and averaged  pringing nutrient-rich water from below the pycnocline to the
20.3% for the whole sampling period. Dark CA was reducedsurface layer, thereby boosting phytoplankton production.
by 27 to 48% after adding a specific AAO inhibitor (ATU) The supply of nutrients to the surface in terms of new
and by 24 to 76% with GC7, a specific archaea inhibitor.nitrogen (NQ") results in high organic matter or “new”
This indicates that AAO and AMO microbes (most of them production (Eppley, 1989).

archaea) were performing dark CA through the oxidation of The formation of planktonic biomass in such highly
NH; and CH,;. Net N;O cycling rates varied between 8.88 productive marine areas also results ip @nsumption, as
and 43nM dt, whereas net Cldcycling rates ranged from  organic matter (OM) respiration takes place throughout the
water column. @ gradients or oxyclines act as a chemical
forcing (or redox gradient) for micro-organisms and,

Correspondence td:. Farias therefore, for important biogeochemical processes (Pimenov
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decomposition, whereas NOHS™, and CH, are produced of organic matter, so methanogenesis occurs in anoxic
if NO3, SO;, and CQ are used as electron acceptors for environments. In contrast, two processes have been reported
anaerobic organic matter respiration. Thus, althoughf NH 0 consume Cht aerobic and anaerobic GHbxidation.
NO,, HS™, and other compounds can encounter differentPuring the first reaction, @is the electron acceptor. For
fates, they are most likely to be used as electron donordhe second reaction, $O or NO; can be used (Valentine
for the chemolithoautotrophic microbes processing carborfd Reeburgh, 2003). Whereas anaerobic methane oxidation
(C) in dark conditions. Although the presence of dark 'S mediated bygconsortlum of (_zH:onsummg archaea and .
CO; assimilation or chemolithoautotrophic activity has been SulPhate-reducing proteobacteria (Schubert et al., 2006), in
observed in a variety of marine environments associatedn€ Presence of Haerobic CH oxidation prevails. _

with redoxclines such as the Cariaco Basin (Taylor et al., 1he coastal ecosystem off central Chile presents intense
2001), the Black Sea (Pimelov and Neretin, 2006), theUPwelling in austral spring and summer (70% of the year)
Baltic Sea (Jost et al., 2008), fijords (Zopfi et al., 2001), due to favourable wind stress (Cornejo et al., 2007). The
and hydrothermal vents (both in free and episymbiontse_asona| mtens_,lflcatmn of the south and southwgst w_mds
micro-organisms; Lein et al., 1997; Campbell et al., 2003),brings Equatorial Subsurface Water (ESSW), with high

such activity has not been examined sufficiently in highly NOs and low & concentrations, to the surface (Sobarzo
productive coastal upwelling ecosystems. and Djurfeldt, 2004). The width of the continental shelf

provides a large surface area for material exchange and
benthic-pelagic coupling in subsurface waters that can reach
. the surface via upwelling processes. The most significant
AAQ a_nd ANO, respectively) t_ransform '\EH gnd NG consequences of this coastal upwelling are the fertilization
to NG, _as a means of securing the reducing power 10 o photic zone, which sustains high primary production
synthesize organic matter from GQ@Ward et al., 1989). (3-20g Cmr2d-1, Daneri et al., 2000; Féas et al., 2004)
Methanotrophic micro-organisms are distinguished by theirand the outgassing of 4D (Cornejo et al., 2007). In

ability to use CH as their reducing power and sole source of |546 4tumn and early winter, however, Sub-Antarctic Water
carbon (Schubert etal., 2006). Both W”d CH-oxidizing — gaaw), high in dissolved @and low in nutrients, occupies
microbes are obllgate aero_blc chemol_lthoautotrophs. Theyhe uppermost part of the water column and northerly winds
play a central role in the biogeochemical cycles of carbong e qominate, driving strong, efficient vertical mixing of the

and nitrogen because they produce organic matter bubaser column. In this period, the coastal area acts as@ N
also because they can recycle bio-elements such as tr‘gnk (Cornejo et al., 2007)

greenhouge gases® and CI—},, both of which participate in. This area has shallow, intense, Qoxycline) and
the depletion of stratospheric ozone through phOtOChem'Caﬁutrient (nutricline) gradients. The presence of-g@or
reactions (Crutzen, 1991). These trace gases contribute aboyf 1o generates an,Oand electron donor downward
6% and 15% to the global greenhouse effect, respectively , (associated with the active breakdown of organic

(IPCC, 2007). matter produced in the surface layer). Also, the intense
The cycling of NO involves processes that produce and mineralization of organic matter produced in the water and
consume it. NO is mainly produced by nitrification through  sediment generates an upward flux of electron donors such
aerobic ammonium oxidation (Codispoti and Christensengs HS", CH,, and NI—[{, offering a substantial substrate
1985) but some species of nitrifying bacteria can producefor the existence of autotrophic mechanisms — other than
N20 by reducing nitrite through a process called nitrifier photosynthetic — in the water column. These, in turn, drive
denitrification (Arp and Stein, 2003). Furthermore, intense nutrient and gas cycles.
dissimilatory nitrite reduction (CaHEd partial denitrification; This study exp|0res the existence of important alternative
Codispoti and Christensen, 1985) or dissimilatory nitrateautotrophic processes acting in the C and N cycling of
reduction to ammonium (DNRA) could be a relatively the continental shelf waters off central Chile: aerobic
important NO producing process (Kartal et al., 2007). ammonium and methane oxidizing pathways. By evaluating
However, the complete N-oxide (e.g., §Oreductionto N these chemolithoautotrophic processes, we will attempt
is the only reaction able to consume®I(Elkin et al., 1978;  to answer the following questions: what is the relative
Farias et al., 2009). It is important to note that\is notan  jmportance of chemo- vs. photo-autotrophic production?
intermediate of anaerobic ammonium oxidation (anammox)Are nitrifying and methanotrophic activities significantly
although it is known that, at very low relative percentages,involved in dark C assimilation? Are AAO and AMO
NO detoxification by anammox and other bacteria could beresponsible for MO and CH cycling in the coastal
a potential source of 0. upwelling area off central Chile, and do they influence the
The cycling of CH also involves producing and con- gas exchange across the air-sea interface (i.e., AAO favours
suming processes. Methanogens Gioducing bacteria) N»O effluxes whereas AMO reduces gldffluxes into the
can use a range of substrates, including,C@rmate, atmosphere).
and acetate to generate glduring anaerobic respiration

Among chemolithoautotrophic microorganisms, nitrifying
bacterioplankton (namely aerobic Ijﬂ-and NG oxidizers,
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2 Materials and methods 12

2.1 Site description and sampling strategy "
Field work was carried out at the time-series station 18 2 ™
(36°30.8S; 7307.78W), located 18 nautical miles from §3BOS|
the coast (92m depth) over the widest continental shelf 5%
of Chile (ca. 3.066 k), between the Bio Bio and Itata ~ 36.|
submarine canyons (Fig. 1). Monthly cruises (L/C Kay-Kay,
Universidad de Concepm) have been carried out at 42'|
Station 18 since August 2002 as part of the time-series
program of the Centre for Oceanographic Research in the o= s £
eastern South Pacific (COPAS) in order to identify physical Longitude ("W)

and biological variability in this upwelling ecosystem.

Hydrographic data (temperature, salinity,,@luorescence, Fig. 1. Map showing the location of Station18 (3#.80'S;
light) were obtained from the water column using a CTR-O 73°07.78W), occupied monthly by the COPAS oceanographic
probe (Seabird 25). An optical sensor (Satlantic) wascentre for a physmal-chem|cal-b|olog|cgl ’lntegra_ted time-series
atached (0 the CTD. Viaer samples were colected afl Shce s 02 Covl Shies sounenl s
2, 5, .10’ 15, 20, 30, 40’ 5(.)’ .65’ and 80m depth (andBathymetric contours are in metres. g g
sometimes at 90m) using Niskin bottles (10L) attached
to a rosette sampler. Gas {Gnd NO) and nutrient
(NH, NO3, NG, , and P(j_) measurements were routinely 4 mlmin
performed. In situ autotrophic carbon assimilation rates anq/vas equilibrated to 4@ within 5 mL He headspace.
CH4 measurements were included in this program in early Dissolved N"]f was determined immediately after
2007. The determination of natural abundances of C isotopes . . _

in POC started in late 2007. sampling, whereas samples for dissolved N®IO;, and

In addition to the ongoing time-series program, three PO~ were filtered (0.7:m, type GF-F glass filter) on board
seasonal process-oriented cruises were performed in ordé@nd stored frozen until analysis. Concentrations of,NO
to assess specific pathways of chemoautotrophic processeNO;, and P(j’ were determined using standard manual
NICCHEX | (January 2008) and MI-LOCO | (January 2009) colourimetric techniques following Grasshoff et al. (1983).
in upwelling periods and NICCHEX Il (September 2008) The precision of NQ and NG, in terms of coefficient
in a non-upwelling period. During these cruises, water variation, was better tha#t10% and+-3%, respectively. For
samples were taken from the oxycline (set at 30 m depth) andNH; concentrations, samples (triplicate) were taken directly
near-bottom water (80 m depth, in order to avoid the effectfrom the Niskin bottle in 50-mL Pyrex (Duran Schott) flasks.
of particulate organic matter re-suspension) for biological Each sample (40 mL) received 10 mL of working solution
incubations. The samples were used for light and dark Q(OPA). Samples were then stored in the dark for 2h and

ES

W T2W BB 2,

A o Concepcion I
.

1 column flow. Previously, the seawater sample

assimilation and BO and CH, time course experiments. analyzed by the fluorometric method (Holmes et al., 1999)
using a Turner design fluorometre. The standard error of this

2.2 Field measurements technique was lower thah5%.

2.2.1 Chemical and geochemical analyses 2.2.2 Insitu carbon assimilation (CA) rates and natural

C isotopic ratio for POC
During this study, samples for gas analysis were taken in
triplicate. Dissolved @ (125 mL sample) was analyzed Monthly rates of light and dark CA (representing total
with an automatic Winkler method (AULOX Measurement photoautotrophic and chemoautolithotrophic production,
System) developed at PROFC-Universidad de Conéepci respectively) were obtained through incubations using the
N>O (20mL sample) was analyzed by creating 5mL He 13C stable isotopic technique on an in situ mooring line.
headspace and equilibration in the vial, and then quantifyingSamples from different depths were labeled WHC in
the NbO with a gas chromatograph (Varian 3380) using the form of NaH3COz (99% 13C). The tracer was added
an electron capture detector maintained at °80and at a final tracer concentration of 10% final enrichment
connected to an autosampler device (for more details, se€0.5 for 580 mL incubation volume). The incubations
Cornejo et al., 2007). CH(20 mL sample) was manually lasted ca. 10h (samples were generally taken at dawn and
analyzed on a gas chromatograph with Flame ionizationput on the line before sunrise) and were terminated by
detector (Schimadzu 17A) through a capillary column GS-Qfiltration through pre-combusted Owi glass fibre filters
(J&W, 0.53mmx30m) with 30C oven temperature and (12h; 450C). Filters were dried at 6C for 24 h and then

www.biogeosciences.net/6/3053/2009/ Biogeosciences, 6, 30632009
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stored at a constant temperature until laboratory analysisvith three treatments: 13°C; 2) 13C plus allylthiourea
by continuous-flow isotope ratio mass spectrometry (IRMS,(hereafter referred to as ATU); and C plus N1-guanyl-1,
Finnigan Delta Plus). Prior to the analysis, samples were7-diaminoheptane (hereafter referred to as GC7). ATU
acid-fumed to remove carbonates. International standardFLUKA), which is a specific inhibitor of the N
reference material was used for all analyses (Acetanilide). monooxygenase enzyme was added at a final concentration
For the elemental analysis of C and N contentsof 86uM (Ginestet et al., 1998). Given the physiological
in particulate organic matter and natur&fC isotopic  and biochemical similarities between AA and AM oxidizing
characterization, 1L of seawater per depth was filteredmicrobes (Hanson and Hanson, 1996), ATU may also
through precombusted Oumm glass fibre filters (type significantly affect CH cycling. GC7 (BIOSERCH), a
Whatman GF-F). IRMS sample analysis was performedknown phylogenetic inhibitor of archaea, was added at a final
as specified above. Reproducibility fdfC (based on concentration of 500 mM (Jansson et al., 2000) in order to
standards) was better than 0.11%.. Isotope ratios werénhibit the deoxyhypusine synthase enzyme. In this way,
expressed as per mil deviations of the isotopic compositionve were able to discern the group of microbes involved
of Vienna PDB, the internationally accepted standard, asn CA, and in NO and CH cycling. Experiments were
defined by Eq. (1): incubated in the laboratory at in situ temperatures and in
the dark. Incubations lasted between 13 and 24 h. Samples
were filtered at three different times (0, t1, and sometimes
t2) through pre-combusted glass fibre filters prior to mass
spectrometry analysis (IRMS). Initial and final dissolved
inorganic nitrogen concentrations were measured for each
sample as described above.

53C(%o) = [ Rsample/ Rstandard— 1] x 1000 (1)

whereR =13C:12C.
Light and dark CA rates were calculated following Slawyk
and Collos (1984), as stated in Egs. (2) and (3):

(YRpoc— Ry) * ( Poc )
12*Vf %12

oDI3C = _ (2) 2.2.3 NO and CHj, cycling by aerobic NH; and CHg
YoRpic oxidation
(v13c;13o|c) +DIC; %0.01112 During the NICCHEX an_d MI-LOCO cruis_es, experimental
%RpiC = b +100 3) assays were performed in the laboratory in order to evaluate
DIC,»—VlsC"j—[lSD'C the kinetics of NO and CH cycling and to determine

possible associations with chemoautotrophic activities (e.g.,
where V; represents the filtered volume and POC is theAAO and AMO). For this purpose, water was dispensed
amount of particulate organic carbon recovered on the filte— avoiding oxygenation — into 1-L double-laminated
after incubation and measured by mass spectromgtgy. (  aluminium-polyethylene bags. Each bag had a hose/valve
The excess enrichment of the tracer after inoculation (To)with a septum through which all the different treatments were
is indicated by %&pc, which is calculated using Eq. (3). injected. A permeability test was performed prior to the
The %Rpoc indicates the'3C enrichment on the filter after experiment. The bags were filled with helium and monitored
incubation, measured by the tracer mass. In Eq. ¥3§C for 24 h using gas chromatography; the lack of intrusions
indicates the volume of3C added to the sample during by atmospheric gases §® or CH;) confirmed the hermetic
inoculation, wherea$’DIC refers to the tracer concentration seal of the bags. Atmospheric oxygen could not be tested
added to the sample (3.6456 Hg mI~1). DIC; represents in the bags through chromatography, but oxygen intrusions
the initial amount of DIC in the sample. For this study, we were considered unlikely since @ was not detected
used a constant value (26 mg C1) based on previous DIC inside the bag (given the sensitivity of the chromatographic
measurements in the study ared, is the volume in the method). We could then confidently exclude the possibility
incubation flask (0.6L). Natural %C abundance in POC of oxygenation during the incubation process. The cycling
from August 2007 and March 2008 was used to estimataate of NO and CH over time or its accumulation or
excess 9%°C abundances in the experiment (except from consumption was determined under natural in situaBd
April to August 2009 when an annual average of naturaltemperature (11-2&) conditions, without (the control) and
%"'3C abundance in POC was considered). with the addition of ATU and GC?7 inhibitors (these were

In order to determine the fraction of total dark autotrophic slowly injected into the bags through a septum with gastight
CA that can be associated with the aerobic leIﬂnd syringes). Treatments (without any inhibitor) and poisoned
CHg4 oxidizing pathways, biogeochemical experiments weretreatments (with HgGh were performed in order to evaluate
performed at 30 (oxycline) and 80m depth (near-bottomnet gas cycling (i.e., with and without biological processes
water) during NICCHEX (I and Il) and MI-LOCO cruises. that produce and consume these gases). Subsamples were
Seawater samples were dispensed — avoiding oxygenatioretrieved from the bags forJD and CH analysis at different
— into acid-cleaned 600-mL glass bottles (in duplicate ortimes (one or two bags per experiment) by applying pressure
triplicate) sealed with septum caps. These were amendedn the bags; this water was poured into GC bottles (20 mL).

Biogeosciences, 6, 3053669 2009 www.biogeosciences.net/6/3053/2009/
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For each incubation time, three GC bottles with incubated3 Results
water were injected with 50L of saturated HgGlin order o _ _ .
to stop all biological reactions; the bottles were then sealed.1 Temporal variability of physical-chemical variables

with rubber stoppers and metallic caps. ) ) o . .
The net rates of pO and CH accumulation or AN analysis of the vertical distribution of physical variables

consumption were calculated from the slopes of the lineafincluding dissolved @ during the almost 7-year survey
regressions of the concentration as a function of timeP€riod allow dividing the water column into three layers,
for each treatment. Positive slope values represente@S described earlier. Figure 2 presents time-series plots
net gas accumulation and negative values indicated ne?uly 2002-March 2009) of temperaturg?), salinity (5),
consumption. The rate uncertainty was calculated directlySigma-t ¢), and oxygen (). These show the thermocline
from the standard error of the slope for the control, ATU, (11°C), hangIme (34.5), PYC”OC"”e (260,5)’ and oxycline

and GC7 treatments. Studentsest and ANOVA were used (2214M oxycline), all of which characterise the presence of

to evaluate the significance of slopes and the difference§,he ESSW. ) )
between the treatments. The surface layer (considered to be a well-mixed,

illuminated layer whose limit is defined by the depth
2.3 Data analysis of the photic layer) ranged between 12 and 40m

depth and was shallower in summer than in wintertime
The depth of the euphotic zone (irradiation at 1% of its (Table 2). The surface layer nearly coincided with the
surface value) was estimated from the attenuation coefficientixed layer depth, which fluctuated between 12 and 20 m
of downwelling irradiance. A density-based criterion was depth and was influenced by the warming in summer
used to determine the mixed layer depth. In order to interpretind precipitation in winter, resulting in highly variable
the & and electron donor vertical distributions along with temperatures (11%1<surface T < 18.1°C; Fig. 2a) and
CA rates, the water column was divided into three layerssalinity (2873 < surfaceS < 34.56; Fig. 2b). The surface
according to its hydrographic features: 1. an illuminated,layer was always well oxygenated, withp @Gevels ranging
mixed surface layer with high £Ocontent; 2. a subsurface between 329 and 183M (Fig. 2c).
or oxycline layer layer that was always associated with the The oxycline layer extended from the base of the surface
oxycline, showed hypoxic conditions and a strong redoxor photic layer to 65m depth. Although the temperature
gradient, and extended from its upper limit at the base of theand salinity in this layer were less variable than in the
euphotic zone (this nearly coincides with the mixing layer surface layerg ¢ revealed a clear seasonal cycle (see Fig. 2d).
depth or the base of thermocline) to 65-m depth (this is anThis parameter indicated that ESSW was present almost
arbitrary depth at which ®levels are close to 22M and all spring, summer and early autumn, whereas SAAW
assumed to be uninfluenced by the sediments); and 3. was only found in austral winter (i.e., May, June, July).
bottom layer with very low @that extends from 66 m depth Dissolved oxygen decreased abruptly in the oxycline layer,
to the water overlying the sediments (92 m). from ~220uM at the base of surface layer t82.81 at

Integrated light and dark CA were calculated by nu- 65m depth. The 22tM O2 isocline lies between 14 and

merically integrating (trapezoidal quadrature) the measure®0 m but, excluding the months in which the oxycline was
CA rate with respect to specific depth ranges. Integratecextremely shallow (e.g. June 2008, November 2008), the
photosynthetic CA (light bottles) was calculated as the22-uM O3 isobaths were usually located at 60 to 70 m depth
integrated values from the surface to the depth of 1% surfacésee Fig. 2c) and, on average, at 61 m. Therefore, this
irradiance, whereas dark CA (dark bottles) were calculatecconfirms a good separation between the oxycline and bottom
by integrating rates from the surface to depth of 1% incidentlayers.
light (photic layer) and from 1% incident light to 92m The bottom layer was confined to depths below 65m,
(aphotic layer). Hourly rates were multiplied by 12 (photo where the physical components were less variable (see Fig. 2
CA) or 24 (dark CA) to obtain daily rates. Gas and nutrient a, b, c) and the ESSW was in contact with the sediments most
inventories were estimated as linear depth integrations byf the time. The @ content in this layer was low<(22 uM),
layer (see depth range) from interpolated data betweersometimes close to 1 to/8M, except in periods of strong
each sampled depth. Correlations between environmentalertical mixing (i.e., winter, see Fig. 2c). These nearly
variables and geochemical parameters (nutrient and gaanoxic conditions were mostly observed in late summer, after
inventories) as well as betweéh3POC and CA rates were several upwelling events that resulted in the accumulation of
performed through Spearman rank correlation (rho). Thea large amount of organic matter on the sediments produced
significance of rho f < 0.05) was determined using an by the sedimentation of successive phytoplankton blooms.
F-test.

www.biogeosciences.net/6/3053/2009/ Biogeosciences, 6, 30632009
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Fig. 2. Temporal variability of temperature, salinity, dissolved
oxygen, and density at Station 18 (August 2002 to date). Horizontal
lines separate the predetermined layers. @6.Mndicates the e
presence of the ESSW.

3.2 Temporal variability of gases (MO and CHy) and Fig. 3. Temporal variability of(a) nitrous oxide,(b) methane(c)
nutrients ammonium,(d) nitrite, and(e) nitrate concentrations at Station 18

(data from April 2007 to March 2009).

Time-series plots for the gases,® and CH, measured

from April 2007 to March 2009, are shown in Fig. 3. The

temporal variability of the MO content in the water column concentrations%180.M). In contrast, during the upwelling
(see Fig. 3a) showed a seasonal pattern that correspondéalvourable periods, PO increased as £decreased in the
well with the temporal @ variation (see Fig. 3a). In oxycline layer. Very high MO maxima (up to 206 nM)
winter or non-favourable upwelling periods, the whole were observed (e.g., December 2008, January 2009) (see
water column had low BD levels «10nM) but high Q Fig. 3a), sometimes creating 2@ hotspots within the

Biogeosciences, 6, 3053669 2009 www.biogeosciences.net/6/3053/2009/
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oxycline layer. The temporal variability of the bottom layer In the bottom water, the ND content was also highly
was higher (20-70.6 nM), also fluctuating in relation to the variable, ranging between 0.5 and @M (Fig. 3d). As

O3 fluctuations, but diminishing (sub-saturatedhONvalues  with NHI, a fraction of the NG might come from the
were observed when the@ropped below 1M, generally ~ sediments, but some may also be produced by nitrification
in late summer and early autumn. and denitrification processes that could be acting in the

The temporal variability of the vertical GHdistribution ~ bottom layer under @deficiency.
(see Fig. 3b) also showed seasonal variations, peaking Nitrate concentrations were always high during our study,
in upwelling-favourable periods, when,Qoncentrations and the oxidized N-compound was the most abundant
dropped. During these periods, the £idoncentration in the water column (see Fig. 3e). NOwas never
was high (up to 79.9nM, January 2009), especially in thedepleted in surface waters, not even during periods of high
bottom waters, and gradually decreased towards the surfacehotoautotrophic production. Within the oxycline layer,
The maximum CH concentration occurred close to the NOj levels were variable, ranging from 14.5 to 3aM,
seafloor, indicating that the GHemission came from the and showed seasonal patterns, i.e., enhanceg N@ing
sediment to the overlying water column. This vertical patternypwelling-favourable periods and diminished N@uring
corresponded to exponentially-decreasingoOncentrations  non-upwelling periods. The ND and NO inventories
and also to a marked methane production coming from th,eaked in the oxycline during upwelling periods (December
sediment and maybe even from the bottom layer. Table g7 and 2008), reaching up to 1.586 mmofmand
presents HO and CH inventories for each predefined layer. 5 gg5;, mol m~2, respectively (see Table 1). The high®
N20 inventories were higher (on average, 42.2% of the totalajues observed along with the higher nitrate concentrations
N20 pool) in the oxycline layer most of the time with respect ythin the oxygen gradient indicated the occurrence o§fNO
to surface and bottom layer. In contrast, £lventories  regeneration and#0 production through nitrification. In'the
indicated that most of the2 CHwas concentrated in the — pottom layer, NG concentrations decreased with respect to
bottom layer (102L.molm™), representing an average of o NG; values found in the oxycline layer in summer. This

0 ; 4
50% of the total CH pool. The CI—A.content in the oxycline indicates significant NQ consumption in the bottom water
layer was lower and could sometimes be lower than values

in the surface layer (see Table 1). Note thaCNnventories or within the sediments (e.g., March 2008, December 2008).
did not always increase towards the sediment; th® Hool
size in the oxycline was higher than in the surface and botto
layers in summer (up to 5.886mol m~2; see Table 1). This

pattern matches the NOand NG, vertical distribution (see -

Table 1) Temporal variations of photo and dark CA rates, POC
: . . : . contents, and'3POC are shown in Fig. 4. Simultaneous
Time-series plots and inventories for nutrients are shown_ .~ ™
in Fig. 3¢, d. e, and Table 1, respectively INH estimations of photo and dark CA rates, POC contents, and

concentrations were generally high although some variabilityItS isotopic composition and areal daily photo and dark CA

. X rates through photic and aphotic layers are presented in
was observed. The NHconcentrations in the surface layer Table 2. The photo CA rate. or photoautotronhic oroduction
varied from <0.1 to 3.5uM (Fig. 3c, December 2007). ) P  Orp phic p ’

. —1 .
Interestingly, this range of values is higher than the valuesva”ecj between 0.2 and 825mg C#d* and maximum

obtained in the oxycline layer, where low concentrationsrates were observed at the surface (2m depth) during

were always observed. The bottom waters had the highe pwelling-favourable periodg (December 2007, Qgtober
NHj,rr concentrations (up to 8/M) in summer since the 008, January 2009; see Fig. 4a). Dark CA activity or

X . chemoautotrophic production was surprisingly high durin
sediments can act as a source of}\IHFanas et al., 2004). phic p prisingly g g

. ) the studied period, albeit one order of magnitude lower
On average, 25% of the total NHpool was present in the  han the rates of photoautotrophic production. In the photic

oxycline, whereas the surface and bottom layer contained UBone, these dark CA rates fluctuated between 0.20 and
to 36 and 99 mmol m?, respectively. 145mgCnr3d-! (see Table 2) and maximum rates were
Nitrite showed a marked fluctuation in the study area,observed at the subsurface (15-30 m depth). In the aphotic
ranging from 0.01 to 6.&M. The surface layer presented zone (the oxycline and bottom layer), dark CA fluctuated
moderate and almost constant N@ontent, whereas the from 0.16 to 117mgCm3d-1. The highest values (up
oxycline showed a very wide range of J@oncentrations. to 70mgCnt3d~!) were located in the bottom layer
This layer had a lower average JOnventory (27%) than near the sediments (see Fig. 4b). As with photosynthetic
the surface and bottom layer (40.4 and 32.4%, respectively)activity, chemolithoautotroph activity was always higher
However, NG levels and inventories reached maxima in during upwelling-favourable periods (i.e., December 2007,
summer (up to &M, 160 mmol nT2; January 2008) and January 2009).
were accompanied by highep® and NG concentrations, Daily integrated rates for photoautotrophic production
suggesting MO production by AAO (see Fig. 3d, Table 1). ranged between 0.14 and 7.63 mg C4d~1, whereas daily

m?.3 Carbon assimilation rates, POC content, and C
isotopic composition
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Table 1. Ammonium, nitrite, nitrate, nitrous oxide and methane content by layer (expressed as inventories) at Station 18 during April
2007—-March 2009.

Time Series Cruise Ammonium inventory Nitrite inventory Nitrate inventory Nitrous oxide inventory Methane inventory
Cruise mmol 2 mmol m—2 mmol m—2 umol m—2 umol m—2

S-L O-L B-L S-L O-L B-L S-L O-L B-L S-L O-L B-L S-L O-L B-L
Apr-07 n-d n-d n-d 15.09 0.74 1.28 1295 709.8 904.7 834 6116 8056 122.8 828.1 998.3
May-07 15.05 6.37 6.75 8.68 0.96 0.78 106.5 5344 7615 5171 6103 820.4 599.8 480.3 1275
Jun-07 n-d n-d n-d 16.02 1.34 8.03 113.8 688.3 906.8 6352 4684 680.8 786.9 410.1 870.4
Jul-07 19.60 237 050 21.90 6.62 0.50 499.1 793.6 581.6 3892 929.2 9511 189.9 241.0 1426
Aug-07 13.02 6.13 249 11.36 12.48 280 605.8 6135 487.1 6283 7484 9241 697.3 821.0 1181
Sep-07 n-d n-d nd 639 1213 7.03 282.6 916. 629.9 321.0 846.9 788.1 3649 824.1 651.9
Oct-07 n-d n-d nd 2.60 3.07 183 2371 1621. 847.3 226.5 1881 984.1 1475 818.8 736.7
Dec-07 23.06 35.27 10.25 1.24 8.48 1365 107.1 1586. 755.5 233.0 2464 1545 133.3 6283 492.1
Jan-08 1052 11.85 7.77 5.07 160.17 140.42 249.8 1309. 489.6 447.9 4400 2157 386.5 2486 1699
Feb-08 7.20 0.73 180 17.62 2.09 7.00 7904 9035 664.1 815.9 1131 1268 540.0 710.9 936.3
Mar-08 5.24 024 0.25 13.17 0.96 258 656.5 599.8 360.6 878.8 1043 1672 540.0 649.1 1226
Apr-08 35.55 0.98 0.65 11.33 6.78 8.58 7409 896.7 6825 755.7 1290 946.5 6524 573.2 850.7
May-08 32.06 3265 69.20 1493 17.06 13.68 582.6 607.1 580.5 4045 511.8 6453 289.6 5455 761.0
Jun-08 n-d n-d n-d 12.76 091 26.60 994.6 479.2 5429 n-d 8555 n-d 9440 7584 1439
Sep-08 8.55 0.98 1215 6.08 0.56 422 7386 5259 660.2 1553 1309 1633 423.7 320.8 944
Oct-08 8.88 200 937 0.82 4.07 6.27 67.99 11959 627.7 404.8 1684 9945 2309 9522 646.6
Nov-08 14.04 1440 18.18 195 1479 1335 157.1 1380.3 608.1 653.8 3222 1578 115.2 585.2 824.2
Dec-08 449 101.12 98.61 14.71 108.04 132.34 4449 828.6 333.8 2419 5885 1286 398.1 1153 1175
Jan-09 1432 1039 873 230 3.94 428 1129 1267.3 668.9 269.1 1936 1405 143.8 699.8 905.5
Feb-09 2.84 1183 9.10 9.15 9.60 2141 3124 12818 626.3 n-d n-d n-d 2529 706.4 1030.5
Mar-09 9.53 495 1138 7.11 4.95 18.9 4175 1195 619.1 414.7 1067.8 816.3 111.3 1345 610
Averag® 140 1514 167 954 18.08 20.74 470.3 949.2 6352 858.1 1644.8 1152.7 3843 7875 923.6

@ Gray colour indicates favourable upwelling peridﬂaverage of values among months from April 2007 to March 2GS 19-24).
S-L: comprised from surface to 1% irradiance. O-L comprised freatfro surface irradiance to 65 m depth. B-L comprised from 66 m depth
to bottom; n-d: not determined.

integrated rates for chemoautotrophic production fluctuatedzalue of $13POC decreased te-22.2%. and showed high
from 8.06 to 2.85mgCm?dl. In the oxycline and monthly temporal variations#2.8%. standard deviation),
bottom layers, daily integrated rates of dark CA reachedas reflected in the range of values:17.7%. to values as
11.3 to 1.802mgCm?d—1. On average, half of the depleted as-28.6%. (see Fig.4d). These light#¥*C-POC
chemoautotrophic production came from the photic layervalues were accompanied by high ONO,, and NO in
(although values as high as 94% were observed in Aprilsummer (e.g., December 2007, January 2008). The average
2008), whereas the other half of the dark CA was of §3POC in the bottom layer was 20.7%.. Tiié3POC
concentrated in the aphotic layer (see Table 2). differed significantly among layers (t-studept< 0.05) and
POC concentrations varied between 59.1 angthis difference increased (t-studept< 0.01) when the data
1.282mgm3 (Fig. 4c) and POC content decreased Were separated into non-up_wellir)g and upwelling periods.
exponentially from the surface to the oxycline layer and !n order to look for relationships between dark CA and
then increased slightly towards the bottom. The Pocnutrients (that act as electron acceptors), several correlations
concentration was remarkably high in the photic layer (seeVéré performed. At the oxycline, the N-oxide inventories
Fig. 4c). This distribution was a persistent feature during the(N20; NO,, NO3), but not NH;, showed significant high
study period and correlated well with the bacterioplanktonCcorrelations with dark CA £ =0.57, p = 0.0008; p =0.3,
distribution, which showed maximal abundance in surface? = 0.028; rho2=0.5, p =0.002, respectively). These
and bottom waters (Galan et al., unpublished data). Thec,lgnlflcant correl'atl(.)ns between N-species inventories and
C:N ratio of particulate organic matter was around 5.5 to gdark CA rates indicated that AAO and ANO could be
(data not shown) and increased with depth (i.e., the bottonf€SPonsible for a fraction of dark CA, producing R@nd
water). §13POC was highly variable{16.9 to —28.6%.), NOj, respectively. In the bottom layer, NHshowed a
although the water column was only 92m in depth (seestronger correlation with dark CA rates compared to the
Fig. 4d). The vertical distribution o§13POC revealed an N-oxides (except N@) (rho=0.39,p =0.02). In the surface
important vertical zonation that could reflect the influence layer, photo CA rates are subjected to rapid nutrient and C
of C metabolic processes and environmental conditions. Irffurnover is driven largely by light energy. The gHiventory
the photic layer, the mean value 83POC was—19.7%,  Was inversely correlated with dark CA within the oxycline
and varied little £2.2%. SD). In the oxycline, the mean (rho=—0.58,p=0.02).

Biogeosciences, 6, 3053669 2009 www.biogeosciences.net/6/3053/2009/



L. Fafias et al.. Chemosynthetic processes in upwelling area 3061

o of their monooxygenase systems. In contrast, GC7 acts
on archaeal nitrifying and methanotrophs and, therefore, on
their metabolic pathways associated with CA angDNand
CHa cycling.

Table 3 shows the results of experiments carried out
in the oxycline and the bottom layer along with other
environmental conditions measured at these sampling times.
Dark 13CA rates in the control experiment (without any
& . s wm inhibitor) ranged from 0.21 to 4.91 mg CThd—1, peaking
in January 2009 (MI-LOCO cruise, see Table 3 and Fig. 5).
These rates were of the same order of magnitude as the net
rates obtained during the monthly in situ incubations (see
Fig. 4b). With the addition of ATU, dark CA was effectively
reduced by 28 to 48% with respect to the control experiment
(estimated by average rates; see Table 3, Fig. 5). The effect
of GC7 on archaeal CA rates was more evident in bottom
waters, where a 76% decrease was observed. Overall, dark
CA rates were higher in samples amended with the ATU
inhibitor compared to GC7 (on average, 25 and 51% higher
at 30 and 80 m depth, respectively; see Table 3).

In the gas cycling experiments (net cycling), O
accumulated in both layers. This means thaONwas
accumulated at net rates of 8.88 to 42.9 nMdhe highest
rates being observed in upwelling periods in both the
oxycline (40nMd 1) and bottom (43nMd?l) layer. ATU
usually had a significant effect on gas cycling, reducin®N
accumulation (see Table 3); GC7 also reduced the n&t N
rates. In contrast, CiHwas consumed in both layers at rates
fluctuating between 0.41 and 26.8 nM'd This suggests that
the processes responsible for £tbnsumption were higher
than the processes producing it. ATU and GC7 also affected
net gas cycling, most of the time producing three and ten-fold
increases in its consumption rate (see Table 3).
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The continental shelf water, off the coast of central Chile, is
one of the most productive marine ecosystems in the world,

Fig. 4. Seasonal variation in autotrophic carbon fixatio(a) sustaining the highest primary and fisheries productivity in

photoautotrophic carbon assimilatigh) dark carbon assimilation, the global ocean. Thi? high productivity is usyally gxplained
(c) natural C isotopic composition of POM, anftl) POC by the coastal upwelling of subsurface, nutrient-rich waters

concentration (data from April 2007 to March 2009). to the surface. This process is driven by the winds
and fertilizes the surface waters, promoting phytoplankton
blooms and the transfer of organic matter and energy to
3.4 Dark carbon assimilation and NO and CHy4 cycling higher trophic levels and towards the surface sediments
associated with AAO and AMO (Escribano et al., 2004; Rass et al., 2004). The magnitude
and observed temporal variability of biological productivity
Figure 5 shows a representative time course for thein this system, however, cannot be solely explained by
accumulation of3C in POC, NO and CH, production and  the effect of physical factors related to the onset of the
consumption during incubation experiments performed atupwelling process and subsequent phytoplankton C and
Station 18, using a control (without any addition) and ATU N uptake. The presence of a persistent redoxcline and
and GC7 inhibitor experiments. ATU should inhibit IfH  oxygen-deficient waters below the euphotic zone during
and CH; oxidation and, therefore, may decrease dark CA,active and non-active upwelling periods might also favour
N>O production, and Cliconsumption due to the inhibition chemoautotrophic carbon assimilation in dark conditions.

Years
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Table 2. Light and dark carbon assimilation (volumetric range and depth integrated values) and natural C isotopic ratio for photic layer and
aphotic layer (including oxycline and bottom layer) at Station 18 during April 2007—March 2009.

Photic Layer Aphotic Layer Total water colufin

Time Photic Layer ~ Photp3C  Darkp!3Crange Photd p!3C Chemo) p13C s13Cor Darkpl3Crange Darkypl3C  s'3cCorg  s13Corg! Dark Y p13C

serie Depth range mgmd? mgm2d?! mgm2d-1 %o mgm3d1 mgm2d-1 o-L B-L mg m2d-1
cruises m mgm3d-1 %o %o

Apr-07 45 69.9-96.4 0.30-0.46 2521 10.95 n-d 0.24-0.38 155 n-d n-d 26.4
May-07 40 44.8-125 0.28-0.39 2514 9.69 n-d 0.20-0.24 13.0 n-d n-d 22.7
Jun-07 45 66.3-91.3 0.20-0.25 2402 11.20 v-d - - n-d n-d -
Jul-07 31 56.3-144 0.24-0.32 2901 8.06 n-d 0.16-0.32 11.3 n-d n-d 19.4
Aug-07 36 1.83-123 1.43-2.14 1203 53.77 n-d 0.53-2.35 87.6 n-d n-d 14.1
Sep-07 23 0.65-366 n-d 3411 n-d n-d n-d n-d n-d -
Oct-07 10 19.2-25.9 6.25-12.5 232 87.54 —21.55 0.45-0.62 142 —24.63 —22.28 230
Dec-07 10 149-404 70.2-84.9 4428 1149 —-17.21 1.17-6.23 807 —24.86 —21.96 19.6
Jan-07 14 n-d n-d —17.82 n-d - —19.82 —19.51 -
Feb-08 34 0.42-173 0.92-3.27 2093 78.94 —22.29 0.63-0.99 58.6 —24.02 —20.88 13.8
Mar-08 41 2.75-80.9 0.90-2.33 1290 53.39 —22.65 0.40-0.50 26.4 —23.07 —21.62 79.8
Apr-08 32 0.16-75.6 0.28-15.7 1748 235.7 —18.98 0.38-0.74 16.0 -19.67 —21.29 26.4
May-08 33 0.75-13.5 0.38-1.55 135 23.18 —24.96 0.54-1.51 51.4 n-d n-d 49.62
Jun-08 47 0.58-42.1 0.42-0.87 549 19.56 —25.48 0.49-0.66 27.3 n-d n-d 46.8
Sep-08 44 1.61-274 0.22-1.31 4295 21.08 —22.38 n-d - —25.02 —23.86 2.62
Oct-08 16 224-435 29.9-44.0 6805 725.8 n-d 1.24-101 1802 n-d n-d 25.27
Nov-08 15 46.7-200 32.5-38.4 1387 109.1 —17.64 1.22-70.0 991 —20.36 —20.83 13.51
Dec-08 26 2.81-134 1.23-4.92 1590 109.1 —1974 1.16-1.46 67.0 —19.11 —18.36 18.5
Jan-09 12 0.75-825 0.66-145 7626 2851 —17.94 1.24-1.86 71.7 —20.64 —-195 29.24
Feb-09 18 0.43-155 0.52-8.29 1995 191 —21.59 0.37-0.99 32.0 —21.11 —21.47 22.3
Mar-09 19 0.41-84.2 0.64-1.56 1282 37.1 —22.03 0.90-1.35 52.8 —21.17 —23.43 90.9

@ Total dark CA in the whole water column (integration from surface to 92 m depth).
b Averages13Corg for S-L ¢ = 2—4) per time series cruise.

¢ Average813Corg for the O-L g =2-3) per time series cruise.

d Average<313C0rg for the B-layer#{ = 2—3) per time series cruise.

n-d: not determined.

Table 3. Rates of dark carbon assimilation (mg C#d—1) and N,O and CH cycling (nM d~1) along with environmental conditions at the
oxycline and bottom layer.

Cruises NICCHEX | NICCHEX Il MI-LOCO |

Layer depth O-L30m B-L 80m O-L30m B-L80m O-L30m B-L 80m

Date Jan 2008 Jan 2008 Sep 2008 Sep 2008 Jan 2009 Jan 2009

Environmental Variables

Temperature9C) 105 10.2 11.4 10.3 10.5 105

Oo (mL L_l) 6.24 3.12 149 13.4 72.7 1.78

NH4 (uM) 0.12 1.04 0.04 0.10 0.31 0.40

N20 (nM) 62.1 49.6 23.5 40.3 31.4 19.6

CHy (nM) 41.5 132.7 9.44 40.6 9.14 37.1

Dark CA (mgCnr3d-1)

Dark CA rate n-d 3.531.40 0.24:0.04 0.210.04 0.49:1.13 4.910.77

Dark CA + ATU rate n-d 2.540.21 n-d 0.18-0.05 0.44-0.03 2.54:0.17

Dark CA + GC7 rate n-d 0.470.1 n-d 0.16:0.06 0.36:0.04 1.310.41

% of Dark CA rate sensitive to ATU n-d 27.9 - 14.3 10.2 48.0

% of Dark CA rate sensitive to GC7 n-d 76.3 - 24.8 26.5 73.3

Gas Cycling (nMd 1

aNet N,O 40.05:3.55 23.36:0.58 8.88-2.88 16.8@-6.00 22.41#2.93 42.96:8.76
32.3A4151 22.0%1.57

N,O + ATU 30.05+5.35 5.24.85 13.2#1.56 13.81%+3.84 7.22:2.90

N,O + GC7 25.325.24 11.42-3.37 n-d n-d n-d n-d

aNet CHy —1.60:0.55 —-0.41+:0.07 —1.68:0.72 n-d —5.30:2.88 —26.83:8.16
—3.00+1.20 —1.32+0.82

CHy + ATU —7.68:0.96 —-0.8740.07 —-1.78:0.41 n-d —18.00+2.4 —23.76+6.24

CHy + GC7 n-d —13.26:0.50 n-d n-d n-d —91.20+7.44

@ Vvalues are given for two independent experiments.

n-d: not determined.
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Fig. 5. Profiles of hydrographic and oceanographic conditions in the water column at the time of the experiment (MI-LOCO cruise,
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Incubation Time (hours)

January 2009) Below time course experiments showing different treatments (control, ATU and GC7-amended incyladtiank)carbon
assimilation(b) CH,4 (with linear regression), an@) N>O (with linear regression).
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Dark CA, which has been also observed at high ratesinsome 1
redoxclines (e.g., Zopfi etal., 2001), was explored during this
study as a possible explanation for such variability.

Oxygen is undoubtedly a chemical forcing factor in
this coastal upwelling ecosystem because of the tight link
between its vertical distribution and its consumption due to
the respiration of sinking POC. Respiration is also enhanced
by upwelling events in austral spring-summer, when more
electron donors (organic matter) are available to be respired
by microorganisms. The vertical distribution of nutrients and
gases also reflects the seasonality of C cycling, which, in
turn, strongly affects the microbial ecology and geochemistry

02
01
05 -

Carbon Assimilation Rate (ng’Ed'1)

=]
==

of most coastal ecosystems. Afv Mag JunJulAug Sen Oct | Dec  FehMer Aprhaydun  Sep Oct Wov Dee Jan Feb Mar
It is known that all reduced species can act as electron 2007 2008 2009
donors for dark CA or chemolithoautotrophic processes. In
; ; ; ; W Drk Carbon Assimilation (3G m” o)
order to determine how much chemical energy is cycling (ke

in this system, the size of pools for reduced species was
estimated assuming that fH NO,, and CH, are being
oxidized in the study area withQas the electron acceptor. Fig- 6. Total integrated chemolithoautotrophic and photoau-
Electron donor inventories for each layer were estimated by/0trophic rates along time sampling; the Y-axis is on a logarithmic
linear depth interpolations for each predefined layer. Thesécale'

inventories (see Table 2) were then converted into chemical

k. . . f o . Th ) .
energy, taking into account Gibbs free energyy(G"). This and date of sampling. These values suggest the existence

means the enthalpy of a reactioaH) of different electron : ; :
donors with @ as an electron acceptor, assuming that theseof a large pool of organic matter of chemolithoautotrophic

electron donors are completely oxidized by i@ the water origins in both Iayer_s (p_hotic and aphotic) that has r_10t
column. TheAG® from AAO, ANO, and AMO are—274.7, been accounted for in this or any other coastal upwelling
—74.1, and—890 KImot, respectively (Madigan, 2003). ecosystem. . o )
The sum of these reactions s335.7 KI n2 for the study In the surface layer, dark CA is surprising high
period (April 2007-March 2009), which is a large amount @hd can be ascribed to chemolithoautotrophic production
of chemical energy in terms of kJoules per mol of oxidized CO-€xisting with photoautotrophic production that also
species. Most of the chemical energy (about 70%) come@ro_‘"_des inorganic elemen_ts to fuel this ch_emoautotrophlc
from NHJ oxidation during upwelling favourable periods, activity.  In fact, notorious N recycling through
although the oxidation of Fe and S species (not considered ipacterioplankton communities and flagellates has been found
this estimation) could also be important in the area. in the surface waters of central Chiled@er and Morales,
2007; Vargas et al.,, 2007). Part of this recycling can
4.1 Whatis the relative importance of chemo- vs. photo- b€ channeled through nitrification, providing regenerated
autotrophic production? NO; and organic matter by chemoautotrophy, which, in
turn, sustains microbial food webs. However, given
Chemolithoautotrophy is the non-photosynthetic biologicalthe complex interactions and metabolisms associated with
conversion of C1 molecules (usually @@r CHy) into this microbial web, a fraction of this dark CA could be
organic matter. Table 2 shows the integrated photosustained by anaplerotic GQixation via oxaloacetate and
vs. chemoautolithotrophic production in the whole water Pyruvate production (Sorokin, 1993), which is the most
column. Integrated rates of chemoautotrophic CA wereplausible physiological pathway that could be found in
as high as 2.924mgCmd! and they represented this kind of ecosystem. However, the relative importance
between 0.7 (July 2007) and 50% (October 2007 andof these reactions and their capacity to support dark
2008) of the integrated photoautotrophic production (up tocarbon assimilation cannot be discerned with the Ba®
7.626mgCm?2d-1). An average value of 20.3% was Mmethodology.
estimated for the two-year period of monthly sampling. Other evidence of high rates of ammonium uptake by
Dark CA rates in the photic layer reached between 0.3phytoplanktonic and bacterioplanktonic communities is also
and 27% of the total autotrophic production, whereas darkobserved in similar upwelling ecosystems (Lipschultz et al.,
CA rates in the aphotic layer (or the oxycline plus bottom 1990; Fernandez et al., 2009), indicating that ammonium is
layer) represented between 0.4 and 40% (see Table 3Jjuickly recycled in these ecosystems and that an important
Figure 6 shows total integrated chemolithoautotrophic andfraction of primary production is sustained by regeneration.
photoautotrophic rates per layer (both photic and aphotic)These results combine well with our observations and could
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indicate that the chemolithotrophic AAO community is whose presence generally resulted in greater use of
sustaining its energetic demand by oxidizing N-compoundsthe lighter isotope and, as a result, a more negative
although the rate of ammonium oxidation is sometimesisotopic composition of the chemosynthetically produced
not as rapid as the rate at which it is being producedC compared to that C of photosynthetic origin (Fry et al.,

(intense NljL regeneration), thereby allowing occasional 1991; Hayes, 2001). According to the above, the observed
NHj{ accumulations in the photic layer (Fig. 3c). vertical pattern (see Fig. 4d) confirms the occurrence of
Gchemolithoautotrophic production leading to predominantly
organic matter produced in situ. A similar pattern was found
by Coban-Yildiz et al. (2006) in the Black Sea. A plot of

C: N vs.53Corg -POM lead us to exclude the possibility of

In deeper redox systems, away from the reach an
influence of light (e.g., the Black Sea, Cariaco Basin,
and Baltic Sea), dark CA rates of up to 2.1, 30, and 18

34-1 .
mgCnr=d™" have been reported (Taylor et al., 2001 terrestrial influence, despite the proximity of our station to

Pimenov and Neretin, 2006; Jost et al., 2008). In thethe coast (18 nm) and its location over the continental shelf
Black Sea, integrated chemolithoautotroph rates in the range '

of 300 to 800mg Cm2d-L were measured and accounted recei;/ir}g hi_gh frgsh water discharges from the Bio Bio River,
for 50 to 80% of the primary production, whereas in the mostly in wintertime.

Cariaco Basin, dark CA represented on average 70% of thg 5 are nitrifying and methanotrophic activities re-
primary production. Likewise, in the Mariager Fjord, dark sponsible for dark C assimilation?

CA accounted for 37% of total C fixation, but rates were

as high as 1.092mgCtmd™?, leading to the possibility The ATU compound used in this study inhibits the
of an important heterotrophic CA activity within a narrow ammonium monooxygenase enzyme (AMO); however, it
chemocline (Zopfi et al., 2001). Our rates fall in the highestcould also affect methane monooxygenase enzyme activity.
range of these measurements (for comparison, see Table 4Jherefore, these communities could potentially be included
Nevertheless, it is important to note that those systemsn our carbon fixation experiments. On the contrary, it is
are euxinic environments in which chemolithoautotrophy iSimprobable that ATU exerts an influence on the anammox
fuelled by reduced S-species. In contrast, the upwellingprocess, as recently proven by Jensen et al. (2007). However,
area off central Chile does not seem to involve sulphideATU could potentially influence the activity of the AMO
utilization (HS™ levels are within nanomolar values) but enzyme of ammonium-oxidizing archaea (AOA). Thus, the
exhibit large NH levels, often on theumolar scale. In  309% reduction of dark fixation rates in the ATU treatment
addition, sediments underlying the upwelling area off centralwith respect to the control is the most direct evidence that
Chile have low pore water HSconcentrations€2 uM) but  this dark CA is associated with AAO (both bacteria and
high SG; reduction rates (Thamdrup and Canfield, 1996). archaea) and maybe AMO. Most of the total dark-carbon
The massive occurrence of mat-forming Thioploca, whichfixation ranged between 0.16 and L§CL 1d~1 (Table
can oxidize sulphide by reducing their internally stored 2); thus, if 30% of this rate was sensitive to ATU, a carbon
nitrate, explains part of the low observed H3evels in  fixation to NH] oxidation molar ratio (C/N) of-8 (Bianchi

the study area (Jorgensen and and Gallardo, 1999). In thigt al., 1997) results in NH oxidation values of~0.24 to
sense, the absence of H# this system, which can act as 0.88xmol L~1d~1. This range of values is very reasonable
a powerful inhibitor of nitrification at high concentrations ¢y, the study area and is supported by estimations of the

(Joyce and Hollibaugh, 1995), could explain the measured,;moyer time of the ammonium pool and rates of ammonium
chemolithoautotrophic dark CA rates that are likely to be oxidation measured in the study area by chemical assays

later ch.anneled towards mtrn‘ymg _mlcrobes._ T.he Stror_‘g(MoIina et al., unpublished data) and isotopic techniques
correlations found between N QX|d|zed spemes.mventorles(,:emandez et al., unpublished data).
and dark CA rates, but not with Nfi also confirm that The GC7 inhibitor used in this study is known to affect
nitrification is consuming Nii and producing MO, NO;,  5rchaeal protein synthesis (Jansson et al., 2000) and has been
and NGy (see Fig. 4a, b). used in the past to explore the significance of methanogenic
Moreover, our results revealed a significant vertical archaea at the time-series Station 18 (Levipan et al., 2007).
variation of §13POC in spite of continuous water column The reduction by 70% of dark CA in GC7 experiments
mixing due to vertical advection (summer time) or turbulent confirms the presence of archaea and proves them capable
mixing (winter time). Although the isotopic signal of ©f CA in the dark at the oxycline and near-bottom depth
sinking photosynthetic organic matter should reflect its level. Using inhibitors, we obtained rates for ATU-sensitive
origin, the sinking organic matter associated with the microbes (e.g., AAO and AMO bacteria) that were around
oxycline had a different isotopic C signal (reaching valueshalf the values associated with the archaeal groups (1.27
as light as —28.6%) compared to those observed in VS. 0.6mgCm3d~1) (see Table 3). This experimental
the photic layer (reaching values as heavy -ak6.9%o). approach suggests the occurrence of archaeal and bacterial
The distinct isotopic composition of the oxycline was chemolithoautotrophic microbes in the same experimental
possibly associated with chemolithoautotrophic organismssamples.
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Table 4. Literature and present estimates of Dark Carbon assimilation rates in the main redoxclines of the ocean.

Area Dark CA rates Cell abundance
mgCni3d-1 CellmL™1 Method Source
aThe Black sea 0.45-2.10 (0.11-0.20) 1.5510° 14c Pimelov and Neretin 2006
0.30-0.8 Sorokiride Pimelov and Neretin 2006
b The Baltic sea 2.40-18.0 1.1665x 105 14c Jost et al., 2008
8.4-16.8 #Cinvitro Labrenz et al., 2005
¢ Cariaco Basin 5-30 (0.32-1.90) 1.94% 105° l4c Taylor et al.. 2001
2.4-31.2 Ho et al., 2004
d Mariager Fjord 115.5-1092 (0.12) n-d Zopfi et al., 2001
Central Chile shelf water  0.16-70 (0.02-2.92) x 50°-4x 106 13c This study

Values in parenthesis are integrated rates (gf o 1).

@ The Black Sea; rates measured at redoxcline (100-300 m depth) in absencaraf Bigh levels of HS.

b Gotland Deep and Landsort deep redoxcline located at 120—-150 m.

€ Cariaco Basin 1950° N; 64°66 W, redoxcline at 240 450 m depth H%iccumulation up to 7amol L1,

d Mariager Fjord (Denmark) 589 N; 09°58 E. 25 m depth; rates measured at redoxcline (13—-15 m): BShigh as 7amolL~1 was
measured.

€ DAPI counting.

f flow cytometry counting.

n-d: not determined.

Total bacterial abundances (measured by flow cytometrymost of this dark CA occurs by their oxidation. Specific
can reach 4 10°cellmL™! in surface waters and rates (1) in both cases changed with the addition of
1P cellmL~1 in near-bottom waters during upwelling- ATU or GC7 (as compared to total dark CA). When
favourable periods (Alagm and Ulloa, unpublished data). excluding ATU-sensitive NE{I and CH, oxidizers, the
Archaea also represent a significant fraction of the totalspecific CA rates were lower than the specific CA obtained
prokaryotic community off central Chile, accounting for when excluding archaeal microbes. This suggests that the
about 50% abundance at the bottom and up to 25% irchemolithoautotrophic C utilization per unit of POC per time
the surface waters of our study area (Levipan et al., 2007js sensitive to the community structure and archaeal C fixers
Quifiones et al., 2009). Based on DAPI counting, theare important players in the C turnover of the system. We
abundance of archaea has been estimated to be close ¢an, therefore, expect a variable but important proportion
5x 10° cellsmL™1 in the bottom water and crenarchaeota of active prokaryotes to co-exist year-round with an equally
can potentially reach 30% of the total prokaryotic community variable photoautotrophic community.

(Belmar, personal communication, 2009). Until now, very little effort has been made to distinguish

Taking into account the reported abundance of eachdark CA from different groups of microbes. Some advances
group at 80 m depth, we estimated a CA rate of aroundwere performed in the Black Sea and Cariaco Basin,
63fgcelrld=1 for archaea and around 60fgcelfd~1  where most of the microbes were bacteria associated with
for bacteria. The average C content of prokaryotic the S-cycle and concentrated at the redoxcline (Pimenov
microorganisms previously reported in the study area wasand Neretin, 2006; Li et al., 2008). Off the Namibian
~43fg cell (Levipan et al., 2007a), indicating the capacity coast (-23°S), chemolithotrophic bacteria affiliated with
of chemolithoautotrophic production to meet the daily C y-proteobacteria and accounting for approximately 20% of
demand of chemoautotrophic C fixers, at least during thethe bacterioplankton in sulphidic waters can create a buffer
spring-summer period. Additionally, the calculated specific zone between the toxic sulphidic subsurface waters and the
rates of dark CA ranged from 0.005 up to 0.05h  oxic surface waters (Lavik et al., 2009).
reflecting the existence of an active, relatively rapidly
growing chemoautotrophic community whose components4.3 N,O and CHyg4 cycling in the water column
have yet to be determined.

Although we cannot evaluate the importance of a specificNet NbO cycling rates were positive, indicating thaz®l is
pathway (AAO and AMO), the availability of substrates being produced in the water column (see Table 3). Four main
such as Nlj and CH, in the water column suggest that pathways have been described as leading,0 Nroduction
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(Farias et al., 2009): 1) partial denitrification, or O due to the high biological production observed. Aerobic
reduction to NO; 2) nitrite-ammonification, the conversion ammonium oxidation is one of the main chemolithotrophic
of NO3 to NHj{; 3) nitrification, including NI—I oxidation processes (up to 48% of total chemosynthesis) occurring
to NO, ; and 4) nitrifier denitrification. But so far, only one in the study area. From an ecological point of view, the
process — total denitrification — is known to consumgON  existence of chemolithotrophic processes that can channel
by reducing it to N under extremely low @ (<4.4.M) all these chemical energies make this upwelling ecosystem
or suboxic conditions (Elkins et al., 1978; ks et al., more efficient in terms of organic matter cycling than other
2009). Thus, the amount of J® in the ocean depends on eutrophic systems.
a balance of MO production and consumption processes. From a global point of view, these results have important
The prevalence of pO accumulation in all the experiments environmental implications because of the leading role of O
indicates that production processes are predominant. Tha controlling organic matter dynamics through heterotrophic
reduction of NO cycling rates in experiments treated with or autotrophic processes. Hypoxia is a well-known feature
ATU (see Table 3) suggests that ﬁll—bxidation is one of of major eastern boundary currents where coastal upwelling
these NO producing processes in the study area. Theoccurs (Helly and Levin, 2004). The development of severe
reduction of net NO accumulation by ATU indicates that hypoxia has been reported by Nagvi et al. (2000) in the
N20 is also being produced by partial denitrification (NO Arabian Sea and by Grantham et al. (2004) in the northeast
reduction to NO), but its total reduction to Nis not ruled Pacific. Although the mechanisms for these events are
out in the bottom layer. Although N]’-loxidation and CA different — one is explained by increased eutrophication
rates are coherent with reported $H3xidizing activities, and the other by changes in oceanic currents — both are
there are no further elements to allow an assessment dbeing influenced by global climate change (Deutsch et al.,
the potential contribution of other NHoxidizers or even ~ 2008; Stramma et al., 2008). An expected consequence
other potentially ATU-sensitive communities (e.g., aerobic of climate change is the expansion o$-Qeficient waters,
methanotrophs). However,® cycling and dark CA rates because of the decrease in-6blubility due to the warming
were also reduced in GC7-amended experiments, providingf the ocean’s surface layer. Higher temperatures also imply
direct evidence that NH oxidizing archaea are present and greater thermal stress, which could lead to stronger winds
active in the study area. and, therefore, persistant upwelling (Bakun, 1990). The
Net CH; cycling rates were negative in both the possible responses of coastal upwelling ecosystems include
oxycline and bottom layers, indicating that ¢k being changes in the microbial community structure and diversity
consumed (see Table 3). Interestingly, £tbnsumption as well as strong biogeochemical transformations in the
in the bottom layer was lower (see Table 3), suggestingmain known biogeochemical processes (e.g., nitrification
that methanogenesis could be also acting in the sam@nd photosynthesis) currently driving atmospheric-oceanic
layer.  However, the lack of an adequate samplingéXchanges of carbon and nitrogen (asCénd N.O).
resolution in the water column and the difficulty of Consequently, if hypoxic conditions intensify in the world
measuring processes and gas cycling rates near the sedime®gan, the increased importance of chemical energy should
preclude determining the source of the observed,.CH be translated into a highly active chemolithoautotrophic
Among methanotrophic or methane-consuming microbescommunity.
the anaerobic methane-oxidizer archaea in consortium with
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