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Abstract

Benthic nitrogen processes have received substantial attention because the release of nutrients from sediments
can contribute to the requirements of pelagic primary production; their study can also give an estimation of the
importance of the sediment as a source or a sink of nutrients. Conoepeip is located in central Chile and is
the largest (167.4 ki and most enclosed embayment on the Chilean coastline. The bay is characterized by a
strong hydrographic variability produced by the spring/summer seasonal upwelling of Equatorial subsurface waters
(ESSW), rich in nutrients+{25 uM NO,") and poor in oxygen<44.6 uM). The area was studied in order to
understand the consequences of phytodetrital deposition and oxygen deficiency on the environment and benthic
communities. The study was carried out by sampling at a single station (28-m depth) in the inner part of the bay
during winter (June 1998) and spring/summertime (November 1998 and January and March 1999). It was focused
on measurements of benthic nitrogen fluxes, sulfate reduction, and denitrification rates before and after a phyto-
plankton bloom. Additionally, samples from the flocculent layer and from a semipurified bacterial mat were incu-
bated under controlled oxygen conditions to determineNptoduction. NH* exchange showed a clear seasonal
pattern, with influxes during the winter-(.6 = 4.9 mmol m2 d-*) and high effluxes during the summer (36.6
and 20.8 mmol m? d-*) when the accumulation of fresh organic matter (evidenced as chloraghgtoduced a
flocculent layer over the sediments. Besides natural hypoxia of the bottom water associated with ESSW, the large
input of organic matter resulted in anoxia within the sediment, as a consequence of respiration processes, and an
enhancement in sulfate reduction rates (up to 200 mmdldnt). The flocculent layer then provided a favorable
environment for the extensive developmenBefigiatoa spp. mats. Overall, during the sampling period, N@as
consumed at an average rate of 1.33 mmot ch. In the summer, denitrification appeared to be partially inhibited
by the very negative redox conditions and could explain only 24% of thg Nftake by the sediment. The balance
may be due to N@ incorporation intoBeggiatoa spp. Short incubations with these bacteria suggest that they are
able to produce NEt by dissimilatory NQ reduction, taking advantage of their ability to store,N@ough its
uptake was not observed in these experiments. The" NlHx obtained usingBeggiatoa spp. mat cultures was 5
mmol n2 d-1, which accounts for 17% of the total NHefflux during the summer period (January and March).

The ecological implications of a large input of organic matter, evidenced by the presence of a flocculent benthic
layer andBeggiatoa spp., are discussed in relation to their contribution, during the upwelling season, toward the
long-term eutrophication of Concepaiday.

High rates of primary production in the world oceans takeof physical and chemical properties in the water column de-
place in coastal areas. The spatial and temporal variabilittermine the timing of photosynthetic activity and the relative
contribution of a given coastal system to the global nitrogen
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ploca chileae. Recent observations also suggest that the
dominant morphotype dBeggiatoa spp. in this area and.
araucae could be the same genera, differing only in the pres-
ence or absence of a sheath (Schulz pers. comm.).

Like Thioploca spp.,Beggiatoa spp. accumulate NO in-
tracellularly by a factor of several thousand compared to the
surrounding seawater (McHatton et al. 1996). It has recently
been suggested that marine mats of these bacteria might pro-
duce NH* through dissimilatory N@ reduction to am-
monium (DNRA) like Thioploca (Fafias 1998; Otte et al.
1999). Sweerts et al. (1990) gave evidence that freshwater
Beggiatoa spp. were able to reduce NOto nitrogen gas at
up to 2.5 mmol m? d-*. McHatton et al. (1996) suggested
that epibionts could be responsible for this production. Mea-
surements of NQ reduction in undisturbed mats of marine
Beggiatoa spp. from a eutrophic inlet of Denmark accounted
for a minimum of 60% DNRA and only 15% of denitrifi-
cation (Risgaard-Petersen 1995). Indeed, these two potential
nitrogen pathways, denitrification and DNRA, have oppos-
ing directions and consequences for the ecosystem, because
Longitude (°W) the former represents a loss of nitrogen, whereas DNRA is
a conservative process that contributes to,Nproduction
in the sediments, thus increasing the possibility of eutrophi-
cation of coastal areas. Knowledge of the factors and pro-
. ) cesses that control nutrient recycling is essential to under-
primary production, and the often delayed responses of hettanding the environmental impact in these coastal systems.
erotrophs, results in much of the pelagic organic matter bewe therefore tested the hypothesis that the mad3égegia-
ing eXported to the benthos in Sinking partiCles, which be‘toa spp. mats in the sediments of Conce’mBay m|ght

come incorporated into the sediments (Suess 1980; Petersgpntribute significantly to benthic N production and to
et al. 1988). The responses of benthic microbial communitieghe eutrophic conditions of the area.

to the fluctuations of organic matter deposition are mainly
related to nitrogen metabolism, and they could be importanM terial d thod
for nutrient recycling back into the water column (Blackburn aterials and methods
1995). In shallow coastal areas, benthic nutrient fluxes can . ) . )
exert a major control on pelagic productivity by supplying Study site—Concepcio Bay is a semienclosed coastal
=50% of the nutrient requirements (Klump and Martensembayment (167.4 kiy characterized by an orientation and
1983) and influencing the eutrophication of the system.  topography that enhance the influence of winds. As a result,
Here, we report the development of a flocculent layer andhe bay has complex hydrographic circulation patterns and
Beggiatoa spp. bacterial mats over the sediments followingeXperiences strong seasonal upwelling (Sobarzo et al. 1997).
a phytoplankton spring bloom and their consequences oRuring fall/wintertime (-43% of the year), northerly winds
nitrogen recycling in a coastal embayment in central Chilepredominate, so that sub-Antarctic surface water (SAAW)
Concepcia Bay (Fig. 1) is a large, protected, and relatively moves toward the coast, creating conditions for downwell-
shallow (mean deptk 48 m) coastal area located in central ing. This period is characterized by the presence, in the bay,
Chile (3640'S, 7301'W). During spring and summer, the of well-mixed waters with low nutrient concentration and
bay is characterized by major phytoplankton blooms as corsalinity (<34.4%) and high oxygen levels, mainly associated
sequence of surface fertilization by upwelling that occurgvith SAAW diluted by freshwater from high rainfall and
during as much as 57% of the year (Ahumada et al. 1983yiver runoff. In late spring and summer, favorable southerly
A significant fraction of the carbon production in the bay, winds cause upwelling events with alternating relaxed and
735 g C m2 0.57 yr* (Pantoja et al. 1987; Bernal et al. active phases, each of about 1 week’s duration (Arcos and
1989), is not fully incorporated into other trophic levels, 25—Navarro 1986). During upwelling periods, the intrusion of
40% of the particulate organic matter (POM) produced beind=quatorial subsurface water (ESSW), characterized by high
transported downwards to the sediments or out to the adj&alinity (>34.4%), rich in nutrients (2M NO;~) and low
cent continental shelf (Ahumada 1991; Tariet al. 1994). in oxygen 45 uM), fertilizes the bay and produces an
The former leads to highly reduced conditions in the sediincrease in phytoplankton biomass €600 mg Chla m=2
ments and in the bottom water (Rudolph et al. 1984;dzari and high levels of primary productivity of 3.5-5.75 g Cn
and Salamanca 1990), providing a favorable environment foi-* (Ahumada et al. 1983; Pantoja et al. 1987; Ahumada
the development of sulfur-oxidizinBeggiatoa spp. bacterial 1991).
mats at the sediment surface (Gallardo 1977, 1979; Schulz The sediments of Concepciday are soft, black, reduced
et al. 1996). Teske et al. (1999) showed that this large marineuds, rich in organic matter (15-18%; Rudolph et al. 1984).
bacterium is closely related tthioploca araucae andThio-  The reduced conditions result from both the low oxygen con-
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tent of the ESSW and the high carbon oxidation rates at thbled with N, to replicate in situ temperature and oxygen
sediment surface (up to @mol cm2 d-%; Thamdrup and conditions. After preincubation. the subcores were capped
Canfield 1996). The carbon oxidation is mainly coupled toand incubated for 3—6 h in the dark and at in situ tempera-
sulfate reduction (Thamdrup and Canfield 1996; Ferdelmature. The overlying water was kept well mixed using a mag-
et al. 1997), as evidenced by steep dissolvedNiihd sul-  netic stirring bar hanging from the top and fixed in a rubber
fide concentration gradients in the pore water of the uppestopper tap to prevent the resuspension of the sediments.
20 cm of the sediment and by high NHfluxes to the over- Initial nutrient samples were taken from the bath, while the
lying waters of~10 mmol m2d-* (Farias et al. 1995, 1996). later nutrient samples were taken from the overlying water
of each core. Initial and final oxygen concentrations inside
Sample collection—Sediment cores and water samplesthe cores were also measured.
were taken at Sta. 4 (383'S, 7302'W; 28-m depth) in win-
ter (June) and spring (November) 1998 and in summer (Jan- Flocculent layer and bacterial mat experiments—Floc-
uary and March) 1999. Sediment cores (50—60-cm lengthgulent layer andBeggiatoa spp. mats from cores sampled in
were collected by a model MC 600 multicorer and subcoredMarch 1999 were used for nutrient flux experiments under
for analyses. Niskin bottles were used to obtain water sancontrolled oxic and anoxic conditions. For measurements un-
ples from various depths and near the bottom to determinder oxygenated conditions, flocculent sediments were care-
dissolved oxygen (DO) and nutrients (MQ NO,-, and fully introduced, using a rubber tube connected to a syringe,
NH,*). into 250-cc glass flasks, which were subsequently filled with
filter-sterilized seawater by a peristaltic pump. Well-mixed
Biological and chemical features of the sediment—Cores conditions in the overlying water were provided by rotating
were cut into 1-cm sections, and their porosity, bulk densitymagnetic bars, as in the benthic flux experiments. For mea-
organic carbon, total nitrogen, and chloroptg/[Chl a] con-  surements under anoxic conditions, flocculent sediments
tents were measured. Intact sediment cores were used wWere introduced, using the same procedure but taking care
measure redox potential. Vertical pore water was recoveretb avoid oxygen diffusion, into glass flasks (350 cc) with
under an atmosphere of,Ny squeezing the sediment core taps previously flushed with Nyas; this time, the flasks were
and was later analyzed for NQ NO,-, NH,*, and sulfides then filled with filtered, sterilized oxygen-free seawater. All
(H,S, HS, and S?). The squeezing technique could haveincubations were performed in darkness at in situ tempera-
caused an overestimation of pore-water ;N(hecause it re- ture and under controlled pH. Water samples for nutrients
leases both the free pore-water N@nd the NQ from the  (NO,~, NO,, and NH,*) were taken at O, 2, 5, 11, 24, 36,
intracellular pool ofBeggiatoa spp. The relative contribution and 69 h.
of each pool was not determined. Small pieces of the bac- In parallel with the flocculent layer experiments, mea-
terial mats and flocculent sediment were fixed in 5% glutarsurements were made by using partially purified field sam-
aldehyde with 1% Ospfor 1-2 h and in 0.1 M phosphate ples of Beggiatoa spp. Tufts ofBeggiatoa spp. were care-
buffer (pH 7.2—7.4) for 16—24 h. They were then washed irfully extracted from cores using a rubber tube extension to
phosphate buffer and distilled,8 and critically point dried a syringe and were gently washed with sterilized seawater
and sputtercoated with Au for scanning microscopy. Abunto eliminate the visible sediment particles. After washing,
dance and biovolume dBeggiatoa spp. were measured in the samples oBeggiatoa spp. were introduced into Erlen-
three sediment cores (3.6-cm diameter) in each sampling peieyer flasks (60 cc) filled with oxygen-free filtered and ster-
riod. One centimeter of sediment was washed carefully withlized seawater. A flask containing only sterilized seawater
seawater, and the filamentsBdggiatoa spp. were examined was used as a control. All flasks were fitted with taps, and
using a binocular microscope a16 magnification. Fila- needles were used for,Njas bubbling and water sample
ment biomass was determined in the same way as that usedtraction. The mat was incubated for 69 h, and the water
for the trichome biomass dfhioploca (Schulz et al. 1996). was sampled at various intervals for nutrient analysis{NO
The biomass was calculated from the number of trichomeblO,-, and NH*). Qualitative observations, such as the mo-
per square centimeter multiplied by their mean diameter antllity and vertical position of theBeggiatoa spp. filaments
mean length in each 1-cm section, assuming a trichome deduring the incubation, indicated that the culture conditions
sity of 1 g cmr. This method may have underestimated thewere satisfactory. Previous studies had shown the sensitivity
biomass oBeggiatoa spp., because of the absence of sheathef Beggiatoa spp. to oxygen increase, the filaments with-
around the filaments, which made their collection, enumerdrawing and curling up tightly (Mgller et al. 1985).
ation, and sizing difficult. Macrofaunal abundance was de-
termined by sieving (0.5-mm mesh) all of the material con- Denitrification, sulfate reduction, and NH; production
tained in the cores that had previously been used for fluxates—During November 1998 and January and March
measurements (explained below). 1999, four sediment cores were collected in Plexiglas tubes
(3.6-cm diameter, 10-cm water height, and 5-cm sediment
Benthic flux experiments—Three sediment subcores (7.2- height) to determine denitrification rates. These were mea-
cm diameter; 12-16-cm water height, and 6—8-cm sedimersured using the Isotope Pairing Method (IPM) (Nielsen
height) were transported to the laboratory witBih ofsam-  1992). For each coréNO,~ was added (10 mM stock so-
pling. In the laboratory, they were wrapped in aluminum foil lution 99.6%*NO,") to the overlying water to obtain a final
to exclude light and were preincubated for 6-12 h in a thereconcentration of 30-5uM. The cores were closed with
moregulated bath containing bottom water at11°C bub-  rubber stoppers, mixed with a magnetic stirrer, and incubated
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for 3—4 h in darkness at in situ temperature. After incubation, Table 1. General features of ConcepcBay bottom-water (Sta.
the microbial activity was stopped at 1.5-2-h intervals by4). nm, not measured.

the addition of 3 ml ZnCl solution (50% w/w), and the
whole core was mixed with a rod. Duplicate slurry samples Temper- Dissolved M
were then gently transferred by syringe to 6-ml glass vials ature  Salinity oxygen (1M)
(Exatainer, Labco) containing 25d of ZnCl, solution. The  Period °C) (psu) (uM) NH,” NO;~ NO,-
samples were analyzed by mass spectrometry at The N3gg, og 144 3377 192.9 nm 8.1 0.0
tional Environmental Research Center (NERI) in Silkeborgnoy 98 10.4 3441 152 55 13.4 0.9
(Denmark). Denitrification rates were calculated accordingian 99 10.4  34.60 3.1 129 0.4 0.14
to Nielsen (1992). This method permitted the measurememiar 99 11.8  34.31 3.1 283 1.0 0.5
of denitrification both from N@ diffusing from the over-
lying water and from N@ within the sediments. The de-
nitrification rate of*NO," added to the overlying water (B - 3 concentration was obtained by fluorometry of the thawed
was obtained from the production rates of the labeled Nggmples (Gutieez et al. 2000).

species (3 = “N™N + 2(**N®N)).The rate of denitrifica-

tion or denitrification coupled to nitrification ([) in the Data analysis—Nutrient fluxes measured by the sediment
sediment was calculated indirectly fromD., = D;s X jncubations andBeggiatoa spp. and flocculent layer experi-
(“NIN/2(°N**N)). Finally, total denitrification was calculat- ments were calculated from the slope of the best-fit linear
ed according to Nielsen (1992). _regression of nutrient concentrations in the overlying water
Sulfate reduction rate measurements were performed witQgainst time. Positive values indicate net release of nutrients
two subcores (3-cm diameter) from independent multicorgrom the sediment (effluxes), and negative values indicate
drops using the whole-core injection method (Jargensefluxes from the overlying water into the sediments (influxes).
1978). The 400 Kbecq of “carrier free®SO,” was injected | the case of the flocculent layers aBeggiatoa spp. mats,
at 1-cm intervals in the top 15 cm of the sediment. InCune fluxes were expressed in micromoles of nitrogen per
bations were performed in the dark for 6 h at in situ tem-gram (wet sediments or wet biomass, respectively) per day.
peratures within 24 h of obtaining the core. After incubation,Tg optain the mean flux for a given period, the different
the subcoreso were sliced at 1-cm intervals; the slices werg|ues obtained for individual cores were averaged. The un-
fixed with 20% Zn acetate, then frozen-a20°C until anal-  certainty was calculated as the combined error of each flux
ysis within the following 30 d. For this, the fixed slices were rate variance. The correlations between abiotic factofs (T
unfrozen and centrifuged to recover the nonredu€8@,” o)) piotic variables Beggiatoa biomass, sulfate reduction
in the interstitial water. The solids remaining were digestedate and Chk) and NH,* fluxes were also examined. The
at high temperature under anoxic conditions with concenggriations in macrofauna abundance in different periods
trated HCI and CrClto convert the elemental sulphur, vol- \ere assessed by analysis of variance (ANOVA) on log-
atile-acid sulfides, and pyrite to,8 (Canfield et al. 1986), transformed data.
the HS released being trapped with 5% Zn acetate.t8ie Integrated SRRs were calculated for 15-cm sediment col-
was counted in a Packard 1600 TR scintillation counter. Papmns and expressed in micromoles per square meter per day.
allel measurements of porosity and the pore-water sulfatggirect rates of Ni production were calculated assuming
concentration were used in the calculations of the mtegrate(:!L) that the organic matter degraded by sulfate reduction
sulfate reduction rates (SRRs) per unit area. conformed to the Redfield stoichiometry of 106 C:16 N:1

. i P, so that
Sample analysis—Oxygen concentrations from the water

overlying the cores and at the bottom of the water column (CH,O)06(NH;):6(H PO,) + 53S0z~

were determined by a semiautomatic version of Winkler mi- _ ,

crotitration (Williams and Jenkinson 1982), using a method = 106HCQ™ + 16NH, + H.PO, + 53H,S
modified from Strickland and Parsons (1972). The microti- (Bailey 1987),
tration was performed with a Dosimat (665, Metrohom), and

the endpoint was determined with a photoelectric cell con@nd (2) a coefficient of adsorption K 1.3 (Mackin and

Nutrient concentrations

nected to a chart recorder (C.¥ 0.03-1%). Samples for Aller 1984).

NO,~ and NQ~ were filtered and frozen and were later an- NH,* production= sulfate reduction rate
alyzed by standard colorimetric methods modified for small

volumes (Strickland and Parsons 1972). Nhvas deter- X (16N/53S)/(K+ 1)
mined following the technique of Solorzano (1969) modified

for a 1-ml sample. Results

The redox potentials in the sediments were measured with
platinum electrodes inserted into intact sediment at 1-cm in- Hydrographic data of the water column—Temperature,
tervals along a core liner, and sediment porosity was detesalinity, DO, and nutrient concentrations in the bottom water
mined by water loss after drying to constant temperatureat Sta. 4 are given in Table 1. The near-bottom temperature
Organic C and total N were determined in acidified andhad maximum values in winter, the season associated with
freeze-dried samples using a carbon/nitrogen/sulfide (CNSjtrong vertical mixing in the water column (Ahumada and
elemental analyzer (Carlo Erba NA-1500), and sediment ChChuecas 1979). The salinity was characteristic of hydro-
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in the bottom water were different from those expected for
DO (uM) ESSW (e.g., for N@, 15-25uM; Ahumada et al. 1983)
¢ 100 230 7 10 200 0,0 100 200 00 10 200 300 (Table 1; Fig. 2B). Those features and the high concentration
of NH,* in the bottom water{13-28uM) during the sum-
mer season suggest that significant nitrogen transformations,
such as DNRA processes, were taking place, in the bottom
water and/or sediment surface (Table 1).

General sediment features—Sediments from Concepaio
Bay (Sta. 4) consisted of a black mud associated with high
30l percentages of organic matter (15-18%) and high porosity

Jun 98 Nov 98 Jan 99 Mar 99 (average of 90% v/v) during almost all the year. The vertical

distribution of redox potential (f revealed reducing con-
ditions even at the top of the sediments and in the bottom
water during the summer (aroundl50 mv); however, in
B winter (e.g., June), the redox conditions were positivé@0
Nitrate and Ammonium (uM) mv). Sediment surface concentrations of Ghkhowed a

102 30 0 10 20 30 9 10 20 3 0 10 20 30 large fluctuation during the year, from 0.05 to 2.1 mg g
(Table 2). The marked differences between @hlalues in
the winter/spring period (0.05 mg§ and summer period
(2.1 mg g?) indicated significant input of organic matter,
principally phytodetritus following upwelling events. Verti-
cal pore-water profiles of nitrogen compounds NONO, ",
and NH,") and sulfide are presented in Fig. 3. Nhprofiles
in the sediment showed a trend from lower, and almost con-
stant, concentrations in the wintertime to much higher values
during the summertime (from 65 to 996V at the surface
and from 65 to 82QuM at 14-cm depth). During June 1998,
NO,~ concentrations decreased with depth. SummerNO
and NQ- profiles exhibited peaks at different depths, with
concentrations similar to or higher than in the overlying wa-

graphic regimes reported for the area (Ahumada et al. 1983%€r (€.9., January 1999). These were probably artifacts pro-
ranging between 33.77 and 34.60 psu. Bottom DO presenté#iiced by the core-squeezing technique (explained above).
maximum concentrations in the wintertime and minimumThe distribution of sulfide was similar to that of MH with
concentrations in the summertime (192 ang/g, respec- constant, low concentrations during the winter and spring
tively); the lower value represents the limit of detection ofand extremely high concentrations, up to 2,044, during

the analytical method, so that DO in the summertime couldhe summer. NEt and sulfide pool sizes (0—15-cm depth)
be even lower, perhaps zero. Vertical profiles of DO andre listed in Table 2. High NH and sulfide pools, indicators
nutrient concentrations in the water column are shown irof highly reduced conditions in the surface sediments, were
Fig. 2A,B. The vertical DO distribution showed a clear ox- present during the period of strong upwelling. This was also
ycline during the spring and summertime associated with théhe case for th@eggiatoa spp. biomass (Table 2). The ben-
water mass distribution during the upwelling regime, i.e.thic macrofauna were dominated by small polychaetes,
sub-Antarctic surface water (ASSW) in the upper layer andvhich contributed 81-93% of the total abundance. The dif-
ESSW in the bottom layer. During the winter, DO did not ferences in bottBeggiatoa spp. and macrofauna biomass
vary with depth because of the complete mixing of the watebetween wintertime and summertime were statistically sig-
column. During the summer, NOand NQ,~ concentrations nificant P < 0.01).

S

Depth (m)
8 & 3 w
T T T T

)
G

30 -
Jun 98 Nov 98 Jan 99 Mar 99

Fig. 2. (A) DO, and (B) vertical profiles of nutrient concentra-
tion at Sta. 4, ConcepaioBay.

Table 2. General features of ConceptiBay sediments (Sta. 4).

Macrofauna
Chla Pore-water pool size Beggiatoa spp abundance
— 2 .
(0—-1 cm) (0-15 cm) (mmol m?) biomass (% of
Period (mg g?b) NH,* NO,- NO,- S* (g m?) (Ind m=2) polychaetes)
Jun 98 0.05+ 0.01 20 2.00 0.10 16 0.5+ 0.2 44,19+ 6, 96 89
Nov 98 0.19+ 0.18 16 1.30 0.10 0.40 24+ 1.6 34,42+ 5, 40 94
Jan 99 2.08+ 1.14 70 3.20 1.00 237 35.5+ 0.0 18, 48+ 15, 33 83
Mar 99 1.19+ 0.03 142 0.04 0.40 178 299+ 17.4 1, 62 = 539 81

* All forms of sulfide (H,S, HS ', S2).
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Fig. 3. Nitrogen species and sulfide pore-water concentration
profiles of Concepcio Bay sediments (Sta. 4).

Flocculent layer—In the summer, a black flocculent layer
(5-10 cm thick) developed over the water—sediment interface, 2
with bacterial mats clearly visible on its surface. Scanning elec- Fig. 4. Scanning electron microscopy photographs showing (A)
tron microscopy showed that this layer contained principallysediment with diatom detritus, and (Beggiatoa spp. cell chains
diatom detritus Beggiatoa spp., some fecal pellets, and clay with detritus aggregates.
minerals (Fig. 4A). It can be seen that chain8edigiatoa spp.
bound together various sedimentary particles such as fragments
of diatoms and clay minerals to produce the texture of theor NO,~ consumption byBeggiatoa spp. mats could explain
surface bottom sediment in this area (Fig. 4B). part of these influxes.

Benthic flux across the sediment—water interface—The NH,* fluxes in the flocculent layer and in the Beggiatoa
means of the measured NHand NQ- fluxes for each sam- spp. mats—Nutrient fluxes and their statistical parameters
pling period are given in Table 3. Influxes of NHwere for the incubated flocculent layer, in the presence and ab-
observed only in June, while effluxes of NHwere ob- sence of oxygen, and fddeggiatoa spp. bacterial mats are
served during the spring/summer period. The temporal patisted in Table 4. Under anoxic conditions, \Hluxes were
tern of NH,* flux across the sediment—water interface ishigher in the flocculent layer experiments than under oxic
shown in Fig. 5A. The NE fluxes showed significant cor- conditions. For both conditions, NOfluxes were negative
relations with DO (2 = 0.74,P < 0.01) (Fig. 5B), SRRs, or not significantly different from zero (Table 4). During all
Chl a concentrations, andBeggiatoa spp. biomassrg¢ > of the Beggiatoa spp. mat experiments, the NHconcentra-
0.90,P < 0.01; Fig. 5C,D). The N©O fluxes, by contrast, tions increased with time, but there was no uptake of NO
were always into the sediment but varied regardless of thom the culture medium. Considering that bacterial mats
season by an order of magnitude (Table 3). Denitrificatiorwere incubated in the bottom water with a low NGron-
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Table 3. Nutrient flux rates and nitrogen processes across the sediment-water interface in QoiapcRia. 4).

Nutrient fluxes

Net N
NH,* NO,~ exchange Denitrification Sulfate reduction ~ Ammonification*
Period (mmol m2d?) (mmol m2d*) (mmol m2d?) (mmol m2d?) (mmol m2d-?) (mmol m2d-?Y)
Jun 98 —7.64* 4.96 —0.23* 0.44 -7.87 nm 57.36+ 2.72 75+ 04
Nov 98 2.00+ 0.89 —-2.17+ 1.88 -0.17 1.30+ 0.22 53.26 + 8.09 69+ 1.1
(67%)T
Jan 99 36.56+ 6.41 —0.08 = 0.03 36.48 0.25+ 0.03 107.46* 6.36 14.09+ 0.8
(78%)t
Mar 99 20.77 = 6.03 —-2.83+ 0.75 17.94 0.18 = 0.03 266.36+ 26.10 34.94+ 3.4
(94%) T

* Ammonification was estimated from sulfate reduction rate.

T Percentage of Dn (nitrification—denitrification coupled) with respect to total denitrification. nm, not measured. Negative values indicate influxe

Chla (mg g‘l) Temperature (°C) NH," flux (mmol m 2 d'l)

BB (g m'%)

Fig. 5. Temporal variation of (A) ammonium exchange, (B)
temperature and oxygen, (C) Chlin the sediment surface and
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blooms (spring 1998/summer 1999). Ammonium fluxes from sum-Of large quantities of both living and dead phytoplankton

mer 1998 were provided by Salamanca and bMufunpubl. data).

centration ¢ee Table 1), the bacteria might have used their
NO,- internal pool to produce NH. The absence of high
concentrations of N© during the incubations implied that
Beggiatoa spp. were not stressed or damaged during the ex-
periments, as observed fdmhioploca spp. by Otte et al.
(1999).

Denitrification, SRRs, and NH,* production—The highest
denitrification activity (1.30 mmol nt d-*) was found only
during November 1998 (Table 3). Afterwards, it decreased to
a level as low as 0.18 mmolthd-* during the summer periods
(see January and March 1999). More than 67% of the total
denitrification was based on NOproduced in the sediment
by nitrification (i.e., Dn:coupled nitrification—denitrification).
The SRRs integrated over a 0—15-cm depth (Table 3) tracked
the expected seasonal pattern, with maximum values during
upwelling periods. NEt production values were calculated in-
directly, assuming that all the organic matter was degraded by
sulfate reduction, a reasonable approximation during the sum-
mer when oxygen concentrations at the bottom are practically
zero (Jgrgensen 1983). SRR values were higher in the summer
months, particularly in January as expected, but different for
the NH,* fluxes, where the maximum values were in March
instead of January (Table 3).

Discussion

Phytoplankton bloom consequences—The results of this
study reflect the occurrence of phytoplankton blooms from
November to March. Following the blooms, a dark floccu-
lent layer (5—6 cm thick), described as “soupy,” developed
on the sediment surface in ConceptiBay (Thamdrup and
Canfield 1996; Ferdelman et al. 1997). It is present only
during the summer and has some of the characteristics of a
“nepheloid benthic or bottom layer,” i.e., high porosity
(>97% of water) and large quantities of unconsolidated or-
ganic matter and phytoplankton. Ransom et al. (1998) re-
ported the presence of a “nepheloid layer” with the preva-
lence of clay organic-rich aggregates, which are suggested
to be formed by the deposition of pelagic marine snow. In
fact, the flocculent layer on the sediments of Concapcio

that sink to the bottom. This rapid and continuous supply of
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Table 4. Nutrient flux rates obtained from incubations of the flocculent layeBaggdiatoa spp. mats from Sta. 4 in Concepui®ay.
Experiment date, March 1999. 1A, anaerobic flocculent layer; 1B, aerobic flocculent layer; Biglatoa spp. bacterial mats. Negative
values indicate influxes. Controls did not show changes in ammonium or nitrate concentration.

NH,* flux NO,~ flux
(umol g* [wet weight] d?) (wmol gt [wet weight] d?)
Experiments t P-v t P-v
1A 1.68+ 0.24 5.92 0.00 —0.06 = 0.06 -2.30 0.11*
1B 0.28 = 0.09 3.33 0.01 —0.10 = 0.06 —2.80 0.11*
BBM 126.00*+ 1.00 8.99 0.00 0.00 = 0.00 0.53 0.05

* Not significant @ > 0.05).

fresh material and a low shear stress over the sediment avéntertime and before the phytoplankton bloom, Nifluxes
favorable for the persistence of the layer during the summewere negative {7.64 mmol m? d-*), and pore-water con-
The implications of the flocculent layer for carbon and nu-centrations were relatively low (Tables 2, 3).
trient cycling could be very important. Some of the layer
could be exported offshore, as a source of carbon for deeper Effect of phytoplankton blooms on benthic NH, produc-
areas, while locally, the high levels of fresh organic mattettion and release to the water column—Previous studies
and the low oxygen concentration provide a geochemicdound annual average NHfluxes of 3.4 mmol m? d-* from
environment favorable for sulfate reduction and the preferthe sediments of ConcepciBay (Fafas et al. 1995, 1996),
ential release of Nit. These summer conditions are alsomuch higher than from estuarine, coastal lagoon, and shelf
ideal for the development of mats Beggiatoa spp. on the sediments, which ranged from 0.06 to 2.2 mmol?nd-*
sediment, because the$iproduced reaches the surface, andValiela 1995). In the present study, the mean,Nflux was
NO,~ is present in the ESSW bottom-water layer. The floc-12 mmol nr? d=* (Table 3)—more than three times higher
culent layer is effectively a completely different phase fromthan previously reported. This could indicate a possible nat-
the sediments per se and from the water column, and it camral long-term eutrophication of the area. The NHuxes
be thought of as a vertical laminated organo-sedimentarglearly followed a seasonal pattern associated with coastal
structure developing on the solid surface, dominated only byipwelling. After the sedimentation of the phytoplankton
few functional groups of microbes (Gemerden 1993). Therebloom, NH,* fluxes increased, reaching maximum values of
fore, the processes and factors controlling the temporal ang6é mmol m2 d-* (Table 3). The seasonal variability is ex-
spatial variability of this layer in ConcepeaidBay were care- plicable in terms of the increase in the availability of labile
fully studied in order to discover their implications in the organic nitrogen in the detritus, the minimum oxygen values,
degradation of organic matter. and the subsequent inhibition of nitrification by sulfide com-
Another important consequence of the large input of orpounds, as recently reported by Joye and Hollibaugh (1995).
ganic matter to the sediments is the oxygen consumptioft is evident that the benthic system of Concépclay re-
during its degradation, because oxygen regulates and inflgponds rapidly to the arrival of detritus from the water col-
ences the chemistry of sediments and benthic nutrient fluxesmn.
Decreases in oxygen concentrations may have fatal conse-During the summer conditions, bottom-water natural hyp-
quences for fishes and higher benthic life and may havexia (<1 ml dissolved oxygen t!) occurs associated with
caused the mortalities observed in Concépdiay (Falke ESSW and oxygen consumption due to the remineralization
1950; Gallardo et al. 1972; Carrasco 1996). In accordancef the large input of organic matter, together with chemical
with this, our data showed a significant decred3e<(0.01) and biologically mediated processes such as sulfide reoxi-
in the abundance of benthic macrofauna during the upwelldation to sulfate (Jgrgensen 1982), resulting in benthic an-
ing season in comparison with the rest of the year. Moreovenxic events. Under these conditions, the degradation of fresh
when the oxygen supply falls or the demand for it increasesprganic matter was expected to occur almost totally through
major changes occur in the sediment and pore-water chensulfate reduction. This seemed to be the situation in March,
istry, with consequences in the dominant metabolic microwhen the highest sulfate reduction rate (265 mmot dr?)
bial pathways and the products released to the environmemtas observed (Table 3). In January, the sulfate reduction rate
(Klump and Martens 1983). In the case of nitrogen, the prinwas only 108 mmol n? d-* (Table 3), suggesting that fresh
cipal form exported from the sediments to the water columrorganic matter was available for hydrolytic and fermenting
(e.g., NQ-, N,, or NH,") basically depends on a delicate bacteria but not for sulfate-reducing bacteria (Jgrgensen
balance between organic nitrogen remineralization, nitrifi-1983).
cation, and denitrification (Risgaard-Petersen et al. 1994; The organic detritus in the sediment following sedimen-
Rysgaard et al. 1994). All of these processes are regulatadtion consists of a complex mixture of organic matter and
by the presence or absence of oxygen, the organic detritumacterial residues that may not be directly degraded by sul-
sedimentation, and respiratory activity (Klump and Martendate-reducing bacteria. Hydrolytic and fermenting bacteria
1983). In ConcepcCio Bay, the balance determined that NH perform the role of making POM available (e.g., as fatty
was the predominant nitrogenous species released from tlaeids and amino acids) to other bacteria such as the sulfate-
sediment during the summertime. In contrast, during theeducing types (Jgrgensen 1983). This might explain the re-
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lationship between the rate of sulfate reduction and the quathese bacteria could be denitrifiers, reducing ,N@ ele-
ity of sediment organic matter. In January, the surface Chinental N (Sweerts et al. 1990). Measurements on undis-
a concentration was 2.08 mg{j and pheopigment:Chd  turbed mats oBeggiatoa spp. in reduced marine sediments
was 0.59, while in March, they were 1.12 mg*@nd 2.61, from Denmark showed high DNRA:denitrification (Ris-
respectively. These values indicated that the surface organgaard-Petersen 1995). The present study, using mixed cul-
matter in January was “less degraded” and consequentlyures of semipurifiedBeggiatoa spp., provides some indi-
more complex than in March, when it could have been moreations that this marine bacteria can reduce,Nf©® NH,*
readily used by sulfate-reducing bacteria, as reflected in thas the predominant product by a dissimilatory pathway. This
highest SRRs. metabolic pathway could have a profound impact on the ni-
The question is whether the degradation of organic matterogen budget of the system. Unlike denitrification, which
by sulfate reduction can entirely explain the observedNH produces a net loss of nitrogen, this mechanism conserves
sediment fluxes. If so, maximum values of NHfluxes dissolved fixed nitrogen, making it available for other mi-
would also be expected during March. But the present dateroorganisms in ConcepegioBay and, potentially, in other
show that the maximum occurs in January (36.6 mmol m coastal zones.
d-Y) (Table 3), when sulfate reduction was 108 mmaoi?m The experiments witlBeggiatoa spp. mats and flocculent
d-, and NH* production associated with this process waslayer associated with the bacteria reported here demonstrate
calculated to be 13.4 mmol thd-*. Other processes must that, although there were NHfluxes to the overlying water,
therefore be involved to explain the relationship betweerthere were no changes in the NQoncentration during the
NH,* flux and NH,* production. First, it may be that, during short period of incubation. This could be related to the fact
hydrolytic and fermentative processes, NHs also pro- thatBeggiatoa spp. are able to store large concentrations of
duced from organic matter. However, the magnitude of thisNO,~ that can be used when unfavorable external conditions
potential source is not known, as it has been poorly studiedare present (McHatton et al. 1996).
calculating only NH* production due to respiration related Assuming a biomass of40 g m2, as observed during
to sulfate reduction could have resulted in an important unthe summer, and an NH production of 126umol g* (wet
derestimation of NE during the first stage of organic mat- weight of bacteria) d', the NH," production would be ap-
ter degradation. A second important point is NHassimi-  proximately 5 mmol m? d-%, and the DNRA could contrib-
lation by microorganisms, which has not yet been exploredite almost 17% of the average NHefflux during the sum-
in the area. Finally, another source of NHcould be the mer (~29 mmol mr2 d-%) from the sediments of Concepaio
DNRA process in théBeggiatoa spp. mats, which increase Bay.
their biomass during the summer40 g m?). DNRA could Another estimate of DNRA can be made by subtracting
also take place in other, still unknown bacteria associatethe denitrification rate from the NO uptake rate. For
with reduced sediments of ConcefotiBay. In addition, Fig. March, this gives an average rate o2.7 mmol m? d-2,
5 indicates similar temporal patterns betw@&eggiatoa spp.  but for January, the DNRA would be zero. This estimation
biomass (BBM), Chl, SRRs, and NEI release. BBM was may not be valid, however, because the uptake of Nadd
directly related to the input of organic matter to the sedi-release of NEI" could occur on different timescales, the lat-
ments and the sulfide concentration. ter because dBeggiatoa’s ability to store nitrogen, indepen-
dent of the environmental conditions. The presence of an
Effect of Beggiatoaspp. mats and flocculent layer in  organism likeBeggiatoa makes it more difficult to interpret
NH; fluxes—The development of a flocculent layer during field data, so time-based budgets must be approached with
the summer months provides a favorable environment focare.
the growth ofBeggiatoa spp. life. The prevailing physico- In addition, the physiological state of this bacterium is
chemical conditions—i.e., the high input of organic matterimportant since with plenty of NO or during the first phase
oxygen consumption, and high levels of sulfide at the surfacef NO,~ storage, a minimum NH production rate would
sediments—are essential for the metabolism of this bacteriaesult. A different physiological state could be a possible
Beggiatoa is a Beggiatoaceae closely relatedTioaraucae  explanation for the higher NO uptake in March than in
and T. chileae (Teske et al. 1995). Recent studies of ribo-January in spite of the lower NH efflux and denitrification
somal ribonucleic acid (rRNA) sequences in the two generaates. Further experiments witBeggiatoa spp. cultures are
have shown that they have important genotypic, in additiomeeded to evaluate directly the DNRA nitrogen pathway that
to phenotypic, similarities (Teske et al. 1999). Both bacteriamay operate under various environmental conditions.
can accumulate high intracellular concentrations of ,NO
(300-500 mM) and elemental sulfur (Fossing et al. 1995; Effect of phytoplankton blooms on sediment denitrifica-
McHatton et al. 1996; Jgrgensen and Gallardo 1999). It ision—Denitrification, the transformation of NOto gaseous
known that NQ-, in the absence of oxygen, might be usedN,, represents a natural nutrient sink and may mitigate the
as a terminal electron acceptor and might be reduced in twimcreasing nitrogen input to coastal environments (Jgrgensen
ways: (1) to gaseous products by denitrification, or (2) by eand Sgrensen 1988). But the quantitative significance of the
poorly understood DNRA (Sgrensen 1978). process in attenuating the flux of nitrogen through coastal
More recently, experiments using mixed culturesTbifo- embayments, estuaries, and coastal lagoons is not well es-
ploca spp. provided evidence of NOreduction to NH* by  tablished. Blackburn (1990), Blackburn and Blackburn
this genus (Otte et al. 1999). Studies of freshwater an@1993), and Sloth et al. (1995) showed that when organic
brackish-waterBeggiatoa spp. showed that, by contrast, loading increases significantly in coastal areas, nitrogen re-
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moval through denitrification decreases. In Concep&ay, duction may result from both newly upwelled nutrients and
denitrification decreased from 1.5 mmolhad-* (November recycled nutrients from the sediments. After the sedimenta-
1998) to near zero values in January and March 1999 (Tabligon of a phytoplankton bloom, the conditions in the sedi-
3), when organic sedimentation onto the sediments inments favor the release of NHto the water column, this
creased. These values were much lower than those measutsging a potential nitrogen source for pelagic production.

by IPM in adjacent shelf sediments at the same time of 2.4— The seawater in ConcepcidBay contains high nutrient
3.8 mmol m2d-* (Farias unpubl. data). During the summer, concentrations and is consequently highly productive in
denitrification appeared to be partially inhibited by negativeterms of the amount of organic matter produced by the phy-
redox conditions and high sulfide concentrations in the sedioplankton. This can be used to classify it as an eutrophic
iments and overlying bottom water produced by high SRR®r a hypertrophic bay, because the increase in the rate of
(~100-270 mmol n? d-%). The inhibition of denitrification primary production is actually used to define an eutrophi-
by the presence of sulfide has been previously reported byated system (Nixon 1995). An important cause of eutro-
Sgrensen et al. (1987). Nevertheless,;N®as taken up by phication is the increase in nutrient supply. The consequenc-
the sediment at an average rate of 2.17 mmot chi*. Be- es of eutrophication for sediments are diverse: hypoxia,
cause this uptake was not explained completely by denitrireduced conditions, and development of important bacterial
fication, it could be associated with the metabolisnBeg- mats. This work suggests that these factors in Conéapcio
giatoa spp. Unfortunately, this process would not easily beBay contribute to maintain the nitrogen in the system and
detected by the IPM, because it takes a long time for theould contribute to a long-term eutrophication.

labeled NQ- to enter the cellular pool (Risgaard-Petersen

1995). References

The potential role of benthic fluxes in the supply of NH;  ArumADA, R. 1991. Balance asiitreco de carbono orgéco par-
to the productivity of the water column—NH,*, being al- ticulado (COP) en la Bahide Concepcio, Chile. Rev. Biol.
ready more reduced than NOor NO,, is preferentially Mar. Valp. 26: 233-251.

consumed by phytoplankton (Harrison 1980). Considering ice{sA':;IZ ll_é %‘;Uhf%’f ég:c?é pf‘éli%u(g?&%@?fg[é%?\?v)hiSrgr%r:s

that the average primary production of Concépdgay dur- : ;
. L - . adyacentes. Chile. Gayana Mi&.1-56.
ing upwelling is 292 mmol C n¥ d™* (Pantoja et al. 1987), __ " A "RinoipH, anD V. MaRTiNEZ. 1983. Circulation and

the requirements for nitrogen uptake, assuming a C:N of  ferility of waters in Concepéio Bay. Estuarine Coastal Shelf
6.6, are 44 mmol nt d-*. Based on a summer average of Sci. 16: 95-105.

benthic NH* effluxes of 29 mmol m? d-%, benthic pro- Arcos D. F, anp N. Navarro. 1986. Ardisis de un’ndice de
cesses can supply up to 66% of the total nitrogen required surgencia para la zona de Talcahuano, Chile (L&SB7nvest.

to sustain photosynthetic carbon fixation. Nitrogen is re-  Pesq.33: 91-98.

quired not only for primary producers but also for bacter-BAILEY, G. W. 1987. The role of regeneration from the sediment in
ioplankton, which, in the bay, may have a production rate the supply of nutrients to thg euphotic zone in the southern
of 52.5 mmol C m? d* (Bernal et al. 1989; Pantoja et al. Ben%‘e_ll_a' S. Ag' i '\S/'\/"I"r' SC15§82173C_:285{ | i ]
1989), so that an additional nitrogen supply of 8 mmokm °ARBER - 1, AND . L. SMITH. - ~oasta’ UpWering ecosys

. . t . 31-68In A. R. L hurst [ed.], Analysis of i
d-* would be needed and could also be supplied by benthic eec??ysriems. Acgdemic. onghurst fed.], Analysis of marine

fluxes. BErRNAL, P, R. AdumaDpA, H. GONzALEZ, S. PANTOJA, AND A.
TrRoNcoso 1989. Flujo de carbmen un modelo frico pelay-
Conclusions ico para la Bala de Concepéin, Chile. Biol. Pesql8: 5-14.

BLackBURN, T. H. 1990. Denitrification model for marine sediment,

In Concepcio Bay, preformed nutrients associated with ~ p- 323-337.In T. H. Blackburn and J. Sgrensen [eds.], Deni-
coastal upwelling trigger an increase in primary productivity ~trification in soil and sediment. Wiley. _ _
and organic matter exported to the sediment that consequent-— - 1995. T:‘e role and regulation gf m'crfbeT in Seld'me”t
ly change oxygen concentrations and redox potentials in the g'ftfc?ue;igyrﬁi%r Opb' e§5?\|7AﬂTnol' A‘]Sol"g e[ﬁe s] \l}/loeegg aé;r‘i:r?goe?y
SeQIment's. Th[s causes a Shlft. from Ox'dlz.mg toward anaer-____ , AND N. D. BLACKBURN. 1993. Coupliﬁg of cycles and glob-
obic remineralization of organic matter, with sulfate reduc- 5 significance of sediment diagenesis. Mar. G&aB: 101—
tion being stimulated. The pore water accumulates high con- 110,
centrations of sulfide and induces a subsequent inhibition afanFieLp, D. E., R. RusweLL, J. T. WesTRIcH C. M. REAVES,
nitrification and denitrification. These conditions favor the AND R. A. BERNER 1986. The use of chromium reduction in
development of large filamentous sulfur bacterial mats of the analysis of reduced inorganic sulfur in sediments and
Beggiatoa spp. and a major release of \Hfrom the sedi- shales. Chem. Gedb4: 149-155.
ments to the water column, resulting mainly from OrganiCCARRASCO, F. D. 1996. Dinanica y vigilancia del macrobentos mar-

; P : _ ino sublitoral sometido a contaminanioEl caso de Bédl
?uag:%rnr%Tér;S;?gtzozglggpand, secondarily, from the,Npro Concepcio, Chile. Ph.D. thesis, Univ. of Concepnio

FaLke, H. 1950. Das Fishsterben in der Bucht von Concapcio

In the water column, this N4 could arrive in the eupho- (Mittelchile). Senckenbergiar@l: 57—77.
tic zone and contribute to regenerated primary production Ofgias, L. 1998. The potential role of bacterial mats in the nitrogen
be oxidized to NQ. Therefore, in shallow areas like Con- budget of marine sediments: The caseThfoploca spp. Mar.

cepcim Bay where upwelling events take place and a close  Ecol. Prog. Serl70: 291-292.
pelagic—benthic coupling exists (Graf 1992), primary pro- , L. A. CHUECAS, AND M. A. SALAMANCA . 1995. Flujos de




Microbial mats and phytoplankton blooms 831

amonio a trave de la interfase agua-sedimento de BaBon-  LALul, C., AND T. PArRsons 1997. Biological oceanography. An

cepcim (Chile centro-sur): Mecanismos de intercambionatui introduction, 2nd ed. Pergamon.
ico. Gayana OceanoB: 99-118. MackiN, J. E.,anD R. C. ALLER. 1984. Ammonium adsorption in
, AND . 1996. Effect of coastal upwelling on marine sedlments Limnol. Oceanog@: 250—-257.
nltrogen regeneration from sediments and ammonium supplMcHATTON, S. C., J. P. BRRY, H. W. JANNASH, AND D. C. NELSON.
to the water column in ConcepeioBay. Estuarine Coastal 1996. High nitrate concentrations in vacuolate, autotrophic ma-
Shelf Sci.43: 137-155. rine Beggiatoa spp. Appl. Environ. Microbiol 62: 954—958.

, AND M. A. SALAMANCA . 1990. Vertical distribution of sul- M@LLER, M. M., L. P. NIELSEN, AND B. B. JRRGENSEN 1985. Ox-
fate, chloride and ammonium in pore-water sediments of Con-  ygen responses and mat formation Bgggiatoa spp. Appl.

cepcim Bay, Chile. Cienc. Technol. Mar. CONR: 33-44. Environ. Microbiol.50: 373-382.

_ . AND L. CHUECAs. 1994. Variaciones estacionales NIELSEN, L. P. 1992. Denitrification in sediments determined from
del flujo de partulas y contenido de materia drdgea a la nitrogen isotope pairing. FEMS Microbiol. Ec@6: 357-362.
interfase agua sedimento en Bal@oncepcin. Cienc. Tech- Nixon, S. W. 1995. Coastal marine eutrophication: A definition,
nol. Mar. CONA17: 15-31. social causes, and future concerns. Oph#lia199-219.

FERDELMAN, T. G., C. LEE, S. FANTOJA, J. HARDER, B. M. BEBOUT, OTTE, S.,AND OTHERS 1999. Nitrogen, carbon and sulphur metab-
AND H. Fossing 1997. Sulfate reduction and methanogenesis  0lism in naturalThioploca samples. Appl. Environ. Microbiol.
in a Thioploca-dominated sediment off the coast of Chile. Geo- 65: 3148-3157.

chim. Cosmochim. Act®1: 3065-3079. PaNnTOJA, S., H. GONZALEZ, AND P. BERNAL. 1987. Size-fractionated
FossINg H., AND OTHERS 1995. Concentration and transport of photoautotrophic production in a shallow bay. Bol. Pek.

nitrate by mat-forming sulphur bacteriuffhioploca. Nature 99-105.

374: 713-715. » AND 1989. Bacterial biomass and pro-
GALLARDO, V. A. 1977. Large benthic microbial communities in duction in a shallow bay. Short communication. J. Plankton

sulfide biota under Peru—Chile subsurface countercurrent. Na-  Res.11: 599-604.

ture 268: 331-332. PeTErRsoN W. T., D. FE ARcos G. B. McMaNus, H. Dam, D. BEL-

. 1979. Peculiaridades bénioas sublitorales del Pdicio LANTONI, T. JOHNSON AND P. TiseLius. 1988. The nearshore
Sur Oriental. Proceedings of the workshop “Perspectivas en la ~ zone during coastal upwelling: Daily variability and coupling
investigacim ecolgica marina en Chile (P&@o Sur Oriental between primary and secondary production of Central Chile.
y Antartica),” Univ. Austral de Chile-Valdivia. Prog. OceanogR0: 1-40.

, J. G. QsTILLO, AND L. A. YAREZ 1972. Algunas consi- RANSOM, B., K. F. SiEA, P. J. BIRKETT, R. H. BENNETT, AND R.
deraciones preliminares sobre la ecétogentmica de fondos BAERwALD. 1998. Comparison of pelagic and nepheloid layer
sublitorales blandos en la BahConcepcin. Bol. Soc. Biol. marine snow implications for carbon cycling. Mar. Get80:
Concepcio 44: 169-190. 39-50.

GEMERDEN, H. V. 1993. Microbial mats: A joint venture. Mar. Geol. RISGAARD-PETERSEN N. 1995. Denitrification and dissimilative ni-
. a trate reduction to ammonium in mats BEggiatoa spp. on
113: 3-25. . X . ‘

marine sediments. Ph.D. thesis, Univ. of Aarhus.

, S. RrsGAARD, L. P. NELSEN, AND N. P. REVSBECH 1994.
Diurnal variation of denitrification and nitrification in sedi-
ments colonized by benthic microphytes. Limnol. Oceanogr.
39: 573-579.

RuboLpH, A., R. AHUMADA, AND S. HERNANDEZz. 1984. Distribu-
cion de la materia orgaca, carbono orgaco y fosforo total
en los sedimentos recientes de la Batie Concepcio. Chile.
Biol. Pesq.13: 71-82.

. ... .. RyscaaRrD, S., N. RscaARD-PETERSEN N. P. SoTH, K. JENSE
JZRGENSEN B. B. 1978. A comparison method for the quantification AND L. P. NIELSEN. 1994. Oxyg(:‘n regulation of nitrifica:on

of bacterial sulfate reduction in coastal marine sediments. Mea- 5 genitrification in sediments. Limnol. Oceandagt. 1643—
surements with radiotracer techniques. Geomicrobidl: 29— 1652.

47. . L . . ScHuLz, H. N., B. B. J®&GENSEN H. FOossING AND N. B. RAMSING.

- 1982. Mineralization of organic matter in the sea bed, the 1996, Community structure of filamentous sheath-building sul-
role of sulfate reduction. Natur296: 643-645. phur bacteriarhioploca spp. off the Coast of Chile. Appl. En-

. 1983. Processes at the sediment-water interface, p. 201-  \iron. Microbiol. 62: 1855—-1862.

123 InB. Bolin and R. B. Cook [eds.], The major biochemical g o7, N. P., H. BACKBURN, L. S. HANSEN, N. RISGAARD-PETER-

GRrAF, F. 1992. Benthic—pelagic coupling: A benthic view. Ocean-
ogr. Mar. Biol. Annu. Rev30: 148-190.

GUTIERREZ D., AND OTHERS 2000. Effects of dissolved oxygen and
organic matter reactivity on the bioturbation potential of mac-
rofauna in sublittoral bottoms off central Chile during 1997—
1998 El Nito. Mar. Ecol. Prog. SeR02: 81-99.

Harrison, W. G. 1980. Nutrient regeneration and primary produc-
tion in the sea, p. 433-460n P. G. Falkowski [ed.], Primary
productivity in the sea. Plenum.

cycles and their interactions. Humana. _ SEN, AND B. A. LomsTEIN. 1995. Nitrogen cycling in sediments
, AND V. A. GALLARDO. 1999.Thioploca spp.: Filamentous with different organic loading. Mar. Ecol. Prog. S&t6: 163—

sulfur bacteria with nitrate vacuoles. FEMS Microbiol. Ecol. 170.

28: 301-313. SoBARzO, M. S., D. RGUEROA, AND D. R. ArRcos 1997. The influ-
JRGENSEN K. S., AND J. S®ENSEN 1988. Two annual maxima of ence of winds and tides in the formation of circulation layers

nitrate reduction and denitrification in estuarine sediments in a Bay, a case study: Concepeiday. Estuarine Coastal

(Norsminde Fjord, Denmark). Mar. Ecol. Prog. S&8: 147— Shelf Sci.45: 729-736.

154, SOLORZANO, L. 1969. Determination of ammonium in natural wa-
JovE, S.,AND J. HoLLiBAUGH. 1995. Influence of sulfide inhibition ters by the phenol hypochlorite method. Limnol. Oceanbdgr.

of nitrification on nitrogen regeneration in sediments. Science  799-801.

270: 623-625. SerReENSEN J. 1978. Capacity for denitrification and reduction of
KLump, J. V., AND C. S. MarTENS. 1983. Benthic nitrogen regen- nitrate to ammonia in a coastal marine sediment. Appl. Envi-

eration, p. 411-455In E. J. Carpenter and D. G. Capone ron. Microbiol. 35: 301-305.
[eds.], Nitrogen in the marine environment. Academic. , L. K. RasmusseN AND |. Koike. 1987. Micromolar sulfide



http://www.aslo.org/lo/pdf/vol_29/issue_2/0250.pdf
http://www.aslo.org/lo/pdf/vol_39/issue_3/0573.pdf
http://www.aslo.org/lo/pdf/vol_39/issue_7/1643.pdf
http://www.aslo.org/lo/pdf/vol_14/issue_5/0799.pdf

832 Graco et al.

concentrations alleviate acetylene blockage of nitrous oxide re———, M. L. SoGIN, L. P. NELSEN, AND H. W. JANNASH. 1999.
duction by denitrifyingPseudomonas fluorescens. Can. J. Mi- Phylogenetic relationship of a large mariBeggiatoa. Syst.
crobiol. 33: 1001-1005. Appl. Microbiol. 22: 39-44.

STRICKLAND, J., AND T. PARsONs 1972. A practical handbook of THAMDRUP, B., AND D. E. CaNFIELD. 1996. Pathway of carbon ox-
sea water analysis. Fisheries Research Board of Canada. idation in the continental margin off central Chile. Limnol.

SuEss E. 1980. Particulate organic flux in the ocean: Surface pro- ~ Oceanogrdl: 1629-1650. _
VALIELA, |. 1995. Marine ecological processes, 2nd ed. Springer.

ductivity and oxygen utilization. Natur238: 260—263. )
SWEERTS J. R. A, D. [ BEER, L. P. NELSEN, H. VERDOUW, J. C.  WiLLiAMS, P. J.,AND N. W. JENKINSON. 1982. A @ran_sportat_)le mi-

VAN DEN HEUVEL, J. GOHEN, AND T. E. CAPPENBERG 1990. croprocessor contro_lled precise V\{mkler titration suitable for

Denitrification by sulphur oxidizingBeggiatoa spp. mats on 2?3'2 station and shipboard use. Limnol. Oceandt. 576~

freshwater sediments. Natudd4: 762—763. :
Teskg, A., N. B. Ramsing, J. KRUVER, AND H. Fossing 1995.

Phylogeny ofThioploca and related filamentous sulfide-oxidiz-

ing bacteria. Syst. Appl. Microbioll8: 517-526.

Received: 2 February 2000
Amended: 28 December 2000
Accepted: 4 January 2001


http://www.aslo.org/lo/pdf/vol_41/issue_8/1629.pdf
http://www.aslo.org/lo/pdf/vol_27/issue_3/0576.pdf

