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Abstract. The coastal region of central Chile (38) isone 1 Introduction

of the most productive coastal systems, characterized by a

marked seasonality in the upwelling regime, that brings sub-The coastal upwelling zone of the Humboldt Current System
surface waters rich in nutrient and poor in oxygen (ESSW)(HCS) in the eastern South Pacific Ocean attracts consid-
into the euphotic zone. This oceanographic condition de-erable scientific interest, particularly the coastal region off
pends basically on the equatorward wind strength and isentral Chile (36C). This area presents one of the highest
modified on different time scales, with the Elidi-Southern  biological productivities [1-19.9 g CTf d~1 (Pantoja et al.,
Oscillation (ENSO) phenomenon as the main source of inter-1987; Peterson et al., 1988; Fossing et al., 1995; Daneri et
annual variability in the Pacific Ocean. Here we present aral., 2000), and a pronounced and shallow oxygen minimum
effort to integrate physical and biogeochemical variability as-zone (@ <45 uM) that influence one of the widest continen-
sociated with in situ information and experiments at coastaltal shelves off Chile (Ahumada and Chuecas, 1979). Two
stations off central Chile (365) in order to improve the physical processes appear to be responsible in coastal up-
knowledge on the pelagic-benthic coupling in this upwelling welling areas for enhanced productivity (Barber and Chavez,
system during the warm ENSO phase or Efdli Carbon  1983): (1) a shallow (40-80m) nutricline so that (2) up-
fluxes exported from the water column to the sediments andvelling favourable winds can draw nutrient-rich waters into
the ammonium exchange across the sediment-water interfad@e euphotic zone.

are discussed together with oceanographic and benthic con- The region off central Chile (365—42 S) is characterized
ditions. All measurements and estimations were carried ouby a marked seasonality in the upwelling regime that depends
from May 1997 until April 2001 at two stations, one located basically on the equatorward wind strength. Additionally,
inside Concepdin Bay (~28 m depth), and the other on the this oceanographic condition can be modified on different
continental shelf at-36° S (~88 m depth). The results show time scales, principally by the El Ro-Southern Oscillation
that the pelagic and benthic systems are strongly coupled offENSO) (Shaffer et al., 1997; Shaffer et al., 1999). During
central Chile (36S). Oceanographic variability associated El Nifio, wind field anomalies in the western equatorial Pa-
with upwelling events (seasonal scale) and an Ed\#vent  cific generate Kelvin waves, that propagate eastward deep-
(interannual scale) was observed. The carbon fluxes exporteehning the thermocline and the nutricline (MacPhaden, 1999).
to the sediments, the benthic conditions (i.e., quantity andAnomalous ocean conditions can persist for 6-18 months
quality of the sediment organic matter), and the ammoniumand they result in warm and nutrient poor waters feeding
exchange across the sediment-water interface, responded tbe upwelling and large reductions of plankton, fish and sea
the seasonal regime of upwelling during non ERbliyears  birds in the normally productive upwelling region (Barber
as well as to the ENSO related oceanographic variability. and Chavez, 1983).

During the 1997-1998 El Wb, warm and more oxy-
genated waters and anomalous local winds were observed
off central Chile (38 S) (Escribano et al., 2004). Changes
in the composition and distribution of the macrofauna and
meiofauna were observed during this period in the study area
(Gutiérrez et al., 2000; Neira et al., 2001). Additionally, the

Correspondence tadvl. Graco benthic system showed a decrease in the organic matter rem-
(mgraco@imarpe.gob.pe) ineralization rates, ammonium production and denitrification
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Carbon fluxes exported to the sediments were estimated

601 Eé&ﬁnpcean from sediment Chl-a pool sizes. The assumptions were:
dl/dt =F — KI (Sun et al., 1994)
362 w
_' .
z I = Chl-a pool size (mg Chl-acn? d—1)
364 ] : J,ﬁ F = Chl-a flux to the sediment (mg Chl-a cthd—1)
Cuntin_e"mal Shelf_,s'{.
: M /ﬂ(,/{ K = degradation rate of Chl-a (anoxic)
36.6 \ Bay 1 .
-l o (0.055 d+; Gutiérrez, 2000)
i : / J BAY OF CONCEPCION
L -
siE - CONCEPCION —————— The Chl-a fluxes were transformed in carbon (C) fluxes
i, e ) i (phytoplankton) using a ratio C/Chl-a=42.5, which is a con-
738 736 734 72 7o M8 76 version factor for the area (Bernal et al., 1989), and falls

within the range of values estimated for coastal areas (26—
Fig. 1. Location of the sampling stations in ConceptiBay  52; Sun etal., 1994).
(~28m) and on the continental shet88 m) off central Chile.

2.3 Benthic ammonium fluxes

rates (Graco, 2002; Fas et al., 2004). In order to obtain a The cores were transported to the laboratory within 3h of
better understanding of the pelagic-benthic coupling and itssampling, wrapped in aluminum foil to exclude light, and
variability, and the El Nio effect in the coastal upwelling placed into a thermo-regulated water bath at the in situ bot-
area off central Chile (36S), here we present and analyze a tom temperature. Before running the incubations, the core
temporal data set of temperature, dissolved oxygen and nutrisamples were left 6-12 h with the bottom water taken from
ents in the water column, carbon fluxes exported to the sediabove the sediments; the @vel was kept at the in situ con-
ments, sediment organic matter and sediment-water nitrogefentration by bubbling with a mixture ofGand Argon (Ar).
fluxes from May 1997 until April 2001. The overlying water was continuously monitored for pH, T
and dissolved @concentration. Net rates of sediment-water
exchange of Nlj{i were measured by triplicate in short incu-

2 Materials and methods bations (3—6 h). A magnetic stirrer gently mixed the water in
] ) order to maintain the in situ dissolved@nd nutrient distri-
2.1 Sample collection and observations butions adjacent to the sediment surface.

Time series were established at two coastal locations off cen-

tral Chile (Fig. 1), one in the Bay of Concepai(36'38.7 S, 3 Results

73°2.2 W, 28 m depth) and the other on the continental shelf

(36°30.8 S, 737.7 W, 88 m depth). Observations started in 3.1 Inter-annual and seasonal oceanographic variability
May 1997 and continued until April 2001, with a seasonal ) ] )

resolution of three months on board the research vessel “Kay N€ time series of water column temperature, dissolved oxy-
Kay” (Universidad de Concepimn). Discrete water samples 9€n, and nitrate in Conceyiui Bay and at the continental
were collected in Niskin bottles from various depths (0, 5, 15,Shelf stations are shownin Fig. 2. During 1997-1998, a slight
30, 50, 70, 75, 80, 85-88 m) and used to determine dissolveWarming of surface waters-(L3°C) was observed in summer
OoXygen (Q) and nutrient (Ng’ NOE) concentrations. Wa- (e-g-, March 1998) but also in winter (e.g., June 1997), coin-

ter temperature was recorded with a CTD. ciding with higher temperatures in the bottom waters’GR
than during the respective period of 1999. In addition to
2.2 Sediment Chl-a and carbon fluxes the deepening of the thermocline during 1997-1998 at both

stations, we observed a marked deepening of the oxygen-
A SMBA multi-core, model MC 600, was used to recover deficient water mass distributionrcd5uM Oo, Fig. 2). In
undisturbed sediments cores of 50—60cm in length (inneffact, during 1997 and the first half of 1998 the water col-
diameter 7.2cm). Sediment cores were sub-sampled foumn was dominated by oxygenated waters, with oxygen de-
Chlorophyll-a (Chl-a) and Phaeopigment (Phaeop) measureficiency only detected in the bottom waters (e.g., in March
ments. Two cores (3.6 cm, 20 cm length) were cut into 1-cm1998).
thick slices (to a depth of 15cm) and the slices were used During 1999 and 2000, we observed the expected dis-
to determine water content, porosity, wet bulk density andsolved oxygen seasonal pattern associated with favourable
Chl-a and Phaeop content. The pigments were measured hypwelling periods (spring-summer) and the influence of the
fluorometry and pools of labile Chl-a in sediments were esti-Equatorial Subsurface Waters (ESSW) on the continental
mated by integrating 15 cm of the sediment (6u&z 2000).  shelf. Spring and summer were characterized by hypoxic
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Fig. 2. Temporal variation of temperature, dissolved oxygen and nitrate in the water column of CéncBpyi (upper graphics) and the
continental shelf (lower graphics).

waters «45uM O») below 30m, and sub-oxic to anoxic a lower Chl-a content in the sediment@5mgg? in the
bottom waters (18 <3 M Oy). In contrast during winter a  Bay and<0.05mg g * on the continental shelf) and a higher
more oxygenated water column was observed, with the presPhaeop/Chl-a ratio (6-11, Fig. 4) were estimated, signifi-
ence of hypoxic conditions only in the bottom waters. The cantly correlated (at 99% level) with the low in situ primary
nitrate concentrations in the water column, considered as @roduction reported in the area (O. Ulloa, personal commu-
signature of the occurrence and status of the upwelling eventaication) and in the same range as the winter values (Fig. 4).
(i.e., relaxed or active phase, Peterson et al., 1988), presentdaliring summer of 1997 and 1998, the expected high Chl-a
two conditions in the surface waters during the study (Fig. 2):sediment content and the flocculent layer development were
(1) High concentrations as expected due to the presence afot observed.
upwelling events (15-2BM NOj), such as during spring of The carbon fluxes exported from the pelagic system to the
1998 and summer of 2000, and (2) low nitrate concentrationsediment were calculated from the labile Chorophyll-a (Chl-
(<10uM NO3) as was observed during 1997 and during the a) pools in the sediments (Fig. 3). At both stations, the carbon
summers of 1998 and 1999. These low nitrate concentrafluxes (0.5gC m2d~! and~2gCni2d-1in the continen-
tions could arise due to the uptake of primary producers (segal shelf and in the bay respectively) were 3 to 8 times lower
below) or to changes in the chemical properties of the up-than during the summers of 1999 and 2000 and within the
welled waters (e.g., EI Nio). Additionally, nitrate depletion range of winter fluxes (0.5-0.9 g Cthd™1). In the case of
in the entire water column was observed on the continen-Concepabn Bay, a flocculent layer (phytodetritus) was ob-
tal shelf during March 1998. With the exception of March served at the sediment-water interface during summers of
1998 and January 1999 significant nutrient concentrationg999 and 2000. This flocculent layer resulted from very
were present at depth (up to 28, Fig. 2). high carbon fluxes exported from the water column (up to
7gCnr2d-1), which are 4-6 times higher than the carbon
3.2 Sediment chlorophyll-a content and pelagic carbonfluxes reported on the continental shelf.
fluxes
3.3 Nitrogen fluxes across the sediment-water interface
With the exception of 1997-1998, a strong seasonal pat-
tern was observed in the chlorophyll-a (Chl-a) of the sur-The ammonium fluxes (mean rateésstandard deviations)
face sediments. A maximum content of fresh organic mat-are shown in Table 1. During 1999 and 2000, Neffluxes
ter, indicated by high Chl-a values and low Phaeop/Chl-a ra{positive fluxes) occurred during summer periods, both in
tios (<3.5-8; Fig. 4), occurred during summer, one order Concepadn Bay (up to 36.6 mmol ¢ d—1) and on the con-
of magnitude (in the bay) and 2—3 times (on the continen-tinental shelf (up to 10.4mmolnfd-1). During spring-
tal shelf) higher than during winter. During 1997 and 1998, summer 1998, the fluxes were significantly lower at both
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1@ Table 1. NH} flux rates (mmol m2 d~1) across the sediment-
:,, 8 water interface in Concepim Bay and on the continental shelf.
T e
g ¢ . . Bay of Concepdn Continental Shelf
S5 2 Sampling period Mean S.D. Mean S.D.
° ‘M.":ly‘ ‘AI‘.Ig‘ ‘N;JV‘ ‘M‘ar‘ ‘Jl‘m‘ ‘Nl)v‘ J‘an‘M‘ar‘ ‘AI‘.IQ‘ ‘ ‘M‘ar‘ ‘ ‘Se‘pt‘ ‘ Mar 1998 23 04 _147 37
Jun 1998 —-7.6 4.9 —-4.7 2.8
2070 Nov 1998 2.0 0.9 2.9 1.1
% 15 Jan 1999 36.7 6.4 104 2.7
" s Mar 1999 20.8 6.1 10.4 1.8
g 10 y. % %\ Aug 1999 6.21 1.9 -5.7 1.8
£ o5 %_—ﬁ\} / NP RN Mar 2000 21.9 3.4 6.6 1.1
00 S~ Sep 2000 3.9 1.59 -0.4 0.7
" May Aug Nov Mar Jm  Nov Jan Mar Aug  Mar  Sept Apr 2001* 5.6 0.8 21 0.1
1997 1998 1999 2000

S.D. Standard deviation.

* Taking from Molina (2002).
Fig. 3. Temporal variation of phytoplankton carbon fluxes, esti-

mated from reactive Chlorophyll-a (Chl-a) pools in the sediments

of the study areas. The grey area indicates the 1997-199&WI Ni 4 Discussion
influence.(a) Concepadn Bay andb) Continental shelf.

Time Serie

4.1 Physical, chemical and primary productivity variability
from 1997 to 2000

The oceanographic conditions off central Chileq($9 fluc-
25 (@ 20 tuate on different time scales (seasonal, intraseasonal, inter-
- - - annual) (Strub et al., 1998). A marked seasonality in the
20 | 15 oceanographic conditions was described previously (Ahu-
mada et al., 1991; Daneri et al., 2000) and is associated with
the predominance of southwesterly winds during the austral
spring and summer periods causing the upwelling of Equa-
torial Subsurface Waters (ESSW) (Ahumada and Chuecas,
05 1 I 1979; Arcos and Salamanca, 1984; Arcos and Wilson, 1984;
Peterson et al.,, 1988; Sobarzo et al., 1997). Herein, we
present results that show the notorious influence of seasonal
variability on the dissolved oxygen, temperature and carbon

s
Phaeop/Chl-a

0.25 20

a0 ®) exported from the water column to the sediments, both on
_ F15 the continental shelf and in Concefnibay during 1999 and
T s 3 2000. During the 1999 and 2000 summer and spring peri-
§; L1 O ods, the water column was dominated by oxygen deficient
F o § conditions, low temperatures and high nitrates (Fig. 2), all
S = features that are characteristic of the ESSW. Additionally,

0051 high fluxes of carbon exported to the sediments during this
period were higher than during winter, by two or three times
on the continental shelf and by up to eight times in the bay
(Fig. 3), suggesting the imprint of the primary production
Fig. 4. Temporal variation of surface sediment Chl-a and (PP) seasonality. In fact, PP in the area presents a signif-
Phaeop/Chl-a ratio in Concepei Bay(a) and on the adjacent shelf jcant variability influenced by the upwelling events, reach-
(b). The grey area indicates the favourable upwelling period (Sum'ing rates of~4gC n2d-1 in summer and rates as low as
mer time). 0.4gCnr2d-Lduring winter (Faias et al., 2004). These
high rates of PP can explain the nitrate deficit observed in the
surface water layer during summer 1999 and 2000 (Fig. 2).
A different scenario was observed during 1997-1998 in
the coastal waters of central Chile, with warmer temperatures
stations. The fluxes were negative during winter of 1998 in(>14°C) and low nitrate values in the surface layers and also
Concepaddn Bay and during summer and winter periods of in the bottom waters (Fig. 2). The deepening in the thermo-
1998 on the continental shelf (up ta14.7 mmol nT2d-1). cline was coincident with a deepening of the oxygen deficient

0.00 —

o0
Mai-97 Aug-97 Mar-98 Jun-98  Jan/Mar-99 Aug-99 Mar-00 Sept-00
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waters as shown in Fig. 2. We ascribe this drastic change in As well as the “pelagic-benthic” coupling changes dur-
the oxygen values and the thermal anomalies to the perturing favourable and non favourable upwelling periods non-El
bations associated with the 1997-1998 EfitNi The ther-  Nifio periods and during the 1997-1998 ERNievent, the
mal anomaly (2—3C higher) observed was reported before interaction between the benthic and the pelagic systems also
in central Chile as a signature of an Efdievent ...(Fonseca changed. The nitrogen exchange (ammonium) across the
and Faras 1987), as well as the increase in the oxygen botsediment-water column interface, showed the same pattern
tom water conditions (Gutrrez et al., 2000). The same pat- than the carbon fluxes exported to the sediment with a sea-
tern of changes was also reported in the eastern SouthPacifgonal behaviour, both in ConcepoiBay and on the adjacent
off Peru during the 1982—-1983 El hb (Barber and Chavez, continental shelf, during 1999 and 2000. During upwelling
1983). A deepening of the nutricline is expected during Elfavourable periods of non-El No years (e.g., 1999), when
Nifio, and consequently a general decrease in the PP (Barb#re highest carbon fluxes were observed, the sediments act as
and Chavez, 1983; Chavez et al., 2002). We have found @n important source of nitrogen for the water column. Dur-
change in the water column nutrient distribution during 1997ing winter of the same years a lower ammonium exchange
and the first half of 1998, coincident with low carbon fluxes was observed, and sediment may act as a nitrogen sink (Ta-
exported to the sediment. Furthermore, during 1997 and thdle 1). The data suggest that the sediments of the central
first half of 1998 there was not a seasonal change in the cai€hile upwelling system act as a large ammonium source or
bon exported. The values were significantly lower than thosesink, respectively, depending principally on the amount of
observed during the upwelling favourable summers of 1999abile organic carbon reaching the sediments.
and 2000 (Fig. 3). These low carbon fluxes suggest a de- During 1998, the seasonal behavior disappeared and low
crease in the PP rates. Data from the continental shelf duringmmonium fluxes were observed, both during summer and
1998 show PP rates in the range of the values observed duwinter. This low exchange across the sediment-water inter-
ing winter of non-El Niio years £0.2gCnr2d-1) (Fafas face could be associated with Elfidi-induced changes in
et al., 2004). oceanographic conditions, and carbon fluxes exported to the
area. In fact, the low nitrogen exchange between the sed-
4.2 Atight pelagic-benthic coupling in the central area off iment and the water column reflected the low organic mat-
Chile ter load to the sediments during the 1997-1998 Hid\li
which was coincident with low organic matter remineraliza-

As well as the pelagic system, the benthic system could retjon (ammonification and sulfate reduction rates) during this
flect the variability in the oceanographic conditions due to period (Graco, 2002; Fes et al., 2004).

the pelagic-benthic coupling existing or the energy and mass

transfer between both systems. In this respect our data show

a conspicuous seasonal change in the fresh organic matt& Conclusions

loaded to the sediments, indicated by Chlorophyll-a (Chl-a)

and Phaeopigment (Phaeop) contents. Significant Chl-a corPur results indicate that the pelagic and benthic systems
centrations and low Phaeop/Chl-a ratio were characteristic®ff central Chile (36 S) are tightly coupled. The organic

in the bay and on the adjacent shelf during the spring to summatter flux to the benthos and the ammonium cycling at
mer periods of 1999 and 2000, coincident with high carbonthe sediment-water interface responds to the ENSO-related
fluxes exported from the pelagic system to the sediment an@ceanographic variability as well as to the seasonal regime of
favourable upwelling conditions. In the case of Concépci upwelling during non-El Nio years. During the upwelling
Bay, the rates of carbon loading to the sediment, during thavourable periods of 1999 and 2000 a higher organic matter
summers of 1999 and 2000, were one order of magnitudé€Xport from the water column to the sediment and a signif-
higher than on the adjacent shelf, and determined a floccuicant ammonium release from the sediments were observed.
lent layer development in the benthic system. This floccu-However, during the 1997-1998 El i event, when the
lent |ayer' 5-6¢cm of phytodetritus (CN 6_7), representedoxygen availability increased while the temperature and ni-
between 60 and 75% of the Chl-a pool in the sediments andrate concentrations decreased, the pelagic-benthic coupling
is associated with phytoplankton blooms and self deposiwas substantially modified. The carbon fluxes exported to the
tion events during favourable upwelling periods (Graco et al.,sediment diminished significantly during 1997 and the first
2001) Seasonal upwe"ing |oca||y modulates the amount 01ha|f of 1998, with similar values than those observed during
labile organic carbon in the surface sediments, with the exthe winter of non-EI Nio years. Moreover, coincident with a
ception of 1997 and the first half of 1998. During these pe-decrease in the sediment organic matter content and quality,
riods, low values of sediment surface Chl-a were dominanthe sediments which usually constitute an ammonium source
in sediments, reflecting the low fluxes of carbon exported tofor the water column, behaved as a sink of ammonium.

the sediments (1997 and 1998, Fig. 3) and low PP rates. Ad-

ditionally, the Chl-a content in the sediment was similar to

the values observed during winter non-ERNiperiods (e.g.,

July 1999, Fig. 3).
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