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Abstract
The effects of single macrofauna species on benthic nitrogen (N) cycling has been extensively studied,
whereas the effect of macrofauna communities on N-related processes remains poorly explored. In this
study, we characterized benthic N-cycling in bioturbated sediments of an oligotrophic northern Baltic
waters (Öre estuary). Solute �uxes and N transformations (N2 �xation, denitri�cation and DNRA) were
measured in sediments and in macrofauna-bacteria holobionts to partition the role of three dominant
macrofauna taxa (Limnecola balthica, Marenzelleria sp. and Monoporeia a�nis) in shaping N-cycling,
and to disentangle the contribution of different functional groups within the community. In the studied
area, benthic macrofauna comprised a low diversity community with extremely high local dominance of
three macrofauna taxa, which are widespread and dominant in the Baltic. The biomass of these three
taxa in the benthic community explained up to 30% of variation in measured biogeochemical processes,
con�rming their role in ecosystem functioning. The results also show that these taxa signi�cantly
contributed to the benthic metabolism and N-cycling (direct effect) as well as reworked sediments with
positive feedback to dissimilative nitrate reduction (indirect effect). Taken together, these functions
promoted a re-use of nutrient at the benthic level, limiting net losses (e.g. denitri�cation) and e�uxes to
bottom water. Finally, the detection of multiple N transformations in dominating macrofauna holobionts
suggested a community-associated active and versatile microbiome, which alternatively contributes to
the biogeochemical processes. The present study highlights hidden and interactive effects among
microbes and macrofauna, which should be considered in analysing benthic functioning.

1. Introduction
The community of benthic invertebrates sustains ecosystem functioning in shallow coastal areas via
functional group-speci�c mechanisms (Lohrer et al. 2004; Kristensen et al. 2014) and via common
adaptations to the conditions within sediments (Karlson et al. 2005). Filter and deposit feeders generally
dominate the benthic communities (e.g. Gogina et al. 2016). Filter feeders like bivalves may favour the
transport of pelagic primary production to the sediment, promote water transparency and enhance the
regeneration of nutrients to the water column, keeping primary producers growth elevated (Nakamura et
al. 2000; Naldi et al. 2020). Surface or deep burrowing deposit feeders, like polychaetes, fertilise
sediments with labile faeces and mix organic matter via sediment reworking, accelerating the rates of
mineralization via priming effects (Kristensen 2000). By constructing and ventilating burrows,
macrofauna alter redox conditions due to the transport of electron acceptors and metabolic end-products
(Kristensen 2001; Hedman et al. 2011; Kristensen et al. 2014; Kauppi et al. 2018) and increase coupling
between aerobic and anaerobic horizons (Nielsen et al. 2004; Pischedda et al. 2008; Kristensen et al.
2012). Therefore, macrofauna may stimulate an array of reactions and processes regulating benthic
functioning. Macrofauna may also select and host unique microbiomes, which can contribute to
biogeochemical cycling (Cardini et al. 2019; Zilius et al. 2020; Marzocchi et al. 2021).

Most studies on macrofauna-mediated benthic functioning were based on abundant species (Thrush et
al. 2006; Smyth et al. 2018), or on reconstructed microcosms where different abundance levels of a
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single species were manipulated (Karlson et al. 2005, 2007; Braeckman et al. 2010; Gilbertson et al. 2012;
Bonaglia et al. 2014; Benelli et al. 2018; Kauppi et al. 2018; Samuiloviene et al. 2019). Alternatively,
inferential multivariate statistical approaches were used to analyse the relationships between benthic
communities and functional processes (Norkko et al. 2015; Villnas et al. 2018; Politi et al. 2019). However,
emerging properties of natural communities, where different functional groups interact, still remain poorly
explored and understood (Gamfeldt et al. 2014; Kaupi et al. 2018). Such emerging properties may either
amplify or buffer the biogeochemical effects of a single species or functional groups (Clare et al. 2016a),
since interactions may lead to non-additive effects.

The simultaneous analysis of whole benthic community functioning and metabolic activity of a single
macrofauna species may help addressing the species role in the community, and to emphasize the
possible interspeci�c interactions. The contribution of macrofauna to benthic functioning can occur in
multiple ways: 1) directly, via their own metabolic rates (Welsh et al. 2015; Smyth et al. 2018), 2) indirectly
via reworking of sediments, which stimulates microbial communities (Laverock et al. 2014; Bonaglia et al.
2013, 2014; Vasquez-Cardenas et al. 2016; Samuiloviene et al. 2019), and 3) via ecological interactions
(predation, competition, facilitation) with other macrofauna (Clare et al. 2016a, b) or with bacteria (Zilius
et al. 2020; Marzocchi et al. 2021). Increasing synergy between molecular tools and the use of stable
isotope probing have allowed large improvements in our understanding of element cycling in holobionts
and benthic macrofauna reworked sediments (Poulsen et al. 2014; Vasquez-Cardenas et al. 2016; Cardini
et al. 2019; Zilius et al. 2020; Marzocchi et al. 2021; Politi et al. 2021).

In particular, benthic microbial nitrogen (N) cycling is largely affected by macrofauna activity. For
example, dense bivalve populations can result in large ammonium (NH4

+) e�uxes to the bottom water,
alleviating N limitation for microbial communities (Welsh et al. 2015; Smyth et al. 2018). Deep burrowing
macrofauna, during ventilation, pump N- and oxygen (O2)-rich bottom water downward (Nielsen et al.
2004; Mermillod-Blondin and Rosenberg 2006; Murphy and Reidenbach 2016). This stimulates microbial
N-cycling pathways, including nitri�cation and denitri�cation (Tuominen et al. 1999; Bonaglia et al. 2013;
Stief 2013; Bosch et al. 2015; Moares et al. 2018). Therefore, in macrofauna-reworked sediments, the
abundance and the activity of microbial communities often exceed those of surrounding, non-bioturbated
sediments (Laverock et al. 2014; Gilbertson et al. 2012; Yazdani Foshtomi et al. 2018; Samuiloviene et al.
2019). The exterior and/or interior of macrofauna offer additional habitats for microbial communities,
which are actively involved in different N-cycling pathways such as nitri�cation, denitri�cation and
dissimilatory nitrate reduction to ammonium (DNRA) or dinitrogen (N2) �xation (Ray et al. 2019; Zilius et
al. 2020; Marzocchi et al. 2021; Politi et al. 2021).

The present study shades light on how benthic biodiversity-ecosystem functioning affects N-cycling in a
shallow coastal systems. The study was carried out in the Öre estuary (Northern Baltic Sea), which is
characterized by low diversity macrofauna communities dominated by three taxa: the surface deposit
feeder amphipod Monoporeia a�nis (Lindström), the surface deposit and suspension feeding clam
Limnecola balthica (L.) and the deep burrowing deposit feeding polychaete Marenzelleria sp. We
hypothesized that the effects of macrofauna community on microbial processes largely depend on the
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dominant macrofauna functional group or on the combination of co-dominant functional groups, each of
them characterized by a particular bioturbation mode, feeding guild and potential to harbour active
microbiota. Consequently, we expect the main biogeochemical processes in sediments to be
predominantly the result of the collective effect of these different functional groups. Therefore, the aim of
this study was to disentangle such collective effect on microbial N transformations. We used a
methodologically integrated approach, which included benthic community (whole core) as well as
holobiont (single individual) incubations, to disentangle and reconstruct N-cycling in non-manipulated
benthic community, highlighting hidden and interactive effects among the abiotic environment, microbes
and macrofauna.

2. Methods

2.1 Study site and sampling activities
The Öre estuary is a boreal estuarine system (~ 71 km2) located on the Swedish coast of the Quark Strait,
between the Bothnian Bay and Bothnian Sea (Northern Baltic Sea) (Fig. 1). The estuary is brackish (< 6),
and oligotrophic due to limited nutrient inputs from the watershed (Hellemann et al. 2017; Voss et al.
2020), which mainly consists of coniferous forests and mires. This estuary is strati�ed depending on
spatiotemporal gradients of salinity, changing upon seasonal river discharge, and summer temperature
(Brydsten and Jansson 1989; Bartl et al. 2019). The estuarine sedimentary environment varies from silt to
�ne sandy deposits (Hellemann et al. 2017).

Sediments and animals for experimental activities were collected on 29 and 31 July 2019 in the area
comprised between monitoring stations NB3, N8 and NB7 (Fig. 1). Sediments were collected on-board of
R/V Botnica using a box corer (20 × 20 cm). After each deployment of the box corer, two large cores (i.d. 8
cm, length 30 cm) were subsampled for �ux measurements and a small core (i.d. 4.2 cm, length 25 cm)
was subsampled for sediment characterization. A total of 18 large cores and 6 small cores were
collected. Bottom water (~ 30 m depth) was collected at the station NB8 with a Niskin-Type water
sampler (30 L) for sediment core incubation and other experimental activities. In addition, macrofauna
for holobiont incubations was collected using a Van Veen grab and carefully sieving sediments.
Macrofauna was transferred to 10 L aquaria, containing continuously aerated bottom water and a nearly
2 cm thick layer of surface sediments from the sampling site. In the laboratory, open sediment cores were
placed into an incubation tank, containing un�ltered aerated and well-stirred estuarine water in a
temperature‐controlled room (12°C). A stirring bar, driven by an external magnet at 40 rpm, was inserted
in each core approximately 15 cm above the sediment interface to maintain the water phase mixed
avoiding sediment resuspension. The cores were subsequently pre-incubated overnight.

2.2 Whole core measurements
After overnight preincubation, a gas-tight lid was placed on the top of each core and a dark incubation
started. The experiment lasted from 7 to 9 h in order to keep �nal O2 concentration within 20% of the
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initial value. At the beginning and end of the incubation, 20 mL water aliquots were collected from each
core, transferred into 12 mL exetainers (Labco Ltd) allowing over�ow, and �xed with 200 µL of 7 M ZnCl2
for O2:Ar measurements. In addition, aliquots of 30 mL were �ltered (Frisenette GF/F �lters) into 12 mL
plastic test tubes (for inorganic N and silica (DSi)) and in 10 mL glass tubes (for dissolved inorganic
phosphorus – DIP), and they were immediately frozen at − 20 oC for later nutrient analysis (see Sect. 2.4
for details).

After the �ux measurements, cores were opened, and left submerged in the incubation tank for 13 h.
Afterwards, NO3

− reduction processes were measured following the revised isotope pairing technique (r-

IPT, Risgaard-Petersen et al. 2003). Brie�y, all cores were spiked with 15NO3
− tracer (20 mM Na15NO3, 98

atom % 15N, Sigma Aldrich) to a �nal concentration of 10 µM (n = 9) and 26 µM (n = 9). To calculate the
isotopic enrichment, water samples for NO3

- analysis were collected prior and after the tracer addition.
The cores were then capped and incubated in the dark as described for �ux measurements. At the end of
incubations, the water and the whole sediment phases were gently mixed to a slurry. Thereafter, 20 mL
aliquots of the slurry were transferred into 12 mL exetainers (Labco Ltd) allowing twice over�ow, and
�xed with 200 µL of 7 M ZnCl2 for later 29N2 and 30N2 analyses. An additional 40 mL subsample was
collected, transferred to 50 mL falcon vials and treated with 2 g of KCl for the determination of the
exchangeable NH4

+ pool and the 15NH4
+ fraction (see Sect. 2.4 for details). After the incubations the

sediments from all cores were carefully sieved (0.5 mm mesh size) to retrieve macrofauna for further
taxonomic identi�cation and determination of abundance and biomass.

2.3 Holobiont incubations
Individual incubations were employed to assess N-cycling pathways associated with the animal’s
holobionts. Incubations were carried out reproducing the experimental setup previously described in
Marzocchi et al. (2021) and Politi et al. (2021). Brie�y, animals were incubated in small bottom-capped
Plexiglas cylindrical microcosms (total volume 227 ± 3 mL) partly �lled with sterilized glass beads (Ø 1–
1.3 mm; 4 mL – for M. a�nis, 5 mL – for L. balthica, and 16 mL – for Marenzelleria sp. experiments), and
the rest with �ltered and aerated in situ water, amended with different isotopes (see Sect. 2.3.1 and 2.3.2
for details). The water was �ltered (MCE �lters, 142 mm diameter, pore size 0.22 µM, MF-Millipore™) to
remove phytoplankton, suspended particles and bacteria, so that metabolic rates measured in the
incubation could be solely attributed to the macrofauna and its associated microbiome. All microcosms
were equipped with a stirring magnet for continuous water mixing (20 rpm) during incubation, and with
gas tight lids on the top �tted with sampling ports for water subsampling and replacement.

2.3.1 Nitrate reduction
The r-IPT was used to assess NO3

− reduction processes associated with animals, including
denitri�cation, DNRA and anammox (Thamdrup and Dalsgaard 2002; Risgaard-Petersen et al. 2003).
Three different macrofauna treatments, each with 5 replicates (containing 19–24 ind. of M. a�nis or 2
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ind. of L. balthica or 1–2 ind. of Marenzelleria sp.) and 1 control (only water), were applied. The �rst
treatment had low 15NO3

− addition to a �nal concentration of 8.6 µM, the second treatment had high
15NO3

− addition to a �nal concentration of 25.3 µM, and the third treatment had 15NH4
+ (15 mM 15NH4Cl,

98 atom % 15N, Sigma Aldrich) and 14NO3
− additions to �nal concentrations of 32.0 and 25.9 µM,

respectively. The different 15NO3
− concentrations of treatments 1 and 2 were used to validate the IPT

assumptions (Risgaard-Petersen et al. 2003). To calculate the degree of isotopic enrichment, water
samples for NH4

+ and NO3
− analysis were collected prior and after the isotope addition. Before capping

microcosms, they were preincubated for 1–3 h allowing the tracer diffusion into the animal’s body. After
this period, the microcosms were incubated in the dark for 20–39 h, depending on macrofauna species,
at 12 oC. Following incubation, water aliquots were subsampled at three time points from each replicate,
transferred into 12 mL exetainers (Labco Ltd) and poisoned with 200 µL of 7 M ZnCl2 for gas
measurements. In addition, dissolved O2 was monitored with optodes (FireStingO2, PyroScience GmbH)
to adjust the incubation time.

Slopes of the linear regression of 29N2 and 30N2 concentrations versus time were used to calculate rates
of denitri�cation and anammox, using the equations from Thamdrup and Dalsgaard (2002). The slope of
the linear regression of 15NH4

+ concentration versus time was used to calculate rates of DNRA according

to Bonaglia et al. (2016). All NO3
− reduction rates were then calculated as a function of biomass dry

weight. Finally, rates in the experimental chambers with animals were corrected with values detected in
the controls.

2.3.2 Dinitrogen �xation
To determine rates of N2 �xation, a stock solution of 30N2-enriched 0.22 µm twice-�ltered water was
prepared using a modi�ed version of the protocol described in Klawonn et al. (2015) as reported in
Marzocchi et al. (2021). Before starting the incubation, the stock solution was gently transferred into �ve
microcosms to minimize gas exchange with the atmosphere. After the macrofauna organisms were
added (two individuals for each microcosm for L. balthica and Marenzelleria sp., and three individuals for
each microcosm for M. a�nis), the cores were closed and incubated in the dark for 6.3 to 6.5 h. Three
additional microcosms were prepared and incubated as above but with unlabeled water to serve as a
control for isotopic contamination. At the end of the incubation, the macrofauna was collected, weighted
(wet weight), and stored at − 20°C for later 15N incorporation analysis. Individuals of L. balthica were
dissected to remove the soft tissues from the shell, and further to separate the foot from the rest of the
body, before being weighted. In addition, ten non-incubated specimens of each incubated macrofauna
species were weighted and stored as above for later determination of the natural abundance of N
isotopes. Prior to the isotopic analysis, animals’ tissues were freeze-dried for 48 h, ground to �ne powder
and weighed into tin capsules. Samples were analyzed for N elemental composition (%) and isotope
ratios (δ15N). 15N2 incorporation rates were calculated as in Cardini et al. (2019), for the entire animal.
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15N2 incorporation was considered signi�cant for those samples that showed an atom% excess that was
more than two folds higher than the standard deviation of the atom% in the unlabelled samples.

2.3.3 Excretion and respiration
Macrofauna excretion and respiration were assessed to explain their contribution to net benthic �uxes.
Brie�y, six 22-mL glass microcosms with L. balthica (2 ind. per vial), M. a�nis (6 ind. per vial), and
Marenzelleria sp. (2 ind. per vial) with 0.22 µm twice-�ltered water were set up and incubated in the dark,
under continuous monitoring of O2 with optodes (FireStingO2, PyroScience GmbH). In addition, two
controls for each species incubation were added later to correct rates in vials with animals. Incubation
was carried out in the dark at 12 oC and lasted from 2.5 to 5.5 h depending on macrofauna species. At
the beginning and end of the incubation, a 5 mL aliquot was collected form each vial and �ltered
(Frisenette GF/F �lters) into plastic test tubes for later NH4

+ analyses. At the end of the experiment,
animals were retrieved and weighed. Excretion and respiration rates were then normalized to biomass dry
weight.

2.4 Analytical methods
Dissolved nutrient concentrations (NH4

+, NO2
–, NOx

–, DSi, and DIP) were measured with a 5-channel

continuous �ow analyser (San++, Skalar) using standard colorimetric methods (Grasshoff et al. 1983).
NO3

– concentration was calculated as the difference between NOx
– and NO2

–. Dissolved O2 was
quanti�ed from O2:Ar ratio measured by membrane inlet mass spectrometer (MIMS) at Ferrara University
(Bay Instruments; Kana et al. 1994) and corrected for Ar concentration and solubility based on
temperature and salinity (Colt 2012). 15N-atom% in the dissolved N2 pool in samples from N2 �xation

experiment was also estimated using MIMS. Isotopic samples for 29N2 and 30N2 production were
analysed by gas chromatography-isotopic ratio mass spectrometry (GC-IRMS, Thermo Delta V Plus,
Thermo Scienti�c) at the University of Southern Denmark following the protocol described by De
Brabandere et al. (2015). Samples for 15NH4

+ production were analysed by the same GC-IRMS after

conversion of NH4
+ to N2 by the addition of alkaline hypobromite reagent (Warembourg 1993).

The elemental (C and N) and isotopic composition of N (δ15N) in sediments and animals were analysed
by Isotope Ratio Mass spectrometry (IRMS, Delta plus V, Thermo Scienti�c) coupled with an elemental
analyzer (Flash EA1112, Thermo Scienti�c) at Aarhus University. Measured δ15N values were corrected
using laboratory standards calibrated against international reference materials (USGS40 + 41).

2.5 Statistical analysis
The linear regression was employed to explain variability in net benthic �uxes and NO3

− reduction
processes using the dry biomass of benthic community (whole core incubations). The analysis of
variance (one-way ANOVA) was used to test the signi�cance of differences in NO3

− reduction rates
among species (holobiont incubations). The assumptions of normality and homogeneity of variance
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were checked using Shapiro-Wilk test and Cochran’s test, respectively. In the case of heteroscedasticity,
data were square root or log(x) transformed. If assumptions were not met after transformation, non-
parametric Mann-Whitney Rank Sum Test was used. For signi�cant factors, post hoc pairwise
comparisons were performed using the Student-Newman-Keuls (SNK) test. In addition, t-test was used to
validate tracer effect on denitri�cation rates (holobiont incubation). Analyses were performed using
SigmaPlot 14.0 software.

A distance-based linear model (distLM) was applied to explain the contribution of macrofauna taxa to
variability of speci�c NO3

− reduction process and benthic �uxes. The distLM was built on routinous
stepwise selection, employing 9999 permutations at a signi�cance level of p < 0.05. The resemblance
matrices were built on Euclidean distance using normalized and logarithmically transformed �uxes and
process rates (Clarke and Gorley 2006). Draftsman plots were used to examine distribution and potential
multi-collinearity (|r| > 0.6) among predictor variables to be included in the model. The obtained results
were visualized with distance-based redundancy analysis (db-RDA, Anderson et al. 2008), and vectors
overlay for analysing predictor variables relationship with response vectors. The analysis was performed
with the software PRIMER 6 (v.6, Primer-E Ltd.; Clarke and Gorley 2006).

3. Results

3.1 Macrofauna abundance and biomass
In total, 10 species or higher order taxa with an average abundance of 63 ± 3 ind. core− 1 were recovered
after sieving sediments (Supplementary material, Table S1). The most abundant species M. a�nis (33 ± 3
ind. core− 1) was followed by oligochaetes (17 ± 2 ind. core− 1), Marenzelleria sp. (11 ± 2 ind. core− 1) and
L. balthica (≤ 4 ind. core− 1) (Table 1). Other taxa (Pygospio elegans, Saduria entomon, Corophium
volutator, chironomids and hydrobiids) had much lower occurrence in cores (typically below 10% of total
density) and extremely low numbers, altogether contributing by 6–38 individuals (16 ± 3 ind. core− 1 or
30% on average).
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Table 1
Abundance and biomass of main macrofauna taxa and community in

incubated cores (n = 18) from the Öre estuary. Results are represented by mean
and standard error, and min – max values in brackets

Taxonomic unit Characteristics

Abundance (ind. core− 1) Biomass (mgdw core− 1)

  Average Range Average Range

L. balthica 1.6 ± 0.4 (0–4) 38.3 ± 10.6 (0.0–160.5)

M. a�nis 33.3 ± 2.7 (16–57) 17.2 ± 2.1 (0.4–31.4)

Marenzelleria sp. 9.4 ± 0.6 (5–14) 33.4 ± 6.6 (3.3–88.7)

Oligochaetes 16.8 ± 1.5 (9–32) 1.6 ± 0.3 (< 0.1–4.0)

Others 1.9 ± 0.4 (0–6) 0.8 ± 0.2 (0.0–2.6)

Total 63.2 ± 3.4 (42–92) 91.1 ± 10.1 (10.1–185.4)

The average biomass (91.1 ± 10.1 mgdw core− 1) was typical for soft bottom coastal areas of the central
and northern Baltic with a clear dominance of the polychaete Marenzelleria sp. (39%), the clam L.
balthica (32%), and the amphipod M. a�nis (26%) (Table 1).

3.2 Benthic �uxes and their relationship with macrofauna
biomass
Measured total benthic O2 uptake varied by a factor of nearly two, from − 939.9 to -1626.9 µmol O2 m− 2

h− 1 (Fig. 2A). The sediment was always a source of DIN (11.9–104.7 µmol N m− 2 h− 1) to the overlaying
bottom water with equal contribution of NOx

− and NH4
+ (Fig. 2B). Net �uxes of NH4

+ varied from 5.3 to

78.8 µmol N m− 2 h− 1. The e�ux of NO3
− ranged from 2.1 to 45.9 µmol N m− 2 h− 1 whereas the e�ux of

NO2
− ranged between 0.6 and 20.3 µmol N m− 2 h− 1. The mean net �ux of DIP was directed from the

sediment to the near-bottom water, indicating sediments as source of P (Fig. 2C). Similar to DIP, DSi was
also released (85.3–362.0 µmol Si m− 2 h− 1) to bottom water (Fig. 2C).

The variation coe�cients of the measured solute �uxes were large (0.17–1.32), suggesting pronounced
small-scale variability of �uxes. Total macrofauna biomass explained 19–34% of the variability in O2,

NH4
+, and NO2

− �uxes with marginal signi�cance level, but was not related to the transport of NO3
−, DIP

and DSi (Fig. 3).

3.3 Nitrate reduction in whole core incubations and its
relationship with macrofauna biomass
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Sedimentary NO3
− reduction processes (denitri�cation and DNRA) were primarily (88–96%) fuelled by

NO3
− produced within sediments via nitri�cation (Fig. 4). The contribution of NO3

− diffusion from the
overlaying bottom water (Dw and DNRAw) was of minor importance. Dn rates differed by a factor of two

and ranged between 23.7 and 52.9 µmol N m− 2 h− 1. Dw varied between 1.2 and 6.2 µmol N m− 2 h− 1.

DNRA accounted for 18–23% of the total measured NO3
− reduction, and was in the range of 1.4–26.0

µmol N m− 2 h− 1 (Fig. 4B, C). Both DNRAw (0.1–3.9 µmol N m− 2 h− 1) and DNRAn (1.2–2.4 µmol N m− 2 h− 

1) were variable among the cores, without any signi�cant correlation with macrofauna biomass. Only the
Dw was signi�cantly related to the biomass of macrofaunal community (Fig. 5). Anammox rates were
negligible in present study.

3.4 Partitioning of the macrofauna effects on N cycling
processes and �uxes
Our distLM model explained 29.1% (sum of all canonical eigenvalues) of the total variation in NO3

−

reduction processes and �uxes using the biomass of the three dominant macrofauna taxa L. balthica, M.
a�nis and Marenzelleria sp. The rest of macrofauna, mainly represented by oligochaetes, was excluded
from further model development due to its negligible contribution. Marginal test revealed that M. a�nis
and Marenzelleria sp. were signi�cant (F = 2.2, p = 0.035 and F = 2.1, p = 0.044, respectively) in the distLM
model, while L. balthica was marginally signi�cant (F = 2.0, p = 0.055). Sequential tests showed that
solely M. a�nis had a signi�cant effect (F = 2.2, p = 0.032) on variation of process rates and �uxes,
contributing to the 12% of the total variability. Marenzelleria sp. (F = 0.8, p = 0.6) and L. balthica (F = 1.9, p 
= 0.08) explained numerically lower and marginally signi�cant part of the total variation (6% and 11%,
respectively) when individually included into the model. The main two axes, identi�ed by the model,
explained nearly 83% of the total variability.

The db-RDA depicted that net �uxes of DIP and NO3
− reduction coupled to nitri�cation (DNRAn and Dn)

were strongly associated to the biomass of M. a�nis (Fig. 6). Nitrate reduction (Dw and DNRAw) fuelled

by NO3
− from the overlaying water column and DSi �uxes were positively and strongly correlated to the

biomass of Marenzelleria sp. The net O2, NO3
− and NH4

+ �uxes were associated with L. balthica.

3.5 Respiration and N-cycling associated with animal
holobionts
Measured animal respiration was in the range of 9.5–52.3 µmol O2 gdw

−1 h− 1 with signi�cantly higher

(SNK test, p < 0.05) rates observed for M. a�nis as compared to the other two species (Fig. 7A). NH4
+

production via animal excretion varied between 0.05 and 3.3 µmol N gdw
−1 h− 1. The results showed

marginally signi�cant (SNK test, p = 0.052) differences in NH4
+ excretion rates among macrofauna

species, peaking in L. balthica.
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The highest denitri�cation rates (SNK test, p < 0.05) were measured in M. a�nis followed by L. balthica
and Marenzelleria sp. (Fig. 7B). Mean denitri�cation rates were not signi�cantly different (t-test, p > 0.05)
between low and high 15NO3

− levels in M. a�nis and Marenzelleria sp., suggesting that the IPT
assumptions were ful�lled. The same was not true for L. balthica incubations (Mann-Whitney Rank Sum
Test, p = 0.016). For the latter taxa, we remark methodological di�culties when dealing with incubations
of animals that due to the stress of manipulation or to the absence of sediment keep the shells closed,
which limits tracer diffusion into their body. Similar to denitri�cation, signi�cantly higher DNRA rates were
observed in M. a�nis (SNK test, p < 0.05), where they accounted for ~ 7% of the total measured NO3

−

reduction. Additions of combined 15NH4
+ and 14NO3

− revealed measurable 29N2 production, suggesting
the presence of putative anammox in M. a�nis and L. balthica holobionts. However, such process
contributed by less than 0.5% to the total N2 production (data not shown). N2 �xation was observed in L.
balthica and Marenzelleria sp. holobionts, with tendency towards higher rates in the former species
(Fig. 7B), but the difference in the mean rates was not statistically signi�cant (t-test, p > 0.05). Dissection
of different clam body parts for δ15N analysis indicated that N2 �xation was likely occurring in the animal
gut. N2 �xation rates were below the detection limit of the method in M. a�nis.

4. Discussion

4.1. The effect of benthic community on biogeochemical
processes
We studied benthic respiration, net N �uxes and N-related microbial processes in sediments colonized by
a relatively simple macrofaunal community, hosting three different functional groups. We aimed at
understanding how the interplay among these functional groups affects speci�c-pathways of the benthic
N-cycling. While the effects of individual functional groups are quite well understood (Mermillod-Blondin
and Rosenberg 2006; Stief 2013, and references therein), relatively little is known on their aggregated
effect in a whole community context. The three taxa investigated comprised 70% of the total macrofauna
abundance and 98% of the total biomass in the low diversity benthic community of the Öre estuary, and
explained nearly 30% of variation of the measured biogeochemical processes. Other environmental
factors driven by hydrological or watershed attributes, such as sediment characteristics (Corg, redox state,
and electron acceptor availability) as well as their spatial heterogeneity, are expected to account for the
remaining variability (e.g. Gammal et al. 2018).

Single animal incubations allowed to quantify the direct contribution of macrofauna to O2 respiration,
which corresponded to nearly 22% of the total benthic O2 uptake. Marenzelleria sp. alone accounted for
nearly half of macrofaunal community respiration, indicating it as a keystone species in benthic
metabolism. On the other hand, following multivariate analysis results, which address the community
interaction with processes, the net O2 �ux was primarily correlated with higher density of L. balthica, likely
due to molluscs-related indirect effects (i.e. stimulation of microbial community within sediments).
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Although clams are semi-mobile subsurface dwelling organisms, and cannot produce comparable effects
on solute exchange as polychaetes or amphipods (e.g. Michaud et al. 2005), their biodeposition of faeces
may signi�cantly stimulate the activity of microbial community in surface sediments, ultimately
increasing the species role in benthic metabolism (Karlson et al. 2005).

It is di�cult, however, to infer on the pathways that use O2 in this benthic habitat, but oxidized surface
sediment and the absence of dissolved free sulphides in pore water in the upper 10 cm (see also Lenstra
et al. 2018) may indicate O2 consumption via organic matter mineralisation, NH4

+ oxidation to NO3
− via

nitri�cation or oxidation of metals (e.g. Mn2+ or Fe2+). The vectors overlay in db-RDA (O2, NH4
+ and NO3

−

�ux) support the idea that O2 is consumed for NH4
+ production and its subsequent oxidation. Considering

NOx
− e�ux and NO3

− reduction together, we can estimate how much O2 was consumed for NH4
+

oxidation, and mineralization within sediments (Fig. 8). As 2 moles of O2 are used to oxidize 1 mole of

NH4
+ to NO3

− then nitri�cation accounts for 11% of total O2 uptake (70.2–206.3 µmol O2 m− 2 h− 1) in
these sediments. Such O2 demand for nitri�cation is among the highest in relative terms (as % of total O2

consumption) among those reported in studies in the Baltic Sea using the IPT (< 6%; Karlson et al. 2005;
Bonaglia et al. 2014; Bartoli et al. 2021), indicating favourable conditions for nitrifying bacteria. Besides
the amount used to oxidize NH4

+, a residual 67% of total O2 uptake, corresponding to 949.0 ± 50.4 µmol

O2 m− 2 h− 1, was likely used for organic N ammoni�cation. Assuming 1 molar ratio between CO2 and O2

as the respiratory quotient and measured C/N molar ratio of 10.5 in upper sediments, then theoretical
ammoni�cation rates average 90.4 ± 1.4 µmol N m− 2 h− 1. Alternatively, macrofaunal community directly
via excretion supplied 28.3 ± 4.1 µmol N m− 2 h− 1, which accounts for ~ 24% of total NH4

+ production
(excretion + ammoni�cation). Macrofauna excretion, on the other hand, was equivalent to 90% of the
measured NH4

+ e�ux at the sediment-water interface (Fig. 8). Among the different regressions between

net �uxes and whole macrofaunal community biomass, those of net O2 and NH4
+ �uxes revealed a

consistent trend. This was partly expected for the above mentioned reasons of direct macrofauna
contribution to O2 consumption and NH4

+ production. Thus, we may consider that most of the NH4
+

excreted by macrofauna was likely transferred to bottom waters, whereas another fraction, primarily
regenerated via organic matter ammoni�cation, was oxidized, assimilated or retained within sediments
(Fig. 8). The results further show that clams alone contributed for up to 55% of measured excretion by the
community. Our single macrofauna incubation suggests that bivalves like L. balthica excreted higher
amounts of NH4

+ per unit biomass when compared to other functional groups, as reported also in other
studies (Vanni et al. 2017).

In the studied habitat, nearly 63% of all regenerated NH4
+ was further oxidized to NOx

− via nitri�cation

(Fig. 8). Without continuous NH4
+ supply via ammoni�cation, excretion and/or upward transport from

deeper layer such active nitri�cation would rapidly deplete the standing pool of NH4
+ in the upper 2 cm

sediment layer (473 µmol m− 2; Bartl et al. 2019). Multivariate analysis shows that M. a�nis primarily
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stimulated NO3
− reduction pathways coupled to nitri�cation (Dn, DNRAn), whereas Marenzelleria sp., due

to NO3
− downward transport from bottom water, stimulated the reduction of water column nitrate (Dw).

Surface deposit dweller M. a�nis actively mixes the uppermost sediment layer, and thereby increases
solute exchange and sediment oxygenation (Viitasalo-Frösén et al. 2009). This is also supported by our
db-RDA results on positive DIP relationship with M. a�nis. In contrast, Marenzelleria sp., capable for
construction and bioirrigation of relatively deep burrows, likely facilitated Dw and DNRAw, in deeper layers.

Similar effects by amphipods and polychaetes on NO3
− reduction pathways were previously observed in

experimental studies where individual functional groups were analyzed (Tuominen et al. 1999; Karlson et
al. 2005; Bonaglia et al. 2013). Although macrofauna functional groups can produce different or
contrasting effects on NO3

− reduction pathways, these are largely regulated by NO3
− availability (Karlson

et al. 2005, 2007; Bonaglia et al. 2013; Nogaro and Burgin 2014; Murphy et al. 2016).

In a recent work by Hellemann et al. (2017) it was questioned whether the oligotrophic Öre estuary is
functioning as a �lter for inorganic N. They suggest that due to limited water column mixing and short
water residence time, land generated NO3

− is not readily available to denitri�ers in sediments. The
phytoplankton assimilation and later sedimentation to the bottom is a likely possible link between
surface and bottom layers (Bartl et al. 2019). Although particulate N associated to sedimented detritus is
recycled to NH4

+ and subsequently oxidized to NO3
−, only a fraction of N is removed from the ecosystem

through coupled nitri�cation-denitri�cation. Denitri�cation e�ciency, which is the ratio between N2

production and the sum of N2 and DIN (NH4
++NOx

−) e�uxes (Eyre and Ferguson 2009), was relatively low
(40% on average), and suggested that ~ 60% of recycled organic particulate N to DIN was released back
to bottom water where it could be assimilated or nitri�ed (Bartl et al. 2019). Only a minor fraction of
inorganic N was later removed through NO3

− diffusion into anoxic sediment layer (Dw and DNRAw).
Denitri�cation e�ciency tended to decrease when plotted as a function of total macrofauna biomass
(data not shown), suggesting that excretion and recycling had a relatively higher importance as
compared to the stimulation of N losses. Overall, the stoichiometry of regenerated benthic inorganic
nutrient (N (�ux + Dn+DNRAn) : Si (�ux) : P (�ux) = 28:52:1) suggested excess of N and Si, and P
limitation. Such ecological nutrients stoichiometry is likely favoured by the activity of functionally diverse
macrofaunal community. M. a�nis and Marenzelleria sp. act as sediment re-workers in two distinct
sediment layers, mixing fresh and old organic particles, and thus priming organic matter mineralization.
This is evident by the active ammoni�cation within sediments (Fig. 8). Whereas L. balthica regenerates
part of the �ltered/digested particulate N via its own excretion. Taken together all these community
actions facilitate N accumulation in bottom water. While reworking sediments, the two burrowers
maintain sediment oxidized, as suggested by limited reactive P release to the water column, despite
active mineralization, and ultimately indicating the regeneration of geochemical buffers by macrofauna
(e.g. oxidized metals).

4.2 Effects of macrofauna-microbes Holobionts to soft-
bottom habitat functioning
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Macrofauna, besides reworking sediments and ventilating burrows also hosts a complex microbiomes,
which can be unique assemblage or inoculated from surrounding environment during feeding or
burrowing activities (Poulsen et al. 2014; Ceullar-Gempeler and Leibold 2018; Hochstein et al. 2019;
Samuiloviene et al. 2019; Marzocchi et al. 2021). Here, we show that bacteria associated with three key
Baltic macrofauna species were metabolically diverse and capable of different N transformations such
as denitri�cation, DNRA and/or N2 �xation. Scaling up these process rates with the average macrofauna
biomass at the study area, we were able to estimate the contribution of holobionts to multiple N-cycling
pathways (Fig. 8). The holobionts of whole benthic community based on biomass estimations together
contributed 1% of denitri�cation and 0.1% of DNRA measured in sediments, which was estimated to be
0.4 µmol N m− 2 h− 1. The holobionts of clams and polychaetes were also capable for N2 �xation (0.03

and 0.01 µmol N m− 2 h− 1, respectively) (Fig. 8). Although the holobiont contribution to the N-cycling
pathways in sediments is marginal in this study, this might be different in other seasons or habitats
characterized by much higher macrofauna densities or larger specimens. As the abundance of this soft-
bottom community can be higher in the other Baltic Sea areas (Gogina and Zettler 2010), we may also
expect there higher holobionts contribution to the benthic N-cycling. However, it remains questionable to
what extent our upscaling re�ects in situ rates of N transformations in holobionts as we incubated adult
macrofauna individuals while community includes different generation specimens (adults and juveniles),
and for upscaling was used biomass data. Notably, the holobionts of M. a�nis due to associated high
denitri�cation rates and abundance can contributed up to ~ 8% of NO3

− reduction (3.7 µmol N m− 2 h− 1) if
abundance data are used for calculations. To better understand the biomass- and abundance-speci�c
effects on microbial processes in holobionts, measurements of the appropriate metabolic pathways
should be carried out across different host age classes and biotic metrics in future studies.

Denitri�cation rates in animal holobionts from the Öre estuary were at least 66% higher than those
measured at similar temperatures in chironomid larvae (C. plumosus; Politi et al. 2021). Added tracer
concentrations markedly differed between these two experiments, with 2-fold higher concentrations in C.
plumosus, which indicates much higher metabolic activity under lower NO3

− concentration in M. a�nis
holobionts. The possible explanations for different rates might be attributed to variable number of
denitrifying bacteria in hosts as well as their a�nity for NO3

− or quality of available carbon. Since these
hosts occupy different niches in sediments and microbial communities display steep vertical zonation in
sediments, a different bacteria with unique metabolic features originates in holobionts. Moreover, our
�nding of high denitri�cation rates associated with M. a�nis was rather surprising given that
transcription of denitri�cation marker genes, encoding NO2

− reduction and its derivatives, typically occurs
under low O2 conditions (Härtig and Zumft 1999), similar to those in macrofaunal gut (Stief and Eller
2006; Bonaglia et al. 2017). We therefore expected higher activity of denitrifying bacteria in larger clam or
polychaete gut. This allows to infer that animal body weight (or size) do not necessarily constrains
bacterial activity. NO3

− was also reduced via DNRA pathway, but this process was quantitatively less

important. The re-occurrence of DNRA con�rms that NH4
+ production, associated with animals, is a

complex process driven by both animal excretion and the activity of associated DNRA bacteria (Zilius et
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al. 2020; Politi et al. 2021). However, bacterial NH4
+ production in studied macrofauna remains

quantitatively smaller as compared to excretion (Fig. 8).

Measured diazotrophic activity in animal holobionts from the oligotrophic Öre estuary was in the range of
that observed in other animals from other eutrophic estuarine systems of the Baltic Sea (21.9–517.1
nmol gDW

−2 d− 1; Marzocchi et al. 2021; Politi et al. 2021). In line with these studies, N2 �xation resulted
markedly higher in �lter-feeding macrofauna. However, such feeding mode does not necessarily favour
N2 �xation, as for example L. balthica can shift between suspension and deposit feeding (Riisgård and
Kamermans 2001). Due to various feeding modes diazotrophic bacteria can inhabit different body parts
including gills, foot, gut or body surface as has been seen from other N cycling pathways (Heisterkamp et
al. 2013). Overall, the �nding of diazotrophic activity in holobionts at different coastal sites of the Baltic
Sea suggests that this process is widespread across diverse taxa of benthic macrofauna even when N
concentrations are not limiting (Marzocchi et al. 2021; Politi et al. 2021). In future, more studies should
address environmental or biological factors that regulate diazotrophic activity across different functional
groups of macrofauna.

CONCLUSIVE REMARKS

In the studied area, the simpli�ed macrofaunal community via its own metabolic activity, and to a lesser
extend via associated microbiota, contributed to the benthic metabolism and N-cycling (direct effect), and
reworked sediments with positive feedback to N mineralization, oxidation and reduction processes
(indirect effect). Taken together, these functions promoted an excellent re-use of nutrient at the benthic
level, a moderate loss and release to bottom water. The ecological stoichiometry of regenerated nutrient
indicated N and Si excess, and P limitation, which is likely a consequence of the interplay among
functional groups in the macrofaunal community, and maintain oligotrophic conditions this area. Such
view of the benthic system, in the perspective of the whole system functioning, and of the stoichiometry
of nutrient regeneration, can shed new light on macrofauna diversity and ecosystem functioning
relationships along multiple environmental and human pressure gradients. Results of this study suggest
that all macrofauna functional groups interacted with microbial communities as rates of microbial N-
transformations were measured in single macrofauna incubations. The role of holobionts in the Öre
estuary was of minor importance as compared to the activity of sediment-associated microbial
communities, but this might be different along seasons or habitats. Dramatic changes in macrofauna
populations, in particular of M. a�nis, have already been observed in the studied area (Eriksson-Wiklund
and Andersson 2014). Such drop of an even single functional group, may eventually alter biogeochemical
functions or services (e.g. coupled ammoni�cation-nitri�cation-denitri�cation) in surface sediments.
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Figure 1

Map showing geographical location of Öre estuary with the sampling sites Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.
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Figure 2

Net �uxes of dissolved oxygen (A), dissolved inorganic nitrogen (B), and silica and phosphorus (C) at the
sediment–water interface. Data range (whiskers), upper and lower quartiles (edges), the median
(horizontal line), and the mean (diamonds), and outliers (circles) are represented for 18 replicates
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Figure 3

Linear regressions between macrofauna biomass and net �uxes of dissolved oxygen (A) ammonium (B),
nitrite (C), nitrate (D), dissolved inorganic phosphorus (E) and silica (F) measured in whole core
incubations (n=18)
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Figure 4

Denitri�cation of water column NO3− (Dw) and coupled nitri�cation-denitri�cation (Dn; A) and
dissimilative nitrate reduction to ammonium of water column NO3− (DNRAw) and coupled nitri�cation-
DNRA (DNRAn; B) measured in whole core incubations. Data range (whiskers), upper and lower quartiles
(edges), the median (horizontal line), and the mean (dark pink diamond), and outliers (grey circle) are
represented for n = 18 replicates
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Figure 5

Linear regressions between total macrofauna biomass and NO3– reduction processes: denitri�cation of
water column NO3− (A), coupled nitri�cation-denitri�cation (B), and dissimilative nitrate reduction to
ammonium (DNRA) of water column NO3− (C) and coupled nitri�cation-DNRA (D) measured in whole
core incubations (n = 18)
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Figure 6

Distance based triplot of redundancy analysis (db-RDA) on �uxes (O2, NH4+, NO2–, NO3–, DIP, and DSi)
and processes (denitri�cation – Dw, Dn, and dissimilative nitrate reduction to ammonium – DNRAn and
DNRAw) in the Öre estuary, using the biomass of the dominant benthic macrofauna (L. balthica, M.
a�nis, Marenzelleria sp.) as explanatory variable. Numbers indicate single cores collected in the
sampling area. The projection of any sample onto vectors approximates the measured value in that
sample
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Figure 7

The rates of macrofauna metabolism (respiration and excretion) and associated microbial nitrogen
transformations (denitri�cation, dissimilative nitrate reduction to ammonium (DNRA) and N2 �xation) are
reported. Bars report means and standard errors based on replicates (n=3 to 10)
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Figure 8

Flowchart of N-cycling in the Öre estuarine sediments hosting the dominant macrofauna species M.
a�nis, Marenzelleria sp., and L. balthica. Nitrogen transformations were calculated combining measured
�uxes and processes in benthic community (unmanipulated whole core incubations = sediment +
macrofauna) and macrofauna alone (individual incubations). The animal excretion rates and holobionts-
mediated N-cycling were calculated based on mean macrofauna biomass in the study area. Equations
used to calculate �uxes and process rates are provided in Table S2. Note that rates reported in �gure are
expressed as µmol N m–2 h–1. Results report means and standard errors based on experiment replicates
(n=6 to 18, see the methods for details). Drawing by V. Gasiūnaitė
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