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ABSTRACT: Biogenic reefs constructed by the tube-building ecosystem engineer Lanice conchi-
lega (Terrebilidae, Polychaeta) have profound structuring impacts on the benthic environment in
that they alter the biogeochemical and physical properties of the sediment. This study provides
new insights into the functioning and effects on food webs of L. conchilega reefs in intertidal sed-
iments using linear inverse models to quantify the carbon flows in the food webs in the presence
and absence of the tubeworm. The inverse food web models were based on an empirical dataset
from 2 study sites, which provided biomass and stable isotope data, and information on general
physiological constraints from the literature. Results of the model showed that the carbon input
into reef food webs (mean + SE; 191 + 50 mmol C m~2 d™!) is ca. 40 times higher compared to bare
sand areas (5 = 2 mmol C m~2 d!) and is mainly derived from organic matter (OM) in the water
column. Most of the OM input towards these reefs is consumed by suspension-feeding macro-
fauna, particularly L. conchilega; however, the worm is not an important source of carbon for other
macrofaunal organisms. The ratio of OM input to primary production indicates that the OM needs
to be produced in an area at least 15 times larger than the reef area, demonstrating significant OM
‘focussing’ within the reef food web. The reef structures created by L. conchilega act as a trap for
OM, resulting in an overall higher macrofaunal biomass and much more diverse food webs than
in the absence of the tubeworm.

KEY WORDS: Linear inverse model - Biogenic habitat - Food web - Network analysis - Stable
isotopes - Lanice conchilega - Ecosystem engineering

INTRODUCTION

Ecosystem engineers are organisms that directly or
indirectly modulate the availability of resources to
other species by reshaping the landscape (Jones et al.
1994). Biogenic reefs constructed by ecosystem engi-
neers are one of the most striking structures in soft-
bottom intertidal areas (Holt et al. 1998). A prime ex-
ample are the aggregations of the tubeworm Lanice
conchilega (Polychaeta, Terebellidae), which can
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reach densities of up to several thousands of individu-
als per square meter (Van Hoey et al. 2006) and are
called L. conchilega reefs (Rabaut et al. 2009). In Eu-
rope, where the largest populations of this tube-
dwelling polychaete are found, L. conchilega colo-
nises a wide range of intertidal and subtidal sediments
down to depths of approximately 1900 m (Hartmann-
Schroder 1996). Large reefs are found in the Wadden
Sea (Petersen & Exo 1999) and in France, especially in
the Bay of Mont Saint-Michel (Godet et al. 2008).
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L. conchilega reefs have profound structuring im-
pacts on the benthic environment in that they alter
the biogeochemical (Forster & Graf 1995, Braeckman
et al. 2010) and physical (e.g. Degraer et al. 2008,
Rabaut et al. 2009, Borsje et al. 2014) properties of
the sediment. As a result, L. conchilega affects the
community composition, abundance and species
richness within the reef (Ziihlke et al. 1998, Rabaut et
al. 2007, 2013, Godet et al. 2008, Braeckman et al.
2011, De Smet et al. 2013). Moreover, intertidal L.
conchilega reefs are important from a conservation
point of view due to their central role in the link be-
tween benthic, pelagic and air-borne parts of the
intertidal food web (De Smet et al. 2013, 2015a).
Despite their structuring role on the meio- and
macrofauna, these reefs seem to have a minor effect
on the overall structure of the soft-bottom intertidal
food web. Based on stable isotope analysis, the con-
sumer community in the presence and absence of L.
conchilega showed very similar isotopic niche widths,
implying that consumers hardly change their diet
when feeding in an L. conchilega reef (De Smet et al.
2015b). Also, the stability of the food web in the pres-
ence of L. conchilega, as evaluated based on the den-
sity of species packing and hence the trophic redun-
dancy, remained unaltered (De Smet et al. 2015b).

Whereas De Smet et al. (2015b) looked at qualita-
tive aspects of the food web, another important
aspect of food web research comprises the quantifi-
cation of food web flows, which yields a more realis-
tic approximation of complex food webs (De Ruiter et
al. 1995, Woodward et al. 2005). The in situ quantifi-
cation of food web flows is a labour-intensive task
(Berlow et al. 2004), but the development of linear
inverse modelling has been a big step forward in
food web research. Linear inverse modelling is a data
assimilation method allowing the integration of car-
bon processes (e.g. respiration), biomass and stable
isotope data to quantify elemental flows in food webs
(Vézina & Platt 1988, van Oevelen et al. 2006, 2010).
By merging a variety of traditional data types and
currently underexploited data sources, linear inverse
models (LIMs) are used to quantitatively reconstruct
pathways in systems as small as single cells up to
entire food webs. This feature makes LIMs an effec-
tive tool to bridge the gap between incomplete and
uncertain empirical data on natural food webs and
the analysis of food web structures (van Oevelen et
al. 2010).

Although the effect of L. conchilega on food web
topology appears to be limited (De Smet et al. 2015b),
this has not been confirmed by a quantification of the
carbon flows between the different compartments of

an L. conchilega-dominated food web. Nevertheless,
given the impact of L. conchilega on the biogeo-
chemical and physical aspects of its environment and
on the macrofaunal community, it can be expected to
significantly alter the food web flows in intertidal
ecosystems.

This study develops LIMs to present a comprehen-
sive overview of carbon cycling and the dynamics of
a soft-bottom intertidal food web in the presence
and absence of ecosystem-engineered L. conchilega
reefs, focussing on the macrofaunal part of the food
web. A selection of network indices, representing the
complex interactions between the compartments, is
used to compare the different food web models.
Moreover, in order to address temporal and spatial
variation in the food web structure, 2 study sites and
2 seasons were taken into account.

MATERIALS AND METHODS
Study site and food web structure

The 2 study sites are located along the French coast
of the English Channel and were selected because of
their extensive and well-established intertidal Lanice
conchilega reefs. The Bay of Mont Saint-Michel
(BMSM) is a large-scale intertidal sand flat in the
Normand-Breton Gulf (48°39.70'N, 01°37.41'W;
Lower Normandy, France), while Boulogne-sur-Mer
(henceforth, Boulogne) is a small soft-bottom inter-
tidal area in the Nord-Pas de Calais region
(50°44.01'N, 01°35.15'E; Northern France) (Fig. 1).
At both locations, an area dominated by an L. onchi-
lega reef and a bare sediment area were chosen for
reconstructing carbon flows within the macrofaunal
part of the food web. A separate analysis was per-
formed for 2 time periods, spring and autumn. Con-
sequently, 8 different food webs were quantified.

This study focusses on the bentho—pelagic commu-
nity of the soft-bottom intertidal food web, as de-
scribed by De Smet et al. (2015a). The most abundant
species, ranging from smaller polychaetes up to fish,
were included as separate compartments intercon-
nected by flows (Fig. 2 shows a simplified version of
the complex overall food web used in this study).
Sedimentary microphytobenthos and water-column
derived phytoplankton constitute the inputs to the
food webs; they are fed upon by detritus- and sus-
pension-feeding macrofauna. Connections between
the macrofaunal compartments were defined based
on diet information from the literature; FishBase
(Froese & Pauly 2015) as well as results from stomach
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Fig. 1. The 2 study sites on the
French side of the English Channel.
(A) Boulogne-sur-Mer (Boulogne;
upper square) and the Bay of Mont
Saint-Michel (BMSM,; lower square)
and the Lanice conchilega reef in
the intertidal area of (B) BMSM and
(C) Boulogne

France

content analysis (P. Verhelst unpubl.) were used to
define flows to and among fish species, while
Fauchald & Jumars (1979), De Smet et al. (2015b) and
the World Register of Marine Species (WoRMS Edito-
rial Board 2015) were used to define flows to and
among all other macrofaunal compartments. Loss of
carbon from the food webs includes macrofaunal
mortality and faeces production, macrofaunal respi-
ration, and predation due to animals not accounted
for in the model (e.g. predation by wading birds and
seals). The a priori defined compartments intercon-
nected by flows constitute the overall topological
food web model on which the linear inverse model
for the 8 food webs is based (Fig. 2).

Data availability

Site-specific empirical data and literature data on
carbon stocks and process rates were implemented in

the food web model. The empirical data included bio-
masses and 3'°C stable isotope signatures of primary
food sources and consumer species. In order to further
constrain the carbon flows in the food web, primary
production rates, respiration rates, assimilation effi-
ciencies and net growth efficiencies of macrofaunal
compartments were taken from the literature.

Empirical data

At both locations, quantitative sampling of the pri-
mary food sources (microphytobenthos and phyto-
plankton) and the macro-, hyper- and epibenthic
fauna inhabiting an L. conchilega reef area and a
bare sand area took place in spring in 2012 (from
March 7 to 13 in the BMSM and from March 22 to 25
in Boulogne) and in autumn in 2012 (from September
17 to 21 in BMSM and from October 15 to 18 in
Boulogne). The carbon pool (in mmol C m~?) in the
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Fig. 2. Simplified schematic representation of the overall complex topologi-
cal food web on which the linear inverse model (LIM) is based. Compart-
ments inside the large box are included in the model, while compartments
outside were not explicitly modelled. Links between the compartments
(black solid arrows) were based on literature and stomach content analysis of
fish. For simplicity, species were lumped in functional groups in the scheme;
however, single species compartments were used in the model (the number
of species included in each functional group is displayed in parentheses).
Black dashed arrows represent the external input to the model, while red
dashed arrows represent the loss of carbon from the food web as a result
of respiration, and green dashed arrows the production of faeces + predation
by animals not included in the model. MPB = microphytobenthos, DIC =

Minimum and maximum bounds on
the production rates of microphytoben-
thos per season for the BMSM were
taken from gross primary production
(GPP) measurements in the intertidal
area of the BMSM (Davoult et al. 2009)
(Table 1). As no literature data on the
GPP of microphytobenthos for the inter-
tidal area of Boulogne were available,
the GPP in the BMSM was used for
Boulogne (Table 1). Maximum bounds
on the seasonal production rate of

dissolved inorganic carbon

microphytobenthos (MICPHY) and phytoplankton
(PHYTOP) was calculated by converting the amount
of chlorophyll a (chl a) to carbon equivalents, assum-
ing a C:chl a ratio of 40 (Stephens et al. 1997), and
subsequently to molar units. Macro-, hyper- and
epibenthic organisms were collected, identified to
species level and counted. Species that could not be
distinguished with certainty were grouped at the
genus level (see De Smet et al. 2015a for a detailed
description of the sampling design and processing).
Wet mass of the organisms was determined and sub-
sequently converted to dry mass and carbon units
(mmol C m~2) by using taxon-specific conversion fac-
tors from Brey (2001) (Table S1 in the Supplement at
www.int-res.com/articles/suppl/m552p047_supp.pdf).
Stable isotope data (8'3C) were available for the pri-
mary food sources and the majority of the faunal spe-
cies (De Smet et al. 2015b) (Table S2 in the Supple-

phytoplankton were obtained from GPP
measurements in the Bay of Marennes-
Oléron along the Atlantic coast of France (Struski &
Bacher 2006), a well-studied intertidal area based on
LIMs (e.g. Pacella et al. 2013, Saint-Béat et al. 2014).
The GPP values were assumed to be the same for the
areas of the BMSM and Boulogne (Table 1), and
since the primary production measured by Struski &
Bacher (2006) was largely the same in spring and
autumn, a constant GPP was used for both seasons.
The minimum and maximum respiration rates of the
primary producers were set at 5 and 30 % of the GPP
respectively (Vézina & Platt 1988) (Table 1).
Macrofaunal respiration was implemented as the
sum of maintenance respiration and growth respira-
tion (Soetaert & van Oevelen 2009). Maintenance
respiration was taken as 1% of the biomass per day
for smaller macrofaunal organisms (Polychaeta, Iso-
poda, Mysida and Amphipoda) (Fenchel 1982, Niel-
sen et al. 1995) and 0.1% for larger invertebrates
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Table 1. Constraints imposed on processes implemented in the macrofaunal food webs. The minimum (lower boundary) and
maximum (upper boundary) values are implemented as inequalities in the linear inverse model. Sources represent the
literature from which the data was obtained

Process Unit Lower Upper Sources
boundary  boundary
Gross primary production (GPP) mmol C m2 d!
Phytoplankton (autumn) 9.99 Struski & Bacher (2006)
Phytoplankton (spring) 9.99 Struski & Bacher (2006)
Microphytobenthos (autumn) 19.98 39.96 Davoult et al. (2009)
Microphytobenthos (spring) 24.98 44.96 Davoult et al. (2009)
Respiration mmol C m~2d-!
Phytoplankton 0.05 x GPP  0.30 x GPP Vézina & Platt (1988)
Microphytobenthos 0.05 x GPP  0.30 x GPP Vézina & Platt (1988)
Assimilation efficiency -
L. conchilega 0.71 0.77 Buhr (1976)
Fish 0.40 0.80 Jobling (1994), Hendriks (1999)
Other macrofauna 0.58 0.85 Schroeder (1981), Jordana et al. (2001)
Net growth efficiency - 0.30 0.70 Calow (1977), Banse (1979), Hendriks (1999)

(Decapoda, Bivalvia and Cephalopoda) and fish (e.g.
Hepher et al. 1983). Subsequently, the maintenance
respiration was corrected for temperature with a
temperature limitation factor (Tlim) based on a Q;, of
2 (van Oevelen et al. 2012). The total respiration was
estimated from biomass by using an allometric for-
mula for shallow water organisms at a 15 to 20°C
temperature range (Mahaut et al. 1995):

r=0.017. W01

with r being the biomass-specific respiration rate
(d7!y and W the individual biomass (mg C ind™!). The
respiration rate (R) of each species was calculated by
multiplying its biomass with r and converting it to
carbon units (mmol C m™2). The lower and upper
boundaries of the respiration rate were set as R/2 and
2 x Rrespectively (van Oevelen et al. 2009).

The assimilation efficiency (AE) is the ratio of as-
similation (= production + respiration) to consump-
tion and is independent of body size (Banse 1979,
Hendriks 1999). Lower and upper boundaries of
the AE were between 71 and 77% for L. con-
chilega (Buhr 1976), between 40 and 80 % for fish
species (Jobling 1994, Hendriks 1999), and be-
tween 58 and 85% for all other macrofaunal
organisms (Schroeder 1981, Jordana et al. 2001)
(Table 1). Finally, the net growth efficiency (NGE)
is the ratio of production (i.e. growth) to assimila-
tion. The NGE is independent of body size, and
lower and upper boundaries on the faunal NGE
were set between 30 and 70 % (Calow 1977, Banse
1979, Hendriks 1999) (Table 1).

Linear inverse model formulation

Based on the overall topological food web, an in-
verse model was developed. From the mathematical
point of view, an inverse model contains data on
carbon flows in the food web cast in matrix notation
as a set of linear equality (1) and inequality equa-
tions (2):

A-x=b (1)
G-x>h (2)

in which x is a vector with N unknown food web
flows. Each row in matrix A is a mass balance or
data point expressed as a linear combination of the
food web flows, where the corresponding rate of
change of a compartment (for mass balances) or
numerical value (for data equalities) is given in
vector b. h is a vector containing values of biolo-
gical constraints, and the constraint coefficients,
signifying whether and how much a flow con-
tributes to the constraint, are given in matrix G
(Vézina & Platt 1988). Quantitative, site-specific
data (i.e. the biomass and 8'C values of the differ-
ent compartments) were added to the model as
equality equations. Absolute values of the lower
and upper bounds of the literature data (production
rates, assimilation efficiencies, net growth efficien-
cies and respiration rates) were added to the
model as inequalities since they are used to con-
strain single flows or linear combinations of flows
to biologically realistic values. The complete model
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consists of 727 flows, 48 mass balances (i.e. one for
each compartment), 46 data equalities and 142
data inequalities.

As in the majority of LIMs, the food webs in this
study are under-sampled and the number of equali-
ties (48 + 46) is insufficient to balance the number of
unknown flows (727) (van Oevelen et al. 2010).
Therefore, the LIM is under-determined and the
matrix equations have an infinite number of solutions
(van Oevelen et al. 2010). This problem can be solved
in 3 ways: (1) upgrading literature data (i.e. data from
other study sites that can be incorporated in the
model as inequality constraints) in order to incorpo-
rate the data in the model as fixed equalities; (2) sin-
gling out one 'best’ solution (i.e. food web structure)
based on the assumption of parsimony or simplicity;
or (3) quantifying uncertainty, i.e. using a likelihood
approach which generates a large set of possible
solutions, or determining flow ranges. Because of the
exceptionally high number of food web compart-
ments in this study, the likelihood approach is too
computationally demanding, and therefore the parsi-
mony approach in combination with range estima-
tion was used. The most parsimonious solution is
defined as the flow vector x that has the smallest sum
of squared flow values (Vézina & Platt 1988). Addi-
tionally, by means of the range estimation procedure,
the minimum and maximum values of each flow in
the solution space were determined (Klepper & Van
de Kamer 1987). The freely available software pack-
age LIM (Soetaert & van Oevelen 2008) was used to
solve the LIMs in R accordingly (v.3.1.2) (R Develop-
ment Core Team 2015).

Network indices

In order to compare the complex interactions be-
tween compartments for the different food webs, sev-
eral network indices were calculated from the output
of the parsimony approach: total system throughput
(T.., the sum of all flow magnitudes in a network),
total number of links (L), the average link weight
(Tij), the connectance (C) and the average mutual
information index (AMI, the average amount of con-
straint placed upon an arbitrary flow anywhere in the
network). The R package Netlndices (Kones et al.
2009) was used to calculate the network indices in R.
A summary of the nomenclature and the equations
is given in Table S3 in the Supplement at www.int-
res.com/articles/suppl/m552p047_supp.pdf, but for a
detailed overview see Ulanowicz (2004) and Kones et
al. (2009).

RESULTS
Biomass data

The mean (+SE) total biomass in a Lanice conchi-
lega reef area (18969 + 3992 mmol C m™2) was 2 or-
ders of magnitude higher than the mean total
biomass in a bare sand area (180 + 56 mmol C m~2)
(Table S1 in the Supplement). The macrofaunal bio-
mass (mean + SE in the reef areas was largely domi-
nated by suspension feeders (BMSM: 85 + 4%,
Boulogne: 82 + 13 %). Main suspension feeders in the
BMSM included L. conchilega (37 + 1%) and the bi-
valve Cerastoderma edule (48 + 4 %). The remaining
compartments constituted 15 + 4% of the total
macrofaunal biomass. In the Boulogne reefs, L. con-
chilega made up the majority of the macrofaunal bio-
mass (82 + 13 %), which was further complemented
with the predator Carcinus maenas (17 + 13%). The
remaining compartments constituted 2 + 1% of the
total macrofaunal biomass. In the bare sand areas of
the BMSM, carbon stocks were much more variable
and highest for the bivalves Cerastoderma edule (33
+ 33%), Macoma balthica (29 + 10%) and Tellina
tenuis (12 + 7 %), and the polychaetes Arenicola ma-
rina (8 + 8 %) and Nephtys cirrosa (6 + 0.3 %). The re-
maining compartments accounted for 12 + 8 % of the
total biomass in the bare sand areas of the BMSM.
Carbon stocks in the bare sand areas of Boulogne
were dominated by Carcinus maenas (48 + 42 %) and
N. cirrosa (33 + 26 %). The remaining compartments
accounted for 19 + 16 % of the total biomass.

Food web structure and model output

Macrofaunal species richness (total number of
compartments) was higher in reef areas (32 + 4 spe-
cies) as compared to bare sand areas (24 + 4 species).
Differences in the food web structure become appar-
ent when the carbon flows are plotted in a circular
fashion (Fig. 3, Figs. S1-S3 in the Supplement at
www.int-res.com/articles/suppl/m552p047_supp.pdf).
The main difference between reef and bare sand
food webs was the important role of L. conchilega in
the reef areas, mainly complemented by the com-
partments of the bivalve Cerastoderma edule in the
food webs of the BMSM, while Carcinus maenas had
a prominent role in the food webs of Boulogne. In the
bare sand areas, the mean (+SE) total carbon
ingested by the macrofaunal community was 5 =
2 mmol C m™2 d! and was partitioned among the
sources as 19 + 5% in situ produced phytoplankton,
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58 + 13 % microphytobenthos and 24 + 13 % external
phytoplankton (Table 2). In the reef areas, mean total
carbon ingested by the macrofaunal community was
much higher (191 + 50 mmol C m~2 d~!). Moreover, in

paratively less important (Table 2). The majority of
the total organic carbon in the reef areas was con-
sumed by L. conchilega and ranged between 37 % in
the BMSM in spring and 94 % in Boulogne in spring.

contrast to bare sand areas, external phytoplankton
accounted for 73 + 5% of the carbon uptake by
macrofauna, while in situ produced phytoplankton (7
+ 2%) and microphytobenthos (20 + 3 %) were com-

Only in the reef area of the BMSM during spring was
a larger part of the organic carbon (51 %) ingested by
C. edule. Notwithstanding the important carbon flow
from primary food sources to L. conchilega, the car-
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Table 2. Total ingested carbon (mmol C m~2 d~!) and its partitioning (%, in parentheses) among primary food sources for the
different models of food webs of the Bay of Mont Saint-Michel (BMSM) and Boulogne for spring and autumn

BMSM Boulogne
Autumn—— Spring —Autumn——- Spring
Control Reef Control Reef Control Reef Control Reef
In situ phytoplankton 1.4 (18) 9.5 (5) 2.2 (27) 9.5(13) 0.04 (6) 9.5(3) 0.5 (24) 9.5 (95)
Microphytobenthos 6.5 (82) 36.6 (20) 5.7 (70) 18.6 (26) 0.4 (58) 38.0(12) 0.4 (22) 43.7(23)
External phytoplankton 0.0 (0) 138.4 (75) 0.3 (3) 44.6(61) 0.3 (36) 270.6 (85) 1.1 (55) 136.8 (72)
Total carbon ingested 7.9 184.4 8.2 72.7 0.7 319.1 1.9 190.0

bon throughput from the tubeworm to other macro-
faunal compartments equalled zero for all reef food
webs. The total respiration of the bare sand commu-
nity was 6 + 2 mmol C m™ d~! in the BMSM and 6 +
3 mmol C m~2d~!in Boulogne. Total respiration of the
reef community was estimated to be 99 + 46 mmol C
m~2d~!in the BMSM, and 193 + 48 mmol C m2d~'in
Boulogne. L. conchilega performed 46 + 7% of the
total respiration in the BMSM reef and 89 + 5% in the
reef of Boulogne. Faeces production was 10 + 1 mmol
C m™2d!in the bare sand area of the BMSM and 8 *
0.2 mmol C m? d! in the bare sand area of
Boulogne, and 26 + 11 mmol C m™2 d~! in the reef
area of the BMSM and 61 + 17 mmol C m™2 d~! in the
reef area of Boulogne.

Network indices

T.., Lo, C, Tij' and AMI were calculated for the 8
different food webs (Table 3). The mean T.. (+ range)
was considerably higher in an L. conchilega reef food
web compared to a bare sand food web, both for the
BMSM (reef: 305 + 118 mmol C m~2 d°'; bare sand:
59 = 5 mmol C m~2 d™!) and Boulogne (reef: 578 +
136 mmol C m~2 d7'; bare sand: 49 + 7 mmol C m™
d™!), although L., was virtually the
same in the bare sand (137 + 20) and
reef (135 + 6) food webs of the BMSM,
but conspicuously higher in the reef
(121 + 23) compared to the bare sand
(79 = 4) food webs of Boulogne. In

BMSM (reef: 2.31 + 0.98; bare sand: 0.44 + 0.10) com-
pared to Boulogne (reef: 4.73 + 0.23; bare sand: 0.62
+0.11). The mean AMI was higher in a reef food web
versus a bare sand food web, both in the BMSM
(reef: 1.59 + 0.07; bare sand: 1.19 + 0.02) and Bou-
logne (reef: 1.43 + 0.07; bare sand: 1.13 + 0.06).

DISCUSSION

Biogenic reefs created by Lanice conchilega are
prominent habitats in soft-bottom intertidal areas.
Recent studies have produced comprehensive data
on the physical and biological characteristics of
such reefs (e.g. see Rabaut et al. 2009 for an
overview), but studies related to the associated reef
food webs are scarce and non-quantitative (De
Smet et al. 2015b). This study provides the first
quantification of the carbon flows in a food web
dominated by an ecosystem-engineered L. conchi-
lega reef and in an adjacent site without a reef.
Network analysis facilitated the comparison of the
complex food web interactions, so that the influence
of the specific characteristics of an L. conchilega
reef on the structure and functioning of a soft-bot-
tom intertidal food web could be identified.

Table 3. Overview of the calculated network indices for the reef and bare sand
food webs of the Bay of Mont Saint-Michel (BMSM) and Boulogne for spring
and autumn, based on the parsimony approach. T.. = total system throughput
(mmol C m~2 d™"), Ly, = total number of links, C = connectance, Tj = average

J

both locations, the mean C in a bare
sand food web (BMSM: 0.068 + 0.006;
Boulogne: 0.099 + 0.026) exceeded
the mean C in a reef food web
(BMSM: 0.039 + 0.012; Boulogne:

0.039 + 0.005). Dividing T.. by the T. 53 423 64 187 42 714 55 441
number of links (L) gives Tj;, which Lot 156 129 117 141 82 144 75 98
was considerably higher in a reef C 0.063 0.026  0.074 0.051 0.074 0.034 0.125 0.045

T; 034 3.28 0.55 1.33 051 4.96 0.74 4.50
food web compared to a bare sand AMI 117 152 121  1.66 1.07  1.36 1.20  1.50

food web but it was lower for the

link weight, and AMI = average mutual information

BMSM

Autumn
Control Reef

Spring
Control Reef

Autumn
Control Reef

Boulogne

Spring
Control Reef
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Data quality and the food web model

Most studies on inverse models make use of con-
ventional size-based compartmentalization and feed-
ing types to define the food web compartments.
Additionally, many large and diverse groups (e.g.
fishes) tend to be lumped into one box, masking
details about specific interactions. The uniqueness of
this study lies in its exceptionally high resolution: 48
single-species compartments were included in the
model (Fig. 3; Tables S1 & S2, Fig. S1 in the Supple-
ment). The species compartments were selected out
of all species occurring in the areas based on their
abundance and biomass in the system (De Smet et al.
2015a). Due to a lack of data on meiofaunal and de-
trital compartments, the focus of this model therefore
lies on the macrofaunal component of the L. conchi-
lega reef and bare sand food webs. The developed
food web model used a combination of site-specific
biomass and stable isotope data, and empirical data
and physiological constraints from the literature.
Most of the 8 food web models could not be solved
when the organic matter (OM) input per m? to the
sediment comprised only the in situ primary produc-
tion per m? (i.e. in situ phytoplankton and micro-
phytobenthos). The in situ primary production rates
are expressed per surface area, and do not take into
account the continuous water flow over the reefs. In
order to allow for an additional ‘off-reef’ OM input,
an input of OM was added to the model and was
termed external phytoplankton [DETRIT]. The quan-
tity of this external OM input was left to be deter-
mined by the model.

Carbon flows in Lanice conchilega reef areas

The total input of carbon required to sustain the
L. conchilega reef was high (mean = SE: 191 =
50 mmol C m~2 d7'), whereas the in situ production
was ca. 10 and 40 mmol C m~2 d~! in phytoplankton
and microphytobenthos, respectively. This indicates
that L. conchilega and its associated macrofaunal
community fulfill their carbon requirement by ex-
tracting OM from a much larger volume of water
than merely the overlying water column. In order to
bridge the gap, 1 m? of L. conchilega reef derives its
energy from at least 15 m? of overlying water column.
The combined input of in situ produced and laterally
advected external phytoplankton fuels most of the
carbon input to the reef (80 + 3% of the total C input),
supporting the high biomass of suspension feeders
(83 £ 6% of the total biomass in a reef) such as the

bivalve Cerastoderma edule (24 = 14 % of the total
biomass) and L. conchilega itself (59 + 14 % of the
total biomass). Although L. conchilega is a surface
deposit feeder, this species has the ability to switch to
suspension feeding (Buhr 1976, Fauchald & Jumars
1979). This is particularly advantageous to avoid
competition in densely populated reef habitats (Buhr
& Winter 1977), such as the reefs modelled in the
present study. The development of different particle
capture and selection strategies reduces the competi-
tion between suspension feeders (Lefebvre et al.
2009) and might explain the co-occurrence of high
abundances of L. conchilega and the suspension
feeding bivalve C. edule in the BMSM reef.

The strong bentho-pelagic coupling in the L. con-
chilega reefs can be attributed to the trapping func-
tion of the reef habitat created by the tube-building
polychaete (Fig. 4). Dense L. conchilega aggrega-
tions facilitate the deposition of particulate matter by
changing the hydrodynamics on small geographical
scales (Friedrichs et al. 2000, Rabaut et al. 2007,
Borsje et al. 2014), more specifically by decreasing
the flow velocity at the sediment-water interface
via a so-called skimming flow (Luckenbach 1986).
Model results show that for low population densities,
the flow velocities within an L. conchilega patch are
strongly reduced, and hence particle deposition was
enhanced (Borsje et al. 2014). Via a positive feedback
loop, the effects caused by low-density reefs may
result in an increasing population density, which on
its turn enhances the particle deposition (Borsje et al.
2014). Besides the physical and passive trapping
function of the reef, it can be expected that the high
density reefs facilitate the bentho—pelagic coupling
by the active suspension feeding activity of L. conchi-
lega (and other macrofauna such as the bivalve C.
edule) and the resulting production of (pseudo)fae-
ces. For instance, the suspension-feeding anthozoan
Sagartia troglodytes benefits from the high density of
L. conchilega in the Weser estuary by taking up the
faecal material expelled by the polychaete (Buhr &
Winter 1977). Nevertheless, the faeces produced
within the reef areas equalled 30 + 2% of the addi-
tional 'off-reef’ OM input, showing that even if all
faeces produced within the reef areas were recycled
by the macrofauna compartments, most of the carbon
input in the L. conchilega food web would still result
from the passive trapping function of the reef.

An increased food availability was already as-
sumed for subtidal L. conchilega reef habitats (Van
Hoey et al. 2008) and is now shown to also hold for
the intertidal. Similar focussing of OM was, for in-
stance, reported for deep reef structures created by
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Fig. 4. Schematic representation of the important driving role of Lanice conchilega in the carbon flows (arrows) and dynamics
in a soft-bottom intertidal food web. In the presence of the tubeworm (A) the water column-derived input of carbon (= in situ
produced phytoplankton [Phyto] + external phytoplankton) prevails due to the trapping of organic matter by the reef struc-
tures (brown mounds). In a bare sand area (B) the carbon throughput is much lower and mainly dominated by the input of car-
bon from in situ primary production by MPB (microphytobenthos). Secondary consumers represent all organisms in the model
which do not feed on phytoplankton or microphytobenthos. Arrow thickness represents the magnitude of the carbon flows

the cold-water coral Lophelia pertusa at 800 m depth
at Rockall Bank (van Oevelen et al. 2009), and for
mixed blue mussel Mytilus edulis and Pacific oyster
Crassostrea gigas reefs in the intertidal flats of the
Dutch Wadden Sea (van der Zee et al. 2012). In the
latter bivalve reefs, the distribution of several macro-
benthic species and shorebirds is strongly affected
by the increase in sediment organic matter content,
demonstrating that the bivalve reefs can affect con-
sumer-resource interactions far beyond their own
physical spatial boundaries in intertidal soft-sedi-
ment systems (van der Zee et al. 2012). Additionally,
van der Zee et al. (2012) show that the presence of
L. conchilega in the bio-engineered bivalve reefs
locally enhances the engineering effect of the reefs
on the benthic and shorebird community. In the
present study, the intertidal L. conchilega reefs are
similar to the bivalve reefs with respect to their large-
scale engineering affects. The facilitated OM trap-
ping by the reefs and the consequential impacts on
the macrobenthic community and the fish and wad-
ing bird populations (De Smet et al. 2013, 2015a)
demonstrate that the spatial impact of L. conchilega
reefs is much larger than their size suggests.
Notwithstanding the important carbon flow from
primary food sources to L. conchilega, the direct car-
bon throughput from the tubeworm to other macro-
faunal compartments in the reef equalled zero. This
finding opposes observations showing that L. conchi-
lega is a prey item for higher trophic levels such as

(flat)fishes (Amara et al. 2001) and waders (Goss-
Custard & Jones 1976, Yates et al. 1993, De Smet et
al. 2013). Therefore, the flows from the tubeworm to
other organisms are probably underestimated by the
model and by the parsimony approach to solve the
model (Vézina & Platt 1988). Nevertheless, the model
outcome gives a good indication of the relatively lim-
ited role of L. conchilega in direct trophic interactions
within the reef. Overall, the tubeworm creates the
environmental conditions to sustain the food web,
but itself represents a sink of carbon rather than an
important conduit to sustain other macrofaunal orga-
nisms. The large biomass of suspension feeders not
available for consumption within the system was pre-
viously assumed to explain the low transfer efficiency
from primary producers to higher trophic levels in
the BMSSM (Arbach Leloup et al. 2008).

Carbon flows in bare sand areas

The total carbon input in a bare sand area is 2
orders of magnitude lower than in an L. conchilega
reef area, resulting in a macrofaunal biomass which
is 2 orders of magnitude lower in a bare sand area
compared to a reef area. In the bare sand areas, the
pelagic primary production suffices to sustain the
OM requirements of the macrofaunal community.
Moreover, only a small fraction of the in situ pro-
duced primary production in bare sand areas was
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consumed by the macrofaunal community. Also, the
partitioning of the carbon input from the primary
food sources to the macrofaunal community differs
considerably in the bare sand areas. In comparison
to the L. conchilega reef areas, the water column-
derived fraction of the carbon input in bare sand
areas is about half the amount of the water column-
derived carbon input in the reef. In bare sand areas,
the main supply of carbon is rather provided by the in
situ production of microphytobenthos (Fig. 4).

Network characteristics

Network indices are a convenient way to represent
certain aspects of food webs and to facilitate compar-
isons among them (Ulanowicz 2004, Kones et al.
2009). Although it is recommended to calculate net-
work indices on the median values from the likeli-
hood approach (Kones et al. 2009), in the present
study, this was not feasible due to the large number
of compartments in the inverse food web models. The
use of the parsimony approach in this study typically
provides low estimates of the network indices of the
food webs (Kones et al. 2009). However, as all the
food webs are based on the same overall topological
food web structure with the same food web flows and
units, the calculation of the network indices is consis-
tent, justifying the comparison of the presented net-
work indices between the food webs (Kones et al.
2009).

The high carbon flow in the reef food webs is
reflected in the total system throughput index (T..),
which sums carbon flows to obtain a measure of the
total food web activity (Ulanowicz 2004) and which is
3 to 17 times higher in reef ecosystems compared to
bare sand areas. The presence of L. conchilega not
only increases the overall metabolic activity, it also
entails a more diverse macrofaunal community, with
10 to 80 % more compartments being present in the
reefs. This is also reflected in the complexity of the
food webs which can best be appraised by compar-
ing the on- and off-reef webs (see Fig. 3, Fig. S1 in
the Supplement), showing much more sparsely con-
nected food webs in bare sand sites. The AMI, which
assesses the developmental status of an ecosystem
and quantifies how orderly and coherently food web
flows are connected, is indeed highest for reef areas,
which is consistent with the stabilising effect of the
ecosystem engineering activities of L. conchilega
(Godet et al. 2009, Rabaut et al. 2009). The higher
AMI values resulting from the stabilised conditions
within the reef are in line with the AMI values meas-

ured in the absence of resuspension of the micro-
phytobenthic biofilm in the Bay of Marennes-Oléron
(Saint-Béat et al. 2014).

Location differences

Although on- and off-reef food webs are, in gen-
eral, qualitatively similar, there are nonetheless dif-
ferences between the intertidal food webs in the 2
study locations. Reefs in Boulogne had a much higher
L. conchilega biomass and therefore also higher total
carbon flows (Table 3). Another consequence of the
higher tubeworm biomass is the elevated carbon
ingestion and respiration in the reef food web of Bou-
logne; despite the complete absence of the cockle C.
edule in the sampling areas of Boulogne. Differences
in L. conchilega density between the 2 locations was
previously identified as the main driver of differences
in the macro- and epifaunal community descriptors
(e.g. species abundance and diversity) between reef
and bare sand areas; being more pronounced in
Boulogne (De Smet et al. 2015a). The low abundance
and hence the minor role of the predator crab Carci-
nus maenas in the food webs of the BMSM is ex-
pected to be due to its preference for the food and
shelter provided by shellfish farms in the low inter-
tidal of the BMSSM (Le Mao et al. 2004). In contrast, in
Boulogne, shellfish farms are absent and C. maenas
is mainly observed on the L. conchilega reef. Simi-
larly, in the Bay of Veys (France), C. maenas was ob-
served in sites dominated by oyster cultures and with
a mean (+SE) L. conchilega density of 1885.7 +
343.9 ind. m~2, whereas this predator was absent in
adjacent sites without oyster cultures and an L. con-
chilega density of 1750.2 + 368.4 ind. m™2 (Dubois et
al. 2007).

CONCLUSIONS

The influence of large polychaete populations in
shallow coastal areas is often underestimated and
their ecological role in the coastal food web is not
well known (Dubois et al. 2009). The use of linear
inverse modelling in this study provides new insights
into the functioning of an L. conchilega reef and its
role in a soft-bottom intertidal food web. We show
that the presence of biogenic reefs constructed by the
ecosystem engineer L. conchilega focusses OM pro-
duced in an area at least one order of magnitude
larger than the reef itself. The tubeworm reinforces
the bentho-pelagic coupling by establishing reef
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structures which act as a trap of OM. As this also ben-
efits other organisms, the resulting food web in the
presence of the tubeworm is much more diverse.
However, the worm has only a facilitating role; it
does not constitute a significant source of carbon for
other macrofaunal organisms. The effect of L. conchi-
lega on the carbon dynamics in a reef food web
seems to be applicable to locations with different
environmental conditions, but can differ in magni-
tude depending on the density of the tubeworm
reefs.
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