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ABSTRACT: The production and consumption of sulfide and its influence on phosphorous cycling
were studied in a hypertrophic coastal lagoon (Valle Smarlacca, Italy). Oxygen measurements
revealed that the water phase was supersaturated except for the layer directly overlying the sedi-
ment. This layer was devoid of oxygen and contained sulfide at all times. Maximal rates of sulfide
production, calculated from in situ profiles, were observed in the 0 to 2 cm sediment layer and the
1 cm water layer directly above. Sediment iron data suggested a moderate chemical buffering capac-
ity towards free sulfide; however, the in situ buffering capacity was fully exploited. Stirring increased
the chemical buffer, indicating that, in situ, part of the iron did not contribute to the chemical buffer.
The potential rate of biological sulfide oxidation, estimated in sediment slurries amended with oxy-
gen, was high; however, the actual rate was low due to a shortage of oxygen in the sediments and the
overlying water. Evidence was obtained for enhanced release of phosphate caused by free sulfide.
Under simulated natural conditions the release of phosphate exceeded the initial concentration of Fe-
bound phosphate by an order of magnitude, indicating a significant contribution of non-iron-bound
phosphate. The observations in Valle Smarlacca were used to shed light on the virtually complete dis-
appearance of Ruppia sp. from other lagoons of the Valli di Comacchio (Northern Italy).
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INTRODUCTION

Over the past decade coastal lagoons have been stud-
ied extensively with respect to eutrophication proces-
ses. Many of these systems have large catchment areas,
which thus receive considerable quantities of phospho-
rus and nitrogen, and consequently contain high bio-
masses of primary producers. As a result anoxia is com-
mon, particularly when light intensities are low.

In shallow marine environments organic matter min-
eralization coupled to sulfate reduction is a prominent
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process (Jorgensen 1982). The ample presence of
organic matter combined with the absence of oxygen
will stimulate the proliferation of obligately anaerobic
sulfate-reducing bacteria; the resulting sulfide is
highly toxic and its presence in an unbound form may
have far-reaching consequences for ecosystem func-
tioning.

Water purification has been introduced in many
European countries and phosphate is no longer added
to most detergents. As a result, eutrophication in near-
shore waters has decreased significantly; however,
sediments harbor large amounts of bound P. Once
released as phosphate, they act as the P source for pri-
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mary producers and other (micro)organisms in the
water column. The relevant inorganic forms of P in the
sediment are ferric iron-bound (Fe-bound) and cal-
cium-bound (Ca-bound) phosphates (Bostrom et al.
1988). During anoxia, phosphate is released from the
Fe-bound pool (Stal et al. 1996) and a positive relation
with elevated rates of sulfate reduction has been
demonstrated (Smolders & Roelofs 1993, Giordani et al.
1996, Roden & Edmonds 1997). It is generally assumed
that such conditions do not affect Ca-bound phosphate
(Moore & Reddy 1994, Golterman 1995, 1997).

The floral composition in the Valli di Comacchio
(Northern Italy), an ecologically and economically
important coastal lagoonal ecosystem, has changed
dramatically over the past decades. Whereas the
lagoons in the early 1970s were dominated by large
beds of Ruppia sp., recent observations show that Rup-
pia has virtually disappeared (Piccoli 1998), despite the
fact that nutrient concentrations have decreased
(Sorokin et al. 19964, Dallocchio et al. 1998).

A possible explanation for the declining Ruppia pop-
ulation could be its sensitivity towards sulfide. Many
rooted phanerogams significantly contribute to the
aerobic oxidation of sulfide by virtue of their ability to
enrich a small sediment area directly around the roots
with oxygen, a phenomenon known as radial oxy-
gen loss (ROL) (Caffrey & Kemp 1991, Pedersen et
al. 1998). Ruppia roots exposed to sulfide could
lose their functionality in this respect, which
would result in enhanced sulfide concentrations,
in particular in the direct surroundings of the
roots. The increased sulfide concentration in the
pore water could effectuate an even more en-
hanced phosphate eutrophication. Eventually this
cascade of reactions could have resulted in the
complete elimination of Ruppia from the lagoon.

To validate this hypothesis, data were collected in
Valle Smarlacca (Italy). The present situation in
this lagoon may reflect a situation encountered in
the past in other lagoons of the Valli di Comacchio.

This paper describes the results of a combined
field and laboratory study in which the effect of
production and consumption of sulfide on phos-
phorous cycling was investigated. The possible
relation with the survival of Ruppia in coastal
lagoons is discussed.

MATERIALS AND METHODS

Site description. The Valli di Comacchio
lagoonal system (44°20'N, 12°10'E), a character-
istic brackish water environment which has been

(Valle Lido di Magnavacca, Valle Fossa di Porto and
Valle Campo) and a number of smaller lagoons (Fig. 1),
all with water depths of 50 to 150 cm. The water level
is regulated by channels which are directly or indi-
rectly connected to the Adriatic Sea to the east or to the
Reno River to the south. The surficial sediments are
mainly silt, rich in organic detritus with a low percent-
age of sand, while the deeper sediment layers are
mostly silty-clay. The lagoons of the Valli di Comacchio
have been classified by Sorokin et al. (1996b) as hyper-
trophic and characterized by blooms of cyanobacteria;
however, an annual survey has shown that the cyano-
bacterium Synechococcus and the small green alga
Nannochloropsis were present in equal numbers in the
January to April period, whereas the green alga domi-
nated (~90 %) over the remainder of the year (Andreoli
et al. 1998).

The Valle Smarlacca (total surface area 2 km?) is
located in the south-east corner of the Valle Lido di
Magnavacca and consists of several small fish ponds
and 1 larger basin. The lagoon, in part still colonized
by Ruppia cirrhosa, is completely separated from the
other lagoons of the Valli di Comacchio and receives
water directly from the Reno River. The larger basin of
the lagoon was sampled in September 1998.
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used for aquaculture for centuries, covers a total
area of 110 km? and consists of 3 main lagoons

Fig. 1. Overview of the Valli di Comacchio, Italy (44°20"N,
12°10'E) and the location of the sampling site in Valle Smarlacca
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Sampling and in situ profiles of oxygen and sulfide.
Sediment samples were collected with acrylic cores
(O 5 cm), butyl-rubber stoppered at the bottom end,
and, within 1 h, sliced in 3 consecutive layers (0-2, 2-5
and 5-10 cm).

Water samples were collected by means of 3 tubes
fixed to a pole at 50, 25 and 1 cm above the sediment
surface. Concentrations of total sulfide (free plus acid
volatile) and oxygen were measured using the methyl-
ene blue method (Cline 1969; detection limit 1 pM) and
the Winkler method (APHA 1975, detection limit 2 to
4 pM), respectively.

In situ vertical profiles of oxygen and free sulfide
(S?7) in the sediment and the overlaying 1 cm water
layer were assessed hourly over a diel cycle using a
computer-controlled submersible bottom profiler as
described by Schaub & Van Gemerden (1996), equip-
ped with needle electrodes of 20 cm length (Microscale
Measurements, The Netherlands). Calibration was per-
formed under non-stirred conditions. Sulfide data were
pH corrected to yield total free sulfide (3H,S, HS",
H,S) based on readings obtained at 0.5 cm depth inter-
vals. The detection limit for oxygen and free sulfide is
2 to 4 and 5 pM,, respectively.

Iron and acid-volatile sulfide. Iron pools were mea-
sured by 2 parallel extractions using 1 g of wet sedi-
ment. ‘Labile iron' (Lovley & Phillips 1987) was ex-
tracted with 0.5 M HC]; in this pool ferric iron consists
mainly of amorphous Fe(Ill)-oxyhydroxides, while fer-
rous iron mainly consists of acid-volatile sulfides
(AVS). ‘Chemically reactive iron' (Canfield 1989) was
extracted with 6 M HCI; this pool comprises all iron
with the exception of pyrite and some stable com-
plexes and minerals in which iron can be in the ferrous
or the ferric state. Chemically reactive iron includes
labile iron. Crystalline reactive iron concentrations
were obtained by subtraction of the 0.5 M HCI extrac-
tion data from the 6 M HCI extraction data. Immedi-
ately after slicing, the 1 g sediment samples were sus-
pended in 20 ml of acid (0.5 or 6 M HCI) and shaken for
12 h. Iron pools in 6 M HCl-treated slurry samples
were determined after 0.5 ml slurry was added to 10 ml
0.5 M HCl.

Ferrous iron was measured using the ferrozine
method (Lovley & Phillips 1987). Ferric iron was deter-
mined by subtraction after reduction with 0.3 M
hydroxylamine.

In slurry samples collected from the Biological Oxy-
gen and Sulfide Monitor (BOSM) (Heijs et al. 1999), the
pool of labile ferrous and ferric iron was determined in
the filtered and acidified supernatant (0.2 ml 0.5 M
HCI per 2.5 ml) of centrifuged slurries. These analyses
were carried out at the beginning of the experiment
prior to the addition of oxygen and/or sulfide and at the
end of the experiment.

AVS, representing free sulfide (YH,S, HS", S*7) and
ferrous sulfide (FeS), was determined by acidifying
known sediment volumes under anoxic conditions
(Heijs et al. 1999).

Phosphorus. A number of distinct phosphorus pools
were measured in the water phase, in the sediment
and in samples from the BOSM set-up, using the col-
orimetric molybdate method of either Valderrama
(1981) (more sensitive, but lower upper limit) or Mur-
phy & Riley (1962) (less sensitive, but higher upper
limit). Interferences due to the presence of sulfide
were avoided by adding 0.4 ml of 0.5 M HCI to 5 ml
sample 24 h before the assay was performed.

In the water phase, dissolved POy, total particulate P
and total dissolved P were determined. The conversion
of total P to PO, was performed according to Valder-
rama (1981).

From the sediment, pore water samples were col-
lected under anoxic conditions as described by
Reeburgh (1967), whereafter dissolved PO, was deter-
mined. In sliced sediment samples (triplicate cores) 4
phosphorus pools were determined by sequential
extractions using 1 g of wet sediment: (1) exchange-
able POy, (2) Fe-bound POy, (3) authigenic Ca-bound
PO,, and (4) detrital Ca-bound PO, (Hieltjes & Lijk-
lema 1980, Ruttemberg 1992, Barbanti et al. 1994).
Exchangeable PO, was measured by 2 anoxic extrac-
tions (2 h each) with 1 M MgCl, buffered to pH 7.5,
whereafter the Fe-bound PO, was extracted with 0.1 M
NaOH for 18 h under oxic conditions. The Ca-bound
PO, was separated into authigenic Ca-PO, and detrital
Ca-PO, according to Ruttemberg (1992). Authigenic
Ca-PO, was measured after 6 h extraction with 1 M
Na-acetate buffered to pH 4, whereas detrital Ca-PO,
was measured after 1 h extraction with 0.5 M HCI.
After the NaOH, acetate and HCI extractions, the sed-
iment was rinsed with 1 M MgCl, to extract PO, re-
adsorbed onto sediment particles. Dissolved PO, in the
extracts was measured in the supernatant as described
above. In addition, total P was extracted with 37 % HCl
from 0.1 g of ashed sediment and determined spec-
trophotometrically according to Aspila et al. (1976).
Organic P was estimated as the difference between
total P and the sum of all inorganic P pools.

In slurry samples collected from the BOSM, dis-
solved PO, was determined in the filtered and acidified
supernatant (0.2 ml 0.5 M HCI per 2.5 ml) of cen-
trifuged slurries according to Murphy & Riley (1962).
These analyses were carried out prior to the addition of
sulfide and at the end of the experiment.

Chlorophyll a and gross oxygen production rates in
the water column. Chlorophyll a (chl a) concentrations
were determined by filtration of 100 ml of water on a
Whatman GF/F filter, followed by acetone extraction of
the material retained on the filter (APHA 1975).



88 Aquat Microb Ecol 23: 85-95, 2000

Gross oxygen production rates of phytoplankton in
the water column were determined as the difference
between production and consumption of oxygen in
transparent and dark glass bottles. Eight glass bottles
of 1.21 (4 light, 4 dark), filled with water from the sam-
pling site, were incubated in sunlight at 570 pE m2 57!
and 24.5°C, thus mimicking the in situ conditions.

The oxygen concentration in each bottle was deter-
mined at the start of the experiment and after 0.5 and
1.5 h using the Winkler method.

Potential and actual chemical buifering capacity
towards free sulfide. The potential chemical buffering
capacity towards free sulfide was calculated from the
labile ferrous and ferric iron pool according to Heijs et
al. 1999. The measured buffering capacity was esti-
mated by adding sulfide to sediment slurries until free
sulfide became detectable (Heijs et al. 1999); com-
pared to the in situ situation, this may reflect an over-
estimation due to the stirring of the BOSM contents.
When free sulfide was present in the sediment, the in
situ buffering capacity was assumed to be fully
exploited.

Biological and chemical sulfide oxidation. In the
BOSM set-up, changes in the concentrations of oxygen
and sulfide can be monitored at time intervals ranging
from 0.6 to 60 s using a custom-made computer pro-
gram (Electronic Workshop, Biology Department, Uni-
versity of Groningen, The Netherlands). Using un-
treated and steamed slurries (15 min in steaming
autoclave, resulting in a 99.9 % loss of viable cells), this
allows the determination of the potential total rate and
the potential chemical rate of oxygen consumption (no
sulfide limitation), as well as the potential total rate and
the potential chemical rate of sulfide removal (no oxy-
gen limitation). Potential biological rates were calcu-
lated by subtraction of potential chemical rates from po-
tential total rates. A typical example of the results of a
BOSM experiment is shown in Fig. 2 (details in legend).

Changes in the concentration of sulfide do not pro-
vide information on the nature of the products being
formed, nor do changes in the concentrations of oxy-

gen. However, the ratio between the rate of sulfide
removal and the rate of oxygen consumption can be
used to estimate the oxidation state of the sulfur com-
pound formed: a complete oxidation of sulfide to sul-
fate results in a molar sulfide/oxygen ratio of 0.5
(Eq. 1), whereas incomplete oxidation of sulfide to sul-
fur yields a sulfide/oxygen ratio of 2 (Eq. 2)

HS +20, O SO2 +H* (1)
2HS +0,+2H*0 2S°+2H,0 2)

Slurries to be amended with oxygen were aerated for
10 min (187 ml min!). Sulfide was added as a HCI-
neutralized, carbonate-buffered (167 mM) solution of
sodium sulfide (66 mM).

RESULTS
Iron and phosphate

The total reactive iron concentration, averaged over
the top 10 cm of the sediment, was 121 pmol cm3, of
which 74 % was present as ferrous iron. Between the 3
layers examined (0-2, 2-5, 5-10 cm) differences were
marginal with respect to the Fe?*/Fe®" ratio; however,
both ferrous and ferric iron concentrations increased
with depth (Table 1). Labile ferrous iron was the domi-
nant form in the top of the sediment, whereas in the
deeper layers iron was for a large part crystalline. The
concentration of labile ferrous iron bound in AVS vir-
tually did not change with depth. At all depth horizons,
less than 3% of total iron was present as labile ferric
iron (Table 1). Total P, both particulate and dissolved,
showed no differences at 50 and 25 cm above the sed-
iment surface, which indicates that the upper water
column was well mixed. Closer to the bottom, particu-
late P was somewhat higher compared to the remain-
ing water column, whereas dissolved P was lower;
however, the differences were small. Dissolved PO,
concentrations were below the limit of detection
(0.1 pM), both in the water column and close to the sur-
face of the sediment (Table 2).

Table 1. Iron speciation in the sediment of Valle Smarlacca (Valli di Comacchio, Italy) in September 1998. Average of triplicate
samples with standard deviations in brackets are given

#Data obtained after extraction with 0.5 M HC1
PExclusive free sulfide (YH,S, HS", S?7)

Depth layer Ferrous iron (pmol cm™) Ferric iron (umol cm™3) Ratio

(cm) Labile Crystalline® Labile® Crystalline® Fe?*/Fe®*
Total® FeSP

0-2 32.3 (10.1) 16.9 (1.3) 16.8 (14.7) 0.8 (0.9) 14.1 (4.3) 3.3

2-5 42.3 (2.8) 19.0 (6.5) 26.1 (12.4) 2.6 (2.5) 20.8 (9.7) 2.9

5-10 55.5 (4.9) 14.1 (1.6) 60.8 (70.6) 0.0 (2.2) 45.7 (8.5) 2.7

‘Data obtained after extraction with 6 M HCI minus data obtained from 0.5 M HCI extraction
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In the sediment, the major pools of P were the Ca-
bound and organic pools (Table 2), which accounted for
about 65 and 33 % of sedimentary P, respectively. Detri-
tal Ca-bound POy, which is considered not to be avail-
able for organisms (Ruttemberg 1992, Gomez et al. 1999),
was, on average, 3 times higher than the more reactive
authigenic pool and was more abundant in the deeper

40

I
~ @ ©

and the slopes were used to
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layers. In the sediment, concentrations of total P, Ca-bound
PO, and labile PO, increased somewhat with depth. In
the interstitial water the average PO, concentration was
very high (34 nmol cm™®) compared to the worldwide
median in sea grass beds (6.5 pM; Hemminga 1998). In
the sediment, total P concentrations were 3 orders of
magnitude higher than in the water column (Table 2).

Table 2. Total phosphorus and P species in (A) water and (B) sediment of the Valle Smarlacca (Valli di Comacchio, Italy) in
September 1998. Average of triplicate samples with standard deviation in brackets are given

(A) Water
cm above Total P Dissolved
sediment (nmol cm3) phosphate
Particulate Dissolved (nmol cm™?)
50 2.2 (0.8) 1.7 (0.7) <0.1
25 2.4 (0.6) 1.9 (0.7) <0.1
1 4.6 (1.4) 0.5 (0.4) <0.1
(B) Sediment
Depth layer Total P Pore water Labile phosphate Ca-bound phosphate Organic P
(cm) (nmol cm™%)  phosphate (nmol cm™3) (nmol cm™3) (nmol cm™3)?
(nmol cm™®)  Exchangeable” Fe-bound Authigenic Detrital
0-2 4763 (514) 29 (11) 85 (50) 17 (4) 1030 (226) 1591 (978) 2011
2-5 6285 (823) 54 (19) 83 (27) 18 (4) 983 (100) 2960 (600) 2187
5-10 8316 (2189) 24 (2) 109 (47) 18 (5) 1291 (138) 4823 (2453) 2051
?Calculated as the difference between total P and the sum of the inorganic P pools
PIncludes pore water phosphate
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Oxygen, sulfide and chl a

Oxygen and sulfide concentrations, measured in the
water column during a diel cycle, are shown in Fig. 3,
and in situ profiles of oxygen and sulfide in the sedi-
ment representative for afternoon, night and early
morning are shown in Fig. 4. High oxygen concentra-
tions, ranging from 200 to 700 pM, were detected in
the water layers 50 and 25 cm above the sediment
(Fig. 3). The concentrations were similar for both lay-
ers, confirming that the water column was well mixed.
The average phytoplanktonic chl a content of the
water column was 105 ug I"L. In the 1 cm water layer
overlying the sediment, oxygen concentrations were
below the detection limit at all times, whereas the sul-
fide concentrations were high (average 1.6 mM); how-
ever, no sulfide was found in the remainder of the
water column. In the sediment, free sulfide was
detected at all times and concentrations were high dur-
ing the night and early morning (Fig. 4).

The discrepancy in sulfide concentrations in the
water layer above the sediment is the result of different
methodology: sulfide electrodes (Fig. 4) only detect
free sulfide, whereas the method used for the water
column measurements (Fig. 3) detects both free sulfide
and AVS. The data thus indicate that 80 to 90 % of the
sulfide in the water column was present in a bound and
acid-volatile form.

On the basis of the sulfide profiles the net rate of sul-
fide production was calculated (Fig. 5, see legend for
details). In the sediment, the 0 to 2 cm layer was the
most active. The activity of the population of sulfate-

Oxygen (uM)

100 150

x* Oxygen

= Sulfide 16h-19h
 Sulfide 23h-02h
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Fig. 4. Vertical profiles of oxygen and free sulfide in the sedi-
ment of Valle Smarlacca (Italy), representing 3 periods during
a diel cycle in September 1998

reducing bacteria was maximal in the 16 to 19 h period
(rate of sulfide production 8.2 nmol cm™ h7'), but
decreased rapidly to 2.2 nmol sulfide cm™ h7! in the
early morning. Lower activities were found in the 2 to
5 cm sediment layer, and the diel variations were also
less pronounced. Virtually no activity was detected in
the 5 to 10 cm sediment layers. In the 1 cm water layer

directly overlying the sediment, the

rate of sulfide production and the

day

diel fluctuations were similar to
those observed in the 0 to 2 cm sed-
iment layer.

Chemical buffering capacity and
biological activity measurements

Oxygen 1cm
Sulfide 25cm

The potential chemical buffering
capacity towards free sulfide ap-

Sulfide 50cm | | 3

peared to be twice as high in the
deeper sediment layers compared to
the surface layers, whereas the in
situ chemical buffering capacity in
all layers examined was zero (sul-
fide present at all times). It appears

Sulfide (mM)

Time (hour in day)

Fig. 3. Dissolved oxygen and total sulfide at 3 depths in the water column of
Valle Smarlacca (Italy) over a diel cycle in September 1998

24 however, that the chemical buffer-
ing capacity was not fully exploited,
since stirring of the sediment slur-
ries resulted in the release of com-

pounds that could bind with free

200
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Table 3. Potential, in situ and released chemical buffering capacity towards free
sulfide in the sediment of Valle Smarlacca (Valli di Comacchio, Italy) in Septem-
ber 1998. Average of triplicate samples with standard deviation in brackets are

lected 1 cm above the sediment sur-
face, low potential rates of chemical
and biological sulfide oxidation were

given

found compared to the values found
for the sediment. Potential total rates

"Deduced from the presence of free sulfide

#Calculated from labile iron pools according to Heijs et al. (1999)

€Calculated from the total amount of sulfide added to stirred BOSM vessels
corrected for the final concentration of sulfide (recalculated to cm® sediment)

Depth layer Chemlcal‘bufferg}g cap acity of sulfide oxidation showed a similar
(cm) (pmol sulfide cm™ sediment)
Potential® In situ® Released pattern.
by stirring®
0-2 15.9(10.2) 0 0.61 Dissolved phosphate and iron in
2-5 26.8 (7.5) 0 1.11 sediment slurries
5-10 37.4 (6.6) 0 2.33

A significant increase in dissolved
PO, concentrations was observed in
sediment slurries in the BOSM set-up
amended with sulfide (Fig. 6) and the

sulfide. The amount released was small compared to
the potential chemical buffering capacity and in-
creased somewhat with depth (Table 3).

The net rate of oxygen production in the water col-
umn in the daytime was 50 to 70 nmol cm™ h™! (gross
production rate: 63 + 12 nmol cm™2 h™!, respiration rate:
2 + 4 nmol cm~3 h™!). This high photosynthetic activity
is in agreement with the observed chl a concentrations.

Based on the potential chemical oxygen consump-
tion rate, high potential chemical rates of sulfide oxida-
tion were detected in the sediment, with a maximum in
the 5 to 10 cm layer (Table 4). However, potential bio-
logical rates were even higher in the layers below 2 cm
depth, indicating that the oxidation of sulfide for the
greater part would have been a biological process,
provided oxygen was available. In water samples col-

maximum PO, release was observed

in slurries made from the top layers of
the sediment (0 to 2 cm). In the steamed slurries
intended to be used as abiotic controls, high concen-
trations of dissolved phosphate were already observed
at the start of the experiment and no increase was
detected after the addition of sulfide (data not shown).
The release of phosphate in the steamed slurries could
be due to the hydrolysis of organic P.

Changes in pH related to the oxidation of sulfide
were marginal (Table 5), despite the fact that the molar
ratio HS7/0O, indicated that most of the sulfide added
had been oxidized to sulfate. Formation of S° was not
observed (data not shown).

The concentration of iron was measured at the start
and at the end of the experiments (Table 6). Ferric iron
was not present in significant amounts, neither at the
start nor at the end of the incubation period.

Table 4. Potential chemical and biological oxygen consumption rates and potential sulfide oxidation rates in the presence of oxy-
gen in water and sediment of Valle Smarlacca (Valli di Comacchio, Italy) in September 1998

Sample, depth

Potential rate of

Potential rate of

consumption

Egs. (1) & (2)

layer (cm) oxygen consumption sulfide oxidation
(umol cm™3 h) (amol cm™3 h™!)
Chemical Biological® Chemical® Biological® Total?
Water, 1-0 0.06 0.18 0.03-0.12 0.09-0.36 0.08
Sediment, 0-2 5.58 15.12 2.82-11.16 7.56-30.24 12.36
Sediment, 2-5 13.80 40.80 6.90-27.60  20.40-81.54 23.76
Sediment, 5-10 17.40 15.18 8.70-34.80 7.62-30.42 4.38

4Calculated as the difference between the total rate of oxygen consumption (data not shown) and the chemical rate of oxygen

bCalculated from the potential chemical oxygen uptake rates; values indicate limits depending on products formed according
to Egs. (1) & (2)
‘Calculated from potential biological oxygen uptake rates; values indicate limits depending on products formed according to

dCalculated as the difference between the total rate of sulfide removal and the rate observed in steamed controls. Based on
measurements with sulfide electrodes
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Fig. 5. Average sulfide production rates over a diel cycle in water
and sediment of the Valle Smarlacca, September 1998. Rates were
calculated for 4 depth layers from hourly sulfide profiles according
to Fick's first law, a sediment porosity of 0.8 to 0.9 and a sulfide

Release of phosphate from the sediments due to
the presence of free sulfide would also effectuate
an increased supply of utilizable substrates for
sulfide-producing bacteria. This positive feed-
back mechanism would only be halted when
other factors, such as the intensity of photosyn-
thetically active irradiation, became limiting or
when free sulfide concentrations reached lethal
concentrations for primary producers. Since the
latter organisms are the driving force of the pro-
cesses described above, the ecosystem would
soon develop into a sapropelium and recupera-
tion would only be feasible after sulfide produc-
tion had ceased and any sulfide present had been
removed. However, the restored environmental
conditions allowing the (re-)colonization by oxy-
genic phototrophs would soon end due to the fact
that under the re-established oxic conditions
phosphate would precipitate again. This could
initiate a new cycle of events. Thus, a one-time
observation showing a relatively healthy system
does not imply that this is a long-lasting phenom-

diffusion coefficient of 0.0333 cm? h™! (Nelson et al. 1986)

DISCUSSION

Although the Valle Smarlacca is separated from the
hypertrophic Valli di Comacchio, it receives high loads of
nutrients from the polluted Reno River and from the ad-
jacent ponds used for fish farming. Nevertheless, the dis-
solved phosphate concentration in the water column was
extremely low, which may be taken as an indication that
phosphate availability is somehow controlling the bio-
logical activities in the ecosystem. If so, any process that
contributes to the (partial) abolition of phosphate limita-
tion would result in increased rates of primary produc-
tion and other biological activities. In this context, the re-
lease of phosphate from the sediment due to the
presence of sulfide appears to be highly relevant.

enon. Appearances could easily be deceptive in
this respect.

In the Valle Smarlacca a strong build-up of sul-
fide was observed (Figs. 3 & 4) and the 0 to 2 cm sedi-
ment layer and the water layer directly above were
found to be the main sites of sulfide production (Fig. 5).
It is anticipated that a large part of the decaying
organic matter was produced in the water column; in
earlier reports it was postulated that sulfide production
takes place in the slime settled on the sediment (Gior-
dani et al. 1997). In Ruppia-dominated ecosystems it
was observed that sulfide production in the water col-
umn was related to epiphyte coverage and that AVS in
the sediment doubled compared to spots with healthy
plants, presumably due to settling of the epiphyte
slime (Viaroli et al. 1997). The accumulation of sulfide
is not only determined by the rate of production, but
also by the chemical and biological rate of sulfide

Table 5. Sulfide oxidation, pH, and molar ratio sulfide/oxygen in water and sediment slurries of Valle Smarlacca (Valli di Comac-

chio, Italy)
Sample, depth % sample Sulfide ApH Molar ratio
layer (cm) in BOSM (nmol cm3 slurry) after sulfide HS/0,°
slurry (v/v) Added Final oxidation®

Water, 1-0 100 250 0 -0.01 0.46
Sediment, 0-2 15 250 0 +0.05 (0.02-0.07) 0.82
Sediment, 2-5 11 250 0 +0.04 (0.02-0.05) 0.58
Sediment, 5-10 20 250 0 +0.05 (-0.03-0.07) 0.28
@Average; range of replicates in brackets

PComplete oxidation of sulfide to sulfate results in a molar sulfide/oxygen ratio of 0.5 (Eq. 1); incomplete oxidation of sulfide
to sulfur yields a molar ratio of 2 (Eq. 2)
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Table 6. Ferrous and ferric iron concentrations at start and end of the incubation period in the BOSM set-up. Averages of tripli-
cate measurements; standard deviation in brackets

Sediment layer Ferrous iron Ferrous iron plus ferric iron Ferric iron

(cm) (amol ml~?! slurry) (amol ml? slurry) (umol ml~! slurry)
Start End Start End Start End

0-2 0.245 (0.038) 0.303 (0.030) 0.257 (0.037) 0.297 (0.016) 0.011 -0.006

2-5 0.391 (0.012) 0.454 (0.012) 0.378 (0.032) 0.455 (0.009) -0.013 0.001

5-10 1.246 (0.029) 2.492 (0.043) 1.245 (0.038) 2.429 (0.040) -0.001 -0.063

removal. Previously, the latter were called the chemi-
cal and biological sulfide buffering capacity of an
ecosystem (Heijs et al. 1999) and it was shown that the
chemical buffering capacity largely depends on labile
ferric iron and ferrous iron fractions, while the biologi-
cal buffering capacity is mainly due to the activities of
colorless sulfur bacteria (Schaub & Van Gemerden 1996,
Heijs et al. 1999).

The sediment of Valle Smarlacca contained high
concentrations of iron (Table 1), of which the major
part (72 to 77 %) was in the ferrous form. Total iron
concentrations increased with depth and the form
changed from predominantly labile iron in the upper
sediment layers (52 % of total iron) to crystalline iron in
the deeper sediment (65 % of total iron).

The content of labile iron and the fact that only about
half of the labile ferrous iron in the 0 to 2 cm sediment
layer was present as FeS suggest that the ecosystem
has a large chemical buffering capacity towards sul-
fide (Table 1). However, the in situ buffering capacity,
judged from the presence of free sulfide, was ex-
hausted, whereas stirring of the sediment slurries
resulted in the release of a small fraction of the poten-
tial chemical pool. This indicates that part of the iron

Dissolved phosphate (nmol cm-3 sediment)
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Fig. 6. Phosphate concentrations before and after the addition
of sulfide to sediment slurries from Valle Smarlacca incubated
in the BOSM set-up
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was present in a less reactive form (Canfield et al.
1992, Giordani et al. 1997) and did not take part in the
buffering towards sulfide. Similar phenomena can be
expected to take place when the sediment of these
shallow lagoons is suspended during storms.

The potential biological rate of sulfide oxidation of
the sediment was high, in particular in the 2 to 5 cm
layer (Table 4), which coincided with the most proba-
ble number counts on colorless sulfur bacteria (data
not shown). However, the majority of colorless sulfur
bacteria require oxygen for the oxidation of sulfide
and, as shown in Fig. 3, this was absent. In addition,
the concentrations of nitrate, used by some species
instead of oxygen, were below the detection limit.
Comparison of the potential biological rates of sulfide
oxidation with the potential total rate of sulfide oxida-
tion (Table 4) indicates that all sulfide added was com-
pletely oxidized to sulfate.

Zero chemical buffering capacity was encountered in
September 1998. In addition, the powerful potential bi-
ological sulfide oxidizing capacity could not be ex-
ploited due to lack of oxygen. As a consequence, the
concentration of free sulfide increased to reach high
levels.

Sediments of shallow lagoons can be supplied with
oxygen by 2 mechanisms: (1) the diffusive transport of
oxygen from the water phase to the sediment layers,
and (2) the process known as radial oxygen loss (ROL)
of plant roots. The prevailing concentration of oxygen
in the oxic part of the water column was the net result
of the rates of oxygen production and respiration by
phytoplankton, Ruppia and epiphytes, aerobic respira-
tion by heterotrophic microbes, presumably also sul-
fide oxidation by colorless sulfur bacteria, and the
transport of oxygen into the sediment. However, no
oxygen was detected in the water layer directly overly-
ing the sediment; in addition, this layer contained sul-
fide at all times (Fig. 3), and thus in situ oxygen trans-
port from the water column into the sediment can be
excluded. Oxygen for the oxidation of sulfide (by abi-
otic reactions or by colorless sulfur bacteria) will have
been used at the oxic/sulfidic interface, which was sit-
uated at least 1 cm above the sediment surface.
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In addition, the second mechanism by which sedi-
ments can be enriched with oxygen (ROL) was of
minor importance. Incubation experiments with Rup-
pia, with leaves cleaned of epiphytes, at saturating
light conditions (600 uE m~2 h™!) showed very low net
production of oxygen (data not shown), i.e. the plants
were photosynthetically not very active. This indicates
that the input of oxygen into the sediment by ROL must
have been marginal and certainly insufficient to oxi-
dize the sulfide produced. Thus, roots of Ruppia were
exposed to free sulfide for prolonged periods of time,
presumably resulting in root, rhizome and shoot dam-
age and a lowering of the survival of the plants.

The net oxygen production rate calculated from the
in situ concentrations of oxygen (Fig. 3) was somewhat
lower (36 nmol cm™ h™!) than that calculated from the
bottle incubations, which is easily explained by the fact
that we are not dealing with a closed system. During
the night, oxygen production in the water column will
have been negligible and the decrease would thus
reflect the oxygen consumption due to respiration. The
respiration rate in dark bottles was only 2 nmol cm™3
h~!, whereas the decrease in the Valle Smarlacca was
33 nmol cm™ h™! (calculated from Fig. 3). However, 2
processes were excluded from the bottle experiment:
(1) the respiration by Ruppia and epiphytes, and (2) the
aerobic sulfide oxidation by colorless sulfur bacteria.

The concentrations of total P, Ca-bound PO, and
labile PO, in the sediment of Valle Smarlacca are com-
parable to previously reported data on phosphorus
speciation in eutrophic marine sediments (Weng et al.
1994, Giordani et al. 1996, Sorokin et al. 1996a, Silva &
Sampaio 1998). As shown in Table 2 the major part of
the total phosphorus in the sediment was present as
Ca-bound PO, (55 to 74 %), the labile PO, pool only
contributed 2 to 3%, whereas Fe-bound PO, was less
than 1%. No phosphate was detected in the water col-
umn (Table 1). Compared to this, the sediment harbors
an extremely large amount of phosphorus.

In slurry experiments (BOSM set-up), the presence
of free sulfide induced a significant release of dis-
solved PO, (Fig. 6). It is generally assumed that sulfide
releases phosphate from the Fe-bound pool only
(Moore & Reddy 1994, Giordani et al. 1996, Stal et al.
1996, Roden & Edmonds 1997). The extraction method
used to assay Fe-bound phosphate (0.1 M NaOH) is not
as effective as other methods; however, taking into
account that Fe-bound PO, was only present at con-
centrations ranging from 13 to 23 nmol cm~3, the more
than 10-fold higher phosphate release observed in sed-
iment slurries suggests that phosphate from the
organic and/or the Ca-bound PO, pool was also
released.

From the Ca-bound PO, pool the detrital part is mini-
mally reactive under environmental conditions (Rut-

temberg 1992), but dissolution of the authigenic pool
has been reported to occur when the pH was lowered
from 8 to 7, provided oxygen was present (Gomez et al.
1999). If the oxidation of sulfide, once oxic conditions
are restored in autumn and winter, resulted in a slight
acidification of the sediment, then authigenic Ca-
bound PO, in the surficial layers of the sediment could
resolve. This could result in intense blooms of epiphytes
and macroalgae as observed in the summer. However,
after sulfide depletion in sediment slurries, invariably a
small increase in pH was observed, despite the fact that
the molar ratio HS/0O, indicated that most, if not all, of
the sulfide had been oxidized to sulfate (Table 5). In ad-
dition, acidification by oxidation of ferrous iron with O,,
resulting in extensive proton donation, must have been
a marginal process since net formation of ferric iron
was not observed. Likewise, S° formation, indicating
the reduction of ferric iron by sulfide, was not observed.
Instead, the net formation of ferrous iron (Table 6) sug-
gests that reductive processes were dominant. It thus
appears highly unlikely that acidification is the expla-
nation for the ‘sulfide effect’, so the responsible mecha-
nism has not been elucidated yet.

From these observations it can be concluded that sul-
fide might play an even more important role in the
release of phosphate from the sediment than previ-
ously assumed. In eutrophic coastal lagoons this pro-
cess acts as a positive feedback on eutrophication,
resulting in increased sulfide production in the sedi-
ment. As oxygen becomes the limiting factor the sul-
fide cannot be removed and toxic concentrations are
reached, finally resulting in the disappearance of
rooted phanerogams such as Ruppia.
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