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Abstract: Coastal lagoons display a wide range of physico-chemical conditions that shape benthic
macrofauna communities. In turn, benthic macrofauna affects a wide array of biogeochemical processes
as a consequence of feeding, bioirrigation, ventilation, and excretion activities. In this work, we have
measured benthic respiration and solute fluxes in intact sediment cores with natural macrofauna
communities collected from four distinct areas within the Sacca di Goro Lagoon (NE Adriatic Sea).
The macrofauna community was characterized at the end of the incubations. Redundancy analysis
(RDA) was used to quantify and test the interactions between the dominant macrofauna species and
solute fluxes. Moreover, the relevance of macrofauna as driver of benthic nitrogen (N) redundancy
analysis revealed that up to 66% of the benthic fluxes and metabolism variance was explained by
macrofauna microbial-mediated N processes. Nitrification was stimulated by the presence of shallow
(corophiids) in combination with deep burrowers (spionids, oligochaetes) or ammonium-excreting
clams. Deep burrowers and clams increase ammonium availability in burrows actively ventilated
by corophiids, which creates optimal conditions to nitrifiers. However, the stimulatory effect of
burrowing macrofauna on nitrification does not necessarily result in higher denitrification as processes
are spatially separated.
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1. Introduction

Bioturbation by benthic macrofauna—which includes a wide set of different processes among
which burrow construction, ventilation, bioirrigation, sediment reworking, and biodeposition—makes
sedimentary processes variable and complex [1–5]. Macrofauna communities display different
adaptations to live within or on the surface sediment and produce sometimes contrasting effects
on microbial processes, depending upon functional traits and tolerance to environmental stress.
Macrofauna activity may determine the fate of nutrients and their transfer rates among environmental
compartments [6,7]. Depending on the species and their vital habitats, associated bacterial processes can
be accelerated or slowed down (e.g., anaerobic ammonium oxidation—anammox) [8,9]. Bioturbating
macrofauna communities are responsible for the rearrangement of the original microbial stratification
within the sediment by creating and destroying the oxic and anoxic microenvironments in the
sediment, and also by direct action on the physical properties of colonized substrates [4]. Complex and
species-rich macrofaunal communities or, on the other hand, communities dominated by few key species
govern the ecosystem functioning in various ways. Nevertheless, species that seem redundant under
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natural conditions may be important for ecosystem functioning when ecosystems are disturbed [10].
The understanding of the biogeochemical dynamics in environments characterized by high biodiversity
is strongly limited by the complex and multiple interactions among species [11]. In strongly anthropized
environments, generally associated with a strong loss of biodiversity, identification of important
ecological niches is even more difficult. Grouping the diversity of benthic macrofauna into functional
groups, and no longer referring to single species, and identifying their single contribution to the benthic
ecosystem can be a solution to the complexity of this type of study. Equally, with the appropriate
functional attributions at different benthic groups, it will be easier to model the entire ecosystem [12].

A number of previous studies were targeting a heterogenous set of parameters including dissolved
oxygen (O2), carbon dioxide (TCO2), various nitrogen (N), phosphorus, silica forms, chlorophyll,
and functional genes [13–16]. A large body of scientific work has clearly defined, sometimes at the
microscale, how burrowers via intermittent ventilation import O2 into their burrows and temporally
enhance microbial aerobic activity, or how filter-feeders increase sedimentary organic matter via
feces and pseudofeces production [17,18]. Nevertheless, majority of these studies were built on
laboratory experiments, with reconstructed sediments and a single macrofauna species [16,19–22].
While such approach enables to characterize target organisms and reduces background noise (sediment
heterogeneities, presence of non-target macrofauna groups, etc.), the overall system layout is far from
that observed in nature. For example, oversimplified communities (e.g., a single population) do not
host multiple ecological interactions present among organisms (including predation, competition,
facilitation, various host–microbe associations). Furthermore, sediment sieving removes reactive pools
of organic matter, changing the physical and chemical gradients in sediments. Homogenization also
alters the vertical distribution of the organic matter quality, redistributing and diluting high quality
surface sediment organic matter along the sediment horizon. The addition of macrofauna in such
sediments generally results in high stimulation of processes like nutrient regeneration. These effects
may partly be the consequence of burrow construction, while in situ burrow environments are aged
and well-structured in terms of microbial community composition [23]. Short-term experiments with
reconstructed sediments therefore cannot fully reproduce what happens in situ, since the development
of bacteria communities along burrows may take weeks and may undergo variations along the life
cycle of burrowers [23]. To overcome such limitations, an alternative approach is to collect and incubate
undisturbed cores with natural abundance and composition of macrofauna [24–26]. A large number of
replicate cores can be incubated and sieved at the end of measurements in order to retrieve macrofauna
and analyze relationships among macrofauna and biogeochemical processes a posteriori.

In estuarine systems, the understanding of the role of macrofauna communities on benthic N-cycling
is a keystone, due to its large inputs from catchments and potentially large macrofauna-mediated
microbial N losses [27–31]. It is well known that macrofauna actively contribute to the translocation
and transformations of N within and among different compartments of aquatic ecosystems, stimulating
microbial processes [32,33]. However, some species, more than others, have stronger effects on
microbial dissimilative N paths [34,35]. The study of the effects of macrofauna communities on benthic
N-cycling is challenging as macrofauna might produce contrasting effects on the multiple oxic and
anoxic microbial N transformations.

In this work, intact sediment cores were randomly collected from four sites representative of
different dominating areas within a hypertrophic coastal lagoon. The main aim was to compare key
functional characteristics at the four sites and highlight how macrofauna shape microbial respiration
and nutrient regeneration rates, with a special focus on benthic N-cycling. To this purpose, we used
multiple approaches, including flux measurements, isotope pairing technique, characterization of
macrofauna community, and multivariate analysis.

2. Materials and Methods

The Sacca di Goro lagoon is a shallow (average depth 1.5 m) water embayment (27 km2) of the Po
River Delta, situated in the norther part of the Adriatic Sea (Figure 1). This lagoon is a brackish system
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with pronounced daily variations of salinity and nutrient concentrations resulting from microtidal
forcing (tidal amplitudes vary up to 0.9 m) and freshwater inputs from the Po di Volano and Po di
Goro rivers, and saline water input from the Adriatic Sea.
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The Sacca di Goro Lagoon has been intensively studied as one of the most economically important
farming sites of the clam Vanerupis philippinarum in Europe, but also in a context of dystrophic events
threated by this activity [36–38]. Studies mainly focused on the lagoon biogeochemistry [36–40], on
the ecophysiology of blooming macroalgae [41], on meio- and macrofauna communities [42,43], and
on ecosystem-level ecological processes (e.g., net ecosystem metabolism, sink-source functions [44]).
Only a few studies have linked biogeochemical processes to macrofauna activity. However, these
studies almost exclusively considered the introduced species V. philippinarum. To our knowledge, this
is the first study addressing macrofauna biodiversity–benthic functioning relationship in the Sacca di
Goro Lagoon.

The Sacca di Goro Lagoon is generally divided into three different zones: (1) the western part
that is affected by freshwater inputs from the Po di Volano River, which leads to lower salinity and
wider salinity fluctuations; (2) the central part that is connected directly to the Adriatic Sea via a
1 km wide mouth, therefore it is flushed by seawater; and (3) the eastern part (10 km2), called the
Valle di Gorino, which is separated from the sea by a sand barrier and receives freshwater inputs
from the Po di Goro. This eastern zone is very shallow (maximum depth 1 m) but represents about
half the surface of the entire lagoon. It is characterized by a relatively low salinity and higher water
temperatures. The Sacca di Goro Lagoon sediment composition reflects a typical alluvial system:
muds with high clay and silt contents in the northern and central zones and sand and sandy-muds
bottom in the southern shore-line and eastern zone. A limited water circulation and a constant and
high anthropogenic nutrients load from two rivers and secondary channels lead this lagoon to severe
eutrophication processes and dystrophic events [37]. Diffuse runoff from agricultural activities within
the Po river basin may lead to nitrate (NO3

−) concentrations up to 200 µM, sustaining frequent blooms
of the seaweeds Ulva sp., Gracilaria sp., and Cladophora sp., especially in the easternmost shallow area,
whilst phytoplankton blooms prevail in the deeper central zone [45].

The studies on composition and distribution of the macrobenthic community in the Sacca di Goro
Lagoon resulted in identification of 38 macrofauna taxa, representing 5 phyla [43,46–48]. Gastropods,
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amphipods, and chironomid larvae dominate the macrofauna in terms of abundance, while bivalves
represent biomass dominant group of organisms. Macrofauna abundance undergo considerable
seasonal variations due to development of macroalgae and O2 depletion in the near-bottom water
layer and sediment.

2.1. Intact Core Collection and Benthic Flux Measurement

At four sites within the lagoon, eight large (i.d. 8.4 cm, length 30 cm, for flux measurements) and
three small cores (i.d. 4.6 cm, length 25 cm, for sediment characterization) were randomly collected in
May 2013 by hand corer, covering dominating macrofauna assemblages along environmental gradients
(Figure 1). Sediments and water height in the large cores were levelled to 15 and 10 cm, respectively, so
that the water volume overlying sediments was nearly 0.5 L. In addition, 80 L of in situ water were
collected from each station for core maintenance during transportation, pre-incubation, and incubation.
Within 4 hours of sampling, all cores were transferred to the laboratory where they were maintained
overnight submerged into four tanks containing in situ water (20 ◦C). Each core was provided with
a Teflon-coated magnetic bar suspended 5 cm above the sediment–water interface and driven by
an external magnet rotating at 40 rpm. The magnetic bars ensured water mixing within each core,
avoiding sediment resuspension. The water in each tank was also stirred by aquarium pumps in
order to maintain O2 saturated conditions during pre-incubation period. The large cores were used
to measure benthic metabolism (O2, TCO2 and manganous manganese (Mn2+)) and net ammonium
(NH4

+), combined nitrate and nitrite (NOx
−), and soluble reactive phosphorus (SRP) fluxes in the dark.

After the overnight pre-incubation, a gas-tight top lid was placed on each core, without gas headspace,
and the 4-hour incubation started. The incubation time was set in order to keep O2 within 20% of
initial concentration. Initial water samples were taken in triplicate from each tank, whereas final water
samples were taken from the water phase of each core [49]. At the beginning and at the end of the
incubation a 20 mL aliquot of water was collected from each core, transferred and flushed into 12 mL
exetainer (Labco, UK), and fixed with 100 µL of 7 M ZnCl2 for dissolved O2 measurements. Thereafter,
three more aliquots of 50 ml were immediately filtered (Whatman GF/F filters) and transferred into
scintillation vials and exetainers for nutrient, TCO2, and Mn2+ analysis, respectively. Aliquots for
Mn2+ analyses were acidified with 50 µl of ultra-pure concentrated HNO3. The solute exchange at the
sediment–water interface were calculated according to the Equation (1):

Fx =
(Cf −Ci) ×V

A× t
(1)

where Fx (µmol m−2 h−1) is the flux of the chemical species x, Ci and Cf (µmol L−1) are concentrations
of chemical species x at the beginning and at the end of incubation, respectively, V (L) is the water
volume in the core, A (m2) is the surface of the sediment, and t (h) is incubation time.

Small cores were used to measure sediment properties in the upper layer (5 cm). Sediments
were extruded from each core, sliced, and homogenized. After homogenization, 5 mL of sediment
subsample was dried at 60 ◦C for 48 h to determine bulk density and porosity. Thereafter, dried
sediment subsamples were analyzed for organic carbon (Corg) and total nitrogen (TN).

2.2. Denitrification Measurement with Isotope Pairing Technique

After flux measurements, the cores were submerged with the top open for 3 hours in in
situ-aerated and well-mixed water. Thereafter, we performed a second incubation targeting the
rates of denitrification measurements with isotope pairing technique [50]. This approach allows to
measure total denitrification (D14) in and the contribution of denitrification supported by overlaying
water NO3

− (Dw) and denitrification coupled with nitrification (Dn). Briefly, stock solution of 15 mM
15NO3

− (98% of K15NO3, Cambridge Isotope Laboratories, MA, USA) was added to the water column
of each core to the final concentration of 50 µM. To calculate the isotopic enrichment, water samples
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for NO3
− analysis was collected prior and after to the isotope addition. Thereafter, cores were closed

and incubated for 4 hours in the dark as described for nutrient flux measurements. At the end of the
incubation, the whole sediment column was carefully slurred and mixed with the water column as
bioturbating animals can transport 15NO3

− downward and stimulate nitrification and denitrification
in deep layers. A glass syringe containing 50 mL of slurries was transferred to 12 mL exetainers (Labco,
UK), allowing abundant overflow and gas bubbles removal and fixed with 200 µL of 7 M ZnCl2 to
stop microbial activity. Immediately after the end of this second incubation, sediments from all cores
were carefully sieved (0.5 mm mesh size) in order to retrieve and analyze the macrofauna composition,
abundance, and biomass.

2.3. Laboratory Analysis

Concentration of dissolved gas (O2, 29N2 and 30N2) were measured within a week from collection
with a membrane inlet mass spectrometer (MIMS, Bay instruments, MD, USA) at Ferrara University [51].
Dissolved inorganic N (NH4

+, NO2
− and NOx

−) and SRP were measured with a continuous flow
analyzer (San++, Skalar) using standard colorimetric methods [52]. NO3

− was calculated as the
difference between NOx

− and NO2
−. Dissolved Mn2+ was measured with a Varian atomic absorption

at Parma University. Corg and TN were analyzed with an element analyzer (Thermo Electron
Corporation FlashEA 1112, Thermo Fisher Scientific, Waltham, MA USA). Before measurement,
samples were acidified with 1 N HCl in order to remove carbonates.

2.4. Multivariate Analysis

Redundancy analysis (RDA) was used to quantify and test the interactions between the numerically
dominant 7 species (explanatory variables), net solute fluxes (total O2 uptake (TOU), TCO2, NH4

+,
NO2

−, NOx
−, SRP and Mn2+), and denitrification pathways (D14, Dw, and Dn) in the 32 intact cores,

collected from the 4 sites. We completed this variation partitioning analysis using Partial-RDA to
calculate the contribution of each site to the total variance unexplained by the first RDA approach [53].
According to [54], the total sum of canonical eigenvalues from five different RDA analyses have been
used to explain the shared information, the pure effect of macrofauna presence and the pure effect
of sites as a percentage of the total inertia. The significance of the environmental variables (axis)
was tested against 9000 Monte Carlo permutations. Data on macrofauna communities were tested
for normality assumption using the Kolmogorov–Smirnov test, while relationships between abiotic
parameters and macroinvertebrate communities examined using linear regression [55].

A one-way analysis of variance (ANOVA) was used to test the significance of site in explaining
variation in metabolism, net fluxes, and denitrification pathways. Validity of normality assumption and
homogeneity of variance was checked using Shapiro–Wilcoxon and Cochran‘s test, respectively, and
square root transformation was applied for data with significant heteroscedascity. A pair-wise
comparison of means using the post-hoc Bonferroni test was performed for significant effects.
Hierarchical cluster analysis and multidimensional-scaling (MDS) were performed on pairwise
similarities between couples of samples using the Bray–Curtis similarity index in order to determine
the macrofauna species complexity between and within sites [56].

All statistical analyses were performed with Brodgar 7.5.5 statistical software package.

3. Results

3.1. Bottom Water and Sediment Features at the Sampling Sites

The concentrations of dissolved nutrients displayed strong spatial variability among studied sites
and differed by up to one order of magnitude (Table 1). Peak concentrations of NO3

−, SRP, and TCO2

were observed at the brackish site 1 where river enters the lagoon. NO3
− was the dominating form

of dissolved inorganic N at sites 1 and 4, whereas NH4
+ concentrations were higher at sites 2 and 3.

Salinity and nutrient content can vary dramatically on a daily basis at all sites due to tidal forcing.
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At site 4, we found relatively low salinity and high NO3
− concentration despite its proximity to the

open sea, likely due to the sampling performed at low tide when the station is influenced by freshwater
inputs from the Po di Goro.

Table 1. Bottom water physico-chemical features and surface sediment (0–5 cm) characteristics at the
sampling sites in the Sacca di Goro Lagoon. Averages ± standard error are reported (n = 3).

PARAMETERS SITE 1 SITE 2 SITE 3 SITE 4

Water column
Temperature (◦C) 21 21 19 19

Salinity (PSU) 5 12 12 7
TCO2 (mmol L−1) 5.2 ± 0.01 3.3 ± 0.01 2.6 ± 0.01 2.6 ± 0.01
NH4

+ (µmol L−1) 7.1 ± 0.12 32.1 ± 0.17 31.9 ± 0.17 19.1 ± 0.69
NOx

− (µmol L−1) 114.7 ± 4.45 40.8 ± 1.67 56.5 ± 2.02 52.3 ± 3.93
SRP (µmol L−1) 2.2 ± 0.02 0.4 ± 0.01 1.1 ± 0.01 0.5 ± 0.01

Sediment
Type Clayish mud Detrital mud Muddy sand Fine sand

Porosity 0.85 ± 0.02 0.89 ± 0.01 0.43 ± 0.01 0.50 ± 0.03
Density (g cm−3) 1.16 ± 0.01 1.12 ± 0.02 1.83 ± 0.02 1.78 ± 0.02

Corg (%) 4.02 ± 0.27 7.48 ± 0.26 1.29 ± 0.14 1.42 ± 0.14
TN (%) 0.34 ± 0.01 0.85 ± 0.05 <0.01 <0.01

C:N (mass) 11.8 8.8 – –

Sediment characteristics differed substantially among sampling sites reflecting sedimentation
of clayish material from terrestrial origin (site 1), organic matter from decaying macroalgae (site 2),
biodeposits from clams farming (site 3), and strong flushing (site 4). As a result, sites 1 and 2 were
mainly muddy, site 3 consisted of muddy sand, whereas site 4 was mainly sandy (Table 1). Sites 1 and
2 had highest Corg and TN content. At these sites, high porosity and low density values suggest high
sedimentation rates, limited export, and net accumulation of material. Sediments from sites 1 and
3 appeared heavily bioturbated, with light brown halos surrounding burrows in the upper 3–5 cm,
sediments from site 2 appeared black, sulfide smelling, and poorly bioturbated, whereas sediments
from site 4 appeared oxidized and without redox discontinuities along the vertical profile.

3.2. Benthic Macrofauna

In total, 17 species or higher order taxa with an average abundance of 82 ± 12 ind. core−1 were
found after sieving incubated sediment (see the list of species in Electronic Supplementary Materials).
Abundance and taxonomic diversity differed greatly among sites (Figure 2) and macrofauna structure
was more similar among cores collected within the same site, than among sites (Figure 3).

In site 1 (1264 ± 407 ind. m−2), spionids, oligochaetes, and Monocorophium insidiosum accounted
for 92% of the total macrofauna abundance on average. The site was relatively homogenous in a
context of taxonomic composition (Figure 3) and abundance (273–2986 ind. m−2, 4–7 taxa m−2).

Site 2 (1218 ± 311 ind. m−2) had the lowest taxonomic diversity (8 taxa), but similar macrofauna
characteristics for individual cores (561–2622 ind. m−2, 3–7 taxa m−2) compared to site 1. M. insidiosum,
Chironomus salinarius and gammarids contributed to 79% of the total macrofauna (Figure 3), however
with considerable variation among replicates (0–1546, 61–485, and 61–864 ind. core−1, respectively).
Only one replicate (2(6), see Figure 3) was extremely different from the rest in this site with exclusively
high 62% relative abundance (909 ind. core−1) of Hydrobia sp.

Site 3 (2160 ± 263 ind. m−2) was relatively homogenous in a context of macrofauna composition
and abundance (1410–2895 ind. m−2, 5–8 taxa m−2) with the highest average number of individuals
per core (Figure 2). M. insidiosum attained the highest abundance (455–1758 ind. m−2, with an average
of 970 ± 192 ind. m−2) in the context of studied sites (Figure 3) and alone accounted for 45% of the
total macrofauna abundance. However, the characteristic species for this site was V. philippinarum with
relatively consistent abundance of 258–1228 ind. m−2 (601 ± 106 ind. m−2 in average).
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with site 1 as only exception (One-way ANOVA, F = 20.80, P = 0.001) (Figure 4). There TCO2 uptake 
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Figure 2. Taxonomic diversity (number of species per core) and total abundance of benthic macrofauna
(ind. m−2) in incubated cores from four study sites in the Sacca di Goro Lagoon (average ± st. error).

Site 4 (316 ± 73 ind. m−2) had the lowest abundance of macrofauna individuals (Figure 2) varying
between 91 and 667 ind. m−2, but the highest overall taxonomic diversity (13 taxa). At the same time,
consistency of dominant macrofauna among cores was low (Figure 2). The majority of cores was
dominated by spionids (4(3)–4(7), 61–364 ind. m−2; Figure 3), but other cores included V. philippinarum
(4(2), 258 ind. m−2), musculista (4(8), 91 ind. m−2), and Caprelidae (4(1), 45 ind. m−2).
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Figure 3. MDS plot according to taxonomic composition of dominating benthic macrofauna
(presence/absence transformation) in incubated cores: Monocorophium insidiosum (A), Spionidae (B),
Chironomus salinarius (C) and Venerupis philipinarium (D). Labels and brackets refer to site and replicate
number correspondingly, and abundance of main macrofauna taxa (diameter of bubbles proportional
to the abundance).

3.3. Benthic Metabolism and Respiration

Total CO2 production rates were similar in three out of four sites (3.2 mmol m−2 h−1 on average),
with site 1 as only exception (One-way ANOVA, F = 20.80, P = 0.001) (Figure 4). There TCO2 uptake
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dominated likely due to sharp chemical gradients between the high carbonate content of near bottom
and pore water (see Table 1). TOU ranged from 0.7 to 8.1 mmol m−2 h−1 with significant differences
among sites (One-way ANOVA, F = 8.308, P = 0.001). Considerably (P < 0.001) higher TOU was
measured at sites 2 and 3 in comparison to site 4. A net Mn2+ efflux was measured at all sites; in three
out of four sites, fluxes were similar with an average rate of 50 µmol m−2 h−1. Significantly (P < 0.001)
higher efflux was found at site 2 (170.18 ± 33 µmol m−2 h−1). Calculated respiratory quotients (the
ratios between TCO2 and TOU) at sites 2, 3, and 4 were close to unity, suggesting the dominance of
aerobic metabolism.
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Figure 4. Total oxygen uptake (A), sediment–water fluxes of total inorganic carbon (B), manganous
manganese (C), total denitrification (D) and denitrification of water column NO3

− (E), and coupled
nitrification–denitrification (F) measured at four study sites in the Sacca di Goro Lagoon (median and
percentiles, n = 8). Different letters indicate statistical differences among sites.

At sites 1, 2, and 3, total denitrification rates (D14) were elevated and sustained a relevant portion
of total mineralization (10–20%). D14 ranged from 37.9 to 481.0 µmol m−2 h−1 and differed between
sites (One-way ANOVA sqrt transformed, F = 20.12, P < 0.001) (Figure 4). Significantly (P < 0.05) lower
rates of D14 (52.3 ± 14.4 µmol m−2 h−1) were observed at site 4. In other sites, rates of D14 were similar
with an average of 263.5 ± 113.2 µmol m−2 h−1. The relative importance of Dw and Dn to the total rates
of denitrification varied among sites (One-way ANOVA sqrt transformed, F = 20.31 and F = 32.03,
respectively, P < 0.001), depending on availability of NO3

− in the water column. At sites 2 and 4, total
denitrification was sustained mainly by Dw, which represented from 87% to 90% of N2 production.
The share of total denitrification supported by nitrification coupled denitrification was more important
at sites 1 (46%) and 2 (40%). The rates of Dw were in the rage of 29.4–437.9 µmol m−2 h−1 at the studies
sites. Significantly (P < 0.05) higher rates (305.1 ± 122.6 µmol m−2 h−1) of Dw were measured at site
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2, while relatively lower rates (45.6 ± 16.5 µmol m−2 h−1) were measured at sandy sediment at site 4.
Dn varied from to 0 to 194.7 µmol m−2 h−1 with significantly (P < 0.001) higher rates at sites 1 and 3
(106.9 ± 36.9 µmol m−2 h−1) as compared to sites 2 and 4 (18.3 ± 25.3 µmol m−2 h−1). Denitrification of
water column NO3

− was calculated with the model proposed by Christensen et al. [57] and compared
with measured rates. In three out of four sites, theoretical rates overestimate measured rates by a factor
5, while at site 2 predicted (≈430 µmol m−2 h−1) and measured (≈300 µmol m−2 h−1) rates were closer.

3.4. Benthic Nutrient Fluxes

Net fluxes of NH4
+ varied from −201.4 to 917.0 µmol m−2 h−1 and significantly differed among

sites (One-way ANOVA, F = 15.5, P = 0.001) (Figure 5). The highest flux (641.8 ± 215.6 µmol N m−2 h−1)
was measured at site 2 (P < 0.001). The negative net NH4

+ fluxes were observed only at site 1 where it
was significantly (P < 0.05) lower in comparison to sites 2 and 4. On the contrary, NOx fluxes were
erratic without clear patterns among sites (One-way ANOVA, F = 1.9, P = 0.147). At site 1, it has been
measured the higher efflux of NOx

− (562.8.3 ± 225 µmol N m−2 h−1) which coincided with uptake of
NH4

+ (−30.5 ± 44 µmol m−2 h−1), suggesting large nitrification rates. Denitrification efficiency (DE),
which is the ratio between dinitrogen (N2) flux and the sum of N2 and dissolved inorganic N (NH4

+ +

NOx
−) effluxes, varied between 27.4% (at site 4) and 63.4% (at site 2). Sites 1 and 3 had a comparable

DE (≈46–49%). The flux of SRP was in the range of −26.6–57.9 µmol m−2 h−1 without any significant
(One-way ANOVA, P > 0.05) difference among sites. Overall, sediments were net sources of SRP except
sea exposed sand at site 4.

Water 2019, 11, x FOR PEER REVIEW 9 of 19 

 

and 3 (106.9 ± 36.9 µmol m−2 h−1) as compared to sites 2 and 4 (18.3 ± 25.3 µmol m−2 h−1). Denitrification 
of water column NO3− was calculated with the model proposed by Christensen et al. [57] and 
compared with measured rates. In three out of four sites, theoretical rates overestimate measured 
rates by a factor 5, while at site 2 predicted (≈430 µmol m−2 h−1) and measured (≈300 µmol m−2 h−1) 
rates were closer. 

3.4. Benthic Nutrient Fluxes 

Net fluxes of NH4+ varied from −201.4 to 917.0 µmol m−2 h−1 and significantly differed among 
sites (One-way ANOVA, F = 15.5, P = 0.001) (Figure 5). The highest flux (641.8 ± 215.6 µmol N m−2 h−1) 
was measured at site 2 (P < 0.001). The negative net NH4+ fluxes were observed only at site 1 where it 
was significantly (P < 0.05) lower in comparison to sites 2 and 4. On the contrary, NOx fluxes were 
erratic without clear patterns among sites (One-way ANOVA, F = 1.9, P = 0.147). At site 1, it has been 
measured the higher efflux of NOx− (562.8.3 ± 225 µmol N m−2 h−1) which coincided with uptake of 
NH4+ (−30.5 ± 44 µmol m−2 h−1), suggesting large nitrification rates. Denitrification efficiency (DE), 
which is the ratio between dinitrogen (N2) flux and the sum of N2 and dissolved inorganic N (NH4+ + 
NOx−) effluxes, varied between 27.4% (at site 4) and 63.4% (at site 2). Sites 1 and 3 had a comparable 
DE (≈46–49%). The flux of SRP was in the range of −26.6–57.9 µmol m−2 h−1 without any significant 
(One-way ANOVA, P > 0.05) difference among sites. Overall, sediments were net sources of SRP 
except sea exposed sand at site 4. 

 
Figure 5. Sediment–water fluxes of ammonium (A), combined nitrite and nitrate (B), and soluble 
reactive phosphorus (C) measured at four study sites in the Sacca di Goro Lagoon (median and 
percentiles, n = 8). Different letters indicate statistical differences among sites. 

  

B

   
  N

O
x-  fl

ux
 

( µ
m

ol
 m

-2
 h

-1
 )

-1000

-500

0

500

1000

A

   
  N

H
4+  fl

ux
 ( 

µm
ol

 m
-2

 h
-1

 )

-300

0

300

600

900

1200

C

Site 1 Site 2 Site 3 Site 4

   
   

SR
P 

flu
x 

( µ
m

ol
 m

-2
 h

-1
 )

-40

-20

0

20

40

60

80

a

b

c
c

a

a

a

a

a

a

a

a

Figure 5. Sediment–water fluxes of ammonium (A), combined nitrite and nitrate (B), and soluble
reactive phosphorus (C) measured at four study sites in the Sacca di Goro Lagoon (median and
percentiles, n = 8). Different letters indicate statistical differences among sites.
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3.5. Macrofauna Community, Functional Traits and Benthic Ecosystem Functioning

In order to assess the effect of benthic invertebrates on microbial processes and fluxes at the
water–sediment interface, an RDA model was used. Macrofauna species were considered as explanatory
variables whereas fluxes and metabolic pathways were used as response variables. The model was
significant (Monte Carlo significance test of all canonical axes, F = 5.6780, P = 0.0001). The total amount
of variation explained in the response variables equaled 66% (sum of all canonical eigenvalues). The first
two axes (38.8% and 13.8%) were extracted as independent variables from the RDA. Taken together,
they accounted for 79.5% of the total explained variance in biogeochemical parameters (response
variables). C. salinarium contributed most to the variation (15.2%), followed by V. philippinarum (6.2%)
and gammarids (2.4%). The first axis was mainly correlated to chironomid larvae, gammarids, and
corophiids, and was strongly but negatively correlated to spionids. The second axis was positively
correlated with spionids and oligochaetes and negatively correlated to caprelids. Most of found
explanatory–response variable relationships were ecologically reasonable and with a direct ecological
background (see the discussion section).

The triplot (Figure 6) allows to distinguish specific correlation, between site-specific macrofauna
and particular metabolic pathways and fluxes measured in the four studied areas. Benthic net fluxes of
Mn2+, NH4

+, and TCO2 were strongly associated to the benthic activity of gammarids and C. salinarius.
Denitrification (D14, Dw, and Dn) were best explained by a model when including V. philippinarum,
M. insidiosum, and caprelids (with an opposite effect) presence. The presence of V. philippinarum and
M. insidiosum were also positively correlated to SRP flux and TOU. Oligochaetes, Neanthes, and spionids
negatively affected TCO2 and NH4

+ fluxes.
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Figure 6. Distance triplot of redundancy analysis (RDA) on fluxes (TOU; TCO2, Mn2+, NH4
+, NOX

−,
and SRP) and processes (denitrification—D14, Dw, and Dn) in the Sacca di Goro Lagoon, using the
eight most representative benthic macrofauna as explanatory variables (V. philippinarum, Neanthes,
spionids, oligochaetes, C. salinarius, M. insidosum, gammarids, and caprelids). Numbers (1–32) indicate
single cores collected from the four sampling sites. The thick arrows are the vectors of the explanatory
variables. The projection of any sample onto arrows approximates the measured value in that sample.

Partial-RDA analysis (triplot not shown) was used to disentangle the pure effect of the 8 species
of macrofauna (X1) from the possible effect given from the four sites (X2) taken in consideration
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(macrofauna-location portioning). Variation partitioning analysis of benthic processes explained by
functional diversity and sites (as nominal explanatory variables) indicates a strong synergistic effect
on the total variance explanation. The total amount of variation explained in the response variables
equaled 44% (sum of all canonical eigenvalue) (Table 2). Variable species alone explained (X1 | X2) 19%
of benthic flux variation, whereas sites differences (X2 | X1) alone explained only the 8%; the sum of
effects explained the 47% of the variation.

Table 2. Summary table showing variation partitioning and calculation of benthic fluxes explained by
macrofauna species, sites, and joined effect. Explained variance can be portioned in [A], [B], and [C].
[A] = percentage of variability merely explained by macrofauna; [C] = percentage of variability merely
explained by location; [B] = percentage of variability explained by a synergistic effect.

Predictors and Covariables Df Sum of All Canonical
Eigenvalues (%)

(Species effect ∪ Site effect) = [A+B+C] 9 74

Species | Site effect = [A] (Site effect as covariable) 6 19

Site effect | species = [C] (Species as covariable) 3 8

Species effect ∩ Site effect = [(Species effect ∪ Site effect) –
(Species effect | Site effect) − (Site effect | Species effect)] = [B] 0 74 – (19) – (8) = 47

Residuals = [Total inertia – (Species effect ∪ Site effect)] 0 100 – 74 = 26

4. Discussion

While in most deep aquatic ecosystems, meiofauna and microbial communities are drivers
of benthic processes, in coastal estuarine systems macrofauna play a major role in organic matter
mineralization and nutrient cycling [8,58–60]. The analysis of macrofauna diversity, abundance,
functional role, and distribution is therefore central to understand coastal lagoon functioning [16,24].
The latter can be defined as the capacity of sediments to process organic matter inputs, avoiding excess
carbon accumulation and resulting in fast nutrient turnover. Excluding the autotrophic component,
benthic functioning in an eutrophic ecosystem with large N excess can also be defined as the degree of
coupling of microbial processes (e.g., ammonification, nitrification, and denitrification) that results
in net N loss and limited regeneration to the water column [61,62]. In present study, we did not
characterize organic matter input to sediments and we cannot calculate the balance between input and
output terms; however, we can reconstruct some paths of benthic N cycle and speculate on the role of
macrofauna as regulator of microbially mediated N-processes.

4.1. Physico-Chemical Zonation and Macrofauna Composition

The four studied dominating areas of the lagoon revealed to be distinct environments, differing
in sediment type, organic matter content, average salinity, and bottom water nutrient concentration
(Table 1). Despite its small size, the Sacca di Goro Lagoon has a marked zonation that depends on
the freshwater inputs, sea–lagoon water exchange, the extent of primary production, and deposition
rates [43,44,47,48]. The observed difference in a number of bottom macrofauna species and functional
traits (Figure 2) is most likely related to these environmental differences.

Freshwater input is the main driver of benthic ecosystem functioning in site 1, where nutrient loads
affect rates and direction of the benthic solute fluxes. Intensive discharge transports sediment-bound
nutrients (particularly phosphorus and silica), as well as dissolved inorganic nutrients such as NO3

−,
due to its high solubility and mobility. Due to shallow depths, most allochthonous particulate matter
settles on surface sediment, where it is mineralized to inorganic nutrients. Dissolved nutrients from
bottom water accumulate in pore water due to gradient driven diffusive transport, resulting in deep
penetration of electron acceptors (e.g., NO3

−) [40]. Due to tidal exchange and freshwater flushing from
the Po di Volano River, a major portion of macrofauna biomass mainly consists of sediment dwelling
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opportunistic species, such as spionids, oligochaetes, and M. insidiosum, tolerant to high organic matter
content and lower O2 concentration [63].

In the sheltered accumulation area (site 2), mainly autochthonous organic matter inputs
(macroalgae and phytoplankton) are delivered by dominating hydrodynamic circulation.
Such conditions favor the development of a thick layer of organic matter on the surface sediment and
limits O2 or NO3

− sediment penetration [38]. As a consequence, the dominant pathways of anaerobic
respiration lead to the accumulation of reduced metabolites such as sulfides and NH4

+, which are
toxic for living macrofauna. This may explain the lack of macroinvertebrates other than M. insidiosum
and C. salinarius.

Site 3 is located within the clams farming area. Our findings are consistent with results from
previous surveys [48,64,65], which show that the most diverse benthic community is generally found
in the central–western part of the lagoon. Clams farming operations may lead to a moderate or high
disturbance of benthic community [36], setting to zero the competitive advantages of potentially
dominant species. High densities of filter-feeders produce changes in sediment physico-chemical
characteristics, as organic enrichment that may favor the proliferation of small-sized tolerant
macrofauna [66,67]. High clams density results also in large stimulation of O2 and NH4

+ fluxes
due to combination of respiration, labile particles mineralization, and direct excretion [29,46].

Site 4 is a sandy area exposed to tidal forcing and strong currents that prevent organic matter
accumulation and restrict macrofauna distribution [68,69]. We speculate that macrofauna community
composition at this marine site is shaped by hydrodynamic condition and sedimentary features.
The limited organic pool in the sediments and the low concentrations of suspended matter in the
water column result in a diversified benthic community but with low densities (Figure 2). Spionids are
abundant at this site as this taxa prefers sandy substratum and tolerates wide salinity variations [65,70].

4.2. Macrofauna Affect Benthic Metabolim and N-Cyling across Sites

In the Sacca di Goro Lagoon, as in other eutrophic estuarine systems, low O2 levels and anoxic
crises are frequent and may affect the whole system functioning [37,71]. Due to the shallowness of the
lagoon, O2 dynamics in the water column is primarily driven by benthic metabolism. Although rates
of benthic O2 uptake were similar at the sites 1, 2, and 3 (5 mmol m−2 h−1 on average), we speculate
that mechanisms underlying oxygen consumption were different. At the first two sites, re-oxidation of
anaerobic metabolism end-products (e.g., free sulfides, ferrous iron, or manganous manganese) was
likely an important sink for O2, whereas at the other sites, respiration by benthic organism was the
dominant oxygen-consuming path.

We tentatively reconstructed the benthic N-cycling from combined measured fluxes and calculated
processes at each site. Benthic N-cycling consists of multiple processes, mostly mediated by bacteria,
but strongly influenced by the presence and the activity of macrofauna. We therefore tried to explain
at each site how macrofauna community drives N paths (Figure 7).

At site 1, a high efflux of NO3
− suggests high rates of NH4

+ oxidation via nitrification which
is tightly coupled to ammonification. This idea is supported by large NO3

− efflux and negligible
NH4

+ release from sediments. A major percentage of NO3
− (86%) produced via sediment nitrification

accumulates in near-bottom water and only a small amount diffuses to anoxic sediments where it is
denitrified (12%). The results from the RDA stress the strong positive relationship among burrowing
organism abundance at the site 1 and the measured TCO2, NH4

+, and NOx
− fluxes (Figure 5).

Abundant M. insidiosum and polychaete populations are able to create a dense network of burrows
which extend the surface for solute exchange and the volume of oxic niches, stimulating bacterial
activity. Furthermore, continuous ventilation of burrows by M. insidiosum supports nitrification
process that requires O2 and CO2 [35]. Therefore, in this type of sediments, CO2 production via
mineralization is likely offset by high nitrifiers assimilation. We also expect synergetic effect of spionids
and M. insidiosum on nitrification. Spionids, which typically burrow deeper than M. insidiosum,
enhance NH4

+ mobilization from deeper sediment layers to the surface horizons [72,73]. Here, NH4
+
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is oxidized to NO3
− in burrows of M. insidiosum. Moares et al. [35] showed that the production

of NO3
− is significantly correlated with the abundance of M. insidiosum. As a result, nitrification

largely prevails over denitrification in this type of habitat. However, low denitrification efficiency
suggests that nitrification and denitrification are spatially uncoupled processes because of active
burrow ventilation and the thickness of the oxic zone. The diffusion path of NO3

− from the water
column to the anoxic denitrification zone is so thick that Dw is significantly reduced, despite high
water column NO3

− concentration. Modelled rates of Dw are in fact much higher than measured
rates (829 versus 153 µmol m−2 h−1 [57]). We calculated that only 6% of the water column NO3

− pool
(assuming 1 m depth) is denitrified per day.
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rates were estimated as the sum of the net NO3
− efflux and Dn; net NO3

− efflux is the sum of measured
NO3

− efflux and denitrification based on bottom water NO3
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are expressed on an hourly basis per unit of sediment surface (µmol m−2 d−1). Dissimilative NO3
−

reduction to NH4
+ (DNRA) was not measured but is represented as a dotted line, a likely occurring

path at site 2. Denitrification efficiency (DE) is the ratio between dinitrogen (N2) flux and the sum of
N2 and dissolved inorganic N (NH4

++NOx
−) effluxes.

At site 2, the sedimentary environment was chemically reduced as suggested by black color, smell
of sulfides, and high Mn2+ efflux. This indicates the dominance of anaerobic respiration (e.g., metal
reduction) with subsequent accumulation of Fe2+, Mn2+ and H2S in bottom water. Measured high
concentration of Mn2+ suggests an intensive manganese hydrooxides recycling. In coastal sediments,
manganese hydrooxides can be either reduced to Mn2+ through microbial respiration or by the chemical
oxidation of reduced iron and sulfur species [74,75]. In such O2-poor sediments, the reduction of
metal hydrooxides with subsequent SRP mobilization to pore and adjacent bottom water is frequently
observed [76]. Macrofauna community in this part of the lagoon mostly consists of small-sized surface
burrowers such as C. salinarius, M. insidiosum, and gammarids. Ventilation of burrows by these
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specimens can also enhance exchange of microbial metabolism end-products. RDA analysis shows
macrofauna functional traits being related to the SRP, Mn2+, and NH4

+ release from sediment and N
loss via denitrification (Dw). Previous studies showed minor or negligible effect of these macrofauna
taxa on nitrification and subsequently its coupling to denitrification in the burrow walls [77]. At site 2,
ammonification is the dominant pathway within the N cycle. Relatively large amount of regenerated
NH4

+ (94%) accumulates in bottom water. The thin oxic sediment layer constrains nitrification process
in the upper sediment layer, and thus rates are uncoupled to those of ammonification. We speculate that
the limited O2 penetration results in a short path to get to the anoxic layer, and as a result denitrification
is mainly fueled by water column NO3

− (92% of N2 production) which reduces up to 18% of the nitrate
pool in water. We also speculate that at this site NO3

− reduction to NH4
+ could play an important

role as nitrate sink and ammonium source. The comparison between macrofauna effects at sites 1
and 2 reveals that M. insidiosum can produce contrasting effects depending on site-specific features.
If a fraction of the NH4

+ flux measured at the site 2 is driven by dissimilative NO3
− reduction to NH4

+

(DNRA) rather than organic matter mineralization, part of the NO3
− flux to sediment could be recycled

as NH4
+ (Figure 7). The specific conditions of site 2 result in much higher denitrification efficiency.

We assume that at site 3, where high macrofauna biomass was observed, O2 is respired by benthic
macrofauna itself. According to [46], V. philippinarum, which is abundant at this site, contributes to a
significant part of O2 uptake and TCO2 production. In addition, clams alone can excrete SRP and such
direct excretion may account for up to 90% of the net flux measured during summer [39,78]. SRP fluxes
can be sustained also by deposition and subsequent mineralization of feces [76]. Limited SRP fluxes in
clams farming areas can be surprising, but the co-presence of clams and M. insidiosum may provide a
reasonable explanation. SRP directly or indirectly produced by clams might in fact be transported
within M. insidosum burrows during its ventilation and trapped through co-precipitation with metal
hydrooxides. The same clams–amphipods association may result in coupled rates of ammonification,
nitrification, and denitrification, promoting N-loss.

Our results suggest that clams also influence N-cycling in the followings ways: (i) directly by
sediment bioturbation and (ii) indirectly by filtration and biodeposition of organic matter from water
column to bottom sediments. V. philippinarum can be considered as shallow-burrower rather than
deep-burrower but its bioturbation activity is strongly correlated to denitrification process (Dn in
particular, see Figure 7). At this site, nearly 61% of sedimentary NH4

+ is oxidized to NO3
− within the

sediment and subsequently almost the entire pool is denitrified to N2. Approximately 62% of the total
denitrification comes from the coupled nitrification–denitrification process. The direct stimulation
of N processes, in particular nitrification, is likely due to additional habitat provided by burrow
walls. The syphons of V. philippinarum provide a microoxic environment within sediments, which may
support the activity of nitrifiers [39]. In addition, clams can excrete relevant amount of NH4

+, which
accounts up to 80% of overall sediment N-regeneration [46]. A large part of NH4

+ is nitrified while
the remaining fraction is released to bottom water. The high abundance of M. insidiosum at site 3 can
support also nitrification and can be explained by the presence of clams, as these filter-feeders may
provide high quality food for the amphipod [79].

The lowest respiration with respect to O2 uptake and TCO2 production was found at site 4, where
sediment is poor in organic matter and macrofauna is characterized by low biomass and by high
number of functional traits: filter-feeders, deep burrowers, and scrapers. The balanced O2 uptake
and TCO2 production suggest dominating aerobic respiration. In this hydrodynamic active area,
sediment is always a sink for SRP due to high O2 penetration, which enhance buffer capacity, and
microphytobenthos uptake [80]. Continuous current exposure and sediment erosion prevent organic
matter accumulation and enhance pore water advection. Hence, low mineralization and end-product
oxidation as NH4

+ via nitrification is expected. Surprisingly, we observed a relatively higher NH4
+

efflux in comparison to site 3, where sediment also is poor in organic matter but host clams. At this site,
nearly 98% of sedimentary NH4

+ is released to the bottom water while negligible amount is oxidized
to NO3

− within the sediment, which later is completely denitrified to N2. Since sediment is poor in
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organic matter, it is difficult to explain NH4
+ efflux by mineralization. Closer inspection of each single

core suggests that the highest NH4
+ effluxes largely coincided with presence of musculista and partly

of V. philippinarum, while spionids have a less evident effect. It seems likely that NH4
+ excreted by

musculista is not directly incorporated into the benthic microbial communities at such sites under
high hydrodynamic activity. Approximately 88% of the total denitrification is fueled by NO3

− from
overlaying water, however, the denitrification rates were the lowest as compared to the other sites.
Due to high NH4

+ efflux and low denitrification rates, denitrification efficiency was low.

4.3. Conclusions

Predicting the effect of macrofauna diversity on benthic functioning can be critically important,
given present threats to biological diversity such as habitat destruction, loss of species, overharvesting,
and climate change. In the present work, we demonstrate that the relationships between biodiversity
and benthic functioning can be tackled with multiple approaches on natural, undisturbed sediments
collected along estuarine gradients. Multivariate analysis performed on single cores, each with
a specific community and metabolic rates, provide a statistical evidence on how macrofaunal
species drive sedimentary processes. The analysis of benthic N-cycling conducted at a larger scale,
grouping cores collected from the same site, allows to analyze how the interactions among different
macrofauna groups determine different net effects on multiple microbial process. The combination
of results from the two approaches allows in turn to speculate on underlying, macrofauna-mediated
processes. Our results suggest the occurrence of complex relationships among the physical
environment, the microbial communities and the macrofauna groups, exemplified by very different,
macrofauna-community-dependent N paths. Such complex relationships cannot be evaluated in
reconstructed sediment with single species, which provide very partial understanding of what
happens in nature. Surface and deep burrowing organisms provide key ecosystem services in
eutrophic shallow lagoon as they favor the oxidation of anaerobic path end-products, maintain active
geochemical buffers (e.g., against sulfides or SRP release), and prevent excess decrease of sediment
redox, resulting in negative feedbacks for macrofauna diversity. Cultivated clams are generally
considered as nutrient sources due to their elevated excretion rates and biodeposits, but our results
suggest that the co-occurrence of bivalves and burrowing organisms may promote nitrate loss via
denitrification coupled to nitrification. Our approach can be extended to manipulative studies in which
different macrofauna species can be added or removed in order to test specific hypotheses.
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