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• Strong correlation between sediment
properties, fauna and biogeochemical
cycling.

• Benthic oxic mineralization and nitrifi-
cation mainly regulated by faunal activ-
ities.

• Benthic anoxic mineralization mainly
regulated by sediment properties.

• Macrofaunal activities have variable ef-
fects across habitats.

• Regression models are a useful tool to
predict/understand the impact of
human activities.
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Ecosystem functions are driven by abiotic and biotic factors, but due to high collinearity of both, it is often difficult
to disentangle the drivers of these ecosystem functions.We studied sedimentological and faunal controls of ben-
thic organic matter mineralization, a crucial ecosystem process provided for by sediments of shelf seas. Subtidal
benthic habitats representative of the wide permeability gradient found in the Belgian Part of the North Sea
(Northeast Atlantic Shelf) were characterized in terms of sediment descriptors, macrofauna, and sediment bio-
geochemistry was estimated. Our results confirmed a strong correlation between sediment characteristics and
macrofauna, and estimated sediment biogeochemical process rates were clearly linked to both. Results of vari-
ance partitioning and statistical modelling showed that oxic mineralization and nitrification were mainly regu-
lated by faunal activities whereas anoxic mineralization was regulated by sediment properties, with
permeability as a decisive factor. Both biotic and abiotic factorswere needed to explain variability in oxygen con-
sumption and total mineralization estimates, suggesting that macrofaunal activities have different effects across
habitats. The statistical models were a useful tool to interpret the impact of anthropogenic activities in the study
area and represent a step towards predicting the effects of human activities on crucial ecosystem functions.

© 2021 Elsevier B.V. All rights reserved.
ent of Biology, Marine Biology
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1. Introduction

It is well accepted that ecosystem functions, i.e. changes in energy
and matter over time and space through biological activity (Snelgrove
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et al., 2014), are driven by biodiversity interacting with abiotic and an-
thropogenic drivers (Duncan et al., 2015). Species assemblages, in turn,
are shaped by adaptations to the prevailing environmental conditions in
their habitat (Díaz and Cabido, 2001; Violle et al., 2007), the so-called
functional response traits (Lavorel and Garnier, 2002). At the same
time, species are characterized by a set of functional effect traits, having
a direct or indirect role in ecosystem functioning (Lavorel and Garnier,
2002). This spatial pairing of species functional response and effect
traits often generates a strong collinearity, which makes it difficult to
disentangle the relative importance of biotic and abiotic drivers of eco-
system functions (Godbold and Solan, 2009).

Inmarine sediments, themineralization of organicmatter to free nu-
trients is an important ecosystem process, as this recycling mechanism
drives biogeochemical cycling, which supports primary production in
the water column (Soetaert and Middelburg, 2009; Provoost et al.,
2013) andmany important element cycles (Jørgensen, 2000). Typically,
organic matter mineralization occurs through various processes, which
are regulated by organic matter concentrations, the availability of oxy-
gen (oxic vs. anoxic mineralization), and other electron acceptors such
as nitrate (denitrification), metal oxides, and sulphate (Froelich et al.,
1979). Shelf seas are especially important as they account for up to
80% of global carbonmineralization, despite covering only 7% of thema-
rine surface (Wollast, 1998). Organic matter mineralization and other
ecosystem functions are the result of the functional effect of the organ-
isms present, and habitat structuring forces such as hydrodynamics, and
the natural and anthropogenic disturbance regime. The highly dynamic
nature of coastal areas, combined with the high degree of anthropo-
genic disturbances (Eigaard et al., 2017; Fettweis et al., 2009; Van De
Velde et al., 2018), leads to a heterogeneous patchwork of habitats
with strongly differing mineralization regimes, despite occurring in
close proximity to one another (Braeckman et al., 2014; Neumann
et al., 2017; Gogina et al., 2018).

Local sediment characteristics such as grain size distribution, perme-
ability (the capacity to transmitfluid), and porosity (thewater content),
influence the redox zonation patterns in which microbially mediated
mineralization processes occur (Böttcher et al., 2000; Llobet-Brossa
et al., 2002; Probandt et al., 2017), by providing binding sites for organic
matter (Mayer, 1994) and by regulating the exchange of oxygen, or-
ganicmatter, and other reactants between the sediment and the overly-
ing water (De Beer et al., 2005; Huettel et al., 2014). Large, connected
pore-spaces in coarse grained, permeable sediments allow for advective
flows, resulting in high organic matter turnover rates fuelled by a high
oxygen supply (Huettel and Rusch, 2000; Ehrenhauss et al., 2004). In
contrast, cohesive sediments are characterized by smaller and less con-
nected interstitial spaces, so that diffusive processes, molecular diffu-
sion or local transport stimulated by benthic fauna, dominate solute
and particle transport (Aller, 1980; Gust and Harrison, 1981; Aller and
Yingst, 1985; Aller and Aller, 1992; Huettel and Gust, 1992).

Organic matter mineralization processes are also affected by the
fauna inhabiting this sediment gradient. Bioturbation, the faunal behav-
iour that results in particle displacement and increased exchange of sol-
utes across the sediment-water interface (Aller and Yingst, 1985;
Matisoff et al., 1985; Kristensen et al., 2012; Gogina et al., 2018), affects
the vertical and horizontal distribution of organic matter, oxygen, and
other electron acceptors involved in the mineralization processes
(Kristensen, 2001; Na et al., 2008; Tous Rius et al., 2018). Functional in-
dices such as the bioturbation potential of the community (BPc) (Solan
et al., 2004) and the irrigation potential of the community (IPc) (Wrede
et al., 2018), have been developed to approximate faunal activities, re-
spectively particle mixing and ventilation, using functional effect traits.
Recently, those functional indices have been applied to relate benthic
communities to benthic ecosystem processes (Van Colen et al., 2012;
Braeckman et al., 2014; Wrede et al., 2019; De Borger et al., 2020).

Benthic communities are closely linked to specific habitat types be-
cause of adaptations to hydrodynamic conditions, and sedimentological
variables (Van Hoey et al., 2004; Degraer et al., 2008). As a result, the
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expression of functional effect traits affecting ecosystem functions,
such as biological particle mixing (bio-mixing), or burrow ventilation
is inherently coupled to the habitat in which the species occur
(Snelgrove and Butman, 1994; Bremner et al., 2003; Breine et al., 2018).

Empirical information on how fauna and the physical environment
drive ecosystem functions across environmental settings is needed to
improve our understanding of coastal marine ecosystems and to evalu-
ate how the quantity and quality of the delivery of ecosystem services,
and the benefits that humans obtain from ecosystems, could be affected
in scenarios of future change (Snelgrove et al., 2014; Hillman et al.,
2020).

To quantify the degree to which faunal activities and the physico-
chemical sediment characteristics influence specificmineralization pro-
cesses, we investigated the sediment biogeochemistry and associated
physico-chemical and biological characteristics, in contrasting environ-
ments in the Belgian Part of the North Sea (BPNS). This is a shallow
coastal region where a wide gradient of permeable to cohesive sedi-
ments is found in close proximity (Braeckman et al., 2014), and where
the distribution of benthic communities has been mapped extensively
(Van Hoey et al., 2004; Degraer et al., 2008; Breine et al., 2018). More
so, the small size of the BPNS (3462 km2) ensures that temperature var-
iations, light regime, and themagnitude of the phytoplankton bloomare
relatively uniform throughout the study area (Rousseau et al., 2006).

Specific aims in the presented researchwere (1) to determinewhich
mineralization processes are influenced predominantly by the abiotic
components andwhich ones by thebiotic components, and (2) to inves-
tigate which descriptor of the faunal activities (BPc or IPc) is most suited
as a predictor of individual biogeochemical processes: oxic mineraliza-
tion, nitrogen mineralization (including nitrification, denitrification,
and dissimilatory nitrate reduction orDNRA), and anoxicmineralization
(investigated as the collection of individual anoxic processes). Our hy-
pothesis was that oxic mineralization processes would be more associ-
ated with biological features of the environment, most specifically
with aspects of burrow ventilation, whereas anoxic mineralization pro-
cesses would be stronger related to physical aspects of the sediment.

2. Materials and methods

2.1. Field sampling

In September 2016 and 2017, sediment, water column and benthic
communities were sampled along a gradient of sediment permeability
in the Belgian Part of the North Sea on board of RV Simon Stevin. Sam-
ples were collected at 5 stations (St. 130, St. 780, St. BRN11, St. 330, St.
BBEG) in 2016 and at 7 stations (St. 130, St. 780, St. 120, St. BRN11, St.
D6N, St. 330, St. D6S) in 2017 (Fig. 1, Appendix A in supplementary ma-
terial). Amongst those stations, some are heavily impacted by human
activities: BRN11 is located in a former aggregate extraction site that is
abandoned since January 2015; BBEG is located in close proximity to
an offshorewind farm under construction, andD6N and D6S are located
200mnorth and south respectively from awind turbine in the C-Power
wind farm, operational since 2008 (Coates et al., 2014). All samples
were collected at the end of summer to target the period with the
highest benthic mineralization rates in the study area (Provoost et al.,
2013; Braeckman et al., 2014).

At each station, a CTD-cast was performed to determine bottom
water temperature. Bottomwater (± 1m above the seafloor) was sam-
pled with a 5 L NISKIN bottle to determine nutrient concentrations. Ad-
ditional NISKIN bottles were closed at depth to collect bottom water
used during incubation experiments. This water was stored in sealed
vats, until further use in the laboratory.

A NIOZ box corer (0.028 m2) was deployed three times at each sta-
tion to collect undisturbed sediments, from which three subsamples
were taken to characterize the sediment in terms of (1) permeability
(plexiglass core, inner diameter, i.Ø: 3.6 cm; length: ±25 cm),
(2) granulometry and porosity (cut off syringe, upper 3 cm, 10 mL),



Fig. 1. Sampling sites (dots) in the Belgian Exclusive Economic Zone (EEZ, black outline) Basemap: © Esri, depth raster by (GEBCO Compilation Group, 2020), polygons by RBINS (MUMM
Scientific Service, 2015).
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and (3) pigments, total organic carbon, total nitrogen and total organic
matter (TOC, TN and TOM) (cut off syringe, upper 3 cm, 5mL). Porosity,
TOC/TN and TOMsampleswere stored at−20 °C and pigments samples
were stored in liquid nitrogen onboard and transferred to the −80 °C
freezer in the lab.

Within each box core, one plexiglass core (cohesive sediment: i.Ø:
10 cm, height: 25 cm; permeable sediment: i.Ø: 19 cm to allow for ad-
vective porewater flow later, height: 30 cm) was inserted into the sed-
iment to a depth of 10 to 15 cm, enclosing ±10 cm of overlying water.
The coreswere excavated from the box core, closedwith a lid at the bot-
tom, carefully filled up with in situ sea water without disturbing the
sediment surface and placed in a tank of sea water at ambient temper-
ature. Within 10 h, the cores were transported to a climate room set
at 19.3 °C in the laboratory (in situ bottomwater temperature for all sta-
tionswas between 19 and 20 °C for both years, see Table A.1 Appendix A
for incubation volumes, temperature, and salinity).

For the cohesive sediments, Teflon-coated magnet rings (~2.5 cm)
were placed in the small cores, 5 cm above the sediment-water inter-
face. A homogeneous mixing of the water column was ensured with a
rotating central magnet. The rotation speed was kept below the resus-
pension rate and did not induce an advection flow in the sediment.
For permeable sediment, the lids were equipped with a flat stirring
disk which was placed at 5.4 cm above the sediment surface. The rota-
tion speed was set at 40 rpm, allowing an advection porewater flow in
thepermeable sediment (Huettel andRusch, 2000).With these settings,
an advective porewater flow corresponding to the lower end of in situ
conditions was simulated (Oldham et al., 2004; Van den Eynde, 2017).
The overlying water was kept aerated until the start of the incubation.
After 36 h of acclimatization in the temperature-controlled room, the
overlying water in the cores was replaced by freshly oxygenated in
situ sea water.

Bio-irrigationwasmeasured following the decrease of a tracer in the
water overlying the sediment in the experimental units (Glud et al.,
3

1996; De Smet et al., 2016; De Borger et al., 2020). In 2016, the overlying
seawater wasmixedwith sodiumbromide ([NaBr]final= 0.01mol L−1)
while in 2017, the newly replaced sea water was spiked with a uranine
solution (C20H14Na2O7; [uranine]final = 10–15 μg L−1), a tracer that is
cheaper and easier to analyse.

The cores were then sealed air-tight with lids equipped with gas-
tight sampling ports and incubated in the dark. The incubations lasted
for 2 to 8 h depending on the oxygen concentration in the overlying
water which was not allowed to decrease below 50% of the initial satu-
ration (see Section 2.2.2.1.). The overlyingwater was subsampled at the
beginning (T0) and at the end (Tend) of the incubation and, depending
on the length of the incubation, at one (T1) or two (T2) moments in be-
tween. Using a glass syringe, subsamples were collected for O2 (only in
2016: 1 × 10 mL), dissolved inorganic carbon (DIC) (2 × 6 mL), dis-
solved inorganic nitrogen (DIN – NOx, NHx) (2 × 10mL) and the irriga-
tion tracer (Br− −or Uranine) (2 × 3 mL).

When a water sample was collected, the same volume of sea water
collected from the field was simultaneously inserted into the core
through the second sampling port to prevent aeration. This replacing
sea water will be referred to as tank water. Subsamples of the tank
water were taken at each sampling time for O2, DIC, DIN, phosphate, sil-
icate, and irrigation tracer. Sampling volumes were similar as described
above. In total, 36 coreswere incubated following this procedure; two of
them were lost due to experimental errors.

DIC samples were transferred to Exetainers which were directly
closed hermetically and fixed with mercury chloride (HgCl2: 10 μL,
3%). DIC, bromide and uranine samples were stored at 4 °C until analy-
sis. Nutrient sampleswere filtered throughWhatmanTM GF/F filters and
stored at−20 °C until further analysis.

After the incubation, the remaining sediment was sieved on a 1 mm
mesh to collect the macrofauna, which was fixed on 70% ethanol until
processing (following Gaston et al. (1996), Jørgensen et al. (2005),
and Wetzel et al. (2005)).
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2.2. Sample processing

2.2.1. Sediment parameters
Sediment grain size was determined by laser diffraction on freeze

dried and sieved sediment samples in a Malvern Mastersizer 2000
(McCave et al., 1986). Grain size fractions were determined as volume
percentages according to the Wentworth scale (Wentworth, 1922):
clay/silt (<63 μm), very fine sand (vfines: 63–125 μm), fine sand
(fines: 125–250 μm), medium sand (250–500 μm), and coarse sand
(500 μm–1 mm). The median grain size (MGS) was calculated on the
fraction <1 mm.

Water content (weight %) was determined as the volume of water
removed by freeze drying wet sediment samples. Sediment porosity
was determined from water content and solid phase density measure-
ments (determined by measuring the mass of sediment needed to dis-
place 1 mL of water), accounting for the salt content of the porewater.

The % of total organic matter (TOM) was calculated by weighing the
sediment before and after burning (2 h at 500 °C) all organic material in
dried (min 48 h at 60 °C) sediment.

The molar C/N ratio was calculated from the percentages of total or-
ganic carbon (TOC) and total N (TN), determined using an Interscience
Flash 2000 organic element analyser (uncertainty: 0.01%, standard
used: sulphanilamide). The permeability of sediment in the i.Ø 3.6 cm
sampling cores was determined with a permeameter (Buchanan,
1984) in 2017. In 2016, sediment permeability was calculated after
Hazen in Eggleston and Rojstaczer (1998) (Eq. (1)), using thefirst decile
of the grain size distribution (d10) and the kinematic viscosity (v):

Permeability ¼ 1:1019⋅103m−2s⋅d
2
10

⋅v ð1Þ
2.2.2. Solute concentrations and fluxes

2.2.2.1. Sediment community oxygen consumption (SCOC). In 2016, the
oxygen concentration of the water in the incubation cores was deter-
mined discretely by inserting an oxygen microsensor (Unisense,
100 μm tip, 2-point calibration) into a subsample of the overlying
water. In 2017, the oxygen concentration was continuously monitored
using a robust oxygen miniprobe (Firesting, 3 mm Ø, 10 cm long,
2-point calibration). In both sampling campaigns, SCOCwas determined
from the linear decrease of oxygen concentration in the overlyingwater
between Tend and T1, standardized for overlyingwater volume and fluid
exchange surface and correcting for concentration changes due to the
water replacement.

2.2.2.2. DIN and DIC. After thawing, DIN samples were analysed by auto-
mated colorimetric techniques (San++SKALAR). DIC analysis was per-
formed using a segmented flow analyser (San++ SKALAR) according
to the method of Stoll et al. (2001). DIC and nutrient fluxes were calcu-
lated from the linear change in concentration in the overlyingwater be-
tween Tend and T1, standardized for overlying water volume and fluid
exchange surface, and correcting for concentration changes due to the
water replacement.

2.2.2.3. Irrigation tracer. Bromide anions (in 2016)were separated by ion
chromatography (Dionex Ionpac AS14 column), using a 3.5 mM
Na2CO3/1 mMNaHCO3 eluent. They were then detected by an UV spec-
trophotometer (Thermo Ultimate-3000) and an electrochemical detec-
tor (Dionex ED40). Uranine samples (in 2017) were analysed using a
spectrophotometer (ƛexcitation = 494 μm, ƛemission = 515 μm).

The irrigation rate Q (L d−1) (Meysman et al., 2006)was estimated as

Q ¼ −
VOW

Cr0−Crreference
� � ⋅ dC

dt
ð2Þ

with VOW the volume of overlyingwater, CT0 the tracer concentration at
the beginning of the incubation, CT reference the ambient tracer
4

concentration of seawater, and dC/dt the slope of the decreasing tracer
concentration over time. The slope between T0 and T1 was selected
since this represents best the actual irrigation rate rather than the depth
of the irrigation (De Borger et al., 2020). The irrigation rates were stan-
dardized by dividing Q by the surface of the core (L m−2 d−1).

2.2.3. Biological samples
The benthic organisms were identified to the lowest possible taxo-

nomic level, typically to species level, counted, and the blotted wet
weight determined. The abundance and biomass data, standardized to
m2, were used to calculate two functional indices of the benthic com-
munity: the bioturbation potential (BPc, Eq. (3)) (Solan et al., 2004)
and the irrigation potential (IPc, Eq. (4)) (Wrede et al., 2018). For each
species i in a sample, the abundance and biomass (resp. Ai and Bi)
were scaled, and multiplied with either its mobility score Mi and
reworking score Ri (for the BPc; Queirós et al., 2013), or its burrow
type BTi, feeding type FTi, and injection pocket depth IDi (for IPc;
Wrede et al., 2018).

BPC ¼ ∑n
i¼1

Bi

Ai

� �0:5

⋅Ai⋅Mi⋅Ri ð3Þ

IPC ¼ ∑n
i¼1

Bi

Ai

� �0:75

⋅Ai⋅BTi⋅FTi⋅IDi ð4Þ

2.3. Mass balance modelling

Biogeochemical process rates were estimated based on measured
fluxes of O2, DIC, NHx and NOx and an integrated mass balance of oxy-
gen, carbon, nitrate and ammonium in the sediment, which is an exten-
sion of the model developed in Soetaert et al. (2001). This model
contains the following processes: organic carbon can be oxidized aero-
bically (oxic mineralization - OxicMin), anaerobically (anoxic minerali-
zation – AnoxicMin) or by denitrification (Denitr). Anoxic
mineralization in this model consists of the collected anoxic mineraliza-
tion sub-processes (e.g. Mn and Fe reduction, and methanogenesis, as
per Soetaert et al. (1996)). Reduced substances, also called Oxygen
Demanding Units (ODU), produced by anoxic mineralization can be de-
posited in the sediment and remain buried (ODUdeposition), or be re-
oxidized (Reoxidation – Reoxi). Oxygen can be used to oxidize organic
carbon (OxicMin), to re-oxidize ODU (Reoxi) and to oxidize ammonium
to nitrate (Nitrification – Nitr) which requires two moles of oxygen for
each mole of ammonium (Eq. (5)). On the other hand, dissolved inor-
ganic carbon (DIC) is produced by organic carbon mineralization
(OxicMin, AnoxicMin, Denitr) (Eq. (6)). Ammonium is produced by
the mineralization of organic nitrogen (Total N mineralization - Nmin)
and the dissimilatory nitrate reduction to ammonium (DNRA), while
it is consumed by nitrification (Eq. (7)). Nitrate is produced by nitrifica-
tion and consumed by denitrification (0.8 mol of NO3/mol of carbon
denitrified) and DNRA (Eq. (8)). Oxygen, DIC, nitrate, and ammonium
are further exchanged through the sediment-water interface (O2influx,
CO2efflux, NOxinflux, NHxinflux), while the lower boundary of the sed-
iment is assumed to be a no flux boundary. The resulting balances are
summarized below.

dO2

dt
¼ O2influx−OxicMin−Reoxidation−Nitrification⁎2 ð5Þ

dCO2

dt
¼ CO2efflux−OxicMin−AnoxicMin−Denitrification ð6Þ

dNHx

dt
¼ NHxinfluxþ Nmineralizationþ DNRA−Nitrification ð7Þ

dNOx

dt
¼ NOxinfluxþ Nitrification−0:8⁎Denitrification−DNRA ð8Þ
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The fluxes across the sediment-water interface (O2influx, CO2efflux,
NHxinflux, NOxinflux) were estimated during the incubation experi-
ments, while the rates of change of oxygen, carbon dioxide, nitrate
and ammonium fluxes were assumed to be zero (geochemical steady
state). Two extra equations were added to solved the unmeasured
quantities (OxicMin, AnoxicMin, ODUdeposition, Reoxi, Nmin, Nitr,
Denitr, DNRA): the reoxidation of reduced substances equals the anoxic
mineralization minus the ODU that remains buried (Eq. (9)), and the
total N mineralization equals the sum of all mineralization processes
(OxicMin, AnoxicMin, Denitr) with a relationship between nitrogen
and carbon mineralization using the Redfield N/C ratio (0.156)
(Eq. (10)).

Reoxi ¼ AnoxicMin−ODUdeposition ð9Þ

Nmineralisation
¼ OxicMinþ AnoxicMinþ Denitrificationð Þ⁎N=C ratio ð10Þ

All unknowns should be equal to or above 0. The mass balance
model is based on two assumptions: the system reached a geochemical
steady state and there was no carbonate dissolution or formation.

With 6 equations and 8 unknowns, themodelwas underdetermined
and the R package limSolve (Soetaert et al., 2009) was used to solve a
Least Squares with Equality and Inequality Constraints inverse problem
(lsei, type 2).

2.4. Statistical analysis

2.4.1. Multiple factor analysis
To visualize common patterns between the environmental parame-

ters, species composition and biogeochemical characteristics, aMultiple
Factor Analysis (MFA) was applied (Escofier and Pagès, 1994). MFA is a
multivariate analysis performed in two steps: in a first step, principle
component analyses (PCA) on separate tables of variables (environ-
ment, fauna, biogeochemistry) are performed, and the components of
the PCA's are then normalized by dividing all elements by the total iner-
tia obtained from the respective PCAs. In the second step the weighted
PCA tables are combined and again subjected to PCA to generate the ref-
erence structure; the common structure of all the data. For the initial
PCA's in step one, environmental parameters (permeability, sediment
granulometry, TOC, TOM, chl a) and biogeochemical parameters (pro-
cess rates modelled in Section 2.4) were subjected to correlationmatrix
PCA; species biomass was log-transformed and subjected to a centred
PCA (Dray and Dufour, 2007).

2.4.2. Variance partitioning
Variance partitioning was used to determine which biogeochemical

processes are predominantly influenced by the sediment variables or by
faunal components. This technique allows parts of the explained
Table 1
Sediment characteristics. Values are expressed as average ± sd (n = 3).

Year Station Permeability 10−12 m2 MGS
μm

Silt
%

Fine sand
%

2016 130 1.98 10−3 ± 0.12 10−3 14 ± 1 87 ± 8 6 ± 6
780 0.18 ± 0.03 176 ± 1 12 ± 0 66 ± 3
BRN11 10.2 ± 0.45 294 ± 6 0 ± 0 31 ± 2
330 14.4 ± 0.79 349 ± 10 0 ± 0 15 ± 2
BBEG 41.10 ± 3.75 574 ± 32 0 ± 0 0 ± 0

2017 130 0.12 ± 0.13 19 ± 2 75 ± 5 14 ± 4
780 0.37 ± 0.32 169 ± 3 19 ± 2 58 ± 2
120 5.29 ± 4.12 221 ± 9 9 ± 5 47 ± 8
BRN11 13.1 ± 4.25 253 ± 6 3 ± 3 45 ± 0
D6N 18.7 ± 7.00 353 ± 12 0 ± 0 16 ± 4
330 42.5 ± 1.83 434 ± 43 0 ± 0 5 ± 4
D6S 53.9 ± 19.7 524 ± 203 0 ± 0 5 ± 5

5

variance of a response variable to be attributed to individual subsets of
potentially correlated explanatory variables (Borcard et al., 2011). In
this case, the explanatory variables combined all environmental vari-
ables as one subset (Table 1), and the biological variables as the other
(Table 2); the response variables were the modelled biogeochemical
process rates. Since variance partitioning is based on linear relation-
ships, linearity between the sets of the explanatory variables and each
individual response variable was assessed through linear regression
testing, assuming a p-value of 0.05 for significance. Explanatory vari-
ables (and in one case the response variable) were square root, or log
transformed to resolve issues of non-linearity. If linearity could not be
achieved, the variable was left out of the subset entirely (modelled var-
iable and removed variables were for Oxic min: TOM, TOC, irrigation
rate; for Anoxicmin.: fines, all species variables; for Denitr: fines, vfines,
BPc, IPc, species richness; for Nmin:fines, vfines; for Nitr: TOC, TOM, per-
meability, porosity, MGS, silt; SCOC: irrigation rate, species richness).
Explanatory variables were centred on their means and standardized
to control for the different scales of the response variables in the subsets
(Legendre and Legendre, 1998). A forward selection procedure was ap-
plied on the subsets of explanatory variables to remove redundancy
(Blanchet et al., 2008). After the variance partitioning, the significance
of each partition of explained variance was assessed using a permuta-
tion test, assuming a p-value of 0.05 (Borcard et al., 2011).

2.4.3. Statistical modelling
To statistically correlate SCOC, estimated oxic and anoxicmineraliza-

tion, denitrification, nitrification and total N mineralization to environ-
mental and biological explanatory variables, a multiple linear
regression approachwas used. Prior to themodel construction, collinear
predictors were excluded from the full set of predictors until all the var-
iance inflation factor (VIF) values were lower than 5 (Zuur et al., 2007).
The full linear models included permeability, % of Total Organic Matter
(TOM), % of fines (125–250 μm), BPc, IPc, irrigation rate and species rich-
ness as predictors. Model selection was performed through a stepwise
procedure based on the Akaike Information Criterium (AIC). After selec-
tion of the best model, the assumptions were checked with graphical
techniques. No violation of the assumptions was noticed for the SCOC
and denitrification models. However, heterogeneity of variance in the
residuals was detected for the other models. Linear regression with a
generalized least-squares extension was then performed for the oxic,
anoxic and total mineralization models (Chapter 4 in Zuur et al.,
2009). The variance structure used for each model is summarized in
Table 4. To model nitrification, a generalized linear model (GLM) with
a gamma distribution was adopted as this response variable is continu-
ous and larger than zero. Finally, the relative consumption of nitrate by
denitrification (denitrification / (denitrification + DNRA)) was
modelled using a GLM with a quasibinomial distribution.

Data analysis and modelling was performed in R (R Core Team,
2020), using the software packages “ade4” for the MFA (Dray and
Very fine sand
%

Porosity
-

TOC
%

TOM
%

Chl a
μg g−1

4 ± 1 0.77 ± 0.02 1.67 ± 0.22 8.81 ± 0.94 95 ± 33.8
9 ± 0 0.49 ± 0.05 0.23 ± 0.05 1.14 ± 0.34 3.2 ± 0.9
0 ± 0 0.41 ± 0.08 0.07 ± 0.01 0.52 ± 0.01 0.3 ± 0.1
0 ± 0 0.35 ± 0.09 0.1 ± 0 0.55 ± 0.01 0.1 ± 0
0 ± 0 0.22 ± 0.14 0.03 ± 0.01 0.32 ± 0.1 0.1 ± 0
5 ± 1 0.75 ± 0.03 0.74 ± 0.25 5.4 ± 2.39 31.5 ± 10
9 ± 1 0.51 ± 0.05 0.24 ± 0.06 1.58 ± 0.23 9.6 ± 0.4
5 ± 3 0.42 ± 0.03 0.13 ± 0.04 1.07 ± 0.18 2.7 ± 0.3
1 ± 0 0.39 ± 0.02 0.09 ± 0.03 0.73 ± 0.01 0.9 ± 0.2
0 ± 0 0.36 ± 0.02 0.07 ± 0.01 0.43 ± 0.04 0.2 ± 0.1
0 ± 0 0.33 ± 0.01 0.06 ± 0.01 0.82 ± 0.1 0.2 ± 0
0 ± 0 0.35 ± 0.1 0.04 ± 0.01 0.91 ± 0.37 0.1 ± 0



Table 2
Variables used for describing the biological functioning in the different stations, for successive years. Values are expressed as average ± sd, for three replicates (n = 3).

Year Station Irrigation rate
L m−2 d−1

IPc
gWW0.75 m−2

BPc
gWW0.5 m−2

Abundance
Ind. m−2

Biomass
gWW m−2

2016 130 3.31 ± 2.79 125 ± 130 212 ± 186 297 ± 194 10 ± 11
780 1.17 ± 0.09 6014 ± 1981 4017 ± 1190 1443 ± 482 1035 ± 130
BRN11 24.92 112 ± 81 269 ± 78 270 ± 178 6 ± 2
330 2.12 ± 0.8 282 ± 132 390 ± 110 788 ± 489 9 ± 7
BBEG 6.7 ± 3.21 5 ± 6 21 ± 25 24 ± 20 1 ± 1

2017 130 15.64 ± 2.31 2341 ± 1845 2834 ± 1678 2716 ± 2617 387 ± 267
780 6.42 ± 0.82 4106 ± 2381 6299 ± 2891 6196 ± 3184 772 ± 440
120 0.62 ± 0.65 1340 ± 1279 2021 ± 1192 4923 ± 701 451 ± 593
BRN11 7.76 ± 0.33 2760 ± 3980 1294 ± 689 811 ± 106 157 ± 207
D6N 4.98 ± 2.08 715 ± 547 831 ± 205 1317 ± 283 23 ± 14
330 10.91 ± 8.93 24 ± 12 163 ± 119 200 ± 81 2 ± 1
D6S 3.95 ± 1.04 40 ± 55 175 ± 215 435 ± 181 3 ± 5
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Dufour, 2007), the “vegan” package for the variance partitioning
(Oksanen et al., 2019), the “limSolve” package for the mass balance
model (van den Meersche et al., 2009) and the “lmne” (Pinheiro et al.,
2020) and “MASS” (Ripley et al., 2020) packages for the linear models.

3. Results

3.1. Field measurements

3.1.1. Sediment
Sediments ranged from silty sediments with a high total organic

matter (TOM) content and a low permeability nearshore (st. 130: me-
dian grain size (MGS)= 19± 2 μm, TOM=5.4± 2.4%, permeability=
0.12 10−12 ± 0.13 10−12 m2, values as average ± sd), to highly perme-
able, coarse grained sediments with lower total organicmatter contents
Fig. 2.Multiple factor analysis (MFA). A–C:Ordination of the samples based on sediment parame
all parameter tables grouped per set of samples. An ellipse represents one set of samples. Ell
covariance of the three coordinates of the sample. Panels A–D share their coordinate system a
text) to first and second MFA components (axes); the histogram shows the relative importa
the references to colour in this figure legend, the reader is referred to the web version of this a
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further offshore (D6S:MGS=524±203 μm, TOM=0.91±0.37%, per-
meability = 53.9 10−12 ± 19.7 10−12 m2) (Table 1, Fig. 2A). Stations
BRN11, 120, and 780 represented fine sandy sediments of intermediate
grain size (169± 3–253± 6 μm), characterized by a high percentage of
fine sands (45 ± 0–58 ± 2%), low to intermediate permeability (0.18
10−12 ± 0.03 10−12–13.10 10−12 ± 4.25 10−12 m2), and a TOM content
varying from0.52±0.01% to 1.58±0.23%. Sedimentswere classified as
permeable (D6, BBEG, BRN11, 330), or cohesive (120, 130, 780), de-
pending on whether their permeability was above (permeable), or
below (cohesive) 2.5*10−12m2 (Forster et al., 2003;Wilson et al., 2008).

3.1.2. Fauna
Species abundance and biomass were highest in the cohesive sedi-

ments (sts. 120, 130, 780) in both years, with up to 6196 ± 3184 ind.
m−2 representing 772 ± 440 g WW m−2 at st. 780 (Table 2). The
ters (A), species biomass (B), andmodelled process rates (C). D: Position of the samples for
ipses are a graphical summary of the means (the reference structure), variances and the
nd are directionally compatible for interpretation. E: Relative influence of each table (red
nce of the first and second axes (black) relative to additional axes. (For interpretation of
rticle.)
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species communities in sts. 120 and 780were representative of the Abra
alba community (Breine et al., 2018; Van Hoey et al., 2004), with the bi-
valve Abra alba present in nearly every sample in combination with
other bivalve species such as Kurtiella bidentata, Fabulina fabula, and
the tube building polychaete Owenia fusiformis (Fig. 2B). Station 130,
in turn, was representative of the Limecola balthica community
(Degraer et al., 2003). In the permeable sediments (sts. 330, D6, BBEG,
BRN11) values for the species metrics were lower, with abundances
and biomasses between 24 ± 20 and 1317 ± 283 ind. m−2, and
between 1 ± 1 and 157 ± 207 g WW m−2 respectively. As a result,
values of the functional indices BPc (21 ± 25–1294 ± 689
gWW0.5 m−2) and IPc (5 ± 5–2760 ± 3980 gWW0.75 m−2) were low
in the permeable sediments (with the exception of BRN11 in 2017
(IPc: 2760 ± 3980 gWW0.75 m−2, BPc: 1294 ± 689 gWW0.5 m−2), and
high in the cohesive sediments (BPc: 212 ± 186–6299 ± 2891
gWW0.5 m−2; IPc: 125 ± 130–6014 ± 1981 gWW0.75 m−2, Table 2).
Species in the permeable sediments generally belonged to the Nephtys
cirrosa community (Van Hoey et al., 2004), with Nephtys cirrosa domi-
nating the biomass in every sample except for the BBEG samples
(Fig. 2B). The amphipod species Urothoe brevicornis and U. poseidonis
were present in all samples besides the BBEG and D6S samples. The
amphipod species Bathyporeia elegans and B. guilliamsoniana were also
absent from the latter samples, as well as from st. 330 in 2017.
Macrofauna communities at D6S were poor in species, in contrast to
D6N, where additional species such as the sea urchin Echinocardium
cordatum, the hermit crab speciesDiogenes pugilator, and thepolychaete
species Eteone sp. and Spiophanes bombyx were recorded.

3.1.3. Fluxes and mineralization processes
The total modelled C mineralization decreased with the permeabil-

ity gradient, ranging from 168 ± 74 mmol C m−2 d−1 in muddy sedi-
ment (st. 130) to 0.21 ± 0.19 mmol C m−2 d−1 in the coarsest and
most permeable sediment (st. D6S) (Fig. 3A). The same pattern was ob-
served for the estimated anoxic mineralization that exhibited large and
strongly variable rates in muddy sediments (St. 130, 135 ± 75 mmol C
Fig. 3. Carbonmineralization processes: (A) Total organic carbonmineralization (mmol Cm−2 d
carbon mineralization allocated to oxic or anoxic mineralization, or denitrification (mmol C
Permeability gradient indicated by different colours (For interpretation of the references to co
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m−2 d−1) and extremely low rates in coarse sediment from station D6S
(0.1 ± 0.1 mmol C m−2 d−1) (Fig. 3D, Appendix B in supplementary
material).

The measured SCOC and the estimated oxic mineralization rates
were higher in all sediments with low permeability (Fig. 3B & C). The
SCOC showed the highest rates in the fine sandy station 780 in both
years (SCOC: 48.7 ± 2.2 mmol O2 m−2 d−1 in 2016, 57.3 ±
15.1 mmol O2 m−2 d−1 in 2017) while the oxic mineralization showed
the highest rates at 780 in 2016 (35.2±7.5mmol Cm−2 d−1) and at the
muddy station 130 in 2017 (43.1± 19.3mmol Cm−2 d−1) (Appendix B
in supplementary material).

No clear pattern along the permeability gradient was found for esti-
mated denitrification, nitrification nor for DNRA (Fig. 4). In general, de-
nitrification rates ranged between 0 ± 0 and 14.3 ± 2.6 mmol N m−2

d−1, indicating almost no denitrification in the coarsest sediments
from stations D6N and BBEG (0± 0–0.4 ± 0.6 mmol Cm−2 d−1). Nitri-
fication and DNRA rates revealed high interannual variation, especially
at the muddy station 130, where both the lowest modelled rates
(Nitr: 1.3 ± 2.2 N m−2 d−1 in 2017, DNRA: 0 ± 0 N m−2 d−1 in 2016)
and the highest modelled rates (Nitr: 15.3 ± 2.4 mmol N m−2 d−1 in
2016, DNRA: 12.3 ± 7 N m−2 d−1 in 2017) were estimated (Appendix
B in supplementary material).

The first two components of the MFA explained 60% of the variance
in the combined dataset (Fig. 2D, E). The sediment variables were the
dominant contributor to the first component, followed by the mineral-
ization processes, and the species community matrix (Fig. 2E). The sec-
ond component was mostly related to the community structure in
terms of species biomass and the mineralization processes, with a
lower contribution of the sediment variables.

3.2. Variance partitioning

Variance partitioning indicated that the biological component ([bio]
column, Table 3) was a significant explanatory variable of the oxic min-
eralization, denitrification and SCOC. The sediment subset ([sed]
−1); (B) Sediment community oxygen consumption (mmol O2m−2 d−1); (C)– (E) Rate of
m−2 d−1). Values represented as a function of log transformed permeability (x-axis).

lour in this figure legend, the reader is referred to the web version of this article.).



Fig. 4. Nitrogen cycling processes: (A) Nitrification; (B) Denitrification; (C) Dissimilatory nitrate reduction to ammonium (DNRA). Values as mmol N m−2 d−1 and represented as a
function of log transformed permeability (x-axis).

E. Toussaint, E. De Borger, U. Braeckman et al. Science of the Total Environment 767 (2021) 144994
column, Table 3) was significant in explaining the estimated anoxic
mineralization, denitrification, and the (log transformed) Nmineraliza-
tion. Except for denitrification, a substantial part (6–49%) of variance
was explained by both the biology and the sediment as shared vari-
ance([co] column, Table 3). The forward selection procedure did not se-
lect any significant explanatory variables from the biological
component for anoxic mineralization. Similarly, none of the sediment-
related components were selected as a significant explanatory variable
for nitrification. In these instances, the variable with the highest signif-
icance was chosen to run the analysis with (Table 3). As a result, the
model for anoxic mineralization was fully composed of the sediment
parameters while themodel for nitrification only comprised the species
component (Table 3).
3.3. Statistical modelling

The results of the statistical models confirm that the sediment vari-
ables were particularly important in explaining anoxic processes while
biological variables were particularly important in the models for oxic
processes (Table 4). Anoxic mineralization increased with TOM content
while it decreasedwith permeability. TOM and fines were positively re-
lated to denitrification. Our models show that an increased irrigation
rate had a negative effect on denitrification and anoxic mineralization
and on the probability of nitrate to be consumed by denitrification
rather than by DNRA.

The sediment reworking activity of the macrobenthos, estimated by
BPc, enhanced all three modelled oxic processes: SCOC, oxic mineraliza-
tion and nitrification. The SCOC was also negatively correlated to the
permeability.
Table 3
Results of the variance partitioning procedure for the twomethodologies: use of stepwise varia
and the stepwise variable selection from all variables (All). [bio] and [sed] are the conditional e
the jointly explained variance, and [res] the residuals of the full model [bio+ co+ sed]. Numb
mined by the permutation test.

Variables [bio + co] [co +

SCOC [bio] √BPc
[sed] Permeability, fine

0.50 0.34

Oxic mineralization [bio] BPc, species richness
[sed] Permeability, fine

0.64 0.30

Anoxic mineralization [bio] √SpRichness⁎

[sed] Perm., TOM, Fine
0.06 0.89

Nitrification [bio] IPc
[sed] fine⁎

0.15 0.04

Denitrification [bio] IrrigationRate
[sed] permeability

0.07 0.24

Log N mineralization [bio] √BPc
[sed] permeability

0.13 0.73

⁎ Denotes variables that were not statistically significant (p < 0.05) according to the forwar
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Finally, the variance in total Nmineralization was explained both by
sediment variables (permeability and TOM) and by biological variables
(BPc and irrigation rate).
4. Discussion

4.1. Spatial patterns

Our results indicated a clear link between the sedimentary environ-
ment, the sediment-inhabiting fauna and the estimated biogeochemical
rates. All these properties varied substantially within the study area, no-
tably changing along a gradient from cohesive sediments with high
mineralization rates (sts. 120, 130, 780), to permeable sediments with
low mineralization rates (D6, BBEG, 330, Fig. 2).

The reported oxygen consumption rates (14–57mmol O2m−2 d−1),
nitrification (1–15 mmol N m−2 d−1), and denitrification (0–-
14mmolNm−2 d−1)were generally in linewith those foundpreviously
in the area (Braeckman et al., 2014) and other coastal North Sea stations
(Lohse et al., 1993; Marchant et al., 2016; Bratek et al., 2020). Nitrifica-
tion and denitrification rates reported from the German Bight, a nearby
coastal environment characterized by a high deposition rate, were also
in line with the values obtained during the present study (Neumann
et al., 2017).

The high estimated total mineralization rates in cohesive sediments
(31–213 mmol C m−2 d−1) were not matched by similar oxygen con-
sumption rates (Fig. 3A-B). Especially in St. 130, DIC fluxes were excep-
tionally high, opening up the possibility that the steady state
assumption for the mass balance model was not met for these samples,
given these high fluxes could result from increased respiration
ble selection from the subset of variables selected through variance inflation testing (VIF),
ffects of the species component and the sediment component respectively, [co] represents
ers show the adjusted R2 for themodel fractions and are in bold when significant as deter-

sed] [bio + co + sed] [bio] [co] [sed] [res]

0.53 0.19 0.31 0.03 0.47

0.64 0.33 0.30 0 0.36

0.90 0.0 0.05 0.84 0.1

0.12 0.08 0.06 0 0.88

0.32 0.07 0 0.25 0.68

0.72 0 0.13 0.60 0.28

d selection procedure but were most significant out of the set of variables.



Table 4
Summary of the significant (p < 0.05) predictivemodels for SCOC, oxicmineralization, anoxicmineralization, total Nmineralization, nitrification and the probability of nitrate being trans-
formed into nitrogen gas through denitrification. For eachmodel, the distribution and the variance structurewhen applicable are detailed. The AIC and the adjustedR-squared or explained
deviance when available are provided, when available.

Model formula Distribution Variance structure AIC

SCOC = 32.73⁎⁎⁎ − 2.23 1011 Permeability⁎ + 5.41 10−3 BPc⁎⁎⁎ − 0.59 SpeciesRichness Gaussian
(LM)

AIC = 160
Adj R2 = 58%

Oxic mineralization = 11.09⁎⁎⁎ + 6.91 10−3 BPc⁎⁎⁎ − 1.29 1011 Permeability − 0.42
SpeciesRichness

Gaussian
(GLS)

Power of variance
covariate ~ Permeability

AIC = 276

Anoxic mineralization = 7.72⁎⁎⁎ − 3.37 1011 Permeability⁎⁎⁎ + 14.64 TOM⁎⁎⁎ − 0.16
IrrigationRate⁎⁎⁎

Gaussian
(GLS)

Exponential of variance
covariate ~ TOM | Station

AIC = 265

N mineralization = 3.96⁎⁎⁎ − 7. 66 1010 Permeability⁎⁎⁎ + 3.01 TOM⁎⁎⁎ + 8.25 10−4 BPc⁎ −
7.89 10−2 IrrigationRate⁎

Gaussian
(GLS)

Different standard deviation ~ Station AIC = 214

Nitrification = 0.11⁎⁎⁎ + 3.13 10−5 BPc⁎ Gamma
(GLM)

AIC = 210
Explained
Deviance = 6%

Denitrification = 2.71 + 1.40 TOM⁎⁎⁎ + 0.10 Fines⁎ − 0.27 IrrigationRate⁎ − 1.09 10−3 IPc⁎ Gaussian
(LM)

AIC = 105
Adj R2 = 46%

Den / Den + DNRA = 1.21⁎ − 0.17 IrrigationRate⁎ Binomial
(GLM)

AIC = 46
Explained
Deviance = 16%

⁎ P < 0.05.
⁎⁎⁎ P < 0.001.

E. Toussaint, E. De Borger, U. Braeckman et al. Science of the Total Environment 767 (2021) 144994
stimulated by high temperatures during transport. The steady-state as-
sumption does not imply that nothing is changing in the sediment at all,
but that changes in time of solid and liquid constituents (nutrientfluxes,
the porewater concentrations, and solid substances in the sediment) are
much smaller than the process rates themselves, so that they can be ig-
nored. Given the otherwise acceptable agreement between the SCOC
and DIC fluxes, and time elapsed since the peak organic matter deposi-
tion, we expect this assumption to have been fulfilled in the other sta-
tions. In permeable sediments on the other hand, often more oxygen
was consumed (13–32mmol O2 m−2 d−1) than needed for mineraliza-
tion alone (0.2–31 mmol C m−2 d−1), with a larger allocation of the
SCOC to nitrification, and the reoxidation of reduced products of anoxic
mineralization.

We observed a shift from denitrification to DNRA as the main NO3
−

consuming process (up to 100%) towards more irrigated sediments
(Table 4). This is consistent with previous studies, where maximal
rates for DNRA in permeable sediments were 50% and 77% of the total
NO3

− consumption based on field cores (Hellemann et al., 2020) and
slurry experiments (Behrendt et al., 2013) respectively. DNRA is per-
formed by many anaerobic prokaryotes, but has been shown to occur
in eukaryotes aswell (Kamp et al., 2015). In permeable sands, advective
flows can rapidly transport algal cells such as diatoms deep in the sedi-
ments (Huettel and Rusch, 2000), where temporary anoxia or dark con-
ditions, along with sufficient concentrations of NO3

− could induce
nitrate reduction by diatoms, to survive dark conditions (Kamp et al.,
2011). With denitrification strongly dependent on the organic matter
content of the sediment (Table 4), our observations suggest that
DNRA increases in importance relative to denitrification when high ni-
trate concentrations are available (e.g. by ventilation activity, which fa-
vours both DNRA and denitrification), but where concentrations of
organic matter to mineralize are lower (disfavouring denitrification,
since this is strictly heterotrophic).

Alternatively, it is possible that the increasing irrigation rate pro-
motes nitrogen fixation by bringing N2 rich water deeper in the sedi-
ment. Nitrogen fixation transforms N2 into NH4

+ and appears to be
more important than previously believed in marine sediments (Bertics
et al., 2010; Newell et al., 2016). Fan et al. (2015) showed that N2 fixa-
tion occurs in Southern North Sea sediments, and exhibits similar
rates as denitrification, with highest N2 fixation rates observed in per-
meable sediments. N2 fixed in the sediment would end up in both mea-
surable NH4

+ effluxes from the sediment and in biomass (and through
biomass degradation to NH4

+ concentrations) (Newell et al., 2016).
Hence, part of the NH4

+ production in the model may be due to N2
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fixation, and part of the NO3
− consumption by denitrification, as op-

posed to DNRA. However, additional measurements (e.g. of the N2

flux), would have been needed to constrain the N2 fixation process in
the mass balance model. As is, the inclusion of DNRA, and the differen-
tiation between oxic and anoxic mineralization are already useful im-
provements over previous applications of the mass balance approach
(Soetaert et al., 1996; Braeckman et al., 2010, 2014). Given that only a
few studies exist which describe DNRA, nitrogen fixation and anammox
(anoxic ammonium oxidation) for the southern North Sea (e.g. Bale
et al., 2014; Fan et al., 2015; Lipsewers et al., 2014), it would be of
high interest to perform dedicated microbial and 15N stable isotope re-
search, to better understand the abiotic and biotic factors regulating the
relative occurrence of these N-cycling processes in temperate coastal
areas.

4.2. Respective roles of macrobenthos and sediment characteristics in C and
N cycling

Variance partitioning and multiple linear regression both showed
that oxic processes weremainly related to faunal activities, whereas an-
oxic processes were more determined by sediment characteristics. De-
nitrification was significantly linked to both components. Moreover,
the interaction between faunal and abiotic components was of primor-
dial importance for all modelled processes except denitrification.

4.2.1. Faunal activities play a major role in C and N cycling
The key role that macrobenthos activity plays in benthic mineraliza-

tion processes is well described (e.g. Braeckman et al., 2014; Kristensen,
2001; Volkenborn et al., 2016). In our study, we used the Bioturbation
Potential (BPc) and the Irrigation Potential (IPc) of the community as
proxies for two types of faunal activity, respectively particle reworking
and burrow ventilation. Variance partitioning showed that BPc ex-
plained a considerable amount of variance in oxic processes, and BPc
was selected in regression models for SCOC, oxic mineralization, total
N mineralization, and nitrification (Table 4). Particle reworking en-
hances SCOC, by mixing buried reduced compounds back into the oxic
zone of the sediment, where they are reoxidized (Aller, 1978). At the
same time, bioturbators fragment organic matter and disperse it from
the sediment-water interface where it originally settled, to a larger vol-
ume of sediment. This makes it more accessible to micro-organisms,
and results in increased mineralization rates, both oxic and anoxic
(van Nugteren et al., 2009; Canfield et al., 1993; Canfield and
Thamdrup, 1994).
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While burrow ventilation fuels oxic mineralization and nitrification
by bringing electron acceptors (e.g. O2, NO3

−) deeper in the sediment
(Aller and Aller, 1998; Banta et al., 1999), the IPc indexwas not selected
as an explanatory variable, despite previous findings that stressed the
importance of burrow ventilation (Mermillod-Blondin et al., 2004;
Braeckman et al., 2010; Wrede et al., 2018). We suspect this could be
due to different reasons. First, the IPc indexmight not be an accurate es-
timation of the burrow ventilation rate. De Borger et al. (2020) indeed
showed that IPc correlates more strongly to the burrow ventilation
depth than to the ventilation rate and our results do not indicate any
correlation between the IPc index and themeasured irrigation rate (Ap-
pendix C in supplementarymaterial). Second, BPc and IPc represent fau-
nal activities that affect sediments at different timescales. Both
functional indices represent the potential to express an activity, but
they do not include the temporal dynamics of the activity. Temporal
variation is strongly pronounced for ventilation as animals do not ven-
tilate constantly (Volkenborn et al., 2016), and the downward
transported electron acceptors (e.g. oxygen) are rapidly consumed. As
such, the stimulation of oxic mineralization processes takes place at
short temporal scales, which is not taken into account in the IPc formu-
lation. Temporal dynamics are less pronounced for particle transport.
Though organisms do not move constantly either, bioturbation dis-
places particulate organic matter to deeper layers, where it is mineral-
ized over a much longer timeframe relative to the quasi-instantaneous
consumption of oxygen, thus generating a longer lasting effect. We be-
lieve that IPc could be more useful in predicting biogeochemical pro-
cesses if a metric for temporal dynamics were included in the index.

Our results do not support the common idea that ventilation in-
creases rates of coupled nitrification-denitrification (Pelegri et al.,
1994; Rysgaard et al., 1995; Na et al., 2008; Volkenborn et al., 2016). In-
deed, nitrification rates were strongly and positively related to faunal
activities, but denitrification rates were negatively correlated to the irri-
gation rate and to IPc (Table 4). Irrigation brings both nitrate and oxygen
in the pore water at depth. Nitrification is then enhanced as oxygen
serves as an electron acceptor but the high oxygen concentration or
the low OM availability might inhibit denitrification (Bergaust et al.,
2012). Similar patterns have been observed before. For example,
Trypaea australiensis (a marine ghost shrimp) which constructs deep
burrow systems and exhibits high particle transport and ventilation
rates has been shown to stimulate nitrification, without affecting rates
of denitrification. This uncoupling of nitrification and denitrification
was probably due to larger spatial separation between nitrification
and denitrification zones (Jordan et al., 2009).

Unlike denitrification, the importance of DNRA increased in well-
irrigated sediments (Model of Denitrification / (Denitrification +
DNRA), Table 4) which results in the retention of reactive nitrogen in
themarine environment. It is unclearwhy the ventilation ratewould in-
fluence the balance between DNRA and denitrification in this way. We
speculate that DNRA is more efficient to deal with oxic conditions
than denitrification. Indeed, Roberts et al. (2014) showed that the con-
tribution of DNRA to nitrate reduction increased from <1% in anoxic
conditions to 18% in oxic conditions.

4.2.2. Permeability, an important environmental variable for total C and N
cycling

At first sight, the high importance of permeability in our study is in
contrast with the well-established idea that fauna plays an important
role in the benthic biogeochemistry. Other studies using variance
partitioning techniques have reported a more balanced importance of
biotic and abiotic variables in ecosystem functioning (Belley and
Snelgrove, 2016; Godbold and Solan, 2009). However, these studies fo-
cused on a narrow part of the permeability gradient (MGS 20–112 μm),
where faunal activities play a more important role in mineralization
processes than in truly permeable sediment (Braeckman et al., 2014).
The importance of permeability in explaining biogeochemical processes
in permeable sediments has been highlighted before (Huettel et al.,
10
2014), but our study is the first to show the importance of permeability
for total carbon and nitrogenmineralization along such a wide gradient
of permeability.

Permeability alone explained 60% of the variability in total N miner-
alization (Table 4). The oxic part ofmineralizationwasmainly related to
faunal activities, but the variability in anoxicmineralization and denitri-
fication, which together account for more than half of the total mineral-
ization in most stations, was mainly explained by sediment
characteristics (respectively 84% and 25%), with permeability as the
main selected variable (Table 3, Table 4). Permeability is a key factor
for ecosystem functioning as it affects oxygen and food availability in
the sediment, but it is also a structuring factor of the habitats andmicro-
bial communities (Seitzinger et al., 2006; Probandt et al., 2017). Indeed,
sediments characterized by low permeability, high percentage of TOM
and a high percentage of fine sands (125–250 μm) create a favourable
environment for denitrifiers and in particular sulphate reducers
(Seitzinger et al., 2006; Al-Raei et al., 2009; Probandt et al., 2017).

In addition to permeability, the total organic matter content was an
important environmental variable for the estimations of anoxic miner-
alization, denitrification and total N mineralization (Table 4). This is
not unexpected, since a higher OM content will trigger higher mineral-
ization rates (Al-Raei et al., 2009), hence lead to oxygen depletion. De-
spite similar bottom water chl a concentrations in the study area at
the end of summer (Braeckman et al., 2014), the OM content tends to
be lower in coarse permeable sediment, which probably indicates that
most of the OM is already recycled at the end of summer in those highly
active sediments (Huettel et al., 2003; Rasheed et al., 2003). Therefore, it
would be interesting to investigate the relationship between permeabil-
ity andmineralization processes in different seasons, to be able to deter-
mine the impact of permeability throughout the year.

4.2.3. Sediment – fauna interactions
The sediment properties and the inhabiting benthic fauna are closely

related, as variance partitioning showed considerable covariance be-
tween both in the models for SCOC, oxic mineralization, and total N
mineralization (Table 3). This is in line with results of other studies
using variance partitioning (Godbold and Solan, 2009; Belley and
Snelgrove, 2016), where shared variability between biotic and abiotic
factors remained present as a predictor for benthic biogeochemistry.

Benthic communities are strongly associated to certain ranges of
sediment characteristics, such as median grain size, and the mud con-
tent, which are linked towater columnprocesses that govern food avail-
ability and hydrodynamic stress (e.g. Llobet-Brossa et al., 1998, 2002;
Degraer et al., 1999; Böttcher et al., 2000; Van Hoey et al., 2004;
Al-Raei et al., 2009; Vanaverbeke et al., 2011). Moreover, different sed-
iment types impose different constraints on the fauna, resulting in a var-
iable expression of effect traits along a range of habitats. We found high
values for both BPc and IPc in fine sandy –muddy sediments, and lowest
values in the most permeable, coarse sediments (Table 1, Table 2).
Braeckman et al. (2014) similarly demonstrated that BPc was a major
predictor of SCOC and NHx exchange in fine sandy sediments, and to a
lesser extent in muddy and permeable sediments. While the higher
values of the functional indices in finer sediment are partly attributed
to higher faunal biomass, the functional traits of only few species in per-
meable sediments (e.g. the sea urchins Echinocardium sp. and the poly-
chaetes Nephtys sp., Appendix D in supplementarymaterial) attain high
values which contribute markedly to the index scores.

In permeable sediments, macrofauna tend to have response traits
that make them more adapted to stronger hydrodynamic pressures,
while they are less constrained by low oxygen availability than species
in cohesive sediments (Vanaverbeke et al., 2011). Whereas ventilation
rates were of similar magnitude in permeable and cohesive sediments
(Table 2), our measurements do not separate faunal burrow ventilation
fromphysical ventilation. In permeable sediments, local hydrodynamics
induce advective porewater flows that overwhelm animal pumping ac-
tivities (Kristensen and Kostka, 2013;
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Huettel et al., 2014). It is thus difficult to provide statements about
the actual ventilation rates in permeable sediments, based on organism
trait scores alone. In cohesive sediments however, solute exchangewith
the overlying water is limited to the scale of a fewmillimetres by diffu-
sive transport, which makes burrow ventilation and particle transport
interesting processes from the organismal point of view to replenish ox-
ygen and food supply, and remove metabolites (Aller and Aller, 1998;
Meysman et al., 2006; Volkenborn et al., 2016).

As such, our results show the usefulness of using effect traits as pre-
dictors for ecosystem processes, but similarly highlight the caveat of
interpreting themwhen calculated without proper consideration of en-
vironmental steering. This again shows that the use of functional trait
indices is likely of little use without associated investigation of metrics
of ecosystem functionality (Bolam and Eggleton, 2014).

4.3. Models to understand the impact of anthropogenic activities onminer-
alization processes

Three of the studied stations were more strongly impacted by
human activities. Station BRN11 is located in an abandoned sand extrac-
tion area, and stations D6N and D6S are situated 200m north and south
from an offshore wind turbine (Fig. 1). In this section, we discuss how
environmental changes triggered by anthropogenic activities impact es-
timatedmineralization rates and how themodels that we applied could
be a useful tool to understand those impacts.

We observed that stations experiencing anthropogenic impact were
highly variable in time (BRN11) and in space (D6N&D6S). Compared to
the situation in 2016, sediment from BRN11 in 2017 had higher fine
sand and silt fractions, lower permeability and higher chl a content
(Table 1). In addition, themacrobenthic communitywasmuchmore di-
verse; and associated BPc and IPc were higher (Table 2). The irrigation
rates were quite similar. Comparable differences were observed be-
tweenD6N (finer sediment, richer in chl a and fauna) andD6S, although
only 400 m apart.

The reasons for the observed sedimentary andbiological changes are
unclear. At BRN11, the temporal changes following the closure of the
site could be attributed to ongoing sand extraction activity in the vicin-
ity, to the migration of sand dunes, or a combination of both, that con-
tribute to fining of the sediment in the extraction pit (Degrendele and
Vandenreyken, 2017; De Backer, pers. obs.). The spatial differences ob-
served around wind turbine D6 could be due to altered local hydrody-
namics linked to the presence of the turbine (Rivier et al., 2016;
Legrand et al., 2018) or to the position on the sand wave (Cheng et al.,
2020), in combination with the deposition of (pseudo)faeces by filter
feeders living abundantly on the turbine (Coates et al., 2013; Baeye
and Fettweis, 2015).

Regardless of the exact causes, these results tend to suggest that sed-
iment fining causes a shift in the macrobenthos community, and en-
hances the estimated mineralization processes, as shown by higher
oxic and anoxic mineralization rates in the finer-grained stations
(Appendix B in supplementary material). Our regression models
(Table 4) have proven to be useful in understanding these impacts.
For instance, the increased potential of the community to rework
particles alongwith the lower permeability in the finer-grained stations
explain their enhanced oxic mineralization rates (Oxic mineralization
model, Table 4).

The models developed here are a major step forward towards
predicting and scaling up the effects of anthropogenic activities on dif-
ferent ecosystem functions in shallow North Sea sediments, which is
crucial to support scientifically sound ecosystem management.

5. Conclusions

In this study, we disentangled biotic and abiotic driving forces of
benthic biogeochemical processes by applying variance partitioning
on biogeochemical rates obtained via a mass balance model. While
11
oxic processes were mainly regulated by faunal activities and advective
processes in permeable sediments, anoxic mineralization was con-
trolled by sediment characteristics. However, for processes such as de-
nitrification, the sediment and its inhabiting fauna were too strongly
linked to be separated. As a result, we showed that organism traits are
useful to predict biogeochemical processes but should be interpreted
in the right ecological context. Regression models were derived to esti-
mate biogeochemical processes as a function of biotic and abiotic vari-
ables. They may prove to be a useful tool to understand the impact of
anthropogenic activities and provide a step towards predicting and scal-
ing up their impact on ecosystem functions.
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