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Abstract
Purpose Sequential nutrient regeneration and organic matter
(OM) degradation were studied in surface coastal sediments of
the Gulf of Trieste (northern Adriatic Sea).
Materials and methods In situ benthic chambers were used
under normoxic, anoxic and reoxic conditions. Diffusive ben-
thic fluxes were calculated from pore water modelling using a
diffusion-advection-reaction model.
Results and discussion Intensive NH4

+ and PO4
3− anoxic re-

generation was subsequently slower in prolonged anoxia.
NH4

+ production was probably also a consequence of dissim-
ilatory nitrate reduction to NH4

+. The presence of laterally
pumping of oxygenated water by benthic infauna can explain
the presence of NO3

− in anoxia. Anoxic phases were charac-
ter ized by enhanced dissolut ion of biogenic Si .
Reoxygenation was characterized by enhanced bioturbation.
Nitrification caused NH4

+ decrease. P precipitated quickly as
carbonate fluorapatite and FePO4 and adsorption of P onto Fe-
hydroxides could also occur. Diffusive fluxes at the sediment-

water interface (SWI) revealed high anoxic NH4
+ effluxes,

while PO4
3− fluxes were very low. High NH4

+/PO4
3− flux

ratios in anoxic and reoxic phases suggested an excess of
benthic inorganic N.
Conclusions Nutrient budgets at the sediment-water interface
of this sandy coastal sediment showed intensive anoxic
recycling of inorganic N, but low P and Si cycling in all redox
phases.

Keywords Gulf of Trieste .Modelling . Nutrients . Redox
changes . Sediments

1 Introduction

The Gulf of Trieste is an example of shallow coastal marine
environments that are characterized by relatively low organic
matter (OM) contents in sediments (Ogrinc et al. 2005). The
largest fraction of sedimentary OM originates from the pelagic
production, contributing about 2/3 of the total gross primary
production in the gulf. It escapes degradation in the water
column and settles on the sediment bed (Kemp et al. 1999).
It was estimated that about half of the autochthonous pelagic
OM is deposited onto sediments (Faganeli et al. 1995). The
remaining OM originates from benthic primary production,
which is a significant source of easily degradable OM in this
environment due to the euphotic zone reaching the bottom
(Kemp et al. 1999; Welker et al. 2002).

Vertical stratification of water masses in the gulf leads to O2

depletion in the bottomwater layers causing hypoxia and even
anoxia (Kemp et al. 1999). Coastal hypoxia and anoxia are
widespread and increasingly common events that can result in
seasonal or even persistent Bdead zonesB(Diaz and Rosenberg
2008) that are also known in the Gulf of Trieste (Faganeli et al.
1985; Stachowitsch 1991). Hypoxia and anoxia can also
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influence activities of benthic infauna and the biogeochemical
processes that occur in sediment by marine microorganisms.
Changes in sediment burrowing and reworking by benthic
invertebrates influence nutrient release and the redox cycling
of elements at the sediment-water interface (SWI) (Hunter
et al. 2012). With the occurrence of hypoxia or even anoxia,
the activity of sediment infauna decreases, limiting the sedi-
ment reworking and the reoxidation of reduced chemical spe-
cies originating from the deeper sediment layers where anoxic
OMmineralization takes place (Hines et al. 1997; Middelburg
and Levin 2009). This leads to upward migration of reductive
layers and enhances the importance of sulphate reduction in
the topmost sediment layers (Metzger et al. 2014). The mor-
tality of benthic macrofauna increases, due to the accumula-
tion of toxic hydrogen sulphide, and the decaying biomass
acts as an additional source of Bfresh^, easily degradable OM.

The aim of this study was to simulate anoxia and reoxida-
tion for various periods of time in order to investigate the
consequences of shifts in benthic nutrient biogeochemical
processes in coastal areas. Since the composition of pore water
serves as a sensitive indicator of early diagenetic reactions
(Berner 1980), it was the primary focus of this research.
Because it is still great uncertainty in the magnitude of benthic
nutrient fluxes under various oxygen levels, it is important to
assess its significance in internal nutrient recycling. These
results also enable discussion of the consequences of ad-
vanced remineralization in a relatively organic poor sedimen-
tary environment.

2 Materials and methods

2.1 Study area

The study site, 21 m deep, was located 2.3 km off Piran
(Slovenia) in the southern part of the Gulf of Trieste (northern
Adriatic Sea) at the Marine Biological Station hydrographic
buoy Vida (45° 32.300′ N, 13° 33.000′ E; Fig. 1). This north-
ernmost part of the Adriatic Sea covers an area of 500 km2,
with a maximal depth of 25 m, and is isolated from the rest of
northern Adriatic by a shoal. The main circulation is cyclonic,
and the outflow of seawater mostly occurs along the shallow
northern coast after mixing with river waters. The salinity of
the bottom waters ranges from 36.0 to 38.5 and bottom water
temperatures range from 8 °C in winter to 20 °C in summer. A
density gradient in late summer can result in bottom water
layer hypoxia and even anoxia (Faganeli et al. 1985).
Sediment in the southern part of the gulf is composed mainly
of silty sand that is high in biogenic carbonate, populated
mostly by brittle stars, sponges and tunicates (Ogorelec et al.
1991; Stachowitsch et al. 2007). It is actively bioturbated by
polychaetes and bivalves down to a depth of 10 cm (Cermelj
et al. 1997). The sediment surface is populated by microalgae

composed mostly of diatoms (Welker et al. 2002). The sedi-
mentation rate, determined using 210Pb, is approximately
1.2 mm year−1 in the central part of the gulf increasing up to
3 mm year−1 towards the shore (Ogorelec et al. 1991).

2.2 Experimental design and sampling procedure

In situ benthic experiments, conducted in 2010 and 2011,
included a simulation of different episodes of anoxia using
Plexiglas 50×50×50 cm benthic chambers. More detailed ex-
perimental designed is presented in Metzger et al. (2014).
Each simulation experiment consisted of three separate
phases. The first phase, called normoxia, represented condi-
tions that governed the environment at the time of sampling.
This phase was followed by the anoxic phase, in which the
system inside the benthic chamber slowly became anoxic due
to benthic respiration and limited contact with the outer envi-
ronment. Durations of anoxia were simulated throughout the
project lasting 9 days, 1 month, 2 months and 10 months. The
anoxic phase was followed by a recovery phase, in which the
benthic chamber was removed and the system was left to
recover for at least 9 days. This experimental set-up, despite
certain constrains, mimicked the course of events in the natu-
ral ecosystem occurring in this sandy coastal sediment of the
Gulf of Trieste.

In an experiment conducted in 2010, with anoxia onset
lasting 9 days, a benthic chamber called an Experimental
Anoxia Generating Unit (EAGU) was equipped with sensors
for dissolved oxygen (O2) and sulphide (H2S) and with cam-
eras (Stachowitsch et al. 2007) used primarily for studying the
behaviour and survival/mortality of benthic infauna (Riedel
et al. 2014). The other chambers used were simpler without
sensors and cameras. They were however designed with spe-
cial rubber-closed openings used for sample manipulations
inside the chamber.

All benthic chamber deployments and sediment core sam-
plings were performed by scuba divers. Firstly, before the
deployment of chambers, four cores (normoxia) were sampled
using Plexiglas tubes (6 cm i.d., 12-cm length) and sealedwith
rubber stoppers underwater. The chambers were pushed ap-
proximately 2 cm into the sediment and carefully sealed to
avoid any leakage of ambient water into or experimental water
out of the chambers. In the experiment using EAGU, O2 and
H2S sensors were used to monitor the evolution of anoxia
inside the chamber. Temporal O2 variations (Fig. 2) revealed
the decrease in O2 concentrations from initial values of
190 μmol l−1 to values close to zero after 7 days. At the end
of the experiment, core samples were again obtained by scuba
divers. After sampling, the benthic chamber was carefully
removed to avoid any further disturbance of the sediment.
The area previously covered by the benthic chamber and an-
oxic water column became exposed to ambient seawater, and
the recovery period began. The recovery experiment was not
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performed following the 2-month anoxia experiment. After 9-
day and 1-month anoxia experiments, the recovery sediment
cores were sampled after 7-day and 1-month periods, respec-
tively, whereas in the 10-month experiment, they were collect-
ed after a 3-month period.

After each campaign, all samples were carefully
transported to the laboratory, where the cores were extruded
and sectioned into 0.5-cm-thick slices for the upper 2 cm and
1-cm slices for the next 5 cm. All core sample manipulations,
including pore water, were performed in an N2-filled glove
bag or box. Core slices were placed into sterile 50-ml centri-
fuge tubes (Corning Inc.) to allow pore water extraction. This

was performed by centrifugation at 3500 rpm for 20 min at the
temperature measured at the sea bottom at the time of sam-
pling. Pore waters were filtered through 0.2-μm Millipore
filters in an inert atmosphere and three or four cores combined
to obtain enough sample for all required analyses. Sediments
devoid of pore waters (solid phase) were kept frozen until
analysed.

2.3 Analyses

2.3.1 Solid phase

Sediment samples for Corg and Ntot analyses were freeze-
dried, ground in an agate mortar and sieved through a
200-μm mesh to remove coarse shell debris. Corg was deter-
mined in sediments acidified with 1 MHCl to remove carbon-
ates quantitatively (Hedges and Stern 1984), whereas Ntot was
determined in non-acidified samples using a CHN analyser
( E l em e n t a r v a r i o M ICRO CUBE ; E l em e n t a r
Analysensysteme GmbH, Hanau, Germany). Total P was
analysed by extraction with 1 M HCl after ignition, and Porg
was calculated from the difference in P contents of 1 M HCl
extracts before and after ignition of the samples (Aspila et al.
1976). Biogenic Si (Sibiog) was extracted with Na2CO3

(DeMaster 1981) and the dissolved Si(OH)4 (dSi) determined
colorimetrically (Grasshoff et al. 1999). The precision of Corg,
Ntot, Ptot and Pinorg and Sibiog analyses was ±3 %. A small
sediment core was also sampled to determine the porosity

Fig. 1 Study site VIDA in the Gulf of Trieste (northern Adriatic Sea)

Fig. 2 In situ dissolved oxygen concentrations measured inside EAGU
chamber (9-day incubation time). Dashed line represents measurements
with oxygen probe 5 cm above sediment-water interface (SWI), while
solid line representsmeasurements performedwith oxygen probe at 4mm
above SWI
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(ϕ) of sediments at the experimental site according to Cermelj
et al. (1997).

2.3.2 Pore waters

Concentrations of NH4
+, NO3

−, PO4
3− and dSi in pore waters

were determined using standard colorimetric methods
(Grasshoff et al. 1999). Detection limits for nutrients were
0.5 μmol l−1 for NO3

−, 0.4 μmol l−1 for NH4
+ and

0.01 μmol l−1 for PO4
3− and for dSi. Precision based on rep-

licate analyses was ±3 % for nutrients.

2.4 Pore water and benthic flux modelling

Fluxes of PO4
3−, NH4

+ and dSi across the sediment-
water interface (SWI) were determined using Fick’s first
law of diffusion including diffusion-advection model
(Lerman 1979):

Fz¼0 ¼ −ϕDs
∂C
∂z

� �
þ ϕωC ð1Þ

where F is the rate of flux [mol m−2 s−1], ϕ is sediment
porosity, Ds is the effective diffusion coefficient
[m−2 year−l], ∂C/∂z is the concentration gradient across
the SWI [mol dm−4], ω is the sedimentation rate [cm s-l]
and C is the concentration in solution [mol dm−3]. The
measured ϕ was 0.55, while values of Ds were corrected
for temperature and average porosity (Lerman 1979) and
are collected in Table 2 for different species. ∂C/∂z is
the pore water solute gradient, which is simulated using
the diffusion-advection-reaction model for PO4

3−, NH4
+

and dSi. The model describes measured nutrient distributions
in pore waters.

The diffusion-advection-reaction model included the
degradation of OM with the first-order kinetics, equilib-
rium adsorption from pore water onto sediment particles

and dissolution precipitation reactions using the follow-
ing equation (Lerman 1979):

∂C
∂t

¼ 0 ¼ Ds
∂2C
∂z2

−ω
∂C
∂z

−kC þ J þ R0exp
−βzð Þ ð2Þ

where k is the reaction rate constant for a first-order remov-
al process, J is the rate of dissolution, R0 is the production rate
at the SWI [mol dm−3 s−1] and β is the depth attenuation
constant [cm−1]. The change of PO4

3−, NH4
+ and dSi with

depth and time in the model was described for every species
separately, depending on the processes influencing their dis-
tribution (Liu et al. 2003): (1) decomposition of OM to NH4

+

and PO4
3−; (2) equilibrium adsorption for NH4

+ and PO4
3−;

(3) precipitation of PO4
3− to form authigenic minerals and (4)

dissolution of biogenic silica, assuming first-order reaction.
The change of nutrient concentrationswith depth (1-D) can thus
be described by steady-state differential equations collected in
Table 1. These equations assume a constant ϕ, which is justified
based on previous measurements. Uni-dimensionality (Berner
1980), i.e. changes in sediment are predominantly vertical, as
well as a series of quasi steady states (Boudreau 1997) was
assumed due to continuous forcing (OM mineralization)
exhibiting rather long relative time scales (Cermelj et al.
2001). Parameters used in the diffusion-advection-reaction
model together with the model output data are collected in
Table 2. Based on the diagenetic models, the diffusive fluxes
were calculated and the data are presented in Table 3.

3 Results and discussion

3.1 Normoxic conditions

Results of Corg, Ntot, Ptot, Pinorg, Porg and Sibiog (Fig. 3) from
the normoxic phase agreed with previously reported values
from surficial sediment at this study site (Cermelj et al.

Table 1 Model scenarios and equations used for description of depth profile and flux calculation

Parameter Model scenario Model equation

PO4
3− Diffusion-advection-adsorption-precipitation-

degradation ∂C
∂t ¼ 0 ¼ Ds

1þKp
∂2C
∂z2 −ω 1þ Kpð Þ ∂C∂z −

km C−Ceqð Þ
1þKp þ R0exp −βzð Þ

Ceq … concentration at saturation with the authigenic precipitate dependent on T
km … authigenic mineral precipitation rate constant

NH4
+ Diffusion-advection-adsorption-degradation

∂C
∂t ¼ 0 ¼ Ds

1þKN

∂2C
∂z2 −ω 1þ KNð Þ ∂C∂z þ R0exp −βzð Þ

dSi Diffusion-advection-dissolution
∂C
∂t ¼ 0 ¼ Ds

∂2C
∂z2 −ω

∂C
∂z þ kSi C∞−Cð Þ

The equations were solved using the following boundary conditions at:

at z=0: C=Cz=0

at z→∞: C→C∞ for NH4
+ and dSi and C→Ceq for PO4

3−
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1997; Ogrinc et al. 2005). Little vertical variation of concen-
tration in all measured parameters was observed except in Ptot
and Sibiog, which decreased with depth. The Corg/Ntot ratios
(molar) ranged from 6 to 12 and Corg/Porg ratios (molar) aver-
aged 155 indicating similar Corg/Ntot ratios and higher
Corg/Porg ratios comparing to our previous investigation with
an average Corg:Ntot:Porg ratio of 100:18:1 (Ogrinc and
Faganeli 2006).

Normoxic pore water profiles were comparable with those
reported previously for the same sampling point (Ogrinc and
Faganeli 2006; Faganeli and Ogrinc 2009). NH4

+ and PO4
3−

concentrations in pore water (Figs. 4 and 5) were low between
20 and 115μmol l−1 for NH4

+ and 2 and 40μmol l−1 for PO4
3−.

Concentrations in overlaying water were lower at around
1 μmol l−1 for NH4

+ and 0.1 μmol l−1 for PO4
3−. NO3

−

concentrations in pore water (Fig. 4) in the normoxic phase
ranged from 5 to 35 μmol l−1, whereas the concentration in
overlaying water was around 0.1 μmol l−1. The profile of dSi
showed lower concentrations at SWI and uniform levels at
about 100 μmol l−1 at all depths analysed.

3.2 Anoxic conditions

During 1-month and 2-month anoxia, the surface Corg/Ntot ra-
tios rose to values from 12 to 15 and 11 to 21, respectively, due
to the lowering of Ntot levels. The lowest Corg and Ntot levels in
anoxia were observed in surface layer, and Corg/Ntot ratios were
approximately constant, averaging 10 (molar), except in
2-month anoxia experiment. The results of 10-month anoxia
resulted in relatively high values of Ntot, comparable to those in
normoxia, with Corg values being higher than those in all short-
term experiments. Only changes in the pool of Porg were
observed; the degradation of Porg was most evident in the
2-month anoxia experiment, reflected in higher Corg/Porg ratios.
Sibiog levels increased in the 9-day anoxia experiment but were
somewhat lower under the longer anoxic conditions (Fig. 3).

Pore water concentrations of NH4
+ in the 9-day anoxia

experiment were much higher than normoxic concentrations
(Fig. 4). They ranged from 100 to 200 μmol l−1. During
1 month of anoxia, the concentrations of NH4

+ were even
higher, reaching maximum values of 700 μmol l−1. There
was a noticeable increase in concentrations at depths between
0.5 and 4 cm. In the 2- and 10-month anoxia experiments, the
concentrations of NH4

+ fell and stabilized at around
300 μmol l−1 and 200 μmol l−1, respectively. Concentrations
of NO3

− (Fig. 4) during the 9-day and 1-month anoxia exper-
iments did not change much and were comparable to those
under normoxic conditions, ranging from 10 to 40 μmol l−1,
with peaks overlapping those of NH4

+ profiles. In the 2- and
10-month anoxia experiments, NO3

−concentration increase,
reaching values up to 100 μmol l−1. The 9-day anoxia PO4

3−

profile was similar to that of NH4
+ (Fig. 4). Concentrations

increase in only two active layers, reaching values of 20 and
40 μmol l−1. Concentrations in the PO4

3− depth profiles in the
1-, 2- and 10-month anoxia experiments remained nearly con-
stant throughout the sediment cores (Fig. 5). They ranged

Table 2 Parameters used in the
diffusion-advection-reaction
model

Parameter Unit Value Description

Ds (NH4
+) 10−6 cm2 s−1 9.06–10.9 Sediment diffusion coefficient

Ds (PO4
3−) 10−6 cm2 s−1 2.78–3.40 Sediment diffusion coefficient

Ds (dSi) 10−6 cm2 s−1 4.54–5.56 Sediment diffusion coefficient

ω cm year−1 0.15 Sedimentation rate

Φ 0.49–0.62 Porosity in sediments

kSi 10−7 s−1 17–1083 Rate constant for silicate dissolutiona

KN 1.3 Equilibrium constant for NH4
+a

KP 2 Equilibrium constant for PO4
3−a

βN cm−1 1.81–6.32 Attenuation depth constant for NH4
+a

βP cm−1 0.73–3.88 Attenuation depth constant for PO4
3−a

Cz=0 μmol l−1 0.31–1.56 Concentration of NH4
+

Cz=0 μmol l−1 0.98–55.5 Concentration of PO4
3−

Cz=0 μmol l−1 64.3–152 Concentration of dSi

a Output model data, while other parameters were specified or measured

Table 3 Diffusive benthic fluxes of nutrients from different
experiments calculated from the diffusion-advection-reaction model

Date Experiment T NH4
+ PO4

3− dSi
(°C) (μmol m−2 day−1)

3.8.2010 Normoxia 23.0 108 13.4 36.5

11.8.2010 9-day anoxia 25.2 194 13.8 −140
18.8.2010 7-day recovery 24.5 n/d n/d 61.5

25.8.2010 1-month anoxia 25.5 513 4.72 97.8

22.9.2010 1-month recovery 20.5 47.9 7.51 181

23.9.2010 2-month anoxia 21.5 343 7.4 78.7

5.8.2011 10-month anoxia 24.7 196 1.32 286

22.10.2011 1-year recovery 17.0 −34.0 2.24 75.7
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from 0.5 to 9 μmol l−1 and, therefore, did not exceed the
values observed in the normoxia or 9-day anoxia experiments.

It is apparent that the longer the span of anoxia, the less
pronounced is the rise of concentrations of NH4

+ and PO4
3− in

pore waters. The greater part of the regeneration of NH4
+ and

PO4
3− in anoxic marine environments probably results from

hydrolytic and/or fermentative processes that produce low
molecular weight molecules from complex sedimentary OM
(Burdige 2002). The utilization of these compounds by
sulphate-reducing bacteria then results in the mineralization
of sedimentary OM (Burdige 2002). Sulphate reduction was
demonstrated as a major anaerobic path in OMmineralization
in the surface sediment of the Gulf of Trieste (Hines et al.
1997). DET results of SO4

2− concentrations during anoxia
experiments (Metzger et al. 2014) clearly showed the migra-
tion of redox layers towards the SWI as well as the increasing
importance of sulphate reduction over prolonged anoxia
spans. Consequently, the sedimentary Corg/Norg and Corg/Porg
ratios generally increase with depth in surface anoxic coastal
marine and estuarine sediment (Blackburn and Henriksen
1983; Ingall and Jahnke 1997). This is usually considered as
an indication of preferential mineralization of organic nitrogen

(Macko et al. 1993) and phosphorus (Ingall and Jahnke 1997)
as well as a consequence of the limited microbial ability to
accumulate phosphorus under anoxic conditions, slow micro-
bial degradation and enhanced preservation of Corg in anoxic
sediments (Ingall et al. 1993; Steenbergh et al. 2011). Under
anoxic conditions, higher pore water NH4

+ and PO4
3− levels

can also be related to the higher density of decaying infaunal
organisms that provides additional easily degradable Bfresh^
OM to microbes (Riedel et al. 2014). A build-up of NH4

+ in
pore waters can also be a consequence of other important
processes in the N cycle in anoxic environments.
Dissimilatory nitrate reduction to ammonium (DNRA)
(Gardner et al. 2006) can supersede respiratory denitrification
as a process of NO3

− removal from the system, when labile
OM is more available. Redox potential and ambient NO3

−

concentrations are low, and H2S production is high (Canfield
et al. 2005; Burgin and Hamilton 2007). The NO3

− behaviour
in sediments of the Gulf of Trieste was somewhat unusual,
since it was expected to decrease in anoxic pore waters due to
denitrification that rapidly removes NO3

−. The results of the 2-
month anoxia experiment indicate a possible breach in anoxia,
since increased concentrations of NO3

− were seen at two

Fig. 3 Distribution of Corg, Ntot, Ptot, Pinorg, Porg, C/N and Corg/Porg ratios together with Sibiog in sediment solid phase during normoxic-anoxic-reoxic
experiments performed in the Gulf of Trieste
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Fig. 5 Depth profiles of pore water PO4
3− and dSi together with model calculation data during various experiments in the Gulf of Trieste. Measured data

(open circles), model calculation data (filled circles)

Fig. 4 Depth profiles of pore water NO3
− and NH4

+ together with model calculation data during various experiments in the Gulf of Trieste. Measured
data (open circles), model calculation data (filled circles)
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separate depths, suggesting that there was active sediment
reworking (outside chamber) (Cermelj et al. 1997).
Anammox (anaerobic ammonium oxidation) might be run-
ning simultaneously (Dalsgaard et al. 2005; Engstrom et al.
2005) producing small amounts of NO3

− under anoxic condi-
tions that is probably formed as a byproduct in CO2 reduction
(van de Graaf et al. 1997), especially in the 2- and 10-month
anoxia experiments.

A s ign i f i c an t amoun t o f P i s r e l ea s ed f rom
Fe-(oxy)hydroxides upon transition from oxic to anoxic con-
ditions during bottom water hypoxia and anoxia leading to
increased regeneration of P from sediments (Ogrinc and
Faganeli 2006; Faganeli and Ogrinc 2009) and thus to in-
crease recycling of P in the system (Conley et al. 2009).
This is supported by the low NH4

+/PO4
3− flux ratio of 11 in

the 9-day anoxia experiment. Conversely, a high NH4
+/PO4

3−

flux ratio of 540 was observed after 10 months of anoxia,
indicating the possible retention of P under anaerobic
conditions.

During all anoxia experiments, concentrations of dSi in-
creased to levels of >200 μmol l−1 (Fig. 5) due to enhanced
microbial and chemical dissolution of Sibiog (opal) (Canfield
et al. 2005; Bellias et al. 2007).

3.3 Reoxygenation

In the recovery phases, the Corg and Ptot and Porg levels
remained approximately unchanged during 9 days of recovery
but were higher in a 1-month recovery. Conversely, Ntot

values in both phases were much lower than those in
normoxia (Fig. 3).

High dSi levels in pore water, around 150 μmol l−1,
also persisted during reoxidation phases. The irregular
(Bdisrupted^) depth profiles of NH4

+ observed after 1-
month recovery and of PO4

3− and dSi observed after
1 year of recovery indicate the importance of enhanced
bioturbation. Reoxygenation of previously anoxic sedi-
ments promotes OM remineralization (Hulthe et al.
1998; Bastviken et al. 2004). Unfortunately, data on
pore water nutrient concentrations in the 7-day recovery
period during O2 penetration are lacking. We observed,
however, a peak of NO3

− at a depth of 4–5 cm in the
7-day reoxygenation phase, which may be a conse-
quence of the enhanced bioturbation clearly evident in
NH4

+ and dSi pore water profiles, especially in the 1-
year recovery experiment. Nitrification was the probable
cause of relative NH4

+ depletion. When oxic conditions
reappear, P rapidly precipitates, probably as authigenic
carbonate fluorapatite, FePO4 or is adsorbed onto Fe-
hydroxides (Ogrinc and Faganeli 2006), most probably
onto goethite that has a large sorption capacity for
phosphate (Arčon et al. 1999).

3.4 Model calculation and fluxes

The depth profiles of model calculated and measured NH4
+,

PO4
3− and dSi concentrations are presented in Figs. 4 and 5.

The diagenetic model gave a reasonably good description of
the distribution for nutrients in pore water in the 1- and 10-
months anoxia and 1-month recovery experiments. The 1-year
recovery experiment conditions, however, were not
reproduced well, since no clear pattern appeared in the mea-
sured distribution of nutrient concentrations, probably due to
enhanced bioturbation (Cermelj et al. 1997). No evidence of
bioturbation was observed in the 2- and 10-month anoxic
chambers. In diagenetic models, bioturbation could be treated
as a diffusion-like process. The biodiffusional coefficient
(Db), depending on the infauna size and the distance between
burrows (Aller 1982), could thus be used in diagenetic model.
Since we have no quantitative information about the recoloni-
zation by bioturbating organisms during the recovery inter-
vals, it was not possible to determine Db and include it into
the diagenetic model. Another process that could influence the
PO4

3− distribution in pore water and is not included in the
model is the redox sensitivity of the interaction between P
and Fe-oxides. Higher PO4

3− peaks were observed in all pro-
files except for normoxia and 10-month anoxia indicating dis-
solution of P-bearing Fe-oxyhydroxides at various depths as
the redox zonation changes in response to imposed anoxia.
Furthermore, it was observed that the depth attenuation coef-
ficient β increased with the increasing time of the anoxic con-
dition present for both NH4

+ and PO4
3− from 2.0 to 6.3 and

from 1.6 to 3.8, respectively. These data show a more pro-
nounced release of both nutrients due to more intense
remineralization processes.

The calculated NH4
+ benthic fluxes ranged from −34 to

513 μmol m−2 day−1 and those of PO4
3− from 1.3 to

13.8 μmol m−2 day−1 (Table 3). The highest NH4
+ efflux was

observed after 1 month of anoxia. On the other hand, the influx
of NH4

+ into sediments was observed after 1 year of recovery.
Higher PO4

3− fluxes were observed during anoxic conditions,
especially in the 9-day anoxia experiment. The dSi fluxes
ranged from −140 to 286 μmol m−2 day−1, the highest being
recorded after 10 months of anoxia. A large NH4

+/PO4
3− dif-

ference in flux ratio was observed between different anoxic
experiments. The highest ratio of 540 was observed in the 10-
month anoxic experiment, followed by those in the 1-month
and 9-day anoxic experiments (ratios of 44 and 11, respective-
ly). The lowest NH4

+/PO4
3− flux ratio was observed in the 2-

month anoxic experiment in parallel to the observed influx of
Fe in sediments (Metzger et al. 2014). These results confirmed
the importance of simultaneous release of PO4

3− (and dissolved
Fe) at the transition from oxic to anoxic conditions observed in
the first two anoxic experiments (9-day and 1-month experi-
ments). They suggest an important association of PO4

3− with
Fe-oxyhydroxide in sediments in the Gulf of Trieste.
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3.5 Tentative benthic nutrient budgets

The differences between N, P and Si cycling in oxic, anoxic
and reoxic phases can be estimated by comparing their benthic
diffusive fluxes and their burial and by assuming steady-state
conditions. The amounts of Ntot, Ptot. and Sibiog buried in sed-
iment were calculated from the sedimentation rate (ω) and the
concentration (C) of sedimentary Ntot, Ptot and Sibiog in the
deepest measured sediment layer (approximately 7 cm), since
they are nearly constant and less affected by bioturbation. The
following equation is used:

Burial ¼ ω C ρ 1‐ϕð Þ ð3Þ

where ρ is the dry density (2.5 g cm−3; Ogorelec et al. 1991), ϕ
the porosity (0.55) and ω the sedimentation rate (1.2 mm year−1)
estimated from 210Pb measurements. Burial fluxes of Ntot, Ptot
and Sibiog amounted to 170, 30 and 6800 μmol m−2 day−1, re-
spectively. Comparison between benthic fluxes (Table 3) and
burial revealed that the intensive recycling of dissolved inorgan-
ic N at the SWI is enhanced in anoxic conditions, while P ben-
thic fluxes appear extremely low even in anoxic phases
(Table 3). This suggests an important role for P precipitation,
probably as authigenic carbonate fluorapatite (Ruttenberg and
Berner 1993; Ingall and Jahnke 1997). Si recycling appears to be
much less intensive, as compared to the burial flux in all redox
phases indicating rather low Sibiog solubility. The comparison
between diffusive and laboratory incubated benthic fluxes under
oxic and anoxic conditions, reported previously for the same
sampling point (Faganeli and Ogrinc 2009), reveals lower
values of NH4

+ and PO4
3− diffusive fluxes for both conditions.

This can be attributed to the presence of bioturbation (Cermelj
et al. 1997), not included in the modelling, and to differences in
experimental approach. This may include a coarse (insufficient)
resolution of pore water concentration gradients near the SWI
and the fact that the benthic fluxes integrate the processes in the
whole sedimentary column, while diffusive fluxes consider only
changes at SWI. Also, the use of one-dimensional models may
underestimate the real fluxes in areas of high spatial biological
variability. Nutrient availability in overlying and pore waters in
the gulf is also controlled by the metabolic activity of
microphytobenthos, mostly composed of diatoms, particularly
in the normoxic and reoxygenation phases (Welker et al. 2002).

4 Conclusions

1. The sequential biogeochemical changes occurring during
the OM degradation and nutrient regeneration in relative-
ly OM poor coastal surface sediments of the Gulf of
Trieste under various redox conditions, normoxic, anoxic
and reoxic, are documented. The studies of sequential
nutrient regeneration and OM degradation were primarily

focused on variations of pore water composition. NH4
+

and PO4
3− regeneration was more intensive in anoxic

phases, but the prolonged span of anoxia reduced their
increase. Consequently, the solid phase Ntot and Porg con-
tents decreased, increasing the Corg/Ntot and Corg/Porg ra-
tios. Higher pore water NH4

+ levels were presumably also
a consequence of the dissimilatory nitrate reduction to
NH4

+ that is a concurrent process of denitrification in
removing NO3

−. The presence of NO3
− in anoxic phases

can be explained by the laterally pumping of oxygenated
water by benthic infauna. Enhanced dissolution of Sibiog
was also observed in the anoxic phase.

2. Reoxygenation was characterized by enhanced bioturba-
tion. Nitrification caused decreased in NH4

+ concentra-
tions, while P can be adsorbed onto Fe-hydroxides or
precipitated quickly as carbonate fluorapatite and/or
FePO4.

3. Diffusive benthic fluxes at the SWI, calculated from pore
water modelling using the diffusion-advection-reaction
model, showed high anoxic NH4

+ effluxes, while PO4
3−

fluxes were very low. The high NH4
+/PO4

3− flux ratios in
the anoxic and reoxic phases suggest a P retention or an
excess of N in benthos.

4. Nutrient budgets at the SWI of this sandy sediment, i.e.
comparison between diffusive benthic and burial fluxes,
show intensive anoxic recycling of inorganic N and low P
and Si recycling in all redox phases.
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