
19 May 2023

University of Parma Research Repository

Benthic N pathways in illuminated and bioturbated sediments studied with network analysis / Magri, M.;
Benelli, S.; Bondavalli, C.; Bartoli, Marco; Christian, R. R.; Bodini, Antonio. - In: LIMNOLOGY AND
OCEANOGRAPHY. - ISSN 0024-3590. - 63:(2018), pp. 68-84. [10.1002/lno.10724]

Original

Benthic N pathways in illuminated and bioturbated sediments studied with network analysis

Publisher:

Published
DOI:10.1002/lno.10724

Terms of use:
openAccess

Publisher copyright

(Article begins on next page)

Anyone can freely access the full text of works made available as "Open Access". Works made available

Availability:
This version is available at: 11381/2834882 since: 2021-10-01T10:54:45Z

Wiley Blackwell

This is the peer reviewd version of the followng article:

note finali coverpage



Benthic N pathways in illuminated and bioturbated sediments studied
with network analysis

M. Magri,1 S. Benelli,2 C. Bondavalli,1 M. Bartoli ,1,3* R. R. Christian,4 A. Bodini1
1Department of Chemistry, Life Sciences and Environmental Sustainability, University of Parma, Parma, Italy
2Department of Life Sciences and Biotechnologies, University of Ferrara, Ferrara, Italy
3Coastal Research and Planning Institute, University of Klaipeda, Klaipeda, Lithuania
4Department of Biology, East Carolina University, Greenville, United States

Abstract

The regulation of benthic nitrogen (N) cycling by multiple interactions among bacteria, macrofauna, and

primary producers is poorly understood. We hypothesized that a biodiverse benthic system should better

exploit the benthic N-availability and retain N than a simpler one. Retention occurs by avoiding losses both

to the water column via increased recycling and to the atmosphere via decreased N2 fluxes and by limiting

energy-costly processes as N-fixation. We also hypothesized that primary producer-bacterial competition is

reduced in the presence of macrofauna due to mobilization of refractory N pools. To this purpose, the effects

of two bioturbators (the detritivorous Sparganophilus tamesis and the filter-feeding Corbicula spp.) and two pri-

mary producer growth forms (the rooted macrophyte Vallisneria spiralis and microphytobenthos) on benthic

N cycling were studied. An array of N-processes were measured along a complexity gradient (from bare sedi-

ments to all combinations of the above mentioned organisms), and experimental outcomes were analyzed

via ecological network analysis (ENA). This suite of algorithms, applied to the microscale, revealed differential

partitioning of N fluxes among bare sediments (highest denitrification rates), sediments with macrofauna

(highest recycling), and sediments with rooted plants (highest N-fixation). N2 losses and inputs were signifi-

cantly reduced when all components were represented, and N requirements by primary producers were to a

large extent supported by the activity of macrofauna. Ecological interactions in biodiverse benthic systems

promoted an efficient exploitation of sedimentary N pools, increased the coupling between recycling and

uptake, and maximized N use efficiency at the expenses of losses and imports.

Benthic cycling of nitrogen (N) undergoes complex regu-

lation by the interplay of primary producers, macrofauna,

and microbes (Mermillod-Blondin et al. 2008; Soana et al.

2015; Vila-Costa et al. 2016). Understanding how interac-

tions at the community level affect N dynamics is relevant

in the context of loss of both biodiversity and ecosystem

services (Vadeboncoeur et al. 2003). This understanding

comes from studies that combine community structure and

biogeochemistry (Lohrer et al. 2010; Mermillod-Blondin and

Lemoine 2010; Herren et al. 2017). But such studies often do

not include measurements of multiple N processes. Detailed

understanding of complex interactions is, thus, difficult to

achieve with traditional observational and experimental

approaches quantifying net rates (Loreau 2010).

Microphytobenthos and rooted macrophytes may have a

variety of consequences to benthic ecosystems. They assimi-

late inorganic N from bottom and pore water, mainly as

ammonium (NH1
4 ), altering concentration gradients across

the sediment–water interface (Soana et al. 2012). They, also,

release oxygen (O2) and exudates at the interface or within

sediments via the roots, increasing the volume of oxic sedi-

ments and favoring microbial processes such as ammonifica-

tion, nitrification, and denitrification (Lemoine et al. 2012;

Soana et al. 2015; Vila-Costa et al. 2016). Under N-limiting

conditions, primary producers may inhibit both dissimilative

microbial processes and N-losses from sediments while stim-

ulating heterotrophic N-fixation (Risgaard-Petersen and Jen-

sen 1997; Bartoli et al. 2003a; McGlathery et al. 2007).

Under N excess, primary producer-bacterial competition is

ameliorated, and high rates of assimilation and denitrifica-

tion may co-occur (Soana et al. 2015). The interactions

between autotrophs and heterotrophic microbial communi-

ties depend, therefore, upon gradients of N availability, as
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further influenced by macrofauna (Bartoli et al. 2003b; Fer-

guson et al. 2004; Mermillod-Blondin et al. 2008).

Macrofauna affect benthic N cycling via sediment inges-

tion and reworking, burrowing, irrigation and ventilation

activities, biodeposition and benthic-pelagic coupling (Kris-

tensen 2000; Stief 2013). These animals can excrete large

amounts of NH1
4 , favor its mobilization from pore water,

and stimulate microbial ammonification (Stief 2013; Ruginis

et al. 2014; Benelli et al. 2017). Activities by both surface

and deep burrowers increase microbial N2 production within

sediments via coupled nitrification-denitrification (Pelegr�ı

et al. 1994; Nizzoli et al. 2007). This can, in turn, stimulate

N-fixation along burrows and compensate N losses (Henrik-

sen et al. 1983; Bertics et al. 2010). Finally, macrofauna

mobilize deep or refractory sedimentary N pools, resulting in

regeneration, which may favor primary production and

lessen negative feedbacks between assimilative and dissimila-

tive paths (Mermillod-Blondin et al. 2008).

The effects of primary producers and macrofauna on ben-

thic N cycling are sometimes studied with simplified experi-

mental approaches targeting single species or functional

groups and focusing on single processes. This leads to a partial

interpretation of the effects of multiple interactions among dif-

ferent organisms (Raffaelli et al. 2003; Loreau 2010). We have

expanded the ability to understand benthic N cycling across

gradients of community complexity. Specifically we combined

three approaches: (1) microcosm experiments to reproduce the

gradients in community structure, (2) measurements of an

array of N-processes, and (3) construction of mass balance

models with ecological network analysis (ENA). Our strategy

makes explicit the array of coupled paths determining net N

fluxes. We investigated whether competitive interactions for N

among primary producers and bacteria are ameliorated by dif-

ferent macrofaunal functional groups, via mobilization of sedi-

mentary and pelagic N pools. We also analyzed how microbial

processes, such as N-fixation and denitrification driving net N2

fluxes, are differentially stimulated or depressed by the com-

bined activity of macrofauna and primary producers.

Mass balance network models and their analysis enable

the observation and the quantification of direct and indirect

relationships among network components as well as provide

system-level attributes (Christian et al. 2016). Accordingly,

Ecological Network Analysis (ENA, henceforth) can help dis-

entangle the importance of co-occurring processes and the

role of different taxa within a community. Ecological net-

work analysis actually refers to a suite of algorithms that

address numerous aspects of network flow structure (Borrett

and Lau 2014). ENA has been used extensively to interpret

food web interactions and compare web networks using

system-level indices (Ulanowicz and Puccia 1990; Salas and

Borrett 2011). It has also been applied to N cycles across a

variety of ecosystems and scales (Christian et al. 2016). For

example, Christian and Thomas (2003) and Small et al.

(2014) traced the paths of different forms of imported N

through the networks of two different aquatic ecosystems and

determined the amount of recycling. Other studies focused on

the role of a single compartment on N cycling, especially pri-

mary producers and their different growth forms (Christian

et al. 1996). Hines et al. (2012) constructed and analyzed benthic

N cycling with networks that highlighted microbial processes.

They evaluated the strength of coupling between different

microbial N processes and the importance of each compartment

relative to others through both direct and indirect paths. Hines

et al. (2012) constructed and analyzed their networks at the cm3

scale. But other analyses have spanned scales as large as the Bal-

tic Sea (Wulff et al. 1989). In fact most ENA applications have

been done at the large ecosystem scale (Christian et al. 2016).

We uniquely applied ENA to the scale of the microcosm in this

research. In microcosms the limited number of components

does not necessarily simplify N cycling as the numbers of com-

partments and flows in our networks are comparable to those

found in networks of larger ecosystems (Christian et al. 2016).

Downscaling in fact is implemented to analyze processes at a

finer resolution, and this reveals how net effects depend on mul-

tiple paths of exchange. ENA disentangles the nature of this

dependence. In addition, measuring most of the pools and input

data under controlled conditions overcomes the common limi-

tation for larger systems that many input data are estimated or

taken from the literature (Christian et al. 2016).

The purpose of this work was to analyze, via combined

experimental and modeling approaches, the share of sedimen-

tary N fluxes among bacteria, macrofauna, and primary pro-

ducers across a gradient of benthic complexity. We studied the

role and the interactions of two bioturbators (Sparganophilus

tamesis and Corbicula spp., a deposit and a filter feeder, respec-

tively); two growth forms of primary producers (the rooted

macrophyte Vallisneria spiralis and microphytobenthos); and

N-related microbial communities on benthic N cycling in illu-

minated sediments. Specific questions were as follows: do dif-

ferent macrofaunal functional groups attenuate the

competitive interactions for N between primary producers and

bacteria, and if so how? Are microbial N-fixation and denitrifi-

cation differentially stimulated by the combined activity of

macrofauna and primary producers, and if so how?

We hypothesized that a biodiverse benthic system should

better exploit the benthic N-availability and retain N than a

simpler one. Retention occurs by avoiding losses both to the

water column via increased recycling and to the atmosphere

via decreased N2 fluxes and by limiting energy-costly pro-

cesses as N-fixation. We also hypothesized that primary

producer-bacterial competition is reduced in the presence of

macrofauna due to mobilization of refractory N pools.

Materials and methods

Experimental design

Our experimental approach involves the incubation of micro-

cosms under controlled conditions after an acclimatization
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period (Dalsgaard 2000; Ribaudo et al. 2011; Soana et al. 2015;

Racchetti et al. 2017). Water, sediments, plants, and macrofauna

were collected from a perifluvial area of the Mincio River (North-

ern Italy) in November 2013. Sediments of the sampled areas

consisted of fluffy, organic material colonized by patchy mead-

ows of the submersed macrophyte V. spiralis. Sediment porosity

(0–10 cm depth, average6 SD) was 0.77 6 0.11, while organic C,

organic N and total P averaged 9.93% 6 0.93%, 0.56% 6 0.1%,

and 0.06% 6 0.02% of sediment dry weight, respectively. The

concentrations of inorganic N in the water at the beginning of

the experiment were 4.3 6 0.3, 1.6 6 0.4, and 114.2 6 10.5 lM

for NH1
4 , NO2

2 , and NO2
3 , respectively. Macrofauna were domi-

nated by the oligochaete S. tamesis and by the bivalve Corbicula

spp. (Gherardi et al. 2008; Rota et al. 2014). Both taxa were found

in bare as well as in vegetated sediments.

The experimental design consisted of eight conditions,

each with n 5 8 replicated microcosms: bare sediment (S),

sediment with Corbicula spp. (SC), sediment with S. tamesis

(SO), sediment with V. spiralis (SV), sediment with Corbicula

spp. and S. tamesis (SOC), sediment with Corbicula spp. and

V. spiralis (SVC), sediment with S. tamesis and V. spiralis

(SVO), and sediment with S. tamesis, Corbicula spp. and V.

spiralis (SVOC). Nearly 20 L of surface sediment (0–10 cm

depth) were sieved in situ to remove macrofauna and large

debris. It was then homogenized and transferred into cylin-

drical Plexiglass microcosms (i.d. 7.5 cm, height 10 cm, wall

thickness 0.5 cm, n 5 64). Additional sediment was collected

and sieved to recover a sufficient number of oligochaetes

and bivalves. The fluffy, organic sediment at the sampling

site allowed gentle collection of V. spiralis by hand, preserv-

ing intact the rhizosphere. Two individuals of each species

were then added or transplanted into each microcosm,

reflecting in situ densities. All microcosms were then trans-

ferred into a large aquarium containing in situ, well-stirred

and aerated water maintained at 208C. Nearly 30% of the

aquarium water was replaced every 3 d, and this pre-

incubation phase lasted 5 weeks. A light-dark 12-h period

was reproduced; halogen lamps provided an irradiance of

300 lE m22 s21 at the sediment–water interface. Based on

previous experiments, we considered the pre-incubation

period as sufficient for the development of microalgal mats;

for the plants to overcome the transplant stress and grow;

for the roots and the macrofauna to modify the sedimentary

environment; for the bacterial communities associated to

roots, burrows and biodeposits to develop; and for solute

microgradients to establish (Racchetti et al. 2010, 2017; Rib-

audo et al. 2011; Soana et al. 2012, 2015). In the conditions

S, SC, SO, and SOC microphytobenthos developed during

the pre-incubation period at the sediment–water interface,

while algal growth was attenuated by the canopy of V. spira-

lis in the remaining microcosms.

The day before the incubation each microcosm was

placed underwater in a Plexiglass liner with an inner diame-

ter perfectly fitting the microcosm outer diameter and a

height of 40 cm. The liner was then bottom-capped and pro-

vided with a stirring system (more details about an analo-

gous experimental set up can be found in Racchetti et al.

2017). Total dissolved inorganic carbon (TCO2), ammonium

(NH1
4 ), nitrite (NO2

2 ), nitrate (NO2
3 ), and molecular nitrogen

(N2) net flux rates were then measured in the light and in

the dark in four replicate microcosms per condition. Details

of the incubation procedures are reported in Soana et al.

(2015). Briefly, a short-term (1–2 h) batch incubation started

when a gas-tight transparent lid was positioned on the top

of each core. Initial and final water samples were collected

from each replicate core just before the starting and just after

the end of the incubation, when top lids were removed. A

stirring magnetic bar, driven by an external motor at

40 rpm, ensured homogeneous chemical conditions within

each core’s water phase. Incubation time was kept at a mini-

mum intentionally, to keep O2 concentrations in the overly-

ing water within 20% of the initial values. Dissolved N2 was

measured via membrane inlet mass spectrometry as N2/Ar

ratios (Kana et al. 1994). TCO2 was measured via 0.1 M HCl

titration, and dissolved inorganic nitrogen forms (NH1
4 ,

NO2
2 , and NO2

3 ), were measured by standard spectrophoto-

metric techniques (Soana et al. 2015). Sequential to flux

measurements, rates of denitrification were quantified in the

light and in the dark via the isotope pairing technique (IPT,

Nielsen 1992; Soana et al. 2015). Briefly, at the beginning of

the experiment, 15NO2
3 , from a stock 15 mM Na15NO3 solu-

tion was added to the water phase of each of the replicate

cores. Labeled nitrate was added to provide a final 15N

atom% of at least 30%. The cores were then closed with gas-

tight lids and the incubation started. After 2 h, the sediment

and water were gently mixed together. An aliquot of the

slurry was transferred to a 12.5 mL gas-tight vial; 14N15N and
15N15N abundance in N2 were analyzed by membrane inlet

mass spectrometry. In the Mincio River sediments, the con-

tribution of anammox to N2 production was demonstrated

to be low (< 2%, Soana et al. 2015), as generally reported for

organic-rich freshwater sediments. We therefore assumed

that the IPT is reliable in our system. Soana et al. (2015)

demonstrated that in the Mincio River sediments the dissim-

ilative nitrate reduction to ammonium (DNRA) was also a

minor process. These authors demonstrated that denitrifica-

tion of water column NO2
3 explained most of dark nitrate

uptake by sediments and that denitrification was the domi-

nant N sink. In our network analysis anammox and DNRA

were included, but with minimal flows.

As the IPT is destructive, chlorophyll a (Chl a) concentra-

tion, porosity, density, and water content were determined

just before sediment and water mixing on sediment subsam-

ples collected with a cut-off syringe, as described in Benelli

et al. (2017). Exchangeable and pore water NH1
4 and pore

water NO2
3 concentrations were also determined. Exchange-

able NH1
4 was extracted from fresh sediments with 1 M KCl.

Pore water NH1
4 and NO2

3 concentrations were determined
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after sediment squeezing in the upper 1 cm sediment hori-

zon and gradients with bottom water were calculated. Diffu-

sive fluxes of NH1
4 and NO2

3 across the sediment–water

interface were then calculated by applying the Fick’s First

Law (Berner 1980). Macrophytes and macrofauna were col-

lected from each core by sediment sieving. Survival rates

were verified, and then the macrofauna and the plants were

desiccated at 708C to constant weight for dry weight deter-

mination. All experimentally measured or calculated nitro-

gen fluxes among biotic and abiotic compartments that were

used to construct the various networks are reported in Sup-

porting Information (Supporting Information Table S1),

together with a short description or reference on how calcu-

lations were made.

Network construction

Pools and fluxes associated with the various processes

were measured and averaged for each experimental condi-

tion (n 5 8) under dark and light, and a total of 16 networks

of benthic N cycling were constructed. The networks con-

sisted of individual compartments representing standing

stocks of N connected by flows of N. Flows with the outside

described N imports and exports. Import of sediment PN was

adopted as an accounting device to represent mineralization

of this large, largely refractory pool. All networks shared

nine compartments which represented inorganic and organic

N compounds in the water column (“NH1
4 w,” “NO2

x w,” “N2

w,” “DONw,” “PNw”) and in the sediment (“NH1
4 s,” “NO2

x s,”

“N2 s,” “PNs”). Some of these compartments (“NH1
4 w,”

“NO2
x w,” “N2 w,” “NH1

4 s,” “NO2
x s,” “N2 s”) were measured

whereas the remaining were estimated, as detailed below or

in Supporting Information Table S1.

Networks representing different conditions potentially

included N pools for the macrofaunal taxa S. tamesis (“O”)

Corbicula spp. (“C”) and the macrophyte V. spiralis. Appro-

priate networks included V. spiralis as two different compart-

ments, one for N in leaves (“Vl”) and another for N in roots

(“Vr”). Every network also contained a compartment repre-

senting benthic microalgae (microphytobenthos 5 “MPB”),

which naturally grew on sediment. The most complex condi-

tion included 14 active compartments (Fig. 1). All standing

stock values were obtained from the experiment. For N com-

pounds molar concentration values of starting condition

were standardized to lmol N m22. N pools in macrofauna,

macrophytes, and benthic algae were calculated from dry

biomass at the end of experiment and elemental composi-

tion taken from the literature and, also, expressed as lmol N

m22 (Fink et al. 2006; Pinardi et al. 2009; Atkinson et al.

2010). N in microphytobenthos was calculated from Chl a in

the upper sediment layer, using a C : Chl a ratio of 40 (g : g,

Winberg et al. 1973) and a 106 : 16 C : N molar ratio

(Redfield 1958).

Compartments were internally connected via feeding, bio-

geochemical, and detrital pathways. We quantified flows

between compartments as well as flows connecting internal

components to the outside system. We derived most flows

from N and TCO2 net fluxes at the sediment–water interface

and denitrification rates obtained by the IPT. In some cases,

we used comparisons between dark and light incubations

and comparisons between conditions of increasing complex-

ity and in a few instances literature data. When a flow was

Fig. 1. Graph showing all compartments and connecting flows in the most complex experimental condition (SOVC) including: Corbicula spp. (C); S.

tamesis (O); V. spiralis, divided in two different compartments (leaves (Vl) and roots (Vr)); and benthic microalgae (MPB). The other compartments rep-
resent organic and inorganic N compounds in the water column and in the sediment. Their designations are found in the text.
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considered negligible, it was given a minimal value of 0.001

lmol N m22 h21 (Christian et al. 2010). A comprehensive

list of methods is presented in the Supporting Information

(Supporting Information Table S1). All flow rates were

expressed as lmol N m22 h21.

A steady state assumption facilitates the interpretation of

some analyses and is required for others; this means that the

sum of matter entering any given compartment equals the

sum leaving the compartment. Balancing networks to achieve

steady state resulting from data uncertainty is a universal prac-

tice in network modeling (Allesina and Bondavalli 2003). As

stated previously, incubations were kept short to foster steady

state, but some changes in standing stock occurred or were

inferred. In these microcosms, therefore, imports and exports

within the network models served as conveniences to facilitate

analysis. They represented gain to and loss from the biologi-

cally active components of microcosms. Overall network

steady state was achieved by balancing imports (most notably

PNs and N2 w) with exports as N2 loss (i.e., through denitrifica-

tion) and accumulation of biomass N. To balance each com-

partment, adjustments were made to the flows by acting

mainly on those flows that were estimated; they were changed

as needed to reach at least 15% unbalanced in respect to each

compartment throughput. This procedure was carried out on

estimated flows first, leaving the values derived from direct

measurements during the experimental phase unmodified.

Finally the software “NetBalance” (Allesina and Bondavalli

2003) was applied for a final overall balancing of the networks.

Analyses

ENA is actually a suite of analyses and not one. We chose

two widely used analyses based on matrix algebra (Borrett

et al. 2013; Christian et al. 2016): input analysis and total

dependency analysis. The structure of each network was rep-

resented by an exchange matrix of flows between compart-

ments and vectors for import, export and biomass. This was

depicted as a graph (Fig. 1). Analyses were conducted on the

matrices and vectors using “WAND” (Allesina and Bondavalli

2004), a software developed for ENA applications.

Input analysis tracks the fate of specific forms of imported

N as they pass through the system. As applied here and

explained earlier, an atom of PNs that is decomposed is rep-

resented as import (Fig. 1). It may pass through multiple

compartments and transformations before being exported.

Export is represented in our networks as N2 loss (i.e.,

through denitrification) and accumulation of biomass N in

our microcosm networks. Input analysis indicates the fre-

quencies that imported N (sic, decomposed PNs) pass

through each pathway or process within and leaving the net-

work. In general input analysis is calculated through a series

of algorithms conducted on the initial exchange matrix and

flow vectors. The analysis then calculates the frequencies of

individual imports as apportioned to the various interactions

within the system and exports. For example, one obtains an

estimate of how much of the original decomposed PNs is deni-

trified. Details about the Input Analysis algorithm are pre-

sented in the Supporting Information (Supporting Information

Appendix S2). These frequencies are often portrayed as percen-

tages, although values greater than 100 can occur. These high

values reflect rapid recycling within the system. Each import is

considered separately and results were additive across imports;

however, we only present the fate of PNs decomposition - the

major source of N for cycling within the microcosms.

We applied input analysis to our N networks representing

the eight experimental conditions. Data for these networks

were obtained by averaging all dark and light estimated fluxes.

We focused our analysis on the flow of PN “imported” to sedi-

ments to test the hypothesis of the relationship of biodiversity

and N-availability and because this input flow is the only one

which is present in all the experimental schemes. This was not

truly a flow of N physically from outside the microcosm; rather

a process actually representing the portion of N depleted from

the sediment by decomposition and assimilation. To guarantee

a steady state condition this depletion of PN into the available

N pools was offset as input into PN. Since this flow was esti-

mated for every single network, direct comparison among

experimental conditions as for input analysis was possible.

Total dependency analysis addresses the question: how

dependent is the flow through one compartment on each

other compartment? The dependence can be direct as that of

microalgae on the uptake of NH1
4 in sediments (Fig. 1). Or,

more interestingly, it can be indirect as the dependence of

microalgae on V. spiralis leaves where multiple transforma-

tions are needed prior to access by the microalgae. The algo-

rithm for total dependency analysis produces a matrix (TDM)

in which the coefficients express the fraction of each compart-

ment’s throughput that had previously resided at some point

in another compartment (Hannon 1973). Compartmental

throughput is the sum of either the inputs to or outputs from

the compartment. In steady state, the sum of inputs equals the

sum of outputs. The TDM calculates the dependency of each

compartment on each the other compartment relative to its

throughput. The diagonal elements of the dependency matrix

are interpreted as the fractions of throughput that compart-

ments recycle back to themselves. The algorithms for TDM cal-

culation are presented in the Supporting Information

(Supporting Information Appendix S1). We used this analysis

to understand how the various components of the micro-

cosm’s N cycle support primary producers within the different

conditions. We, also, assessed the dependency of the water

column N2 pool on all the biotic and abiotic compartments as

an analysis of N loss from the systems.

Results

Input analysis

Results of input analysis are presented as graphs showing

the main benthic compartments and the corresponding N
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flows (Figs. 2, 3). We inferred that values indicate the per-

centage of decomposed (“imported”) N-PNs as it passes along

each flow. Each graph represents one of the eight experimen-

tal conditions averaged across incubations in the light and

dark. Thus, each network reflects the integrated daily condi-

tions. Figure 2a shows how 100 units of N entering as bio-

logically available PNs is distributed in the microcosm

containing bare sediment (condition S). The flow from PNs

to NH1
4 s, representing gross N mineralization, was shared

largely between MPB uptake (77%) and coupled nitrification-

denitrification (83%). The former prevailed during the light

phase and the latter during dark. Most of the N assimilated

by primary producers (MPB) as NH1
4 s was recycled within the

system returning to PNs (67%) and back to NH1
4 s and MPB.

The transfer from NH1
4 s to NH1

4 w, representing net N regen-

eration, was low (6%) and it was found mainly in the dark.

As a result, little to no accumulation of N-NH1
4 w occurred

(i.e., what we calculate as “export” of NH1
4 w). The largest

portion of N was inferred to exit the system as N2 (83%), via

denitrification.

In the presence of Corbicula spp. (SC, Fig. 2b) N recycling

increased. Recycling may be traced as flows connecting

sequential compartments returning to the original one. Such

recycling patterns in ENA are called loops. A loop involving

PNs, NH1
4 s, and MPB (216%-136%-118%) showed more recy-

cling in condition SC compared to condition S (167%-77%-

67%). The flows representing microalgal degradation, MPB

uptake and PNs mineralization, showing percentages higher

than 100%, indicate that most of the processes were substan-

tially supported by recycling. MPB uptake of NH1
4 s during

light period (136%) competed with nitrification (flux from

NH1
4 s, to NO2

x s, 82%). But coupled denitrification was con-

siderable with 69% of the initial input from PNs leaving as

N2. This latter percentage was slightly lower than for condi-

tion S (83%), due to a small fraction of N2 (13%) directed to

NH1
4 s (N-fixation). Thus, Corbicula enhanced N recycling

Fig. 2. Input analysis relative to the compartment PNs for the condition (a) S (bare sediment), (b) SC (sediment with Corbicula spp.), (c) SO (sedi-
ment with S. tamesis), (d) SOC (sediment with Corbicula spp. and S. tamesis). Results are presented as graphs showing the benthic compartments and

corresponding N flows. Values indicate the fractional flow (as a percentage) of the investigated N input to the system that passes along that flow.
Data are relative to daily condition, obtained by averaging all dark and light estimated fluxes. Amounts higher than 100% suggest more than one pas-

sage of an imported N atom along a path, in other words they indicate recycling. Dashed lines represent flows accounting for less than 5%.
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(related to MPB and N-fixation) even if this component was

not directly involved in large N flows.

S. tamesis (SO, Fig. 2c) reworked sediment, causing large

fluxes and associated frequencies (ingestion, 1174%, and def-

ecation, 1141%) between the oligochaete and PNs. Only a

small fraction of the initial input to PNs was assimilated by

the oligochaete for growth, representing a biomass increase

(13%, depicted in Fig. 2c as an output flow for the system to

ensure steady state). S. tamesis excretion (flux directed from

O to NH1
4 w, 20%) together with the flux directed from NH1

4 s

to NH1
4 w (somewhat higher than in the previous two condi-

tions S and SC at 13%) promoted a build-up of

NH1
4 w modeled as a daily export (21%). Compared to the

effects in condition SC, PNs in SO was transformed at lower

frequencies through MPB uptake (57%), recycling back to

PNs (50%), nitrification (60%, from NH1
4 s to NO2

x s), and loss

as N2 (51%).

When both Corbicula and S. tamesis were present (SOC,

Fig. 2d) recycling activities somewhat decreased relative to

either species individually. The three major loops involving

oligochaete (PNs - O - PNs), the microphytobenthos (PNs -

NH1
4 s - MPB - PNs) and nitrogen fixation (NH1

4 s - NO2
x s - N2 s

- NH1
4 s) resulted in smaller N flow frequencies compared to

those observed in the previous conditions. Changes in the

relative weight of recycling did not modify the portion of N

leaving the system as N2, which was still 51%. Excretion by

macrofauna (15%) with subsequent diffusion of NH1
4 (flux

from NH1
4 s to NH1

4 w, 15%) resulted in a net release of NH1
4

to the water column. This corresponded to daily export of

NH1
4 w of 26% representing a virtual increase standing stock

of NH1
4 w. Also in the SOC condition the input analysis

shows a reduced export from MPB and O relative to SO

(from 13% to 10% for compartment O and from 14% to

11% for compartment MPB). Since no fraction of the PN

Fig. 3. Input analysis relative to the compartment PNs for the conditions (a) SV (sediment with V. spiralis), (b) SVC (sediment with V. spiralis and Cor-

bicula spp.), (c) SVO (sediment with V. spiralis and S. tamesis), (d) SVOC (sediment with V. spiralis, Corbicula spp. and S. tamesis). Results are pre-
sented as graphs showing the benthic compartments and corresponding N flows. Values indicate the fractional flow (as a percentage) of the
investigated N input to the system that passes along that flow. Data are relative to daily condition, obtained by averaging all dark and light estimated

fluxes. Amounts higher than 100% suggest more than one passage of an imported N atom along a path, in other words they indicate recycle. Dashed
lines represent flows accounting for less than 5%.
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import distributes to Corbicula (Fig. 2d) it can be inferred

that this organism played an indirect role within the system.

In the condition SV (Fig. 3a), the benthic paths of PNs

input were strongly influenced by the assimilation of V. spi-

ralis roots and leaves (94%). This was tightly coupled to the

ammonification of PNs (139%). Most of the PN input was

then stored in V. spiralis’ roots and leaves (i.e., accumulation

in the two macrophyte compartments, 46% for leaves, 49%

for roots; both portrayed as exports). Consequently, net N2

loss was 0%. Even though the portion of N entering

NH1
4 w was higher than for other conditions (28%), no

increase (i.e., export) in water-column NH1
4 occurred.

NH1
4 w that had diffused from sediments was taken up to an

equal degree by the high N requirement of macrophyte

leaves. The fraction of the cycle associated to the coupled

nitrification-denitrification (24%), the fraction for MPB

(16%) and its related loop back to PNs (PNs - NH1
4 s - MPB -

PNs) decreased in SV as compared to all previous conditions.

Macrophyte presence strongly controlled how PNs was

processed when Corbicula spp. was added to vegetated sedi-

ments (SVC, Fig. 3b). Note the role played by Corbicula in N

dynamics was inferred to be largely indirect. Slightly smaller

portions of N were stored in macrophyte biomass (compar-

ing SV with SVC: from 49% to 42% for roots and from 46%

to 39% for leaves). As in condition SC, the presence of the

bivalve enhanced the fractions recycled along both the loop

PNs - NH1
4 s - MPB - PNs (from 14% to 36% for MPB - PNs)

and the loop NH1
4 s - NO2

x s - N2 s - NH1
4 s (from 24% to 31%).

The diffusion rate of NH1
4 from sediment to water column

increased somewhat compared to SV (from 28% to 33%).

Once again a daily accumulation of NH1
4 was inferred from

NH1
4 w export (8%); neither V. spiralis leaves nor MPB fully

consumed this NH1
4 w surplus. No N2 exited the system as in

the condition SV.

Condition SVO (Fig. 3c) included macrophytes and S.

tamesis. A large amount of recycling between the oligochaete

and PNs was inferred, as in SO and SOC. Compared to SV

and SVC, PN input fractions that were assimilated and stored

in macrophyte leaves (21%) and roots (37%) were low and N

loss via denitrification (28%) was relatively high. The

observed high importance of nitrification-denitrification

path (52%) was related not only to an output of N2 but also

to a significant fraction of recycled N (NH1
4 s - NO2

x s - N2 s -

NH1
4 s, 24%). The fraction of N uptake by MPB (16%) was less

when compared to SVC but similar to SV. The exchange of

NH1
4 between water and sediment (NH1

4 s - NH1
4 w) was pecu-

liar for this condition: the direction for this transfer was

opposite to that measured in all other conditions (5%),

going from water to sediment.

The most complex condition (SVOC, Fig. 3d) demon-

strated a flow pattern different from all others. SVOC had a

lower percentage of PNs flux exiting from the system as N2

relative to SVO (from 28% in SVO to 13% in SVOC). And

the condition had an increased fraction accumulated in

macrophyte leaves (from 21% in SVO to 36% in SVOC). Ben-

thic N fluxes distributed more evenly among multiple paths

and fueled coupled nitrification-denitrification. N-fixation

rate in SVOC as fraction of the input was similar to the SVO

condition (22%). SVOC had relatively low flow to microphy-

tobenthos with corresponding low recycling (9%). The flow

of NH1
4 diffusion to the water column conveyed 9% of PNs

input and together with NH1
4 excretion by macrofauna

(12%), thus contributed to less than half of enrichment of

the NH1
4 w pool. However, no accumulation of NH1

4 was

found as primary producer’s uptake equaled or exceeded

these inputs. In all conditions with V. spiralis, recycling

along the loop NH1
4 s - NO2

x s - N2 s - NH1
4 s was never lower

than 22% of the incoming PN input.

Statistical evaluation of ecological network analyses is not

standardized. We assessed the conditions by which afore-

mentioned flow apportionments (Figs. 2, 3) could be inferred

as statistically different. This was done by Monte Carlo simu-

lation. For every experimental condition, the original matrix

of the flows was simulated 1000 times by changing ran-

domly each of its coefficients within a 30% interval of vari-

ability. This percentage is large relative to most key

empirical measurements in this study. Empirically measured

rates had coefficients of variation typically within 10% and

20%. We then obtained 1000 input analysis configurations

from simulations of the eight conditions, such as those pre-

sented in Figs. 2, 3. This allowed us to derive distributions

for all the fractional flows from PNs. We then selected four

major internal flows; i.e., those that were common to all

conditions and some that were considered as key in the

nitrogen budget. The flows were MPB ! PNs, NH1
4 s ! NO2

x s,

N2 s ! NH1
4 s, NH1

4 s ! NH1
4 w. Also, exports, representing

increases in standing stock, from MPB, N2 w, Vl and Vr were

assessed. We compared the values of these flows across the

eight experimental conditions using a Generalized Linear

Model coupled with the Tukey contrasts to assess which,

among the different conditions, generated significantly dif-

ferent flow values. The details and outcomes of the GLM

Model as well as those of the Tukey contrasts are detailed in

the Supporting Information (Supporting Information Appen-

dix S3). The Tukey contrasts shows that all the differences

that we described above are statistically significant. We are

confident that this reveals a true difference between the

flows generated by the inputs in the different conditions.

Total dependency analysis

The total dependency analysis provides insight on how

dependent each compartment is on all other compartments.

Dependency is measured as the fraction of N entering a com-

partment that had previously passed through another. Both

direct and indirect dependencies are represented, and the

advantage of ENA in this case is in providing an estimate of

indirect relationships and hence the extended pathways of

supply. We focused on the dependence of primary producers
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(MPB and V. spiralis) upon other compartments; results of

only light incubations are described to assess that uptake

with the assumption that dark uptake was minimal. Primary

production and N uptake were calculated from TCO2 data.

Table 1 reports the dependency (i.e., both direct and indi-

rect) values of microphytobenthos in the eight experimental

conditions. Microphytobenthos uptake in all conditions was

supported largely by the NH1
4 s pool (dependency values on

NH1
4 s ranging from 79% to 96%) and only for a small extent

by NH1
4 w (11–35%). In all conditions without the macro-

phyte, dependency on NH1
4 s (79–93%) was only slightly

more than the values relative to PNs (from 66% to 91%).

This suggests that most of the N reaching MPB through

NH1
4 s was particulate N in the sediment. Smaller fractions

were provided by N2 s (dependency values between 2% and

38%) and recycling through macrofaunal activity. The coeffi-

cients relative to S. tamesis were also relevant, averaging

75%, whereas those of Corbicula indicated little dependency

(on average 12%). Microphytobenthos did not receive direct

N supply from macrofauna; but strong PN recycling activi-

ties, largely through the oligochaete, were responsible for

this indirect contribution.

The presence of the macrophyte altered dependencies of

MPB. In the presence of macrophytes without macrofauna

(SV), MPB assimilated NH1
4 mainly from sediments (95%).

N2 w became an important source for NH1
4 s and subsequently

for MPB (68%). Dependency of MPB on PNs decreased (27%)

for this condition (SV). Macrofaunal presence in vegetated

sediment (SVC, SVO, SVOC), promoted more MPB depen-

dence on PNs (from 33% to 45%), particularly in the pres-

ence of the oligochaete. MPB dependence on N2 w declined

from conditions with only the macrophytes (68% in SV) to

conditions with macrofauna (60% in SVC, 28% in SVO, and

30% SVOC). Thus, both the presence of the macrophyte V.

spiralis and the two macrofaunal species had impacts on the

extended pathways by which microphytobenthos received

N.

Tables 2, 3 report the dependency values of V. spiralis

leaves and roots, respectively. The only direct N input to

roots was the NH1
4 from the sediment (dependency value of

100%), while NH1
4 s only partly supplied leaves through

roots. The remaining source of N to leaves was through

direct uptake from the water column (dependency values of

Vl on NH1
4 w ranged from 44% to 56%). Other dependency

values showed similar trends for both roots and leaves.

When macrofauna, especially S. tamesis, were present, depen-

dency values of Vl and Vr on PNs were higher compared to

V. spiralis alone. Dependencies of Vl and Vr on N2 s and on

N2 w were lower with macrofauna, especially with the oligo-

chaete (Tables 2, 3). The effect of macrofaunal reworking

activities on macrophytes was evident with higher depen-

dency values on S. tamesis (on average 29% for the leaves

and 42% for the roots) than on Corbicula spp. (on average

8% for the leaves and 3% for the roots).

To evaluate the support of the different compartments on

denitrification, dependency values of N2 w in dark conditions

were analyzed in detail (Table 4). N2 w was assessed as it

reflected both denitrification in the sediment with subsequent

diffusion of N2 s as well as the potential for denitrification in

the water column. In all dark incubations N2 w showed com-

plete dependence (i.e., 100%) on N2 produced in the sediment

by denitrification of NO2
x s. Nitrate in pore water derives from

two processes: the diffusion of NO2
x from the water column

Table 1. Dependency values (%) of benthic microalgae (MPB)
in the eight different conditions, relative to light incubations.
Only the compartments considered relevant for the analyzed
process are shown.

S SC SO SOC SV SVC SVO SVOC

PNs 91 66 81 85 27 33 41 45

NH1
4 s 92 79 93 93 95 96 91 92

NH1
4 w 15 35 23 15 13 11 21 12

N2 s 2 27 38 23 80 78 49 59

N2 w 0 0 0 0 68 60 28 30

C - 13 - 11 - 4 - 4

O - - 75 75 - - 41 39

Table 2. Dependency values (%) of V. spiralis’ leaves (Vl) in
the eight different conditions, relative to light incubations. Only
the compartments considered relevant for the analyzed process
are shown.

SV SVC SVO SVOC

PNs 21 26 36 36

NH1
4 s 73 74 72 59

NH1
4 w 50 56 44 51

N2 s 62 61 39 37

N2 w 53 47 20 21

C - 9 - 8

O - - 26 32

Table 3. Dependency values (%) of V. spiralis’ roots (Vr) in the
eight different conditions, relative to light incubations. Only the
compartments considered relevant for the analyzed process are
shown.

SV SVC SVO SVOC

PNs 28 35 44 47

NH1
4 s 100 100 100 100

NH1
4 w 4 4 10 3

N2 s 85 82 54 64

N2 w 72 63 28 32

C - 3 - 3

O - - 44 40

Magri et al. Network analysis of benthic N processes

9



and the nitrification of ammonium in the oxic sediment. In

all conditions dependency values relative to NO2
x w (from 57%

to 77%) were higher than values relative to NH1
4 s (from 27%

to 54%). The largest difference was in condition SOC. The

only exception occurred in condition SVO, where the differ-

ence was less pronounced compared to all the other condi-

tions (dependency value on NO2
x w was 57%, while the value

relative to NH1
4 s was 54%). Further, denitrification depen-

dency on NH1
4 w was 21%, but such dependency was not found

in any of the other conditions (data not shown). Effects on

denitrification by the oligochaete, but not the bivalve, were

evident when the macrophyte was also present. In SVO and

SVOC, denitrification dependency on NH1
4 s was highest and

on NO2
x w lowest among all treatments. As seen throughout

these analyses, then, different community structure has signif-

icant effects on the quantitative pathways by which N flows

through the benthic ecosystem.

Statistical significance through Monte Carlo simulation

was applied also to the outcome of this analysis. We calcu-

lated the TDM for each of the random 1000 networks that

we described previously. For each single coefficient we

counted how many simulations yielded a value higher than

the actual coefficient and how many produced a lower value.

In this way, we reconstructed a distribution for each of the

coefficients of the TDM. Finally, we observed whether the

actual coefficient fell within the 95% confidence interval of

its simulated distribution. The actual values we obtained by

performing TDM are not outside the 95% confidence inter-

val of the constructed distributions for the coefficients of the

TDM. That is to say that the variability imposed to the flow

values (30%) does not change significantly the outcomes of

the TDM analysis. The results of this simulation are detailed

in the Supporting Information (Supporting Information

Appendix S4).

Discussion

Macrofauna mediates primary producers-bacteria

particulate N pools fluxes

Results from the present study highlight higher sedimen-

tary N recycling along a gradient of increasing benthic biodi-

versity. Modifying community structure to increase

complexity supported strong mutualistic interactions among

macrofauna and primary producers, attenuated N losses via

denitrification and decreased the dependency of primary

producers on N-fixation. Such outcomes confirm the

hypothesis of better exploitation of sedimentary N pool by

primary producers when mediated by macrofauna. The lat-

ter, via functional-group specific mechanisms, discussed

below, favor the utilization of decomposing particulate N by

photosynthetic organisms. Our results confirm the expected

decrease of N2 fluxes from the sediment (via denitrification)

and to the sediments (via N-fixation). Ultimately, microbial-

macrofaunal-primary producer interactions minimize the

waste (net export, sensu ENA) of a precious nutrient and

energy investment for the costly process of conversion of

scarcely reactive N2 into bioavailable N. Our results provide

a different perspective when compared to outcomes from

traditional studies. In oligotrophic marine ecosystems, the

competition between microbial communities and macro-

phytes is exacerbated by low N availability where large N

fluxes go to plant biomass and little N is processed by bacte-

ria (Risgaard-Petersen et al. 1998; McGlathery et al. 2007).

However, recent studies analyzing biogeochemical processes

in seagrass meadows where macrophytes and bivalves coexist

revealed interesting and understudied symbioses among sea-

grasses, lucinid bivalves and their gill bacteria. Such symbio-

ses result in sediment detoxification via pore water sulphide

oxidation and radial oxygen loss, improved plant growth

performances, and bivalve-mediated N transfer from N-fixers

to seagrasses (Van Der Heide et al. 2012; Petersen et al.

2016).

The complexity gradient that we have created experimen-

tally, analyzed through ENA, allowed the identification of

large variations in the distribution of sedimentary N among

processes, spanning from large fractions lost via denitrifica-

tion in condition S to large import or reuse of N temporarily

stored in plant biomass (SV). All networks with sediments

alone or only with macrofauna tended to lose N from the

benthic compartment, but the two macrofaunal taxa, and

therefore functional groups, produced different effects on

benthic N cycling. The effects of S. tamesis is more evident

(large reworking, pellets production), whereas the role of

Corbicula spp. in N cycling remains less clear and largely

indirect. The rooted plants tended toward dominance of

assimilative processes, which drove main N paths in all treat-

ments. The presence of macrofauna attenuated the depen-

dency of plants on N-fixation with a larger share of the N

flux to the macrophytes among compartments and

processes.

Novel methodological aspects of this work

A widespread, combined experimental and modeling

approach to evaluate whole system benthic processes in

lakes, lagoons, and coastal areas consists of the upscaling of

process rates measured in intact sediment cores or chambers.

Table 4. Dependency values (%) of N2 w in the eight different
conditions, relative to dark incubations. Only the compartments
considered relevant for the analyzed process are shown.

S SC SO SOC SV SVC SVO SVOC

PNs 44 38 35 27 35 39 40 47

NH1
4 s 44 38 35 27 35 39 54 47

NO2
x s 100 100 100 100 100 100 100 100

NO2
x w 64 68 70 77 70 67 57 62

N2 s 100 100 100 100 100 100 100 100

N2 w 0 0 0 0 0 0 0 0

Magri et al. Network analysis of benthic N processes

10



The novel aspect of this paper was to consider studied micro-

cosms as benthic micro-environments, where we manipu-

lated a natural, simplified community of primary producers

and macrofauna. These manipulations produced multiple

cascade effects on the diversified microbial consortium of N-

related bacteria. By controlling conditions of sediment (by

sieving and homogenization) and communities (same densi-

ties of individuals with similar size added in the different

conditions), we removed a large fraction of environmental

variability. Measured rates were characterized by much lower

coefficients of variation (generally<20%) as compared to

intact cores measurements (where 100% variation or more is

not unusual). Our microcosm results may differ from those

under natural conditions, but they and their analysis high-

light interesting perspectives on benthic N cycling along a

simplified biodiversity gradient. This suggests promising and

intriguing results if a similar approach is applied to much

more complex communities in freshwater or marine ecosys-

tems, with other plants or macrofaunal functional groups.

The application of ENA to microcosm studies provides

integration of separate N process measurements under con-

trolled conditions. The high standard and low variability of

these process measurements in turn foster accuracy of ENA.

Most often ENA is based on networks whose data are

inferred from the literature taken from conditions outside

those of the system under investigation. This is what hap-

pens when ENA is applied to whole ecosystems, as it is

impossible to measure everything, especially under con-

trolled conditions. The microcosms described here were pre-

incubated in fresh, in situ water for 1 month and then were

incubated in the light and in the dark for 1–2 h. The very

short-term incubation allowed us to observe differences in

concentrations of the most reactive solutes and therefore to

calculate rates very close to-steady state conditions. At the

end of the incubations concentration of target solutes

changed by a small amount compared to initial values

(within 10–30%). This means that the pools of particulate

matter (the sediment N-bulk, the N in fronds and roots, the

N in macrofauna) virtually did not change but for a negligi-

ble amount. Short-term incubation ensured that during the

process of measurements nutrients were not limiting or the

degree of limitation did not change appreciably. This is true

not only for inorganic N forms, but also for reactive P, not

reported here.

We acknowledge that denitrification rates measured with

the IPT may underestimate true denitrification due to two

main reasons: (1) the occurrence of multiple oxic and anoxic

niches within bioturbated or rooted sediments and (2) the

occurrence of subsurface nitrification and denitrification

within the V. spiralis rhizosphere. Multiple oxic and anoxic

niches within sediments present a violation of an IPT

assumption dealing with homogeneous mixing of labeled

and unlabeled nitrate in the denitrification zone (Risgaard-

Petersen and Jensen 1997). The addition of labeled nitrate to

the water phase does not allow measurement of subsurface

nitrification and denitrification, supported by radial oxygen

loss (Soana et al. 2015; Racchetti et al. 2017). However,

Soana et al. (2015) demonstrated that in the Mincio River a

major fraction of N-loss via denitrification occurs in the

upper mm of the organic sediments, where labeled and unla-

beled nitrate are homogeneously mixed, and that denitrifica-

tion is mostly sustained by water column nitrate, as reported

here. Soana et al. (2015) and Racchetti et al. (2017) report

much lower rates of denitrification associated with V. spiralis

roots, using 15NH1
4 labeled pore water.

Benthic complexity results in better sharing of N fluxes

among benthic actors

Results from the input analysis suggest that in the sim-

plest experimental condition (S) a large fraction of the N

remobilized from PNs is lost from the benthic system. Deni-

trification accounts for a high fraction of mobilized PNs

through coupling of ammonification, nitrification and ben-

thic denitrification and via denitrification of water column

nitrate. This is in agreement with the outcomes of the total

dependency matrix, which shows a strong dependency of

N2w on NO2
x w. Further, a minor fraction of PNs feeds micro-

phytobenthos. High rates of denitrification have been dem-

onstrated in a number of shallow eutrophic ponds of the Po

River Plain (Racchetti et al. 2011) similar to conditions main-

tained in microcosms. Racchetti et al. (2011)’s results suggest

that in the S condition available reactive N is in excess of N

demand by microphytobenthos (Risgaard-Petersen and Jen-

sen 1997). Elsewhere, under more oligotrophic settings, a

strong inhibition of denitrification by microphytobenthos

was demonstrated (Risgaard-Petersen 2003).

We progressively increased the biodiversity with two

kinds of macrofauna (i.e., a filter-feeding bivalve and a

deposit-feeding oligochaete) with different effects on the N

cycle. The presence of the bivalve Corbicula promoted a

higher fraction of PNs into sustaining benthic production

and circulating within the closed path PNs-NH1
4 s-MPB-PNs.

As a consequence, a lower fraction is lost from the system.

Filter-feeding bivalves have been demonstrated to affect dif-

ferent processes. They can relocate pelagic primary produc-

tion to benthic primary production because most of the

ingested algae remain viable when released as feces and

pseudofeces onto the sediment surface. Bivalves can also

excrete large amounts of ammonium, which can be readily

taken up by primary producers (Bartoli et al. 2003b; Ruginis

et al. 2014). What emerges from our results is that even if

there are no large N flows from or to Corbicula, significant

changes in benthic fluxes relative to bare sediment, support

a relevant but indirect role played by the bivalve.

We assumed that almost 100% of the food requirements

by Corbicula is supplied from the water column in our net-

works and not from the sediment, consistent with the data

at our disposal. However, Corbicula may potentially display
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pedal-feeding and therefore it may exploit the sediment as a

nutrient source (Hakenkamp and Palmer 1999; Vaughn et al.

2008). Such feeding may be realistic at the study site where

the concentration of phytoplankton is limited and may pro-

duce a different picture from that reported in Figs. 2b,d,

3b,d. Pedal-feeding would result in a higher fraction of PNs

going to direct Corbicula feeding and, consequently, in a

higher sediment-derived NH1
4 excretion sustaining MPB

production.

Contrary to the need for pedal-feeding by Corbicula, the

link of S. tamesis with PNs is direct, with large flows related

to ingestion and egestion, and indirect with reworking activ-

ities. Reworking activities were quite evident from visual

inspection as the sediment surface was continuously covered

with pellets. Oligochaete processing of N had extended

effects. A significant fraction of PNs input reached the water

column through the NH1
4 w compartment as S. tamesis excre-

tion, or from NH1
4 s. Dependency of NH1

4 w from PNs reached

94%. Thus, the oligochaete favored the mobilization of N

and sped NH1
4 s transfer to the water column. These results

are consistent with others. The effect of burrowers on ben-

thic N cycling has been extensively studied in the literature

(Svensson et al. 2001; Nizzoli et al. 2007; Bonaglia et al.

2014), and most studies have demonstrated large

macrofauna-mediated ammonium efflux from sediments

during burrowing and ventilation activities. Such efflux is

the result of direct excretion, mobilization of pore water sol-

utes and increased ammonification due to sediment rework-

ing (Stief 2013).

Larger ammonium availability due to macrofaunal excre-

tion and bioturbation may have other effects. Benthic pri-

mary production may be stimulated and affect the N

fraction recycled back to the sediments (Mermillod-Blondin

and Lemoine 2010). Sediment reworking may inhibit the

development of microalgal mats due to continuous pellet

production and burial. Such inhibition may be compensated

by higher growth due to rapid nutrient mobilization and ver-

tical movements of diatoms to avoid light limitation. Thus,

pellet production and N mobilization act in opposite direc-

tions upon MPB primary production. We tracked the fate of

decomposing PNs when oligochaetes were present and found

NH1
4 accumulation in the water phase (treated as an export

flux in the network). This means that even if there is a wide

availability of ammonium for MPB, other factors may limit

primary producers preventing full use of available N. Further,

over half of the N remobilized from sediment is lost by deni-

trification in condition SO. Here, confirmed in the results of

TDM, the dependency coefficients of N2w were, compared to

previous conditions, slightly higher on NO2
x w and lower on

PNs. Burrowers have been demonstrated to stimulate N loss

via denitrification, mainly through the increase of NO2
x

fluxes from the water column to the sediment (Nizzoli et al.

2007).

The Corbicula and S. tamesis condition (SOC) was most

similar to that of S. tamesis alone. Relative mobilization of

NH1
4 s was enhanced with proportional decreases of both

microphytobenthos uptake and coupled nitrification-

denitrification relative to conditions S or SC. Large N flows

reached NH1
4 s with high dependency on PNs (75%), but a

smaller fraction reached MPB.

When the two macrofauna functional groups are co-

present, the reworking activity of the oligochaete prevails

over the stimulating effect of Corbicula on microphytoben-

thos production. We considered interactions between

bivalves and burrowers within the benthic N cycling in our

experimental design. Of particular interest was the potential

for stimulation of coupled nitrification-denitrification from

co-occurrence of organisms excreting large NH1
4 amounts

(Corbicula spp.) and organisms ventilating their burrows (S.

tamesis). Excreted NH1
4 may be transported within burrows

and oxidized along nitrifier-rich burrow walls (Pelegr�ı and

Blackburn 1995). Such outcome was not evident from our

results as the fraction of PNs input leaving the system as N2

w was equal for SO and SC conditions, suggesting the higher

relevance on the coupled microbial processes of sediment

reworking than excretion and ventilation. Bonaglia et al.

(2014) demonstrated that the invasive polychaete Marenzelle-

ria viridis stimulated proportionally more dissimilative reduc-

tion of nitrate to ammonium (DNRA) than denitrification.

There was no effect of M. viridis on coupled nitrification-

denitrification (Dn), contrary to what reported for most tube-

dwelling organisms (H€olker et al. 2015). It is likely that very

tolerant, opportunistic oligochaetes or polychaetes withstand

chemically reduced conditions and do not need frequent

ventilation of their burrows. The growth of nitrifiers is nega-

tively affected, because of their sensitivity to low oxygen

concentrations (Hansen et al. 1981). This would explain our

results.

With the addition of V. spiralis (condition SV) the largest

flows of N constituted macrophyte uptake, and the largest

fraction of remobilized PNs reached Vl and Vr compartments.

N was stored in plant biomass (in our model represented as

exports from Vr and Vl), reducing N mobility due to the

long retention time within the plant organic pool. Uptake

by plants depleted the sedimentary ammonium pool, attenu-

ating its availability to MPB and to bacterial communities.

The fractional flux from NH1
4 s to MPB is much lower in the

presence of V. spiralis. This may have resulted from competi-

tion for N, but probably also for light, space and potentially

inhibition from allelopathic effects (Gette-Bouvarot et al.

2015).

The presence of rooted macrophytes and the dominance

of assimilative paths also depressed the dissimilative N path-

ways (Risgaard-Petersen and Jensen 1997) with no N2 leaving

the system. This result is in contrast to other studies carried

out in shallow freshwater ecosystems characterized by high

NO2
x availability in water column (Pinardi et al. 2009;

Magri et al. Network analysis of benthic N processes
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Nizzoli et al. 2014; Soana et al. 2015). They report a positive

effect of different aquatic plants on both nitrification and

denitrification, as high NO2
x concentrations may attenuate

the competition for N. As we found no significant difference

in NO2
x fluxes between day and night measurements, we

excluded NO2
x uptake by macrophytes. This is in accordance

with other studies reporting that NH1
4 represents the pre-

ferred N-source of primary producers, because NO2
x assimila-

tion requires more energy (Miller and Cramer 2004;

Volkmann et al. 2016). The sedimentary ammonium pool

was not able to support all the nutrient requirements of the

plants when only supplied from PNs. Based on TDM analysis,

under these conditions that limit uptake or bacterial activi-

ties sedimentary ammonium may be enriched by new N,

supplied via N-fixation in the rhizosphere (Nielsen et al.

2001).

The presence of rooted macrophytes, such as V. spiralis,

therefore may modify the benthic N dynamics considerably,

conveying N toward assimilative pathways, reducing its

mobility and increasing the fraction of N accumulated as

organic matter (i.e., plant biomass). Sedimentary remobilized

PN is stored temporarily or permanently in the system.

Moreover, elevated N requirements to sustain the primary

production result in a new N path from water to sediment

(i.e., N-fixation), which balances N loss from the benthic sys-

tem via denitrification.

This picture changes with the addition of the bivalve

(condition SVC). The presence of Corbicula spp. results in a

higher recycling activity along the path PNs-NH1
4 s-MPB-PNs

due to the lower retention time compared to the macro-

phytes alone (Nizzoli et al. 2014). This increased recycling is

strictly related to the relative increase of MPB productivity

(the output from MPB is now 9% of the input to PNs,

whereas in SV it was less than 3%). It is interesting to note

that the stimulatory effect of this bivalve on microphytoben-

thos primary production occurs regardless of whether rooted

macrophytes are present or not, even though the magnitude

of this effect is higher in the latter case. The greater availabil-

ity of NH1
4 is derived from the excretion of bivalves and the

enhanced mineralization, probably from the presence of

labile organic matter (feces and pseudofeces). Increased avail-

ability of NH1
4 causes a decline in the dependency of both

primary producers’ on N-fixation. This result, highlighted by

the TDM, suggests that bivalves make sedimentary pools of

N available to primary producers directly and indirectly.

The decreased dependency of primary producers on N-

fixation is more visible in the presence of S. tamesis (condi-

tion SVO) than of Corbicula (SVC) because of the higher

mobilization of NH1
4 s. Positive effects of bioturbators on veg-

etation growth have been reported in several studies and

attributed to ability of the animals to reduce the anoxic

stress in the sediment as well as to increase the rates of N

mineralization. The increased dependency of V. spiralis on

the PNs pool in the presence of bioturbators highlights how

macrofauna facilitate the transfer of N from the PNs pool to

the macrophytes through production of NH1
4 (Mermillod-

Blondin and Lemoine 2010; Schrama et al. 2015).

S. tamesis was influential also on the dissimilative path-

ways when co-present with V. spiralis (SVO). Coupled

nitrification-denitrification increased and, as in conditions

without the macrophytes, the loss of N2 was an important

export. The relative importance of coupled nitrification-

denitrification increased compared to the denitrification of

NO2
x w. This situation was inferred from the different N2

w dependency values, which increased for PNs and decreased

for NO2
x w in SVO and SVOC. This could be due to the effects

of plants on oligochaete ventilation. Studies report that oli-

gochaetes of the genus Sparganophilus live in closed associa-

tion with macrophytes’ roots (Benham 1892; Rota et al.

2014) and our observations confirmed this behavior. The

roots of V. spiralis are characterized by an elevated radial

oxygen loss (Soana and Bartoli 2013), and the oligochaete

may take advantage of such O2 leaking from roots, diffusing

through its skin with a considerable savings of energy

required for burrows ventilation. This could explain both the

decreased dependency of denitrification rates on NO2
x w and

the increase of coupled nitrification-denitrification. The for-

mer is likely when associated with a decline in NO2
x flux

from the water column to the sediment, as advection from

ventilation is reduced. The oligochaete may enhance ammo-

nification by producing labile organic matter while process-

ing and metabolizing sediments. This increases NH1
4 s

availability as does direct excretion by the oligochaete. The

sedimentary ammonium pool, combined with oxygen

release from roots, could stimulate nitrification and denitrifi-

cation (Soana and Bartoli 2014).

Conclusions

N network model construction and analysis is an under-

developed application of ENA (Christian et al. 2011, 2016).

Published N network models may be associated with one of

two approaches: one focused on the biogeochemistry of N

cycling (e.g., Christian and Thomas 2003; Hines et al. 2012)

and another that focuses on N transfers within the food

webs (Degan et al. 1994; Baird et al. 2011). Models con-

structed and analyzed in this work provide a perspective that

includes both approaches. Detailed N dynamics are repre-

sented within experimental, controlled microcosms repre-

senting a gradient of biodiversity. The resultant network

analyses have provided insights on indirect and system-level

interactions of N processes with taxon and functional group

occurrence. Specifically, the analyses tracked how the occur-

rence of different functional groups of macrofauna and

growth forms of primary producers affected extended N sour-

ces for processes, process coupling, recycling, and N loss.

The influence of different functional groups, however, was

assessed through one taxon of each (i.e., a bivalve vs. an

Magri et al. Network analysis of benthic N processes
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oligochaete, and a macrophyte vs. a MPB community). The

influence of species differences within each functional group

remains to be done.

Some papers (Chase and Knight 2006; Mermillod-Blondin

and Lemoine 2010; Van Der Heide et al. 2012; H€olker et al.

2015; Petersen et al. 2016; Herren et al. 2017) report interesting

experimental studies inferring complex interactions among

microbial communities, different macrofauna functional

groups and micro and macro primary producers. Petersen et al.

(2016) have demonstrated via molecular tools the symbiosis

between lucinid bivalves and N-fixing bacteria and speculate

on an N transfer mediated by the bivalve between bacteria and

roots that may favor seagrass growth in oligotrophic marine

ecosystems. H€olker et al. (2015) suggest the relevance of chi-

ronomid larvae as benthic sinks for large fractions of pelagic

primary production, largely exceeding the role of zooplankton

in shallow lakes. Chase and Knight (2006) demonstrated better

growth performance of macrophytes in the presence of snails

that actively remove epiphytes from their leaves and theoreti-

cally promote water clarity under eutrophic settings. The often

cited work of Levi et al. (2013) reports the importance to nitri-

fiers of N derived from dying salmons in extremely nutrient

low creeks. Salmon carcasses represent imported N from the

oceans and feed a large fraction of the trophic web. This gener-

ation of manuscripts, reveals unexplored and intriguing syner-

gistic/mutualistic interactions that link community structure

to nutrient cycling. These studies would greatly benefit by the

application of ENA that can aid inferences of the dependency

of myriad processes to apparently distant factors.
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