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Mineralisation of organic detritus in the marine surficial sediments generates a flux of

dissolved inorganic nutrient between the sediment and overlying water column. This is a

key process in the marine ecosystem, which links the food webs of the sea-floor and the

overlying water-column, and is potentially affected by a range of interacting environmental

and sedimentary factors. Here, we use General Additive Models (GAM) to statistically

disentangle some of the factors controlling the seasonal and spatial variability in nutrients

and oxygen fluxes in a field dataset collected in the North Sea off the northeast coast of

Scotland. We show that sediment grain size, turbidity due to sediment re-suspension,

temperature, and sediment chlorophyll content were the key factors affecting oxygen,

ammonia, and silicate fluxes. However, phosphate fluxes were only related to suspended

sediment concentrations, whilst nitrate fluxes showed no clear relationship to any of the

expected drivers of change, probably due to the effects of denitrification. Our analyses

show that the stoichiometry of nutrient regeneration in the ecosystem is not necessarily

constant and may be affected by combinations of processes.

Keywords: benthic mineralization, sediment oxygen flux, sediment nutrient fluxes, temperature, chlorophyll-a,

permeability, turbidity, general additive models

INTRODUCTION

Inorganic nutrients assimilated in the photic zone by phytoplankton may be either retained in the
food web as living organic matter, or lost from the web as detritus and soluble excreta (Eppley
and Peterson, 1979). In the open ocean, much of the detrital material produced by the food web
settles out of the photic zone and remineralisation processes take place in the ocean interior or
deep ocean floor. In this case, the return of the resulting dissolved inorganic nutrients to the photic
zone takes place over very long time scales (decades-centuries) as a result of ocean overturning
through deep vertical mixing and advection. However, in shallow shelf seas, where up to 50% of
phytoplankton production can settle to the seabed (Canfield, 1993; Jørgensen, 1996;Wollast, 1998),
detrital remineralisation processes are less physically isolated from the photic zone, and the return
of inorganic nutrients can take place on much shorter time scales (weeks-months), and the system
is potentially much more sensitive to the rates and locations of remineralisation (Nixon, 1981).

Most of the particulate organic material that reached the seabed is mineralised in the sediment,
providing a rich food supply for the benthic community (Conley and Johnstone, 1995) and
enriching pore water nutrient concentrations (Rutgers van der Loeff, 1980). In principal, the
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concentration gradient between pore waters and overlying
water leads to positive nutrient flux from the sediment to the
water column (sediment nutrient release; Ehrenhauss et al.,
2004). However, there is considerable variability in the oxygen
consumption and nutrient fluxes from sediments in different
coastal environments (Banta et al., 1995).

A wide range of factors have been identified as affecting
the rate of whole-sediment metabolism and organic matter
(OM) degradation. These include solute transport processes
(e.g., Jørgensen and Revsbech, 1985; Huettel and Gust, 1992;
Ehrenhauss et al., 2004; Ehrenhauss and Huettel, 2004; Janssen
et al., 2005; Bühring et al., 2006), temperature (e.g., Pamatmat
and Banse, 1969; Banta et al., 1995; Thamdrup et al., 1998),
hydrodynamic forces (e.g., Jørgensen and Des Marais, 1990;
Søndergaard et al., 1992; Almroth et al., 2009; Holmroos et al.,
2009), macrofauna and microbial community (e.g., Jørgensen,
1977; Volkenborn et al., 2007; Na et al., 2008), organic matter
sources (e.g., Banta et al., 1995; Conley and Johnstone, 1995;
Stephens et al., 1997) and oxygen saturation in the overlying
water column (e.g., Rasmussen and Jørgensen, 1992) and its
penetration into the sediment (e.g., Huettel and Gust, 1992;
Cardenas et al., 2008).

Many of the factors affecting sediment metabolism are
related to sediment grain size distribution, which largely
dictates sediment permeability and porosity (Kamann et al.,
2007), OM content (Lohse et al., 1995; Winterwerp and van
Kesteren, 2004; Janssen et al., 2005), and sediment oxygen
availability which regulate oxic/anoxic pathways of organic
matter mineralisation (e.g., Glud, 2008). Areas dominated by
cohesive-muddy sediment, nutrient transport and fluxes are
driven by molecular diffusion (Huettel et al., 1998) and the
degradation of organic matter takes place mostly on the
sediment surface whilst in sandy sediments with a permeability
exceeding 10−12 m2, pore water advection is the dominant
transport process carrying particulate and dissolved organic
matter through the interstitial water. Pore water advection
actively supplies oxygen (Ziebis et al., 1996) and removes the
remineralisation products (e.g., Huettel et al., 1998) accelerating
the oxygen consumption, the degradation of organic matter and
the recycling of nutrients (Huettel and Rusch, 2000; Janssen
et al., 2005; Bühring et al., 2006). It is generally accepted that
OM mineralisation rate in permeable sands can be comparable
and even higher than those found in cohesive sediments (e.g.,
Janssen et al., 2005; Glud, 2008). However, direct experimental
comparisons across different sediment types are very rare (Glud
et al., 2010) and only few studies are based on long-term
and high resolution sampling design (Zetsche et al., 2012).
Statistical analysis to disentangle the key environmental effects
on nutrient fluxes are difficult, due to temporal correlations
between the various driving factors (Banta et al., 1995; Abeare,
2009; Zetsche et al., 2012; Dedman et al., 2015) and there
are few studies which provide a comprehensive spatial and
temporal synthesis due to the high number of replicate
measurements required. In our study, we apply General Additive
Models to assess the significance of a range of time-varying
environmental factors on the variability in nutrient and oxygen
fluxes across a gradient of sediment median grain size based on

FIGURE 1 | RoxAnn supervised map identifying 12 sediment classes

ranging from muddy sands to sediment with pebbles and cobbles.

Class 1, smooth, very fine muddy sand; class 2, smooth, very fine-fine muddy

sand; class 3, smooth, medium sand; class 4, smooth, gravelly fine-medium

muddy sand with pebbles; class 5, boulders; class 6, slightly rippled, fine

muddy sand with ophiuroids present; class 7, slightly rippled, fine-medium

sand with ophiuroids present; class 8, gravelly muddy sand with pebbles and

cobbles with Alcyonium digitatum present; class 9, rippled, fine sand; class

10, rippled, medium-coarse sand; class 11, gravelly muddy sand with cobbles

and high concentration of A. digitatum; class 12, gravelly muddy sand with

boulders and high concentration of A. digitatum. The selected samplings

stations are also indicated (“A” to “G”).

a dataset of monthly experiments and samples collected over 1
year.

MATERIALS AND METHODS

Study Area and Sampling Stations
The study area covered around 180 km2, between 14 and 57m
depth, off Stone haven (Figure 1), south of Aberdeen, north-east
of Scotland, UK.

Between 2006 and 2008 two acoustic ground discrimination
surveys, and two ground truthing video and grab sampling
surveys were carried out to identify and describe different
sediment types. The single beam hydro-acoustic data
were processed with the widely employed RoxAnn seabed
discrimination system (Serpetti et al., 2011, and references
therein) that provides quantitative data on properties of the
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returning echo which relate to the roughness and hardness
of the seabed. The combinations of ranges of hardness and
roughness were used to identify seabed classes, and these were
shown to relate closely to sediment categories discriminated
from the grab sampling surveys on the basis of grain size and
the topographical features of the seabed. The results indicated
that the area could be described by 12 sediment classes ranging
from muddy sand to boulders and rock (Figure 1; Serpetti et al.,
2011): class 1, smooth, very fine muddy sand; class 2, smooth,
very fine-fine muddy sand; class 3, smooth, medium sand; class
4, smooth, gravelly fine-medium muddy sand with pebbles;
class 5, boulders; class 6, slightly rippled, fine muddy sand with
ophiuroids present; class 7, slightly rippled, fine-medium sand
with ophiuroids present; class 8, gravelly muddy sand with
pebbles and cobbles with Alcyonium digitatum present; class 9,
rippled, fine sand; class 10, rippled, medium-coarse sand; class
11, gravelly muddy sand with cobbles and high concentration of
A. digitatum; class 12, gravelly muddy sand with boulders and
high concentration of A. digitatum.

To select sites for measurements of sediment oxygen
consumption and nutrient fluxes (stations A–G in Figure 1), the
RoxAnn acoustic dataset was then analyzed by overlaying the
study area with an orthogonal grid of cells (500 × 500 m), and
calculating for each cell the proportion of the area represented
by each hydro-acoustic sediment class (for details please refer to
Serpetti et al., 2011). We refer to this value as the class “purity” of
the sediment within a cell. Cells which contained homogeneous
sediment (e.g., pure) were identifiable by a high proportion (80%
in this case) of data points from a particular sediment class
(colored cells in Figure 1).

Sediment Sample Collection and
Measurements of Total Oxygen Uptake,
Nutrient Fluxes, and Pore Water Profiles
During each sampling occasion, water column profiles of
temperature, turbidity [measured in Formazin Turbidity Units
(FTU)], salinity and chlorophyll fluorescence were recorded
using the Saiv CTD (Conductivity, Temperature and Depth)
system. All the CTD profiles were then calibrated and smoothed,
and for each station the turbidity was averaged over a 10m
interval above the sediment. In addition, temperature at a
height of 1m above the seabed was measured by a reversing
oceanographic thermometer mounted on a messenger-operated
water bottle, and water samples retained for nutrient analysis.

Undisturbed core samples were collected at the sampling
sites using a Mini Muc K/MT 410 corer from the 10m
catamaran research vessel “Temora” between June-2008 to July-
2009 (Table 1). Weather and slack tidal conditions often limited
the sampling opportunities to only a few days each month. Four
acrylic tubes of 60 cm length and either 9 or 3.5 cm diameter were
fitted to the sampler for each deployment. The 9 cm diameter
tubes were used to collect cores for incubation experiments,
whilst 3.5 cm diameter tubes were used to collect cores for
permeability and porosity measurements. Once recovered aboard
the vessel, core tubes were carefully removed taking care to
minimize disturbance of the sediment and the overlying water

column, sealed at the bottom with an inert rubber bung, and at
the top with an o-ring sealed lid having ventilation ports, taking
care to exclude any air. Sediment cores of length shorter than
15 cm were rejected. Three replicate intact cores were collected
with both the 9 and 3.5 cm diameter tubes at each site. The intact
cores were stored on the deck in the dark in tanks of water
irrigated from a seawater hose and transported to the laboratory
within 4–5 h.

On arrival in the laboratory the overlying water in each core
tube was gently aerated in a darkened constant temperature room
at in situ seawater temperature (±1◦C) for around 18 h. The tubes
were then sealed with air-tight lids and incubated for 24 h in the
dark. Water samples were extracted and filtered (Cronus nylon
syringe filters 0.45µm) from each chamber at 0, 3, 6, 12, and 24 h
using 50ml air tight syringes without water volume replacement.

Dissolved oxygen concentrations were measured by the
Winkler titration method (Grasshoff et al., 1999) using an 808
Titrando analyser and nutrient concentrations were measured
using the Quaatro element analyser by Bran-Luebbe. All samples
collected for silicate analysis were stored in the fridge and
polythene bottles and analyzed within 3 months while the other
nutrient samples were kept in the freezer (−80◦C) and analyzed
within 6 months.

After the incubation experiments, the top 10 cm layer of
sediment in each core was sliced to produce 8 layers with 1 cm
thickness in the upper 6 and 2 cm thickness at deeper depths
(0–1, 1–2, 2–3, 3–4, 4–5, 5–6, 6–8, and 8–10). To do so, the
cores were put under vacuum to avoid disturbing the sediment
and pore water profiles during the removal of the lower rubber
bang, and carefully transferred to a plunger, fitted with two
flexible o-rings that allowed it to slide relatively easy inside the
core tube and extrude a length of the sediment core out of the
top of the tube, which was then sliced off and collected on a
stainless steel knife. Slices were stored in labeled petri-dishes
in a cooled constant temperature room for the minimum time
required to complete the slicing operation and pore waters were
then extracted from each slice by centrifugation at 3000 rpm.
Because of the low porosity of sandy sediments (e.g., stations D,
F, and G) the pore waters extracted from the three replicates was
stored together to obtain enough sample for nutrient analysis.
Nutrient concentrations (ammonia, nitrate, nitrite, phosphates,
and silicate) were measured using the Bran and Luebbe Quattro
analyser and the AACE software following a standard procedure.

Oxygen and nutrient fluxes (mmol m−2 d−1) across the
sediment-water interface were calculated following Fick’s first
law of diffusion as a function of enclosed sediment area and
water volume between four time intervals in the case of oxygen
(0–3, 3–6, 6–12, and 12–24 h) and two time interval in the
case of nutrients (0–6 and 6–24 h). The fluxes were calculated
as the sum of the oxygen and nutrient concentrations (mmol)
consumed or produced in the remaining water volume (L) over
the successive time intervals “i” per unit of sediment surface area
(m2), following the equation:

Flux =

4 or 2
∑

i = 1

[Oxygen or nutrient]cons/prodi ∗ volumei

area
(1)
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TABLE 1 | Coring stations and corresponding acoustic classes, coordinates, sediment description, median grain size (±SD), mud content (±SD), and

sampling month/year.

Station Acoustic

class

Longitude Latitude Depth (m) Description Median grain

size (mm)

Mud content

(%)

Sampling month

A 1 −2.087 57.016 48 Very fine muddy

sand

0.12±0.02 30.2±6 06/08-07/08-08/08-09/08-12/08-01/09-

03/09-05/09-06/09-07/09

B 2 −2.120 56.980 39 Very fine muddy

sand

0.14±0.02 23.2±7.5 06/08-07/08-08/08-09/08-12/08-01/09-

02/09-03/09-04/09-05/09-06/09-07/09

C 6 −2.120 57.003 32 Fine muddy Sand 0.17±0.02 15.4±6.3 06/08-07/08-08/08-09/08-12/08-01/09-

03/09-04/09-05/09-06/09-07/09

D 9 −2.170 56.962 21 Fine sand 0.22±0.01 6.9±1.6 06/08-07/08-08/08-09/08-12/08-01/09-

03/09- 05/09-06/09-07/09

E 4 −2.078 56.946 48 Gravelly medium

muddy sand with

pebbles

0.26±0.06 24.3±7.7 09/08-03/09

F 3 −2.120 56.958 41 Medium Sand 0.33±0.03 5.6±2.2 06/08-07/08-08/08-09/08-12/08-01/09-

03/09-04/09-05/09-06/09-07/09

G 7 −2.160 56.922 38 Medium Sand 0.45±0.05 4±2 09/08-03/09

Sediment Properties: Organic Matter
Content, Grain Size Distributions
After pore water extraction, the sediment slices were stored
in a freezer and grain size distribution analysis, total organic
carbon (TOC%), and nitrogen (TON%) analysis, and estimation
of the phytoplankton pigments chlorophyll-a (Chl-a, µg g−1)
and pheophytin-a (Pheo-a, µg g−1) carried out. Pheophytin
is a refractory degradation product of chlorophyll and the
ratio of chlorophyll: phaeophytin may be an indicator of
the age of algal material in the sediment. Because TOC
and TON concentrations did not show seasonal variations
and did not vary at different sediment horizon profiles
differently than pigment concentrations (Serpetti et al., 2012)
we used measurements analyzed only in the top 1 cm
for TOC and TON and in the top 5 cm for Chl-a and
Pheo-a.

The sediment slices were first freeze-dried and sub-samples
were used to extract the pigments by soaking 0.5 g of sediment
in 5ml of 90% buffered acetone for 24 h in the dark at 3–
5◦C in a centrifuge tube. During this time the samples were
regularly shaken then centrifuged for 10min at 3000 rpm. The
fluorescence of the extract was then measured before and after
acidification and the Chl-a and Pheo-a concentrations (µg g−1)
in each sample calculated according to Strickland and Parsons
(1972), and referenced to the weight of sediment used for the
extraction. TOC and TON% in the freeze-dried sediment sub-
samples were measured using a Thermo Quest Flash EA 1112
elemental analyser which uses a combustion method to convert
the sample elements to simple gases (CO2, H2O, and N2). For
the total organic carbon the samples were acidified with HCl in
silver cups prior to the analysis to remove the inorganic carbon
fraction.

The rest of the top 5 cm sediment slices were sieved
using a sieve shaker through 8, 4, 2, and 1.4mm mesh
for 7min; each sieved fraction was weighed to 0.01 g.
Grain sizes smaller than 2mm was then analyzed by laser
granulometry using a “Mastersizer 2000” instrument. The
cumulative weight percentages below each sieve fraction
were calculated and combined with the cumulative volume
percentage for each size range, measured by the software,
to obtain a full particle size range from 8000 to 0.49µm.
For each of the sediment samples median grain size, mud
content, sorting level, skewness, and kurtosis were then
calculated.

Sediments were described (Table 1) using a combined
classification based on the Udden-Wentworth scale (Udden,
1914; Wentworth, 1922) and Folk’s classification system (Folk,
1954). For the Udden-Wentworth scale, the classification is based
on the median grain size distinguishing sediment from very
fine sand to boulders. However, in Folk’s classification system, a
sand:mud ratio between 1:1 and 9:1 defines “muddy” sediments
(sand = fractions greater than 2mm, mud = fractions smaller
than 63µm) while “slightly gravelly” or “gravelly” sediments
were defined by a percentage of gravel between 1–5% and 5–30%,
respectively (for more details see also (Serpetti et al., 2011).

Porosity and Permeability Measurements
Sediment permeability was measured in three replicate cores
collected with the 3.5 cm tubes using the falling-head method
(Klute and Dirksen, 1986) generally applied for muddy sediment
with a permeability <10−12 m2. In this method, sediment
hydraulic conductivity (K) is estimated by measuring the time (t)
required for water to pass through a given sediment area (A) and
length (L) when the hydraulic head difference declines in time
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between two known values (H1 and H2):

K =
ln(H1/H2) ∗ (a ∗ L)

A ∗ t
(2)

where a is the cross-sectional area of the reservoir.
Permeability (k in m2) was then calculated by the equation:

k =
K ∗m

d ∗ g
(3)

where m and d are the pore water viscosity (g cm−1 s−1)
and density (g cm−3), respectively, dependent on temperature
and salinity, and g is the acceleration due to gravity (9.81m
s−2). Permeabilities in the top 10 and 5 cm were calculated by
averaging nine measurements, three for each of three different
hydraulic head differences.

Sediment porosity was measured in the three replicate cores
used for the permeability measurements. The cores were sliced at
1–2, 2–3, 3–4, 4–5, 5–6, 6–8, and 8–10 cm, and porosity (ϕ) was
calculated from sediment water content (β) and density (d) using
the following equations:

φ = β ∗ d (4)

β =

(

ww− dw
)

ww
(5)

d =
ww

Vol
(6)

where ww and dw are sediment wet and dry weight (g),
respectively and Vol is the sediment wet volume (g ∗ cm−3).
Porosity in the top 10 and 5 cm were calculated by averaging
measurements from 1–10 and 1–5 cm, respectively.

Statistical Tests and Modeling
Analysis of the variance (ANOVA) test was used to identify
significant differences between sampling months and sediment
types in the response and explanatory variables. Graphical
techniques were used to check for outliers using box-whisker
plots: in these graphs the horizontal line represented the
median of the observations, the box around is the 25 and
75% quartiles that contains half of the observations, and the
vertical “whiskers” indicate the minimum and maximum values.
The data were checked for possible outliers which might
be legitimately removed (Zuur et al., 2010), but none were
indentified in our dataset. Generalized additive modeling (GAM)
was then used to relate the response variables, i.e., total oxygen
uptake and the nutrient fluxes, to the predictors, i.e., water
temperature, turbidity, organic matter sources and physical
sediment properties. Highly correlated covariates should not be
used in regression modeling (Zuur et al., 2010). Collinearity
between covariates was checked using the Pearson correlation
(high collinearity between explanatory variables is indicated by
correlation values >0.6–0.7; Zuur et al., 2010) and the variance
inflation factor (VIF; by sequentially removing the variable with
the highest value, until all remaining VIFs were below the lower
suggested values of 3; Zuur et al., 2010). The final GAMs used
the remaining significant explanatory variables. To avoid model

over-fitting the optimal number of the smoothing parameters
(k), representing knot values (degree of freedom) of the spline
smoothers, was penalized (fixed to the lower value estimated for
the degrees of freedom for the regressions splines; Cawley and
Talbot, 2010; Griggs, 2013).Model validations were carried out by
analysing the normality, assuming a Gaussian fit, by plotting the
theoretical quantiles vs. standardized residuals (Q-Q plots) and
the frequency distributions of residuals. Collinearity was checked
using the Pearson correlation coefficient and the concurvity
function (Wood, 2003) and homogeneity of variance was checked
by plotting residuals vs. fitted values (please for details of these
methodologies refer to Zuur et al., 2010) and references therein.
Statistical tests were carried out using the software R version 2.6.2
using the library mgcv.

RESULTS

Figure 1 shows the acoustic RoxAnn classes for grid cell sizes of
500 × 500 m and at 80% of purity level. Hydro-acoustic classes
5 and 10 were not represented at this grid resolution due to
their low incidence or highly scattered spatial distribution. Of
the acoustic classes which emerged as being a major component
of the region, we chose one cell for each of the seven acoustic
classes 1, 2, 3, 4, 6, 7, and 9, as coring sites characterized by seven
sediment types (Table 1). For classes 8, 11, and 12, which were
represented at the 80% purity and 500 × 500 m scale, it was not
possible to collect samples suitable for incubation experiments
with the corer available, due to the presence of cobbles and
boulders embedded in the finer sediment. The selected samplings
stations (Figure 1), defined from “A” to “G” in median grain
size order from very fine muddy sand to well sorted medium
sand, were sampled over a 1 year cycle. Five of the sites were
visited on 10 occasions of the yearly cycle. Two of the sites were
visited less frequently due to their distance from the shore base
of the survey vessel, and the sediment type. At one site (“E”)
the sediment comprised cobbles and boulders embedded in a
finer sediment matrix which was time consuming and costly in
terms of equipment damage to sample. At the other site (“G”) the
sediment comprised well sorted medium sand, and we lacked the
equipment to effectively conduct core incubation experiments on
this sediment type (see later).

Water Temperature and Turbidity
The highest temperature during the study period was recorded
in September-08 (13◦C) and the lowest in March-09 (6.3◦C).
Bottom water temperature showed the expected significant
temporal variation (p < 0.001; Figure 2), but no significant
differences were found between bottom water temperatures at
the different stations (p > 0.1). Turbidity showed significant
temporal (p < 0.001) and spatial (p < 0.001) variations.
The highest turbidity mean values were recorded in winter
months (4.11 ± 0.95 FTU in December-08 and 4.76 ± 1.83 FTU
in January-09; Figure 3A) with maximum values in shallower
stations (6.61 FTU in station C and 7.76 FTU in station D).
Station E and G were sampled only twice and it was not possible
to calculate the mean values of turbidity (Figure 3B).
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FIGURE 2 | Box-whisker plot for bottom water temperature showing

temporal variation.

Sediment Properties: Organic Matter
Content, Median Grain Size, Mud Content,
Porosity, and Permeability
All the organic matter sources (TOC, TON, Chl-a, and Pheo-a)
were highly correlated to each other (Table 2) and also showed
significant differences between sampling stations (p < 0.001;
Figures 4A–D), but only the pigments exhibited significant
temporal variations (p < 0.001; Figures 4E,F).

For both TOC and TON, the highest contents were found at
the very fine muddy sand station A (0.8 ± 0.2%, 0.09 ± 0.02%
for TOC and TON, respectively) and the lowest at the medium
sand station G (0.1± 0.02% for TOC) where TON was under the
detection limit (Figures 4A,B).

The highest Chl-a and Chl-a:Pheo-a ratio mean values from
all the stations were measured in June-08 (3.9 ± 1.9µg g−1 and
0.47± 0.12, respectively) withmaximummean values in very fine
muddy sand at station A for both Chl-a and Pheo-a pigments
throughout the year (2.8 ± 1.6 and 8.5 ± 3.3µg g−1) and the
lowest in January-09 for both Chl-a and Chl-a:Pheo-a ratio (0.6±
0.5µg g−1 and 0.18± 0.06, respectively). Minimummean values
were found at station G for both pigments (0.2 ± 0.08 and 0.8 ±
0.2µg g−1 for Chl-a and Pheo-a, respectively; Figures 4C–F).

Permeability in the top 5 and 10 cm, porosity in the top 5 and
10 cm, median grain size and percentage of mud content, did not
show temporal variation (p > 0.1), but they differed strongly
between stations (p < 0.001; Figure 5). Due to the exponentially
increasing permeability between stations, the values were log-
transformed to better visualize the differences (Figures 5A,B).
Table 3 shows the mean permeability in the top 5 and 10 cm
per station. All these physical sediment properties were also
highly correlated (Table 2). Sediment permeability decreased
with increasingmud content and porosity and decreasingmedian
grain size.

Temporal and Spatial Variations in Total
Oxygen Uptake (TOU) and Nutrient Fluxes
Dissolved oxygen concentration in the incubated cores generally
did not decrease by more than 20% over the course of each

experiment. This depletion was exceeded only in June 2008,
when the highest fluxes were recorded and the dissolved oxygen
concentration declined by between 20 and 30% in all the stations.
The annual mean oxygen consumption rate across all incubations
was 13.1± 7.1mmol m−2 d−1. TOU showed significant variation
in time (p < 0.001; Figure 6A) with the highest mean values
were recorded in June-08 (26.9 ± 3.3mmol m−2 d−1) and the
lowest in January-09 (5.9 ± 2.5mmol m−2 d−1). Differences
across sediment types (between stations) were significant only for
station G (p < 0.001) where oxygen consumption was lower than
at the other sites (Figure 6G).

Ammonia fluxes showed a clear seasonal pattern (p < 0.001;
Figure 6B) with high positive fluxes (from sediment to the
overlying water) in summermonths (from June-08 to September-
08 and from May-09 to July-09). Between December-08 and
April-09, ammonia fluxes were centered around zero with mostly
negative fluxes (sediment consumption) recorded in March-09.
The mean annual ammonia flux across all core incubations
was 0.43 ± 0.64mmol m−2 d−1. Ammonia fluxes also differed
between stations (Figure 6H) with values significantly lower in
stations C (p < 0.01), D (p < 0.05), F (p < 0.001), and G
(p < 0.05) compared to the baseline station A.

The mean annual flux values of nitrate and nitrite were low
(0.001 ± 0.26 and −0.008 ± 0.21mmol m−2 d−1, respectively;
Figures 6C,D). Significant and high nitrate fluxes were recorded
only on September-08 (p < 0.001) with two samples
exceptionally high (>1.2mmol m−2 d−1). Nitrite temporal
patterns showed a weak significant variation (p < 0.05)
with high flux variability between stations in June-, August-
, September,- and December-08. Both nitrate and nitrite also
showed significantly higher values at station E (p < 0.001 and
p < 0.01, respectively; Figures 6I,J).

Phosphate mean fluxes were very low with mean annual
negative values (−0.01 ± 0.09mmol m−2 d−1; Figure 6E).
Significant high and positive fluxes were found in September-08
(p < 0.05) and December-08 (p < 0.01) while fluxes in July-
and August-08 were significantly negative (p < 0.001). Fluxes of
phosphate did not show significant differences between stations
(p > 0.1; Figure 6K).

Silicate mean annual fluxes were higher than those measured
for the other nutrients (0.97 ± 1.12mmol m−2 d−1; Figure 6F).
As for ammonia, silicate fluxes showed a clear seasonal pattern
with high mean values in the summer months (from June- to
September-08 and from May- to July-09) and significantly low
values (p < 0.001), in winter (from December-08 to April-
09). Silicate fluxes showed the strongest spatial differences with
station B (p < 0.01), C (p < 0.01), D (p < 0.001), E (p < 0.1), F
(p < 0.001), and G (p < 0.01) showing significantly lower values
compared to the baseline station A (Figure 6L).

TOU, ammonia and silicate fluxes were also higher and more
variable in June, July, August, and September-08 compared to the
following summer (May, June, and August-09).

Pore Water Profiles
To summarize, the pore water results nutrient concentrations
profiles were averaged over summer 2008 (from June to
August 2008), winter (from December 2008 to February 2009),

Frontiers in Earth Science | www.frontiersin.org 6 June 2016 | Volume 4 | Article 65

http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive


Serpetti et al. Modeling of Sediment-Water Fluxes

FIGURE 3 | Box-whisker plot for turbidity showing variations in time (A) and across sediment types (B). The number of core replicates at each sampling

month and station is also shown.

and summer 2009 (from May 2009 to July 2009; Figure 7).
Nutrient pore water concentrations were always higher than the
concentrations of the bottom water (depth 0 in the figure).

The profiles clearly showed higher pore water ammonia
concentrations in summer (∼30–100µM in summer 2008 and
∼20–130µM in summer 2009) than winter (<70µM). Opposite
trends were found for nitrate with the highest concentrations
in the top 2 cm in winter (5–30µM) than in the summers
(1–25µM for both summers). High nitrate concentrations
were measured in sandy stations D and F in the top 5 cm,
below this depth the concentrations declined also in these
stations. Nitrite pore water concentrations were also higher
in sandy stations D and F than muddy stations A, B, and
C in the summer of both years. No clear differences in
concentrations were found in winter. Phosphate pore water
concentrations were high in muddy stations A, B, and C,
increased with sediment depth until ∼5 cm, and were generally
constant below this depth. In sandy stations D and F phosphate
concentrations were low and generally constant with depth.
Similar trends were found for silicate with higher concentrations
at stations A, B, and C than at D and F (with the last two
measured only in summer 2009). Concentrations increased
with sediment depth until 2 cm at sandy, and 5 cm at muddy
stations. Below these depths the concentrations remained
generally constant (with the exception of station B in summer
2008).

Correlation Analysis
Nitrate and nitrite measured at station E were excluded from
the modeling dataset of nutrient fluxes because measurements
were carried out on only two occasions. At all the other
stations, all the variables measured were considered as potential
explanatory variables for sediment TOU and nutrient fluxes.
High correlation values were found between the organic matter
sources (TOC, TON, Chl-a, and Pheo-a) and physical sediment

properties (permeability in the top 5 and 10 cm, porosity in the
top 5 and 10 cm, median grain size, and mud content; Table 2).
The VIF values showed high correlations between variables
(Table 4): after removal, the correlation of the VIF selection
identified six possible explanatory variables (temperature, Chl-a,
TON, turbidity, depth, and permeability in the top 5 cm log
transformed).

GAM Modeling of Fluxes
The best predictors of TOU, ammonia and silicate fluxes,
identified by the final GAM selection, were water temperature
and sediment Chl-a content (p < 0.001 for all the variables),
turbidity (p < 0.001, p < 0.05, and p < 0.01 for TOU, ammonia
and silicate respectively), and log-transformed permeability in
the top 5 cm (p < 0.001, p < 0.05, and p < 0.001 for TOU,
ammonia and silicate, respectively) with the following model
equation:

y ∼ s(Temperature, k= 3, fx= FALSE)

+ s(Chl-a, k= 6, fx= FALSE)+ s(Turbidity, k= 4, fx=

FALSE)+ s(log(Permeability_5, k= 6, fx= FALSE)) (7)

“y”= log(TOU), ammonia or silicate fluxes;
“s”= representing regression spline smoothers;
“k”= representing knot values of the spline smoothers
“fx” = indicates whether the term is a fixed degree of freedom
regression spline (TRUE) or a penalized regression spline
(FALSE).

The model outputs [Figure 8 for TOU (Figures 8A–D),
ammonia (Figures 8E–H), and silicate fluxes (Figures 8I–L)
showed the relationship between the fluxes and each explanatory
variable (fixing mean values for the other ones)]. The models
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FIGURE 4 | Box-whisker plots showing variations in different sediment types for TOC (A), TON (B), Chl-a and Pheo-a (C,D), and temporal variations of

Chl-a and Chl-a:Pheo-a ratio (E,F). The number of core replicates at each station and sampling month is also shown.

explained 76, 45, and 53% of the deviance, respectively, for TOU,
ammonia, and silicate.

Nitrite fluxes were not significantly related to any of
the explanatory variables considered, while nitrate fluxes
increased with temperature (p < 0.001) and decreased
with an increase of chlorophyll sediment content (p <

0.05). Phosphate flux was strongly driven by water turbidity
(p < 0.001), showing an increased flux with increasing
turbidity. However, the nitrate and phosphate models explained
only 12 and 20% of the deviances (model graphs are not
shown).

DISCUSSION

Factors Affecting Fluxes
The magnitudes of oxygen and nutrient fluxes measured in
our study are quantitatively similar to those from previous
studies in similar sediments and latitudes (Koop et al., 1990;
Lohse et al., 1993, 1995; Banta et al., 1995; Trimmer et al.,
2003; Ehrenhauss et al., 2004; Ehrenhauss and Huettel, 2004;
Janssen et al., 2005; Almroth et al., 2009). However, our intensity
of sampling allowed us to statistically disentangle the factors

controlling the seasonal and spatial variability in a study area. The
GAMs showed that water temperature and turbidity, sediment
chlorophyll-a content, and permeability were the main non-
correlated drivers of sediment total oxygen uptake and ammonia
and silicate fluxes (Figure 8). However, none of these factors
explained a high percentage of the deviance distribution for
nitrate, nitrite and phosphate. Only a few other studies, using
different modeling approaches to deal with highly correlated
datasets (Banta et al., 1995; Zetsche et al., 2012), have statistically
disentangled the factors affecting benthic remineralisation,
and with different levels of significance associate with the
factors.

Temperature
Seasonal fluctuations of temperature influences most abiotic and
biologically catalyzed processes and are correlated with shifts in
benthic community structure and species composition (Banta
et al., 1995; Thamdrup et al., 1998). Our GAM model indicates
a Q10 value of 2 for the seasonal pattern of TOU at a given
value of sediment chlorophyll-a content, permeability and the
water turbidity (Figures 8A–D). This agrees with values found
for aerobic respiration rates in temperate coastal sediments
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FIGURE 5 | Box-whisker plots showing log transformed permeability in the top 5 (A) and 10cm (B), porosity in the top 5 (C) and 10cm (D), median

grain size (E), and mud content (F) in different sediment types. The number of core replicates at each station is also shown.

(Jørgensen, 1977; Kanneworff and Christensen, 1986; Hall et al.,
1989; Banta et al., 1995; Thamdrup et al., 1998).

High temperature also increases rates of silica biogenic
dissolution leading to a high silicate flux (Dixit et al., 2001)
and, associated with high macrofauna biomass, can stimulate
the metabolic activity and excretion rates determining also high
ammonia flux (Pomroy et al., 1983; Magni et al., 2000). Pore
water ammonia and silicate concentrations on the top horizons
showed similar seasonality patterns to the fluxes with low values
in winter (Figure 7).

Chlorophyll-a
Our model results showed that sediment chlorophyll-a content
is the factor that was most strongly related to TOU, ammonia
and silicate fluxes (Figures 8B,F,J) confirming a rapid response
of sediment benthic faunal and bacterial activities after fresh
phytodetritus deposition (e.g., Banta et al., 1995; Conley and
Johnstone, 1995; Grenz et al., 2000; Ehrenhauss et al., 2004;
Dahllöf and Karle, 2005; Beck et al., 2008). These fluxes were
also significantly higher and more variable during summer
2008 when the highest sediment Chl-a content were also
measured (Figure 4E; Figures 6A,B,F). Previous studies have

demonstrated, using plant-pigments as tracers of early organic
matter diagenesis processes, that chlorophyll is a high quality
and labile organic matter source which, in lakes and coastal
marine sediments, is degraded quickly to more refractory organic
matter forms with pheophytin representing the first step of the
degradation (Furlong and Carpenter, 1988; Sun et al., 1991,
1993; Stephens et al., 1997). The degradation of chlorophyll to
pheophytin is influenced by a range of factors such as oxygen
availability, exposure to light and microbial, and macrofauna
abundance (Stephens et al., 1997; Bianchi et al., 2000; Serpetti
et al., 2012). This was particularly evident in the case of TOU
that showed exceptionally high values in June-08 (Figure 6A)
which correspond to the maximum sediment Chl-a:Pheo-a ratio
(Figure 4F) indicating that the phyto-detritus in the sediment
was of very recent origin.

Turbidity
Our models show a decrease in fluxes with increasing turbidity
(Figures 8C,G,K). We recorded significantly higher turbidity in
winter months (Figure 3A) presumably induced by resuspension
due to weather conditions. The resuspension effect was also
significantly higher at the shallow water stations (Figure 3B)
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FIGURE 6 | Box-whisker plots for TOU and nutrient fluxes (mmol m−2 d−1) showing temporal (A–F) and spatial variations (G–L). For number of core

replicates at each sampling month and station refer to Figure 4.

and water oxygen saturation was always high even in summer
months. The decreased of TOU and ammonia and silicate
fluxes at high levels of turbidity can be explained by the
dilution of sediment organic material re-suspended in the water
column particularly in winter time when water productivity
is low and sediment organic matter is refractory (Tengberg
et al., 2003). Hence, our results suggest that resuspension events
can impact the sediment biogeochemistry in different ways
depending on the sediment properties and the sources of organic
matter. The effect of turbidity on sediment remineralisation
is controversial in the literature. Turbidity is a measurement
used to indicate the occurrence of resuspension due to physical
processes such as weather conditions and tidal currents or
anthropogenic perturbations such as trawling. Hydrodynamic
forces can influence both cohesive sediment, changing the
thickness of the diffusive boundary layer (e.g., Tengberg et al.,
2003), and permeable sand, inducing advective pore water
transport (Huettel andGust, 1992). Resuspension can also impact
the sediment biogeochemistry involving both organic matter
and fine sediment particle transport in less turbulent zones
(Creutzberg et al., 1984; Jenness and Duineveld, 1985; Jonsson
et al., 1990) and playing an important role in unclogging or “re-
setting” permeable sands (Cook et al., 2007; Glud, 2008; Zetsche
et al., 2012). Almroth et al. (2009) showed a clear enhancement
of oxygen consumption rates due to simulated resuspension
events in chamber incubation experiments however, no effects
on silicate fluxes were found. A decreasing in ammonia effluxes
were also measured in 50% of the incubation replicates when the
bottom water oxygen concentration was low (see also Rasmussen
and Jørgensen, 1992) and between accumulating and dispersive

sites. Low oxygen concentrations in the water column were never
present in our study area. The increased stirring speed, used
to simulate the resuspension event, can reduce the thickness
of the diffuse boundary layer raising the oxygen penetration
depth in the sediment and determining the oxidation of reduced
inorganic compounds which stimulated the oxygen consumption
(Jørgensen and Des Marais, 1990).

Sediment Permeability
In our regression models, releases of ammonia and silicate and
oxygen consumption by the sediment decreased with an increase
in permeability (Figures 8D,H,L), although the effect of this
explanatory variable on ammonia flux was weakly significant
(p < 0.05).

Higher fluxes were recorded in muddy sediments with low
permeability (Station A, B, and C, k ∼ 8 × 10−14 to 2 × 10−13

m2, Table 3, corresponding to log permeability values between
−30 and −28 in Figure 8). These high fluxes are determined
by the high labile and refractory OM concentrations present
in these fine-grained deposition sediments (Figure 4). Fine-
medium sandy sediments (Stations D and E, k ∼ 1 × 10−12

m2, Table 3, corresponding to log permeability values between
−28 and −25 in Figure 8) showed reduced TOU, ammonia and
silicate fluxes. These two stations were very different with respect
to grain size distribution (Table 1), but the high mud content
(15.3%) in station E decreased the expected permeability for
gravelly medium sand (median grain size of 0.312mm) to the
same level of fine sand (median grain size of 0.212mm) with low
mud content (6.3%). Several factors can determine this decline in
sediment fluxes.
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FIGURE 7 | Temporal and spatial variations of pore water nutrient concentrations during summer 2008 (June, July and August 2008), winter

(December 2008 and January and February 2009), and summer 2009 (May, June and July 2009). The standard deviations of the measurements are omitted

for the sake of clarity.
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TABLE 3 | Mean permeability and standard deviation in the top 5 and

10cm at each station.

Station Permeability_5 (m2) Permeability_10 (m2)

A 8.2× 10−14 ± 3.6× 10−14 3.6× 10−14 ± 9.1×10−15

B 1.7× 10−13 ± 8.9× 10−14 7.1× 10−14 ± 2.3×10−14

C 1.8× 10−13 ± 1.2× 10−13 1.5× 10−13 ± 4.8×10−14

D 1.2× 10−12 ± 8.1× 10−13 6.3× 10−13 ± 2.2×10−13

E 1.4× 10−12 ± 1.2× 10−12 1.2× 10−12 ± 1.3×10−13

F 9.8× 10−12 ± 5.2× 10−12 3.6× 10−12 ± 1.7×10−12

G 5.3× 10−11 ± 1.4× 10−11 1.9× 10−11 ± 2× 10−11

In the case of ammonia, the higher fluxes measured in
low permeable sands (Figure 6, station A, B, and E) could be
explained by lower nitrification rates, restricted to the uppermost
sediment horizon, due to the reduced oxygen penetration in
these sediments (Janssen et al., 2005). This is confirmed by
ammonia pore water concentrations that, over all samplings,
were lower in sandy sediments (stations D and F) than muddy
sediments (stations A, B, and C; Figure 7; see also nitrate
discussion). Ammonia pore water profiles (Figure 7) showed
increasing concentrations until ∼2 cm depth and remained
generally constant below this horizon.

In the last 20 years, solute transport processes such as
advection and bioturbation have also been identified as main
drivers of sediment remineralisation in permeable sands,
following the new perception of the importance of sandy
sediment for organic matter mineralisation (Huettel and Gust,
1992; Boudreau et al., 2001; Ehrenhauss and Huettel, 2004;
Janssen et al., 2005). Around 70% of the coastal shelf is covered
by relict sands (Emery, 1969) and more than 50% of them are
characterized by high permeability in the superficial layer (k >

5 × 10−12 m2; Huettel and Gust, 1992). We now know that
high permeability leads to pore water advection transport in
the sediment which can increase organic matter remineralisation
rates (Ehrenhauss et al., 2004; Janssen et al., 2005; Bühring
et al., 2006) supplying electron acceptors (oxygen and sulfate;
e.g., Huettel and Gust, 1992) in the deeper sediment layers and
removing heterotrophic metabolism products (carbon dioxide
and nutrients; Huettel et al., 1998).

Because of the low permeability of sediments at most
of the stations sampled (Table 3), we did not consider
simulating an advection effect in incubation experiments.
However, the non-advective stirring setting applied in our
experiments probably resulted in an underestimation of TOU
and silicate fluxes in stations with permeability in the top
5 cm log transformed greater than -28 (corresponding to k
> 1 × 10−12 m2) where pressure gradients allow sediment
advective transport (e.g., Janssen et al., 2005). Janssen et al.
(2005) did not find a significant effect of the stirrer setting
on nutrient fluxes; however, the number of replicates used
for the comparison was low. Conversely, Ehrenhauss and
Huettel (2004) found that the silicate fluxes increased over
four times in medium and coarse sand when stirrer settings
were applied. However, that is not the case of ammonia
fluxes where an increase of oxygen availability by advection
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TABLE 4 | Variance inflation factor values for all the explanatory variables

[temperature, chlorophyll-a, pheophytin-a, total organic carbon (TOC),

total organic nitrogen (TON), turbidity, depth, log transformed permeability

in the top 5 and 10cm, median grain size and mud content (first column)].

VIF VIF (collinearity removed)

Temperature 2.1 1.4

Chlorophyll-a 3.7 1.7

Pheophytin-a 5.1

TOC 40.4

TON 44.5

Turbidity 1.8 1.4

Depth 9.6 1.2

log (Permeability_5) 9.5 1.3

log (Permeability_10) 19.7

Porosity_5 19.7

Porosity_10 26.7

Median grain size 9

Mud content 15.4

Covariates remained after sequential removal of variables with VIF values >3 (second

column).

can increase the denitrification rates with sediment ammonia
reduction.

In our dataset the presence of advection in medium sand
is confirmed by the strong differences found in the pore water
silicate profiles between stations (Figure 7, summer 2009) with
concentrations three times higher in very fine sand (station
A) compared to medium sand (station F). These trends are
determined by the increase of advective pore water exchange
at high sediment permeability (Huettel and Gust, 1992) and
the consequent decrease of pore water nutrient concentrations:
high advective flushing rates prevent the built-up of silicate
concentrations in the pore water (Ehrenhauss et al., 2004;
Ehrenhauss and Huettel, 2004).

TOU and Nutrient Sediment-Water Fluxes
The overall correlation between sediment oxygen and nutrient
annual fluxes showed a strong coupling between oxygen,
ammonia and silicate fluxes (Table 5, Pearson correlation ≥0.6)
indicating that the deposition of diatom bloom material on
the sediment activated the benthic activity (oxygen uptake and
flux of ammonia) and the organic matter remineralisation with
the release of silicate (flux of silicate). Negative correlation
signs indicated opposite direction fluxes (e.g., sediment oxygen
consumption and ammonia and silicate releases).

The high silicate sediment mean fluxes measured (Figure 6F)
confirmed that, because the low impact of zooplankton grazing
on the diatom spring bloom (Wollast, 1991) and the slow
rate of biogenic silica remineralisation by inorganic dissolution
within the water column (Schrader and Schuette, 1981), the
benthic regeneration is particularly important for silicate cycling
(Richardson et al., 2000).

Nitrate, nitrate, and phosphate fluxes were not correlated with
the oxygen consumption because these components are involved
in other biogeochemical reactions which can postpone their

release (e.g., phosphate sediment adsorption) or result in a net
loss (e.g., denitrification).

Nitrate and Nitrite Sediment-Water Fluxes
The mean flux values of nitrate and nitrite were markedly
lower than for ammonia. Fluxes of both compounds were
highest, but also most variable at station E (Figures 6I,J), but
these measurements were based only on 1 sampling month
(September-08). The high values and variability of oxidized
nitrogen fluxes measured in this station could be due to
the heterogeneous grain size distributions at the site (gravelly
medium muddy sand with pebbles) with median grain size
similar to other sandy stations (D and F) but with a higher
percentage of mud (Figures 5E,F) and the presence of sand and
pebbles in the upper horizons. The presence of large polychaetes
recorded in one core it could have also determined the high
variability between replicates. The patchy grain size distribution
in this station, with high fractions of fine-grained material that
can lead to high organic matter load (Figures 4A,B; Winterwerp
and van Kesteren, 2004) together with a high oxygen availability
in the sediment surface due to bio-geo-roughness (Huettel and
Gust, 1992), could explain the high and variable nitrate and
nitrite fluxes measured.

Nitrate and nitrite fluxes measured at station E were
excluded from the regression model datasets due to the high
variability and infrequent sampling. The effect of temperature
on nitrate modeled fluxes was similar to those found for
ammonia and silicate; however, the nitrate flux decreased with
increasing sediment Chl-a content perhaps indicating higher
nitrate consumption by denitrification with increase of fresh
organic matter. Temperature can influence the nitrification rates
by affecting the process kinetics (Zhu and Chen, 2002) and the
growth of the two step nitrification bacteria (e.g., Nitrosomonas
and Nitrobacter for ammonia oxidation and nitrite oxidation,
respectively; Knowles et al., 1965).

Nitrate pore water concentrations increased with the sediment
median grain size (from very fine muddy sand in station A to
medium sand station F; Figure 7) indicating higher nitrification
rates in permeable sand with high oxygen availability (e.g.,
Jørgensen and Sørensen, 1985; Huettel et al., 1998; Ehrenhauss
and Huettel, 2004; Janssen et al., 2005). Nitrate profiles showed
a steep decline in nitrate with sediment depth, indicating the
presence of a denitrification process that quickly consumed
nitrate in the top 5 cm. In agreement with previous studies, the
highest nitrate values detected in the upper horizons of sandy
stations (D and F) in winter corresponded to the lowest ammonia
pore water concentrations (Lohse et al., 1993, 1995). In any case,
the release of nitrate seemed to be occurring in a thin layer at
the sediment water interface (within 1 and 2 cm for muddy and
sandy sediment, respectively). High denitrification rates could
explain the low nitrate sediment fluxes (0.001 ± 0.26mmol m−2

d−1). However, considering the high nitrate concentrations in
the upper horizons of sandy sediments (Station D, F, and G),
we did not measure the expected positive and higher fluxes of
this nutrient in these sites. As previously explained, this can
be determined by the non-advective stirring setting applied in
the incubation chambers: advection transport processes can in
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FIGURE 8 | Model output showing the smoother relationship of TOU (A–D), ammonia (E–H), and silicate fluxes (I–L) in relation to temperature (A,E,I),

sediment Chl-a content (B,F,J), water turbidity (C,G,K), and permeability in the top 5 cm log transformed (D,H,L). Symbols indicate the levels of

significance: ***p < 0.001, **p < 0.01, and *p < 0.05.

TABLE 5 | Pearson pairwise correlation values between sediment oxygen

and nutrient annual fluxes.

TOU Ammonia Nitrate Nitrite Phosphate

Ammonia −0.64

Nitrate −0.18 0.15

Nitrite 0.18 −0.07 0.14

Phosphate 0.14 −0.04 0.12 −0.02

Silicate −0.61 0.64 0.19 −0.08 0.08

fact increase nitrification rates by supplying oxygen to deeper
horizons in sandy substrate with permeability values exceeding
10−11–10−12 m2 (e.g., Janssen et al., 2005). For these reasons we
might have underestimated the nitrate fluxes at station F and G.

Phosphate Sediment-Water Fluxes
The phosphate regression model identified water column
turbidity as a strong explanatory variable but explained only
20% of the flux patterns. The phosphate biogeochemistry in
the water-sediment interface can be affected by many natural
and anthropogenic variables that can determine a switch from
positive to negative sediment fluxes and vice versa. During the
1990’s a ban on the use of washing powders containing phosphate
was imposed in the southern Bight of the North Sea to reduce the
expected increase of primary producer biomass (Rousseau, 2000).
However, the decrease of phosphate loads did not lead to an
observable decrease of phytoplankton biomass, in part, because
the estuarine sediments released phosphate to the water column

counterbalancing the decrease of external loadings. The effect
was such that the Scheldt estuary shifted from acting as a sink
of phosphate in 1980s to a source since the 1990s Soetaert et al.
(2006).

In this study, we estimated a mean net phosphate flux of

−0.015± 0.09mmol m−2 d−1; Figure 6E) implying a net uptake

by the sediment. Suspended sediments have long been known

to influence concentrations of dissolved phosphorus: the high

turbidity we recorded in winter signified the occurrence of

resuspension events causing sediment phosphate release (e.g.,

Søndergaard et al., 1992; Sundby et al., 1992; Holmroos et al.,
2009). However, its effect is complicated. Adsorption on oxidized

surface sediment is an important factor affecting phosphate

availability, and can lead to net uptake of phosphate by sediments

(Sundby et al., 1992). Re-suspended particles can in fact

release, absorb or have no effect on soluble reactive phosphorus

depending on water and particle phosphate concentrations
(Søndergaard et al., 1992) and water pH, with release driven
by high pH values (Koski-Vähälä and Hartikainen, 2001). In
oxic conditions, the sediment is generally a sink of phosphate
which co-precipitates with iron and manganese oxides; the
occurrence of anoxic conditions, often present in semi-enclosed
stratified waters in late summer and in deep sediment horizons,
can determine sediment phosphate release (Carman and Wulff,
1989; Sundby et al., 1992). The regression model explained a
low percentage of the deviance because it described only the
winter release of phosphate, however, once again we could be
underestimating the phosphate flux due to the lack of a stirring
system that simulates the effect of resuspension in incubation
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chambers (Almroth et al., 2009). None of the other potential
explanatory variables explained the recorded sediment phosphate
sink patterns (phosphate fluxes below zero). Overall, bottom
water concentrations at the sampling stations seemed to be
related to sediment phosphate fluxes with periods of sediment
uptake corresponding to decreasing concentrations in the water
column. The transport of phosphate from water to sediment,
recorded in July and August 2008, can be influenced by sediment
adsorption stimulated by a high density of bioirrigating fauna
that increase the sediment oxygenation (Clavero et al., 1994;
Wood et al., 2009).

The phosphate release from iron and manganese oxides in
anoxic conditions (Sundby et al., 1992) is also confirmed by
higher phosphate pore water concentrations in cohesive-muddy
stations (A and B) compared to sandy permeable stations (D
and F; Figure 7). Pore water profiles also showed that phosphate
concentrations remained constant down to 10 cm sediment
depth in sandy stations D and F (Figure 7) indicating the lack of
iron and manganese reductions within these depths. Conversely,
muddy stations A and B showed an increase of phosphate with
sediment depth until 5–6 cm depth and remained constant below
these horizons indicating that iron and manganese reduction
dominated the organic matter mineralisation pathways in the
upper sediment layers in these stations (Fenchel and Jørgensen,
1977; Froelich et al., 1979; Sundby et al., 1992).

CONCLUSIONS

The purpose of our study was to statistically disentangle
the multiple factors controlling the seasonal and spatial
variability in nutrient regeneration rates. What we have
shown is that sediment-water fluxes of oxygen and macro-
nutrients (nitrate, nitrite, ammonia, phosphate, and silicate) are
affected differently by sediment properties and environmental
driving conditions. This means that the stiochiometry of
nutrient regeneration is not fixed and may vary spatially
and temporally depending on conditions. This conclusion

has implications for the identification sensitive “hot-spots”
for biogeochemistry which may require protection from
disturbance.
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