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a b s t r a c t

The potential contributions of different microbial components (<20 lm) and metabolisms to ammonium
cycling were assessed during non-upwelling conditions in a coastal area off Concepción (�36.5�S). Assays
with specific inhibitors to estimate rates of ammonium consumption and production, and carbon assim-
ilation associated with photolithotrophic and chemolithoautotrophic (nitrification) metabolisms in the
water column were performed. Despite low water column concentrations of ammonium in wintertime,
intense ammonium transformations were registered. Prokaryotes (or bacterioplankton) contributed most
to ammonium generation rates over the entire water column; these rates increased with depth (0.4–
3.1 lM d�1). In surface waters (10 m depth), aerobic ammonium oxidation (potentially by Bacteria and
Archaea) was the dominant consumption process (average 0.7 lM d�1) whereas in the subsurface layer
(20 and 50 m depth), unexpectedly, eukaryotes accounted for most of its consumption (average
2.1 lM d�1). Nitrification oxidized an important proportion of the ammonium in both layers (from 25%
to 100%) and provided regenerated nitrate. The integrated water column rates of chemosynthesis
(0.005 g C m�2 d�1) represented a large proportion (51%) of the total dark carbon fixation during the
non-upwelling season when integrated rates of photosynthesis are relatively low (0.42 g C m�2 d�1)
and microbial food webs dominate the transfer of carbon within this coastal system.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In the oceans, ammonium is rapidly cycled in the water column,
and usually does not accumulate as other nitrogen compounds do,
such as nitrate in subsurface waters. Ammonium cycling is carried
out by organisms from different domains of life (Bacteria, Archaea
and Eukarya) and with diverse metabolisms.

Ammonium in the water column is mainly produced by hetero-
trophic prokaryotes via the remineralization of organic matter, but
also by heterotrophic eukaryotes via excretion (ammonium regen-
eration). It is consumed by eukaryotes (mainly photolithoauto-
trophic) and prokaryotes (mainly heterotrophic) via assimilative
(ammonium uptake) (Lipschultz et al., 1990; Varela et al., 2003)
and dissimilative pathways (chemolithoautotrophy), such as aero-
bic ammonium oxidation by Bacteria and the recently discovered
Archaea (Könneke et al., 2005), and anaerobic ammonium oxida-
tion (anammox) by Bacteria (Thamdrup et al., 2006).
ll rights reserved.
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All the above mentioned pathways occur above the continental
shelf off Concepcion, an area subjected to strong seasonality
caused by wind driven upwelling, defining two periods; the well-
known upwelling-favorable period (austral spring/summertime,
57% of the year) and the less studied non-upwelling period (win-
tertime) (Sobarzo et al., 2007). Both periods differ substantially
in terms of the planktonic community structure and functional
metabolisms involved in nitrogen cycling. During summertime,
large cells and diatoms dominate primary productivity
(<10 g C m2 d�1) within the system, generating a large input of
fresh organic matter towards the bottom (Daneri et al., 2000;
Montecino et al., 2004; Gonzalez et al., 2007; Anabalón et al.,
2007; Farías et al., 2009). In turn, this results in the development
of noteworthy oxygen-deficiency in the water column, and a shift
in biological communities towards the anaerobic metabolisms of
nitrogen cycling (e.g., denitrification and anammox; Cornejo
et al., 2006, 2007; Farías et al., 2009; Galan et al., this volume).

During wintertime, smaller cells and non-siliceous phytoplank-
ton, i.e., phototrophic nanoflagellates (eukaryotes) and cyanobac-
teria (prokaryotes) (Böttjer and Morales, 2007; Morales et al.,
2007) dominate and drive an increase in grazing by ciliates and
heterotrophic dinoflagellates. Primary productivity is relatively
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lower (<0.5 g C m2 d�1) during wintertime. This latter condition,
together with higher oxygenation of most of the shelf waters,
might favor the dominance of alternative autotrophic metabo-
lisms, such as chemosynthesis based on ammonium nitrification
processes. During non-upwelling periods, ammonia oxidizing
Archaea display high abundances (10,000–110,000 amoA copies
mL�1) in the system (Molina et al., 2010). Ammonia oxidizing
Bacteria and Archaea can contribute significantly (20–76%) to dark
inorganic carbon fixation in the system during the upwelling
period (Farías et al., 2009); but the extent of total nitrifying activity
and its chemosynthetic rates during the non-upwelling period is
unknown. In addition, recent findings evidenced the importance
of chemolithoautotrophic prokaryotes in fueling microbial food
webs (Glaubitz et al., 2009). In effect, the microbial food web be-
comes more important in terms of carbon transfer during winter-
time (Böttjer and Morales, 2005, 2007; Vargas et al., 2007), and
thus ammonium cycling is expected to be higher compared with
summertime when high rates of organic matter sedimentation
occurs.

Little else is known about the contribution of the various plank-
tonic components to ammonium transformations in the water col-
umn and the dominant pathways of nitrogen regeneration during
the non-upwelling period. We expect that during this period, when
the microbial food web is dominant, tighter coupling between
ammonium production and consumption processes is more likely
to occur. Moreover, nitrification is expected to contribute an addi-
tional source of nitrate to meet the demands of photolithoauto-
trophic plankton during this period, this may lead to competition
for the use of ammonium. This study explores these aspects and in-
cludes an evaluation of ammonium cycling processes (production
and aerobic ammonium oxidation) and chemolithoautotrophic
activities related to nitrification (ammonium and nitrite oxidation),
as well as of photolithoautotrophy, under non-upwelling
conditions.
2. Material and methods

The study area off Concepcion, central Chile (Station 18,
36�300S, 73�080W; 90 m depth) was visited during August 2003
on board the R/V Kay Kay. Since 2002, this station has been sam-
pled on a monthly basis, as part of the time series supported by
the COPAS center (http://www.copas.cl/).

Hydrographic data (temperature, salinity and dissolved oxygen)
were obtained with a CTD-Oxygenprobe (Seabird 23B Electronics,
Bellevue, USA; accuracy at levels under 2% of saturation: �2 lM
oxygen). Water samples for the experiments and chemical analyses
(ammonium, nitrate and nitrite) were collected using Niskin bot-
tles (10 L) attached to a rosette sampler. NHþ4 samples (40 mL, trip-
licate) were collected without filtration and the fluorometric
reaction was immediately started on board (Turner Designs 10-
AU fluorometer), following the method proposed by Holmes et al.
(1999). This method provides highly sensitive (3 nM) and repro-
ducible results for low ammonium concentrations (65% standard
error). Nitrite and nitrate samples (250 mL for the water column
profiles and 20 mL for the experiments) were filtered (0.45 lm,
Millipore filter) and stored frozen until analyses using standard
colorimetric techniques (Parsons et al., 1984). The variability of ni-
trite and nitrate concentrations associated with each independent
analysis was 610%. In addition, discrete water samples were col-
lected for estimating the abundances of the dominant pico- and
nano-plankton components. Because of the time of year and the
method used to collect samples, it is unlikely that larger planktonic
components (e.g. diatoms chains, copepods, and other microplank-
tonic organisms) were of significant importance in terms of the
experimental incubations and, therefore, were not included in
the abundance assessments. Samples of heterotrophic (HNF) and
autotrophic (also mixotrophic) nanoflagellates (ANF) were fixed
immediately with glutaraldehyde (2% final concentration) and
stored in the dark at 4 �C until analyses. Subsamples of HNF and
ANF (20 mL) were filtered onto 0.8 lm black Millipore filters and
stained with DAPI (10 lg mL�1 final concentration) (Porter and
Feig, 1980). Thereafter, the filters were mounted on glass slides
and stored frozen (�20 �C) until later examination. Particle identi-
fication and counting was performed under up to 1600� magnifi-
cation using a Zeiss epifluorescence microscope (Model Axioskop 2
plus, equipped with a blue and UV light filter set). Samples were
analyzed in duplicate and 50 fields were randomly selected for
counting. ANF were distinguished from the HNF by their autofluo-
rescence. Picoplankton abundances, including bacterioplankton,
cyanobacteria and eukaryotes, were estimated via flow cytometry.
For this, samples (1.35 mL) of water were fixed with glutaralde-
hyde (0.1% final concentration) and stored at -80 �C until analysis.
Subsamples (150 lL) were analyzed with a FACSCalibur flow
cytometer equipped with an ion–argon laser (488 nm of 15 mW,
Becton Dickinson). Among the photolithoautotrophs, coccoid cya-
nobacteria (Synechococcus) cells were identified by their size (light
scatter) and autofluorescence in the orange wavelength; in the
case of eukaryotes their scattering and fluorescence signals were
used. The abundance of non-autofluorescent picoplankton (bacte-
rioplankton) was estimated from separate samples previously
stained with SYBR-Green I (10,000�; Molecular Probes) (Marie
et al., 1997).

2.1. Experimental assessments of ammonium production-consumption
and nitrification

Discrete seawater samples from three depths (10, 20 and 50 m)
were collected to determine the rates of ammonium production
and consumption following a previous study carried out off north-
ern Chile (Molina et al., 2005). Seawater was collected at sunset
and stored in the dark with running surface seawater until its arri-
val at the laboratory (�5 h). Thereafter, seawater from each depth
was distributed into five sets of glass bottles (1 L, Duran Schott),
each set in triplicate. One set was amended with allylthiourea
(ATU), an ammonium oxidation inhibitor targeting autotrophic
ammonium oxidizing Bacteria, at a concentration of 0.09 mM
(Bianchi et al., 1997). A second set was amended with chlorate, a
nitrite oxidation inhibitor targeting autotrophic nitrite oxidizing
Bacteria, at a concentration of 10 mM (Bianchi et al., 1997). A third
set was treated with cycloheximide (CX), an inhibitor of eukaryotic
protein synthesis, at a concentration of 100 mg L�1 (Wheeler and
Kirchman, 1986). A fourth set was amended with a combination
of both inhibitors (ATU + CX) in order to compare the effect of CX
in ammonium oxidation; and a fifth set was used as a control
(no treatment). Concentrations of dissolved inorganic N
(DIN = ammonium, nitrate and nitrite) were measured in each bot-
tle at the beginning of the experiment and then after seven hours
of dark incubation in a temperature-controlled room (�11 �C). In
order to evaluate the effect of CX on nanoflagellate abundance, ini-
tial and final times were also sampled in one of the CX and control
bottles taken from 50 m depth; the data showed no significant
changes (<30% difference) in the CX treatment (data not shown).

The DIN rate of change over time (lM d�1) was calculated as
follows:

RDIN ¼ ðFinal DIN concentration� Initial DIN concentrationÞ

� time�1

The rate of uncertainty (standard error) was calculated using
the propagation error, which was estimated from the standard
deviations of the averages. Positive RDIN values were indicative of
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DIN production, whereas negative values indicated DIN consump-
tion. The use of inhibitors implies that ammonium production and
consumption represent ‘‘net’’ and ‘‘potential’’ rates since the exper-
imental approach includes both production and consumption pro-
cesses, and the estimates reflect the potentially dominant
contribution of one process over the other, depending on the treat-
ment used (Molina et al., 2005).

2.2. Assessment of the main planktonic contributors to ammonium
cycling

Ammonium production and consumption rates were calculated
from the differences between the average rates of the correspond-
ing treatments in which one or two planktonic contributors were
inhibited (Molina et al., 2005). Since ATU inhibits mostly the
ammonium monooxygenase enzyme (AMO) of aerobic ammonia
oxidizing Bacteria (Ginestet et al., 1998) and no clear influence of
ATU over ammonia oxidizing Archaea has been demonstrated
(Santoro et al., 2010), the experimental setup allowed us to distin-
guish between the process attributable to eukaryotes, prokaryotes
and aerobic ammonium oxidizers (Bacteria). The contribution of
heterotrophic prokaryotes to ammonium production is denoted
by a positive (+) ammonium rate in the CX treatments (CX or
ATU + CX). Prokaryotic contribution to ammonium consumption
is explained by a negative (�) ammonium rate in the CX treat-
ments. Eukaryotes are expected to influence ammonium produc-
tion when a positive or zero production rate appears in the
control and a negative rate in the CX treatment. Also, eukaryotes
should influence ammonium consumption if a negative ammo-
nium rate appears in the control and a positive or less negative
ammonium rate in the CX treatment. On the other hand, in the
control (no ammonium addition), aerobic ammonium oxidation
activity is calculated from the difference between the ammonium
net rate of change in the ATU treatment versus the control (when
ammonium oxidation is inhibited, a higher ammonium production
is expected in the ATU treatment). Under ammonium enrichment
through the addition of CX (�0.1 lM; Wheeler and Kirchman,
1986), aerobic ammonium oxidation activity should increase.

The contribution of aerobic nitrite oxidation depends on the
coupling between the activities of the nitrifying communities.
ATU inhibits aerobic ammonium oxidation but not nitrite oxida-
tion; however, if the two process are tightly coupled and if ATU
stops nitrite production by aerobic ammonium oxidation, then ni-
trite would disappear in association with nitrite oxidation (if no
other process, such as nitrite reduction, is acting). Therefore, nitrite
oxidation rate can be estimated from the direct nitrite disappear-
ance rate in the ATU treatment (Bianchi et al., 1997). In addition,
if chlorate effectively inhibits nitrite oxidation and tight coupling
between nitrification processes exists, then nitrite will accumulate
in the chlorate treatment at a rate equivalent to that at which ni-
trite disappears in the ATU treatment. The contribution of each
process was deemed valid when the expected response of the
inhibitor was observed and when differences P30% were found
between the averages (n = 3) of different treatments, coinciding
with significant t-test probability analyses (p 6 0.05).

2.3. Experiments to assess dark carbon fixation rates associated with
ammonium and nitrite oxidation

Dark carbon fixation experiments were done with water from
the same depth levels as above (10, 20 and 50 m) but were incu-
bated in situ for 12 h. Immediately after sampling, the water was
distributed among three polycarbonate (125 mL) bottles (wrapped
with Al-foil and black nylon bags), leaving a headspace of <5% of
the total bottle volume. The sampling time was approximately
7:00 a.m. (before sunrise). The bottles were amended with ATU
and chlorate in triplicate and three others were left as controls.
All the bottles and a ‘‘standard sample’’ received 10 lL of a
2 mCi mL�1 NaH14CO2 stock solution (20 lCi final activities). After
incubation, all samples were fixed with formaldehyde (final con-
centration 2%) and stored at 4 �C. In the lab, 50 mL were filtered
onto 0.2 lm Nucleopore membrane filters and frozen until analy-
sis. After the standard sample received NaH14CO2, a 50-lL aliquot
was taken and stored frozen with an equivalent buffer addition (pH
10 NaOH) in a scintillation vial until analysis. Prior to activity
determinations, the filters were fumed overnight with HCl gas in
order to remove the NaH14CO2 fixed in CaCO3. The filters were then
transferred into 10 mL of scintillation cocktail (Ecoscint) in appro-
priate scintillation vials. The carbon activity in the samples (dpm)
was measured with a Packard 1600 TR (Tri-Carb) liquid scintilla-
tion analyzer.

The apparent carbon fixation rate contributed by ammonium
and nitrite oxidation was estimated following Joye et al. (1999),
as the difference between the average dpm obtained in the control
and ATU and chlorate treatments, respectively. The carbon fixation
rate (lM C d�1) by aerobic ammonium and nitrite oxidizers was
calculated as follows:

RCfixation ammonium or nitrite oxidizers = [(dpm Control � dpmATU/
dpm available) � dissolved inorganic carbon concentration)]
� time�1. The RCfixation ammonium or nitrite oxidizers was only estimated
when the expected response of the inhibitor was observed and dif-
ferences P30% were found between the averages (n = 3) of the dif-
ferent treatments, coinciding with significant t-test probability
analyses (p 6 0.05). A dissolved inorganic carbon (DIC) concentra-
tion of 25,000 lg C L�1 was used for this estimation, assuming a
standard value for comparative purposes (Molina and Farías,
2009).
2.4. Experimental assessment of photosynthetic primary production
rates

Carbon fixation experiments to evaluate photosynthetic size-
fractionated (0.2–5 and >5 lm) primary production were carried
out with water collected from 5, 10 and 20 m depth. Immediately
after sampling, the water was distributed between transparent
(n = 3) and dark (n = 3) sets of polycarbonate bottles (125 mL),
leaving a headspace of <5% of the total bottle volume. The samples
were handled and analyzed as mentioned in the previous section
on the contribution of nitrification to carbon fixation, except that
50 mL samples were filtered onto 5 and 0.2-lm pore-size polycar-
bonate membrane filters (Nuclepore; 25 mm diameter). Total
photosynthetic carbon fixation (lg C L�1 d�1) was determined
following Strickland and Parsons (1972). RCfixation primary producers =
[(dpm transparent bottle � dpm dark bottle) � DIC concentration
(25,000) � discrimination factor (1.05)] dpm available�1 �
volume�1 � time�1.
3. Results

3.1. Water column biogeochemical characteristics

Hydrographic conditions found in this study (Fig. 1) are similar
to those observed during wintertime, characterized by the domi-
nance of well-oxygenated, low-salinity Subantartic Waters (SAAW,
Sobarzo et al., 2007). A shallow mixed layer (�10 m; �11.9 �C)
with low salinities (<33.5) and high dissolved oxygen (150–
200 lM) was found. Below this layer, temperature decreased
smoothly with depth and a sharp halocline was located between
10 and 25 m depth. Oxygen concentration below the subsurface
maximum at 15 m (214 lM) decreased constantly with depth
reaching less than 50 lM below 50 m depth.



Fig. 1. Vertical distribution of physical and chemical variables and the abundance of planktonic microorganisms in the water column at the fixed sampling station (August
2003). (A) vertical profiles of oxygen (solid line), temperature (dotted line) and salinity (long dash line), (B) vertical profiles of nitrite (white square), nitrate (gray circle) and
ammonium (black triangle), (C) vertical distribution of non-autofluorescent picoplankton (black triangle), photolithoautothophic eukaryotes (black circle) and Synechococcus
(white diamond), (D) vertical distribution of heterotrophic nanoflagellates HNF (black circle) and autotrophic nanoflagellates ANF (gray circle).

Table 1
Net rates of change in nutrient concentrations over time (lM d�1) during the
incubation experiments using different inhibitors and a control (no inhibitors), in
samples of water from three different depths.

Nutrient Treatment 10 m 20 m 50 m

Rate SE Rate SE Rate SE

Ammonium Control �0.21 0.05 �0.12 0.03 �0.22 0.08
ATU 0.51 0.22 0.29 0.12 0.33 0.07
CX 0.28 0.28 2.21 0.07 2.67 0.46
CX + ATU 0.42 0.36 1.71 0.04 3.13 0.69
CHL �0.19 0.05 0.16 0.10 0.61 0.05

Nitrite Control �0.05 0.06 �0.03 0.05 �0.01 0.01
ATU �0.07 0.05 �0.01 0.04 �0.03 0.00
CX 0.03 0.04 �0.21 0.04 �0.08 0.02
CX + ATU �0.01 0.07 �0.13 0.03 �0.06 0.02
CHL 0.07 0.01 �0.01 0.01 �0.04 0.01

CX = cycloheximide, ATU = allylthiourea, CX + ATU = COMBINATION of both
inhibitors.
CHL = chlorate.
SE = standard Error (see Section 2).
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Nitrate concentration was relatively high and was distributed
uniformly in the water column. Slightly lower concentrations were
located at the surface (<24 lM) compared with the subsurface
waters (>28 lM). Nitrite and ammonium concentrations were
higher in the upper 30 m (�0.2 and 0.08 lM, respectively) and de-
creased with depth.

The maximum abundances of non-fluorescent prokaryotes
(1258 � 103 cells mL�1), Synechococcus spp. (351 � 103), and
photolithoautothophic pico-eukaryotes (49 � 103) were located
in the top 10 m. The latter two decreased sharply below this depth
whereas non-fluorescent prokaryotes presented a secondary max-
imum (652 � 103 cells mL�1) at 50 m. The HNF abundance was
lower within the upper 30 m and increased with depth, with max-
ima at 50 and 80 m (range: 0.07–3.18 � 103 cells mL�1). The ANF
abundance presented the opposite trend, with higher abundances
in the surface layer (range: 0.04–5.18 � 103 cells mL�1). In general,
the abundances of non-fluorescent prokaryotic assemblages were
within the range of those reported previously for Station 18
(Böttjer and Morales, 2007).

3.2. Ammonium cycling rates

Rates of change for ammonium in the control showed a domi-
nance of net consumption at all depths ranging from �0.12 to
�0.21 lM d�1 (Table 1). Ammonium net production was observed
in the treatments with different inhibitors. The highest ammonium
production rates was observed in the CX treatments (CX and
CX + ATU, Table 1), implying that prokaryotes were the main con-
tributors to ammonium production, through organic matter remin-
eralization, throughout the entire water column (Fig. 2A).
Ammonium production by prokaryotes averaged 1.76 lM d�1

(SD = 0.36) and was higher (>1 lM d�1) at the subsurface (20 and
50 m) than in the surface layer (Fig. 2A).

A slightly higher ammonium accumulation was observed at 10
and 50 m in the CX + ATU treatment compared with the CX treat-
ment (difference <40%), signaling the influence of ammonia oxidiz-
ing communities in the removal of ammonium (�0.10–
0.46 lM d�1) in these experiments. The ammonium build-up in
the ATU treatment, as compared with the control (difference
>100%), indicates that aerobic ammonium oxidizing communities
were active throughout the water column, removing ammonium
at an average rate of 0.56 lM d�1 (SD = 0.15) (Fig. 2A). In addition,
the differences between ATU and CX + ATU treatments (prokary-
otes remineralization) indicates that the eukaryotic community
contributed an average ammonium consumption of 1.38 lM d�1

(SD = 0.41), suggesting that most of the contribution to ammonium
consumption in the subsurface layer was due to this group
(Fig. 2A).

3.3. Nitrite cycling

Rates of change for nitrite in the control also showed a domi-
nance of net consumption at all depths, being an order of magni-
tude less than net ammonium cycling, ranging from �0.01 to
�0.05 lM d�1 (Table 1). Nitrite accumulation in the chlorate



Fig. 2. (A) Net ammonium production and consumption rates (A), carbon fixation in nitrifying communities (B), and (C) fractionated, photosynthetic primary production
experiments carried out at the fixed sampling station (August 2003) and at three different depths in the water column.
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(CHL) treatment was only observed in the surface layer (ammo-
nium oxidation rate coupled to nitrite oxidation). Within the sur-
face layer, high rates of nitrite consumption were observed in the
ATU and CX + ATU treatments compared with the control and CX,
respectively (Table 1). These results indicate that aerobic ammo-
nium oxidation was participating in nitrite cycling (i.e. nitrite oxi-
dation rate coupled to ammonium oxidation) (Table 1).
3.4. Photosynthetic primary production and nitrifiers
chemolithoautotrophic activities

Photolithoautotrophic production rates ranged between 1.36
and 42.32 lg C L�1 d�1 and was mainly associated with the
>5 lm size fraction (Fig. 2C). The 0.2–5 lm size fraction repre-
sented a minor contribution to the photosynthetic production rate
(average 1.6 lg C L�1 d�1 (SD = 0.1) (Fig. 2C). An integrated value of
0.42 g C m�2 d�1 was obtained for the euphotic zone (upper 20 m
depth). Dark carbon fixation rates (0.18–0.31 lg C L�1 d�1) were
detected in all the samples (Fig. 2B); and an integrated value of
0.01 g C m�2 d�1 was estimated for the 10 and 50 m depth layer.
ATU-sensitive aerobic ammonium oxidizers and CHL-sensitive ni-
trite oxidizers presented similar carbon fixation rates, ranging from
0.018 to 0.106 lg C L�1 d�1 and increasing with depth (Fig. 2B).
Considering the sum of both oxidizing processes (10–50 m depth),
the integrated rate of total chemolithoautotrophic production was
0.005 g C m�2 d�1.
4. Discussion

4.1. Ammonium cycling main contributors

In the study area, ammonium production in the water column
was mainly carried out by prokaryotes (0.42–3.13 lM d�1) and at
magnitudes comparable with estimates obtained in other coastal
areas using the N isotope approach, e.g., <0.29–6.5 lM d�1 (Glibert,
1982; Glibert et al., 1982; Wheeler and Kirchman, 1986; Metzler
et al., 2000). The same inhibitor approach was used in northern
Chile, and similar prokaryote ammonium production rates
(1.33 lM d�1) were found in the oxycline layer (Molina et al.,
2005). In contrast, in the coastal area off Concepcion eukaryotes
contributed less to total ammonium production, both in the oxic
and the oxygen-deficient waters (50 m depth). Prokaryote ammo-
nium production rates showed a noteworthy increase with depth
in the water column (Fig. 2A). The differences in rates between
20 and 50 m depth coincide with an increase in prokaryote abun-
dance at the latter depth (Fig. 1C). However, comparable prokary-
ote abundance was found between 10 and 20 m depth, but at 10 m
depth the lowest ammonium net production rates were detected.
This was explained by differences in the composition of the plank-
tonic assemblages in the surface layer where high ammonium up-
take was expected in the surface layer due to the presence of
photolithoautotrophic communities such as cyanobacteria and
eukaryotes (Fig. 1). Ammonium assimilation processes by cyano-
bacteria, such as Synechococcus spp., are carried out even during
dark incubations (Alaoui et al., 2001), as found in this study. At
the same time, a significant proportion of the ammonium can be
taken up by heterotrophic prokaryotes, as reported in other marine
systems (Lipschultz et al., 1990; Fernández and Raimbault, 2007).

Apparent aerobic ammonium oxidation was the dominant
ammonium consumption process in the surface layer. However,
in subsurface waters, aerobic ammonium oxidation represented
only up to 25% of the total ammonium produced (Fig. 2A). The
aerobic ammonium oxidation rates obtained in this study
(0.41–0.71 lM d�1) were within the wide range of those previously
reported (0.001–4.3 lM d�1) using ATU, N isotope and carbon
fixation approaches (Hashimoto et al., 1983; Ward, 1987; Ward
et al., 1989a; Ward and Zafiriou, 1988; Feliatra and Bianchi,
1993; Dore and Karl, 1996; Bianchi et al., 1997, 1999; Sutka
et al., 2004). The rates here are similar to those previously reported
by us within the oxycline and suboxic waters off northern Chile,
0.16–1.00 lM d�1 (Molina et al., 2005; Molina and Farías, 2009).

The higher aerobic ammonium oxidizing potential by ATU-sen-
sitive ammonia oxidizing microorganisms (including both Bacteria
and Archaea) in surface layers is unexpected since photoinhibition
was reported for this group of microorganisms (Olson, 1981;
Guerrero and Jones, 1996). However, nitrification is active in the
surface layers of marine systems (Ward et al., 1989b; Wankel
et al., 2007), accounting for a significant portion of ‘‘regenerated’’
primary production in the oceanic euphotic zone (Yool et al., 2007).

In contrast to other coastal areas where prokaryotes account for
a large part of the ammonium uptake (Wheeler and Kirchman,
1986; Le Corre et al., 1996; Tungaraza et al., 2003), the ammonium
produced by prokaryotes was primarily taken up by eukaryotes
within the subsurface layer (20–50 m). The maximum in eukary-
otic ammonium consumption coincided with the HNF abundance
peak at 50 m depth. Ammonium consumption is known to occur
in planktonic heterotrophic–mixotrophic eukaryotes (Flynn and
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Mitra, 2009), as well as in fungi and other groups of heterotrophs
such as yeast (Javelle et al., 2003; Boeckstaens et al., 2007).

4.2. Carbon fixation

The dark carbon fixation rates obtained in this study (0.18–
0.31 lg C L�1 d�1) were low compared to those reported in suboxic
zones with sulfide and restricted water circulation conditions, i.e.,
the Cariaco basin and the Black Sea (3.6–30 lg C L�1 d�1), (Jurgen-
sen et al., 1991; Taylor et al., 2001). These rates are, however, typ-
ical of wintertime conditions in this area (0.20–0.46 lg C L�1 d�1),
contrasting with the higher rates registered during the summer-
time (up to 84.9 lg C L�1 d�1). The latter is apparently associated
with elevated concentrations and a larger variety of electron do-
nors in the water column, which are available for diverse chemo-
autotrophic communities, e.g., methane and sulfide oxidizers
(Farías et al., 2009).

Carbon fixation rates associated with the metabolisms of aero-
bic ammonia and nitrite oxidizers in this study (0.01–
0.11 lg C L�1 d�1) were also within the lower range of those previ-
ously reported for other coastal marine systems and oxygen mini-
mum zones, i.e., 0.01–4.6 lg C L�1 d�1 (Ward et al., 1989a; Feliatra
and Bianchi, 1993; Bianchi et al., 1997). However, ATU sensitive
dark carbon fixation rates were consistent with rates found using
a similar approach off northern Chile (�0.15 lg C L�1 d�1; Molina
and Farías, 2009), and using 13C off Concepcion (0.03–
0.99 lg C L�1 d�1; Farías et al., 2009). Despite our relatively low
estimates of integrated carbon fixation rates by nitrifying assem-
blages, this process represented 51% of the total dark carbon fixa-
tion. On the other hand, the trend of increasing carbon fixation
rates with depth by apparent nitrification with depth is compara-
ble to the ammonium production rates by prokaryotes (Fig. 2). This
suggests that both N-oxidizers ultimately depend on the ammo-
nium regenerated via prokaryotic remineralization.

Primary production estimates in this study (0.42 g C m�2 d�1)
are within the range of those previously reported during winter-
time in the same area and using the same 14C approach, i.e.,
0.15–0.63 g C m�2 d�1 (Montecino et al., 2004); they are slightly
lower than those obtained with the oxygen method, i.e., 0.5–
0.9 g C m�2 d�1 (Daneri et al., 2000). The smaller fraction (0.2–
5 lm) contributed only a low proportion (�8%) of the total primary
production via photosynthesis. This finding agrees with previous
reports from the study area that indicate a low contribution of
prokaryotes to the total phytoplankton biomass (<10% of
chlorophyll-a) year round (Vargas et al., 2007) and a dominance
of the nanophytoplankton fraction (<20 lm) contribution to
chlorophyll-a during the non-upwelling period (Böttjer and
Morales, 2005, 2007; Vargas et al., 2007).

In this study, dark carbon fixation contribute to the carbon flux
in the microbial food web, mainly below the euphotic zone, and
may channel it towards the HNF community, which displayed
maximum abundances deeper in the water column (50–80 m).
HNF can consume >100% of the daily prokaryote production in this
ecosystem (Cuevas et al., 2004; Vargas et al., 2007).

In summary, our results suggest that, under winter non-upwell-
ing conditions in the coastal region off central-southern Chile, pro-
karyotes potentially play a dominant role in the production of
ammonium, increasing in importance with depth in the water col-
umn. The ammonium regenerated was largely coupled to nitrifica-
tion in the surface layer, whereas most of the ammonium produced
at the subsurface was mainly consumed by eukaryotes. Nitrifying
assemblages represent a potential contribution of carbon to the
heterotrophic eukaryotic community found in the deeper, oxy-
gen-deficient waters. Overall, during non-upwelling conditions, in-
tense ammonium cycling is carried out by microbial assemblages
in the coastal area off Concepcion.
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