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SUMMARY - Neoichnology of a microbial mat in a temperate, siliciclastic environment: Spiaggia al Bosco (Grado, Northern Adriatic, 
Italy) - Grado-Marano lagoon is one of the most important transitional systems of the Northern Adriatic Sea, characterized by infrequently 
ample tides for the Mediterranean Sea. The mentioned tidal features together with the peculiar climatic and morphological properties result 
in a composite wetland setting which are dominated by the lagoon-river delta systems. The studied site, Spiaggia al Bosco, is located on 
the external margin of Grado lagoon and consists of a complex mosaic of peritidal environments. GPS and GIS techniques have been used 
for mapping the ichnologic features occurring within the sedimentary facies of Spiaggia al Bosco. The most recurrent traces have been 
described, with particular attention to the structures related to microbial mat settings: in fact one of the most peculiar features of Spiaggia 
al Bosco is a well-developed microbial mat colonizing vast sections of the tidal flat. Insects have demonstrated to be major tracemakers 
within this context, and their burrows verified a number of strategies intimately centered to the microbial mat. Undermat mining behaviour, 
larval protection and feeding behaviours have been clearly revealed by diverse biogenic structures produced by heterocerid coleopterans 
and Diptera. Aside from microbial mat settings, the studied site has revealed a diverse and abundant ichnofauna well-related to the com-
plex transitional ecosystem of Spiaggia al Bosco. Consequently, Spiaggia al Bosco constitutes an ideal site to understand the ichnology of 
temperate, peritidal environments. 

RIASSUNTO - Neoicnologia di un tappeto microbialitico in ambiente temperato, silicoclastico: Spiaggia al Bosco (Grado, Adriatico 
Settentrionale, Italia) - La laguna di Grado è uno dei più importanti sistemi di transizione dell’Adriatico Settentrionale, caratterizzato da 
maree straordinariamente ampie per il Mediterraneo. Questo regime tidale, congiuntamente alle caratteristiche climatiche e morfologiche, 
regola una composita area umida dominata da sistemi lagunari-fluvio-deltizi. Il sito di studio, Spiaggia al Bosco, si trova sul margine esterno 
della laguna di Grado e consiste di un complesso mosaico di ambienti peritidali. Sono state impiegate tecniche GPS e GIS per cartografare 
le caratteristiche icnologiche di Spiaggia al Bosco, descrivendone le tracce più frequenti e ponendo particolare attenzione alle strutture 
legate al tappeto microbialitico. Infatti una delle caratteristiche peculiari di Spiaggia al Bosco è un tappeto microbialitico che colonizza 
vaste aree della piana tidale. In questo contesto i principali produttori di tracce sono gli insetti, e le loro tane rivelano un strategie legate 
intimamente al tappeto microbialitico stesso. Numerose strutture – prodotte da Ditteri e Coleotteri Eteroceridi – rivelano comportamenti 
di undermat mining, protezione delle larve e nutrizione. Il sito di studio ha rivelato un’icnofauna diversa ed abbondante, ben correlata con 
l’ecosistema di transizione di Spiaggia al Bosco. Di conseguenza, Spiaggia al Bosco costituisce un sito ideale per studiare l’icnologia di 
ambienti peritidali temperati 
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1.  INTRODUCTION

The coastal area of the Northern Adriatic Sea main-
ly consists of lagoon-river delta systems faced by barrier 
islands and sandbars (Fontolan et al. 2007). 

Grado-Marano lagoon (160 km2) is one of the three 
major transitional systems of the Northern Adriatic sea, 
among which are Venice (550 km2) and Pialassa Baiona 
(11 km2) lagoons (Paoli et al. 2007).

The Grado-Marano system is located between the Ta-
gliamento and Isonzo rivers, and freshwater input is also 
provided by resurgence watercourses (Fig. 1). Various inlets 

provide a connection between the Adriatic Sea and Grado-
Marano lagoon, consisting in a barrier island system ex-
tended for over 20 km (Fontolan et al. 2007).

The Grado-Marano system is characterized by a si-
gnificant tidal range compared to the rest of the Mediterra-
nean Sea: basin morphology and climatic conditions result 
in significantly high tidal amplitude. In fact, the system is 
characterized by important semi-diurnal tidal fluxes (105 
cm spring tidal range, 65 mean tidal range; Covelli et al. 
2008). The mentioned tidal amplitude notably influences 
the ecosystem of Grado lagoon (76 km2), characterized by 
vast tidal flats and salt marshes. These elements are infre-
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quent in the Mediterranean Sea: non-tidal coastal lagoons 
are numerous, while tidal lagoons and wetlands are rare. The 
major exceptions are represented by the Northern Adria-
tic Sea (where the studied area is located) and the Gulf of 
Gabès in Tunisia (see Smart & Viñals 2004).

As concerns the climatic features, Grado-Marano la-
goon presents a temperate climate, influenced by ENE (Bo-

ra) and SE (Scirocco) winds. More detailed information is 
given in the table 1.

The studied site (Spiaggia al Bosco) is located on 
the external margin of Grado lagoon (Fig. 1), nearby Gra-
do town. Despite moderate anthropic activity, the conside-
red area is renowned for its biodiversity (i.e. Spoto 2002): 
in fact the coastal area of Spiaggia al Bosco is characte-

Fig. 1 - Geographical setting of the studied site, Spiaggia al Bosco (Grado, Northern Adriatic Sea). 
Fig. 1 - Inquadramento geografico del sito studiato, Spiaggia al Bosco (Grado, Nord Adriatico).

Water 
Temperature (C°)

Salinity 
(psu)

Oxygen % Ntot (μg l-1) Ptot (μg l-1)

Minimum 1,0 0,0 31,4 100 0,0 1. Grado Lagoon 
(inner area)
2003-2005

Maximum 31,0 40,3 164 6230 70

Average 15,4 29,1 95 936 7,3

20-21 June 26 31 120

2. Grado Lagoon 
(outer margin)

2007

28-29-31 May 21 32 105

20-23 April 18 34 90

26-28-29 March 10.5 34 95

19-20 February 10 37 95

29-30-31 January 7 33 100

Tab 1 - Water properties (1) in the 2003-2005 period and (2) in the 2007. The 2007 dataset is referred to the external margin of the lagoon 
in correspondence of the studied site, while the 2003-2005 dataset are related to the inner area of the lagoon. Data based on Arpa FVG.
Tab. 1 - I dati del 2007 sono riferiti al margine esterno della laguna (nei pressi del sito studiato), mentre quell i del 2005-2007 all’area 
interna. Dati basati su Arpa FVG.
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Fig. 2 - Environmental setting of Spiaggia al Bosco. a. A major feature of Spiaggia al Bosco is the wide microbial mat which is covering 
vast areas of the intertidal zone. b. Rippled sands at the intertidal/subtidal boundary. c. Muddy sediments in the inner part of the tidal flat. 
d. Bioturbated gray sands.
Fig. 2 - Inquadramento ambientale di Spiaggia al Bosco. a. Una delle caratteristiche salienti di Spiaggia al Bosco è il vasto tappeto micro-
bialitico che copre ampie zone della zona intertidale. b. Sabbie con ripples al limite intertidale/subtidale. c. Sedimenti fangosi nella parte 
più interna della piana tidale. d. Sabbie grigie, bioturbate.

rized by diverse peritidal environments which are offering 
varied habitats for the organisms (Fig. 2). More in detail, 
the intertidal zone is particularly rich of faunal and vegeta-
tional elements. A very specific habitat of the intertidal zo-
ne is constituted by microbial-related settings: vast sections 
of the tidal-flat are colonized by microbial mats, which are 
presenting a very peculiar ichnofauna, described and con-
sidered in the this study.

The major aim of this study is to produce an ichnolo-
gical characterization of Spiaggia al Bosco, with a particu-
lar consideration to the microbial mat setting.

This work involves: 
1. identifying the main traces; 
2. mapping the main sedimentary facies and ichnoas-

semblages; 
3. recognizing the major environmental parameters; 
4. determining how traces vary with sedimentary and en-

vironmental parameters. 

2.  MATERIAL AND METhODS

2.1.  Qualitative methods

Preliminary surveys have been carried out to determi-
ne the main ichnologic and sedimentologic properties. Pre-
valent burrow morphologies have been determined by ca-
sting (casting medium: dental plaster, epoxy resin). Shal-
low subtidal has been explored by snorkelling.

2.2.  Quantitative methods

One of the main objectives of the present study is to 
determine the spatial distribution of traces in relation to the 
sedimentary facies. For this reason, GPS survey has been 
integrated with GIS technologies.

The survey has involved four levels of resolution (Tab. 
2, Fig. 3):
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Number of 
points

Maximum/Minimum 
submergence

Modified 
Brinell test

Oxidized layer 
thickness

Facies 
analysis

Ichnoassemblage
analysis

Station 62 ∨ ∨ ∨ ∨ ∨

Representative point 10 ∨ ∨ ∨ ∨

Point of Interest 1570 ∨ ∨

Control track - rapid control of data coherence

Tab. 2 - Material and methods: levels of resolution of the neoichnological survey.
Tab. 2 - Materiali e metodi: livelli di risoluzione dell’indagine neoicnologica.

Fig. 3 - Distribution of points of survey.
Fig. 3 - Distribuzione dei punti d’indagine.

- Stations: a number of points of interest has been signa-
led with poles. Several tests and measurements have 
been carried out. 

- The water level has been taken into account for two 
days (10 and 11 October 2007) near the fixed poles in 
order to determine the approximate maximum and mi-
nimum submergence. 

- The indentation hardness has been verified by applying 
the Brinell test (Brinell 1900), which has been already 
used in neoichnology by Gingras & Pemberton (2000) 
with some modifications. In the present study, a me-
tal indentor (diameter: 3 cm, weight: 105 g) is relea-
sed from a fixed height of 100 cm. The diameter of in-
dentation is measured: this value is related to the for-
ce exerted by the substrate – that is the resistance to 
indentation. 

- More in detail, the force exerted by the substrate is cal-
culated as follows:

(1)  F = PE / h
2

(2) F = (m g h
1
)

 
/ { [D-(D2-d2)1/2] / 2 }

- where: D= diameter of indentor; d= diameter of indent; 
F= force exerted by the substrate; g= standard gravi-
ty; h

1
= height of drop; h

2
= depth of indent; m= mass 

of the indentor; PE= potential energy at the top of in-
dentor’s free fall. 

- As Gingras & Pemberton (2000) recommend, the force 
exerted by the substrate (F) can be converted to mean 
pressure by dividing F by the projected area of the in-
dent (S):
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(3) S = π D h
2 
= {π D [D-(D2-d2)1/2] }/ 2

The test has been repeated three times for each station.
In order to avoid measurement errors, Gingras & Pem-

berton (2000) suggest that this method have to be used whe-
re the indent diameter is between 10% and 80% of the inden-
tor. In this study it has been used a slightly wider confiden-
ce range (10%-90%), because it has been demonstrated that 
this range produce accurate measurements anyway. 
- Sediments were analyzed in profile: the intertidal sedi-

ments present a well-recognizable lighter horizon su-
perimposed on dark deposits. It is clear that the light 
horizon represents oxidized sediments, thus it has a 
significant environmental value. The thickness of the 
oxidized layer has been manually measured by a cali-
per.

- In addition to these purely quantitative measurements, 
facies and detailed ichnoassemblage analysis have be-
en carried out.

- Representative points: a number of points have been 
taken into account as highly representative of certain 
facies/ichnoassemblages. Measures include: indenta-
tion hardness (modified Brinell test repeated three ti-
mes) and thickness of oxidized layer; facies and ich-
noassemblage analysis have been carried out. 

- Point of interest: the tidal flat and the shallow subti-
dal have been surveyed. Facies and ichnoassemblage 
analysis have been carried out for each point.

- Control tracks: the coherence of the survey have be-
en controlled by crossing the tidal flat in several direc-
tions. 

3.  BIOGENIC STRUCTURES

The main biogenic structures of Spiaggia al Bosco are 
here discussed; each structure is described, taking into ac-
count its morphology and the inferred tracemaker. It is al-
so reported the sedimentary facies where the structure oc-
curs: a schematic report of the sedimentary facies is propo-
sed in the table 3, while a more detailed description is found 
in the chapter 4.

The structures are named with respect to their morpho-
logy (i.e. U-burrow); nevertheless, in some cases, it has be-
en adopted the name of the tracemaker to be more reader-
friendly (i.e. bird track).

3.1.  Branched structures

Y-burrow (Fig. 4)

Description: branched structures constituted by two 
thin shafts (width: 1-5 mm) joining in correspondence of 
an elongated swelling. The structures penetrate into the se-
diment for 1-7 cm.

Facies: muddy facies.

Tracemaker: various genera of bivalves, commonly 
found within the structures. 

Remarks: the trace is intimately linked to the bival-
ve behavior: the pair of shafts are corresponding to the si-
phons, while the elongated swelling is mainly occupied by 
the shell of the tracemaker. 

Moreover these structures can be compared to a wide 
range of trace fossils. For instance the elongated swelling 
resembles Lockeia in plain view; at the same time, the ver-
tical structures left by the siphons could correspond to Si-
phonichnus- or Skolithos-like structures.

Decapod burrow systems (Fig. 5)

Description: complex burrow systems constituted by 
branching cylindrical tunnels forming 3-dimensional networ-
ks. The tunnel diameter usually ranges between 0.8 and 2 
centimeters. The structures exhibit multiple openings, which 
can be simple (Fig. 5b), funnel-like (Fig. 5d) or presenting 
a sediment mound (Figs 5a, 5e). 

Tracemaker: decapods. Deapod burrows from the Nor-
thern Adriatic have been extensively studied by Pervesler & 
hohenegger (2006), Pervesler et al. (2002a, 2002b), Perve-
sler & Dworschak (1985), Atkinson & Froglia (1999).

Remarks: The here described structures are highly va-
riable as concerning the 3-D morphology and the superfi-
cial features. For these reasons the classification of Griffis 
& Suchanek (1991) has been adopted to schematically di-
stinguish the different burrow types. The mentioned classi-
fication takes into account the presence (or absence) of se-
diment mounds and seagrass into the burrows. 

The most frequent burrow systems of Spiaggia al Bo-
sco are the following:

Type 1 - mound

Description: three-dimensional networks characteri-
zed by multiple openings (at least 2), one of which presents 
a sediment mound (differing from the host sediment in co-
lor). The mound is few centimeters high.

Facies: grey sand facies, tidal creek subfacies. 
Tracemaker: Dworschak (2002) studied the burrows of 

Callianassa candida in Grado Lagoon: the morphology is 
clearly consistent with the here presented burrow systems. 

Remarks: feeding habit of thalassinid shrimps is not 
clear-cut (Dworschak 2002). On the basis of the observa-
tions by Griffis & Suchanek (1991), burrows with mounds 
would mainly correspond to deposit feeding: according to 
the mentioned authors, the presence of the mounds is a cle-
ar indication that the species actively process sediments. The 
alternative approach of Nickell & Atkinson (1995) confirms 
deposit feeding for Callianassa candida.

As concerns the corresponding ichnogenus, Thalas-
sinoides is the most obvious fossil analogue; this observa-
tion can be also extended to type 2 and 3 (described in the 
following lines). 
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Tab. 3 - Schematic description of the major sedimentary facies at Spiaggia al Bosco.
Tab. 3 - Descrizione schematica delle principali facies sedimentarie di Spiaggia al Bosco.

Tab. 4 - Major sedimentary structures related with the microbial mat of Spiaggia al Bosco. The classification and the remarks are partly 
based on Gerdes et al. (2000), Gerdes (2007).
Tab. 4 - Principali strutture sedimentarie legate al tappeto microbialitico di Spiaggia al Bosco. La classificazione e le osservazioni sono 
in parte basate su Gerdes et al. (2000), Gerdes (2007).

Facies Description Tidal 
position

Supertidal sand facies Light-coloured sand, often presenting wind ripples and mollusk shell fragments. Supertidal

Cohesive sand facies Dark-coloured sediments with a minor fine fraction; mollusk shell fragments are 
common.

Intertidal

Microbial-related facies

Microbial mats sensu stricto are represented by laminated sediments with an 
upper, organic-rich layer and a lower mineral-rich one. 
Sedimentary features are strictly related to microbial activity: stabilized surfaces, 
levelled ripples, fringed erosional edges, upcurled shrinkage cracks are commonly 
found.
Microbial mats are growing in vast regular areas or – more commonly - are 
dissected by shallow tidal creeks. 

Rippled sand facies Medium- to fine-grained sands with diffuse ripple marks, which are a very 
diagnostic feature of this facies.

Muddy facies Dark-brown muds (with minor sandy fraction) characterized by an extremely 
irregular surface. 

Grey sand facies Grey-coloured sand (with minor pelitic fraction) presenting intense bioturbation.

Process Structure / Fabric Remarks

Structures related to growth Stabilized surfaces
The microbial-related surfaces are clearly stabi-
lized and cohesive; decomposing sea weed is fre-
quently bound by the mat. 

Microbial overprints of 
physically preformed 
structures

Ripple biostabilization and levelling Biofilms may overgrow rippled surfaces, prob-
ably during periods of sediment starvation.

Structures resulting from 
physical mat destruction

Erosional remnants (sharply projecting 
planar rises)

Cohesiveness of microbial mat is particularly evi-
dent during erosional stages. 

Erosion pockets (isolated, rounded 
depressions)

Chips

Fringed erosional edges

Upcurled shrinkage cracks 

Cracks show frequently folded/upcurled margins 
due to the elastic properties of the mat. Moreover, 
the presence of the mat enhances itself the pos-
sibility to crack: cracks can form even on sandy 
sediments if the mat is present. 

Rounded cracks Cracking enables the mat-forming microbes to 
overgrow the margins and evade the cracks.

Ripple patches
Microbial mat can prevent ripple formation thanks 
to its protective action. Where microbial binding 
is lacking, unsecured sands become rippled.

Features related to metabolic 
effects Green, dark horizons

The green (organic-rich) horizon corresponds to 
photosynthetic processes, while the underlying 
dark (mineral-rich) layer is probably related to the 
activity of sulphate-reducing bacteria.
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Fig. 4 - Y-burrows produced by bivalves. Scale bar 1 cm. a. Profile view of a bivalve-generated trace; dashed line enhances the trace 
morphology. b. The dashed line highlights the Y-shaped structure produced by a medium-sized bivalve. c. Two bivalves (arrowed) in their 
burrows. 
Fig. 4 - Strutture a Y prodotte da bivalvi. Scala 1 cm. a. Traccia prodotta da bivalve; la linea tratteggiata evidenzia la morfologia della 
struttura. b. La linea tratteggiata marca la struttura ad Y prodotta da un bivalve. c. Le frecce mettono in luce due bivalvi nelle loro tane.

Fig 5 - Complex burrow systems. Scale bar 1 cm. a. Opening with sediment mound. b. Simple opening; note abundant fecal pellets. c. Profile 
view of a burrow with seagrass (arrowed). d. Funnel-like openings of a Y-shaped burrow system. e. Opening (with sediment mound) within 
microbial mat. This occurrence is rather uncommon. f. Decapod crustacean, tracemaker of the here presented traces.
Fig. 5 - Sistemi di tane tridimensionali. Scala 1 cm. a. Apertura con “vulcano” di sedimento. b. Apertura semplice; si notino gli abbon-
danti fecal pellets. c. Vista laterale di una tana recante alghe al suo interno (freccia). d. Aperture ad imbuto di un sistema di tunnel ad Y. 
e. Apertura (con “vulcano” di sedimento) su tappeto microbialitico: è un fatto piuttiosto raro. f. crostaceo decapode, autore delle strutture 
qui presentate.
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Type 2 - no mound, seagrass

Description: complex burrow systems lacking of sur-
face mounds. The burrow structure is represented by cham-
bers extending from a vertical shaft (which is about 5-10 cm 
long). The mentioned chambers are subhorizontal and fre-
quently filled with seagrass; alternatively, the sea weed is 
found few centimeters above open chambers (Fig. 5c). 

Facies: sand flat.
Tracemaker: decapod crustacean
Remarks: Griffis & Suchanek (1991) refer this kind 

of burrows (with seagrass and without mounds) to drift-
catching behavior.

Type 3 - no mound, no seagrass

Description: complex burrow systems presenting two 
openings at least, usually funnel-shaped and lacking of se-
diment mounds. The shallower part of the structure is typi-
cally presents an Y-shaped morphology; no seagrass is ob-
served. 

Facies: this type is particularly abundant within grey 
sand facies; it is also found in tidal creek subfacies.

Tracemaker: decapod crustaceans.

Remarks: according to Griffis & Suchanek (1991), this 
burrow morphology is corresponding to filter/suspension fe-
eders. Moreover, it is interesting to highlight the spatial di-
stribution of type 3, which is intimately related to the mi-
crotopography of the tidal flat. In fact the depressed areas 
of the sand flats (i.e. troughs) are abundantly bioturbated by 
type 3, while more elevated zones are significantly devoid of 
these traces. It has been observed that type 3 structures can 
highlight topographic differences of less than one centime-
ter. This fact is, in all probability, related to the water con-
tent of the sediment: during low tide the areas with conca-
ve and/or depressed microtopography are more humid than 
convex, topographically higher zones. 

3.2.  Simple structures

Clavate burrow (Fig. 6)

Description: unbranched, vertical burrows presenting 
a narrower neck and a larger basal part. The resulting over-
all morphology  is characteristically clavate (Fig. 6c). The 
structures are usually penetrating the sediment for 2-2.5 cm; 
the opening is not visible at the sediment surface. 

Facies: microbial mat subfacies

Fig 6 - Structures produced by 
heterocerid coleopterans within the 
microbial mat. Scale bar 1 cm. a. 
Profile view of a burrow with the 
tracemaker. b. Particular of A, show-
ing the coleopteran burrowing. c. 
Clavate burrows (arrowed); this is the 
commonest morphology produced 
by heterocerids in Spiaggia al Bosco. 
The right burrow is highlighted by 
solid line.
Fig. 6 - Strutture prodotte da co-
leotteri eteroceridi nel tappeto 
microbialitico. Scala 1 cm. a. Vista 
laterale di un tunnel con il suo au-
tore. b. Particolare di A, che mostra 
il coleottero in operazione di scavo. 
c. Tane clavate (frecce); questa è la 
morfologia più comune prodotta da 
eteroceridi a Spiaggia al Bosco.
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Tracemaker: coleopterans of the family Heteroceri-
dae, possibly Heterocerus flexuosus (Colla pers. com.; see 
Figs 6a, 6b). 

Remarks: heterocerids are recognized as active bur-
rowers (Clark & Ratcliffe 1989) and they are commonly 
known as “variegated mud-loving beetles”. The adults and 
larvae share fossorial habits and they feed on zooplankton, 
diatoms and algae (De Sage 1991). The here described struc-
tures are possibly linked with the entire life-cycle of these 
insects. In fact during March-April, the structures are fre-
quently occupied by the adult coleopterans; on the contrary, 
during October, the traces are hosting pupae. 

Microbial mats offer important environmental niches 
for insects, which are commonly associated to these settings 
(Gerdes et al. 2000). Cyanobacterial biofilms are grazed by 
many different insects: insect pressure is such that some 
biofilm-forming cyanobacteria developed insecticidal com-
pounds (Becher & Jüttner 2005).

Chambered burrow (Fig. 7)

Description: these burrows are constituted by a 
rounded chamber extending from an oblique shaft. These 
structures are usually  shallower than 10 cm; the opening is 
not observable on the sediment surface.

Facies: microbial mat subfacies.
Tracemaker: unidentified insects.
Remarks: during October, some of these burrows ha-

ve been found full of small pupae and puparia (Fig. 8). The-
refore it can be assumed that these structures are somehow 
related to insect life cycle.

Crab resting trace (Fig. 9)

Description: oval depressions (about 6 cm wide and 1 
cm deep) with a frontal peripheral bulge.

Facies: rippled sand. 
Tracemaker: Carcinus crabs. 
Remarks: the mentioned structure is related to two be-

havioural styles: 
a. concealement: when the animal is disturbed, first it be-

comes aggressive, then runs away, and then it conceals 
itself into the sand – producing the mentioned struc-
ture.

b. resting: at dawn the animal is found inside the structu-
re with low degree of reaction. This fact possibly cor-
responds to a resting behaviour sensu stricto.

Fig. 7 - Chambered structures within the microbial mat. a. Typical 
morphology of chambered burrows (arrowed); profile view. Scale 
bar: spacing between ticks is 1 mm. b. Chambered burrow and the 
typical lamination of the microbial mat; profile view.
Fig. 7 - Strutture a camera nel tappeto microbialitico. a. Tipica 
morfologia di queste strutture; vista laterale. Scala millimetrica. 
b. Struttura a camera e la tipica laminazione del tappeto micro-
bialitico; vista laterale.

Fig. 8 - Bioturbational structures and insect lifecycle: pupa (A) and 
two puparia (B) inside burrows. Profile view.
Fig. 8 - Tracce e ciclo vitale degli insetti: pupa (A) e due puparia 
(B) all’interno di tane. Profilo laterale.
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horizontal burrow (Fig. 10)

Description: simple, unbranched burrows oriented hor-
izontally respect to laminations. These structures are found 
in very shallow tiers (few millimeters above the microbial 
mat surface), at the boundary between the superficial, organ-
ic-rich layer and the lower, mineral-rich one. 

The traces are 0.7-1 mm wide and 3-5 centimeters 
long. 

Facies: microbial mat subfacies.
Tracemaker: larvae of Diptera (Colla pers. com.). De 

Lomas et al. (2005) demonstrated that the larvae of Dip-
tera can be important components of microbial mat com-
munity structure.

Remarks: these structures show the evidence of an un-
dermat mining behaviour: the tracemakers strictly follow the 

laminations to feed on the organic matter related to the su-
perficial layer of the microbial mat. The cohesiveness of the 
microbial mat provides protection from predation and phys-
ical disturbance: for these reasons the tracemakers can pro-
liferate within such a shallow tier. 

3.3.  Tracks and trails

Bird track

Description: bipedal trackways constituted by tetra-
dactyl footprints with three digits directed forward and one 
(hallux) backward. Tridactyl footprints are also common-
ly found.

Facies: supratidal sand facies, rippled sand facies, mud-
dy facies.

Fig. 9 - Crab traces. a. Resting trace. b. locomotion trace.
Fig. 9 - Tracce di granchio. a. Traccia di riposo. b. Traccia di locomozione.

Fig. 10 - Insect larvae as tracemakers in the micro-
bial mat. a. horizontal burrows found after peeling 
the most superficial layer of the microbial mat; 
note the abundant clavate burrows too. Scale bar 
1 cm. b. After peeling the organic-rich layer of the 
microbial mat, it is frequent to find insect larvae 
inside their burrows. Top view, scale bar 1 cm. c. 
Insect larva inside its burrow. Top view, scale bar 
1 cm. d. Particular of the tracemaker: probably a 
Diptera larva (Colla, pers. com.).
Fig. 10 - Larve di insetti come tracemakers nel 
tappeto microbialitico. a. Tane orizzontali che si 
rinvengono dopo aver rimosso lo strato più su-
perficiale del tappeto microbialitico. Si notino le 
numerose strutture clavate. Scala 1 cm. b. Dopo 
aver rimosso il livello superficiale del tappeto mi-
crobialitico, è frequente osservare larve di insetti 
nelle loro tane. Scala 1 cm. c. Larva di insetto 
all’interno della sua tana. Vista dall’alto, scala 1 
cm. d. Particolare del tracemaker: possibilmente 
una larva di Dittero (Colla, com. pers.). 
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Tracemaker: various genera of birds. The area surroun-
ding Spiaggia al Bosco – with particular reference in the “Mu-
la di Muggia” sand bank – is well-known for the richness of 
the avifauna (see Spoto 2002).

Crab track

Description: trackways constituted by parallel, elonga-
ted furrows (Fig 9b); each furrow is about 1 mm width and 
some centimeters long. The overall trace width do not exce-
ed 5 cm.

Facies: rippled sand.
Tracemaker: Carcinus crab.
Remarks: the trace clearly reflects the locomotion 

style of crabs: the animals shift laterally leaving paralelly-
oriented furrows. (i.e. see Martinez et al. 1988 studies on 
crab locomotion). 

Insect track

Description: trackways composed by two sets of paired 
I-shaped furrows (Fig. 11b). Trace width 1-2 cm.

Facies: supratidal.
Tracemaker: insects.

Mammal track (Fig. 11)

Description: trackways constituted by tetradactyl foot-
prints with four digits directed forward and a distinctive heel 
pad (Fig. 11a). Claw marks frequently present.

Facies: supratidal sand facies, rippled sand facies, mud-
dy facies.

Tracemaker: mainly dogs; some rodent tracks are doub-
tfully inferred.

Gastropod trail (Fig. 12)

Description: trails constituted by a central, flat area sepa-
rating two narrow parallel ridges. Trace width ranges between 
0.3 and 1 cm. At times the parallel ridges are mucus-bound.

Facies: muddy facies, grey sand facies
Tracemaker: various genera of gastropods. Very simi-

lar structures are found in correspondence to the burrow ope-
nings: in this case the tracemaker is probably a decapod cru-
stacean. 

Decapod trail (Fig. 13)

Description: trackways constituted by two parallel fur-
rows (approximate width 0.8-1 cm) with rhythmically distribu-
ted depressions (visible in Fig. 13c). These tracks are often as-
sociated with the openings of decapod burrows (Fig. 13a).

Facies: grey sand facies
Tracemaker: decapod crustaceans. 
Remarks: to the light of the width of the trace, the struc-

ture is possibly produced by the dragging of telson/tail fan 
(and not by paraepods).

3.4.  U-structures

Siphunculid U-burrow (Fig. 14)

Description: U-shaped burrows penetrating for 20-40 
cm into the substrate. Two types are distinguished on the ba-
sis of the morphology:

Type 1

Description: Burrows with two openings, one present-

Fig. 11 - Tracks. a. Dog footprint. b. Insect track. Scale bar 1 cm.
Fig. 11 - Piste. a. Impronta di cane. b. Pista di insetto. Scala 1 cm.
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Fig. 13 - Decapod trail. a. Trail, clearly crossing a decapod burrow entrance. Pen as scale. b. Inferred tracemaker: decapod crustacean. Scale 
bar: spacing between ticks is 1 mm. c. Particular of a, showing the rhytmicallydistributed depressions.
Fig. 13 - Piste di decapode. a. Pista che interseca chiaramente l’entrata di una tana di decapode. Penna come scala. b. L’autore delle tracce: 
un crostaceo decapode. Scala millimetrica. c. Particolare di a, che mostra diverse depressioni distribuite ritmicamente.

Fig. 12 - Gastropod trails. a. Cerithid trail. b. Tracemaker of the trails in c. Scale bar 1 cm. c. Trails produced by the gastropod illustrated 
in b. Scale bar 1 cm.
Fig. 12 - Piste di gasteropodi. a. Pista di Ceritide. b. Produttore delle piste in c. Scala 1 cm. c. Piste prodotte dal gasteropode illustrato 
in b. Scala 1 cm.

ing funnel-like entrance, the other marked by thick “sand 
casts” (Fig. 14a). The “sand casts” are 0.4-0.7 cm wide and 
sometimes mucus-bound; the openings are separated by 
10-20 centimeters of distance. In cross-section the trace ap-
pears as a U-shaped burrow.

Facies: rippled sand facies.
Tracemaker: Siphunculid worm.
Remarks: the described structures are usually found 

in the outer parts of the tidal flat, at the intertidal/subtidal 
boundary. When present, the structures often occurs in large 
numbers (about 1-2 openings per m2). 

Type 2

Description: U burrows with two openings; one is 
usually concealed. The trace is marked by thin “sand casts” 
disposed radially respect to the openings: this fact result in 
a “star shaped” morphology. Both the openings are usually 
extending from a funnel-like entrance (Fig. 14d). The ope-
nings are separated by few centimeters of distance.

Facies: rippled sand facies, grey sand facies.
Tracemaker: Siphunculid worm.
Remarks: the structure strictly resembles the previou-
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Fig. 14 - U burrows. a. Top view of a U burrow (type 1 – see text) where it is clearly visible either the funnel-opening or the “sand casts”. 
Scale bar 1 cm. b. Profile view of a U burrow (outline enhanced by dashed line); the siphunculid tracemaker is distinguishable in the lower 
part of the “U”. Polychaete burrows arrowed. Pen as a scale. c. Top view of a siphunculid burrow (type 2 – see text). Scale bar 1 cm. d. 
Profile view of a siphunculid burrow (type 2). Scale bar 1 cm. 
Fig. 14 - Tane ad U. a. Tana ad U (tipo 1 – vedi testo) dove si può osservare sia un’apertura ad imbuto che estroflessioni di sedimento. 
Scala 1 cm. b. Vista in sezione di una tana ad U; il produttore – un sifunculide – è visibile nella parte più bassa della “U”. Tane di policheti 
evidenziate da una freccia. Penna come scala. c. Visione in piano di una tana di sifunculide (tipo 2 – vedi testo). Scala 1 cm. d. Vista in 
sezione di una tana di sifunculide (tipo 2). Scala 1 cm.

sly described type 1 U-burrow, even if some slight differen-
ces are found (casts, distance between openings, width of 
the tunnels). Both the structures are corresponding to the 
trace fossil Arenicolites.

Polychaete U-burrow (Fig. 15)

Description: shallow burrows characterized by thin 
tunnels (width: less than 1 mm) forming a U structure. The 
structure is elongated in direction of the vertical axis and the 
openings are usually narrower than the base. The burrows are 
usually less than 5 cm deep; they can rarely reach 7-8 cm of 
depth. Oxidation halo is frequently present.

Facies: muddy facies, microbial-related facies. In sand 
flat facies these structures are definitely rarer. 

Tracemaker: Phyllodocid worms (Polychaeta) (Gian-
grande, com. pers.) and other unidentified polychaetes.

Remarks: these structures are clearly corresponding to 
the trace fossil Arenicolites.

Amphipod U-burrow

Description: very shallow burrows presenting a regular 
U morphology (Fig. 15b). The structures are not very elon-
gated and they penetrate into the substrate for few centime-
ters (usually 1-1.3 cm). 

Facies: microbial mat subfacies.
Tracemaker: amphipod (Corophium?). Uchman & 

Pervesler (2006) focused in detail on surface trails produ-
ced by Corophium.

Remarks: Corophium is usually cited as a producer of 
Diplocraterion-like structures (see Bromley 1996 quoting 
Reineck 1958 and Seilacher 1967; see also Corophium bur-
rowing technique in Ingle 1966).

 On the contrary, the structures from Spiaggia al Bosco 
are apparently lacking of spreite, therefore they are compa-
rable to incipient Arenicolites. More detailed analysis (i.e. 
resin sediment peeling) are required to confirm (or reject) 
this hypothesis. 
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Fig. 15 - Polychaete and isopod U bur-
rows. a. Profile view of polychaetes 
in their U burrows. Scale bar 1 cm. b. 
Profile view of an isopod in its U bur-
row. Scale bar 1 cm. c. “Mounds” on 
the microbial mat, corresponding to 
polychaete burrows. Scale bar: each tick 
is 1 mm spaced.
Fig. 15 - Tane di policheti e isopodi. a. 
Policheti nelle loro tane ad U. Scala 
1 cm. b. Isopode nella sua tana ad U. 
Scala 1 cm. c. “Mounds” sul tappeto 
microbialitico, corrispondenti a tane ad 
U. Scala millimetrica. 

Fig. 16 - Other structures. a. Big stranded 
specimen of Rhizostoma pulmo (di-
ameter: about 40 cm). b. Stranded jel-
lyfishes can be significantly abundant. 
c. Shallow rounded depressions are 
usually produced after stranding of jel-
lyfishes (Rhizostoma pulmo figured; the 
forming depression is visible around the 
tentacles). d. Bilobed structures. Pen as a 
scale. e. Bilobed structure, particular.
Fig. 16 - Altre strutture. a. Grosso 
esemplare spiaggiato di Rhizostoma 
pulmo (diametro: circa 40 cm.) b. Le 
meduse spiaggiate possono raggiungere 
numeri considerevoli. c. In seguito allo 
spiaggiamento di meduse, è possibile 
rinvenire depressioni poco profonde (in 
figura: Rhizostoma pulmo; la struttura 
sedimentaria in formazione si può os-
servare attorno ai tentacoli). d. Struttura 
bilobata. Penna come scala. e. Struttura 
bilobata, particolare.
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Fig. 17 - Spatial distribution of major 
ichnoassemblages and sedimentary 
facies.
Fig. 17 - Distribuzione spaziale delle 
principali icnoassociazioni e delle 
facies sedimentarie.

Other structures (Fig. 16)

Jellyfish mortichnia

Description: shallow rounded depressions. Small cir-
cular forms (diameter 5-10 cm) are found, as well as big ova-
te forms (30-40 cm).

Facies: sand facies; these structures are rarely found 
in cohesive sand facies.

Tracemaker: these structures do not correspond to a be-
haviour sensu stricto. In fact they are generated after stran-
ding of jellyfish: minute forms correspond to small genera 
(i.e. Aurelia aurita), larger forms are related to the huge Rhi-
zostoma pulmo (Figs 16 a, 16c). Rhizostoma pulmo is one 
of the biggest jellyfish of the Mediterranean, and it can re-
ach 60 centimeters of diameter.

Bilobed structures

Description: these structures are represented by pai-
red, symmetrical depressions separated by a narrow cen-
tral ridge (Figs 16d, 16e). The structures are usually 0.5-0.8 
mm wide.

Facies: grey sand facies.
Remarks: these structures are, at present, problematic 

because either the tracemaker or the behavior have not been 
certainly identified. Possibly the movement of the appenda-

ges of an arthropod could produce such a structure, but it is 
still a doubtful hypothesis.

4. SEDIMENTARY FACIES AND 
IChNOASSEMBLAGES

4.1.  Introduction

Six major facies have been defined on the basis of sedi-
ment granulometry, colour, firmness and sedimentary struc-
tures. Trace assemblages demonstrated to be intimately as-
sociated to the sedimentary facies: in fact each sedimenta-
ry facies presents a very peculiar ichnoassemblage. For this 
reason, sedimentary and ichnoassemblage features are de-
scribed at the same time. 

The sedimentary facies have been mapped in detail by 
GIS and GPS technologies: the spatial relationships betwe-
en ichnoassemblages and sedimentary facies are observable 
in the following figure (Fig. 17).

4.2.  Facies 1 - Supratidal sand facies

Description: this facies, characterizing the supertidal 
areas of the studied site, consists of light-colored sand, often 
presenting mollusk shell fragments. Sedimentary structures 
include wind ripples (especially in the landward areas). Re-
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sistance to indentation is very poor, due to the very limited 
cohesiveness of the substrate (measured values are lower than 
the confidence threshold, that is 1.53E+005 Pa).

Ichnoassemblage: this facies is only associated with 
shallow tier structures related to locomotion behavior: insect, 
mammal and bird tracks are largely dominating the ichnoas-
semblage. Deeper tier structures have not been found.

Discussion: the presence of vertical structures (such 
as insect burrows) is prevented by the extremely loose sub-
strate: distinct burrows are destined to collapse in this facies. 
Insect burrows have been abundantly observed in other si-
tes of the Grado-Marano system, in correspondence to mo-
re compact and/or stabilized sands (i.e. vegetated dunes at 
the Tagliamento estuary).

4.3.  Facies 2 - Cohesive sand facies

Description: the here presented facies is limited to the 
narrow area between the supratidal and the middle intertidal. 
Its definition (and mapping) is problematic as it usually exhi-
bits transitional features with bordering facies, without presen-
ting well-defined attributes. This facies consists of dark-colou-
red sediments with a minor fine fraction; probably for this rea-
son water draining is very intense at low tide. This facies often 
appears structureless, as it commonly lacks of traces and evi-
dent physical sedimentary structures. Nevertheless, small rip-
plemarks can be present, together with common mollusk frag-
ments. Resistance to indentation is usually significant. 

Ichnoassemblage: only mammal tracks have been signal-
led within this facies; preservation is usually poor.

Discussion: the low degree of bioturbation is related to 
the unfavorable environmental conditions: elevated exposure 
time (these are the intertidal areas exposed for longer), mode-
rate grain size (rapid water draining is facilitated by the scarce 
pelitic fraction), significant indentation resistance (these san-
ds are not easy to excavate). 

4.4.  Facies 3 - Microbial-related facies

Description: this facies is dominated by diffused micro-
bial-mats, which can be growing in vast regular areas or – mo-
re commonly - can be dissected by shallow tidal creeks. Even 
though the tidal creeks and the mat are part of the same dyna-
mic system, the sedimentary and ichnologic features are mar-
kedly different. Therefore they will be discussed separately.

 
Subfacies 3a - Microbial mat subfacies

Description: this subfacies consists of laminated sedi-
ments presenting an upper, organic-rich layer and a lower mi-
neral-rich one (Figs 18b, 18c). The superficial organic-rich 
layer (0.3-1 mm thick) is primarily characterized by extreme 
cohesiveness: the sediment grains are bound together and the 
sediment surface is clearly stabilized. The resistance to in-
dentation is usually moderate (average resistance to indenta-
tion: 3.79E+005 Pa), but in some cases it can be low (measu-

red values range between 1.53E+005 and 5.94E+005 Pa). The 
color is brown-greenish, more intense when gently scratched. 
At times the surface is characteristically slimy and modera-
tely slippy: from which the local name of the microbial mat, 
“slic”. The lower layer, mineral-rich, is constituted by dark, 
laminated sands; laminations are often organized in centime-
ter-scale sets. 

The present subfacies presents a marked microbial signa-
ture in the set of sedimentary structures, which are here pre-
sented in table 4 in a process-related scheme (based on Ger-
des et al. 2000; Schieber 2004; Gerdes 2007). 

The microbial mat is diffused in the middle intertidal 
area: it is typically submerged by 30-40cm during high tide, 
while during low tide it is completely exposed (Fig. 18). 

Ichnoassemblage: the microbial mat is largely domi-
nated by insect burrows: clavate, chambered, horizontal bur-
rows (described in the section 2) are widely diffused (Figs 
18g, 18h). Amphipod and polychaete burrows are also repre-
sented (Fig. 18f), and they are apparently related to concave 
areas of the mat. Decapod burrows occur at low densities at 
the margins of the mat.

Discussion: the mentioned structures provide eviden-
ce for behavioral strategies centered on this peculiar environ-
mental setting. The main behavioral styles found are the fol-
lowing.
1. Protection of juvenile forms. Thanks to its geotechni-

cal properties, the mat is representing a protecting en-
vironment for delicate juvenile insect forms. The abun-
dant clavate and chambered burrows fit perfectly in this 
scenario, as they are surely linked with the protection 
of immature insects. Moreover, the microbial mat sub-
facies is characterized by a moderate degree of biotur-
bation (laminations are often preserved) which makes 
the mat favourable for the development of pupae into 
adults.

2. Undermat mining. The sediments of the microbial mat 
are an important food-source for its high organic-con-
tent. Larvae of Diptera behave as undermat miners by 
excavating very shallow burrows (few millimetres abo-
ve the seafloor) in parallel to the mat surface. The su-
perficial organic-rich layer provides abundant nutrients 
and, at the same time, it guarantees protection from pre-
dators and physical disturbance. 

3. Feeding and protection. The microbial mat constitutes a 
suitable environment for adult insects too. heterocerid 
coleopterans (known tracemakers of clavate burrows) 
feed on organic matter in the sediment, possibly zoo-
plankton, diatoms and algae.
Similar behavioral patterns are found in other microbial 

mats: insect burrows seem to be a recurrent feature in micro-
bial mats all over the world. Diptera and Coleoptera are sig-
naled by Gerdes (2003) as typical tracemakers of microbial 
mats. Gerdes et al. (2000) point out insect burrows as charac-
terizing various microbial mats, going from temperate to arid 
climates: Mellum Island (North Sea), southern Tunisia coast, 
Solar Lake and Gavish Sabkha (Egypt). Insect larvae in mi-
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Fig. 18 - Structures of the microbial mat. a. Tidal creek dissecting the microbial mat. b. Vertical profile trough the microbial mat, showing 
the organic- and the mineral-rich layer. c. This trench, excavated in the microbial mat, shows a clearly laminated structure. d. Ripple patches: 
where microbial binding is not present, unsecured sands become rippled. e. Cracking of the mat. f. Polychaete burrows in the mat. g. Puparia 
into a burrow. h. Chambered burrow, a typical structure of the microbial mat; scale bar 1 cm.
Fig. 18 - Strutture del tappeto microbialitico. a. Canale tidale che interseca il tappeto microbialitico. b. Profilo verticale attraverso il tap-
peto microbialitico: si osserva chiaramente il livello ricco in materia organica. c. “Trincea” scavata nel tappeto microbialitica: si osserva 
la struttura laminata. d. Ripple patches: dove il tappeto microbialitico non è presente, i sedimenti sviluppano ripple marks. e. Cracking. f. 
Tane di policheti. g. Puparia in una tana. h. Tana a camera, una struttura tipica del tappeto microbialitico; scala 1 cm.

crobial mat context are also signaled by Al-Maslamani et al. 
(2005) (Quatar coast). 

For these reasons, the described structures could rep-

resent a recurrent ichnoassemblage of microbial mats; more-
over, the mentioned insect traces represent behaviors which 
are strongly centered on the microbial mat setting. This sce-
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nario confirms the biofilm-related tracemakers designed by 
Gerdes (2003) and offers a valuable dataset that will hopeful-
ly help to better understand these types of sedimentary envi-
ronments in the fossil record. 

Subfacies 3b - Tidal creek subfacies

Description: the tidal creeks are few decimeters deeper 
than the microbial mat which are dissecting. The margins of 
the creeks are usually muddier and characterized by irregular 
surface. They present comparable features to the muddy sand 
facies furthermore discussed, while the central part of the cre-
eks exhibits a more consistent coarse fraction (even if mud is a 
notable part). The muddy margins offer a very low resistance 
to indentation: minimum, maximum and average values are lo-
wer than 1,53E+005 Pa (that is the minimum value confidently 
measurable). The oxidized layer is shallow (0.8-1 cm). 

Ichnoassemblage: the channel margins are very inten-
sely bioturbated: polychaete U-burrows are associated with 
decapod networks. As concerns the central part of the creeks, 
decapod burrows becomes more frequent while polychaete 
burrows are secondary.

Discussion: this assemblage presents distinct features 
related to (micro)topographical and environmental parame-
ters. As highlighted in the chapter 3.1, decapod burrows are 
very efficient in individuating topographical gradients. At the 
same time, the marked differences respect to bordering facies 
(in particular rippled sand facies and microbial mat subfacies) 
confirms the strict relationship between sedimentary features 
and ichnoassemblages.

4.5.  Facies 4 - Rippled sand facies

Description: this facies consists of brown-yellow, me-
dium- to fine-grained sand with subordinate pelitic fraction. 
Ripple marks are diffused and diagnostic of this facies (spa-
cing between crests:4-8 cm). This facies usually offers mode-
rate to significant resistance to indentation (resistance to in-
dentation is ranging between 3.64E+006 and 3.79E+005 Pa; 
average: 7.94E+005 Pa). The oxidized layer is well-develo-
ped, being comprised between 1.7 and 8.5 cm.

Ichnoassemblages: it is possible to distinguish two main 
ichnoassemblages.
1. “Crab traces” assemblage. The more marginal areas are 

characterized by low degrees of bioturbation: infrequent, 
small polychaete burrows are associated to crab traces 
(locomotion and resting structures) and poorly preserved 
vertebrate tracks. 

2. “Siphunculid U-burrows” assemblage. The degree of bi-
oturbation is generally higher in correspondence of the 
intertidal/subtidal limit: here siphunculid U-burrows 
(all types) and decapod burrows with seagrass (deca-
pod burrow systems – type 2) are very distinguishing 
elements.
Discussion: this facies exhibits an apparent paradox: de-

spite its good oxygenation, the degree of bioturbation is ve-

ry low. Burrowing activity is much more intense in settings 
presenting a thinner oxidized layer (i.e. muddy facies, grey 
sand facies). 

These elements are explained by individuating the major 
stressing factors related to the rippled sand facies.
- Scarce content of organic matter. The rippled sand fa-

cies is presenting scarce fine-grained fraction, which is 
usually richer in organic content. 

- Moderate hydrodinamism. The here considered facies 
is related to hydrodinamic conditions, which can repre-
sent a notable stressing factor for many organisms.

- Resistance to indentation. The here considered facies 
is characterized by a moderate to significant resistance 
to indentation, which is an unfavorable element for the 
burrowing fauna.

- These stressing factors are almost lacking in the mud-
dy and greyish sand facies, where infaunal organisms 
can survive by providing efficient water circulation in-
side their burrows. 

4.6.  Facies 5 - Muddy facies

Description: dark brown muds (with a minor sandy frac-
tion) presenting a very low resistance to indentation. Measu-
red indentation values are always lower than the confidence 
threshold (1.53E+005 Pa). The sediment surface is irregular, 
possibly for biogenic mottling.

A subfacies is recognized in limited areas (liquid muds): 
it consists of dark-coloured muds, very impregnated with wa-
ter. Dead organic material is frequent (shells, sea weed). 

Ichnoassemblages: the muddy facies is characterized by 
polychaete burrows occurring with indistinct mottling. Local-
ly the assemblage can be completely dominated by bivalve Y-
structures, which are more frequent where the sandy fraction 
is higher. Decapod burrows are usually scarce, with the excep-
tion of the areas interested by tidal creeks. Liquid muds are 
usually deprived of biogenic structures, probably for the semi-
liquid cohesiveness and the low-oxygen conditions.

Discussion: decapod burrows, frequent in other inter-
tidal facies, are scarce within the muddy facies. This fact is 
probably related to sediment firmness: large burrow systems 
must be difficult to maintain in such unfirm sediments. On the 
contrary, the low resistance to indentation represents a favo-
ring factor for excavating small burrow systems (represented 
by bivalve Y-burrows, polychaete U-burrows) and for moving 
trough the sediment.

4.7.  Facies 6 - Grey sand facies

Description: this facies is represented by grey-colored 
sand with a (usually) subordinate pelitic fraction. Bioturba-
tion is usually so intense to be a characterizing aspect of the 
facies: sedimentary structures are usually obliterated by bio-
genic reworking. At times ripple marks can be present. Oxi-
dized layer is usually thin, being comprised between 0.1 and 
0.2 cm. The resistance to indentation is usually low-modera-
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te (average: 3.04E+005 Pa) to moderate (maximum value me-
asured 5,95E+005 Pa); more rarely, the resistance to inden-
tation is low (minimum values registered are slightly minor 
than the confidence threshold, 1.53E+005 Pa). 

Ichnoassemblage: decapod burrows are usually domi-
nating the ichnoassemblage. Siphunculid and polychaete bur-
rows can be also present.

Discussion: as mentioned in the chapter 3.1 (descriptions 
of decapod burrows type 3), this facies is strongly characteri-
zed by decapod burrows, whose abundance is strictly related 
to the microtopography of the tidal flat. The profusion of de-
capod burrows can be somehow related to the large disposa-
bility of organic matter (living seagrass is often associated to 
this facies), favorable sediment features (moderately cohesi-
ve sediment) and good environmental parameters (sufficient 
oxigenation, presence of troughs). 

5.  CONCLUSIONS

The present study provided significant insight into the fol-
lowing points.

- Application of GIS and GPS techniques to neoichnolo-
gy. This study has shown the potential of GPS mapping 
and GIS analysis in neoichnology. These techniques are 
able to characterize in detail the spatial distribution of 
ichnoassemblages and sedimentary facies.

- GIS analysis revealed that intertidal facies/ ichnoassem-
blages are sharply organized in two sectors (Fig. 19): 

 outer sector - sandier sediments with abundant wave 
structures (rippled sand facies); low degree of biotur-
bation;

 inner sector is characterized by: (1) finer sediments 
(muddy and grey sand facies) with moderate to high de-
gree of bioturbation, (2) microbial-related facies with 
insect burrows

- The outer sector reflects higher hydrodinamics which 
constitute a physical stress for the tracemakers. On the 
other hand, the inner part is delimited by shoals and ve-
getation. These elements act as a protecting barrier which 
limits the actions of waves and tidal currents. These con-
ditions favour deposition of fine, organic-rich sediments 
which are partly coming from decaying intertidal ve-

Fig. 19 - Conclusions. a. Environmental parameters affecting the distribution of ichnoassemblages. This section corresponds to the transect 
I-II in b. Traces and heights not in scale. b. Conceptual model of Spiaggia al Bosco. c., d. Future perspectives of study: the lower subtidal 
of the Northern Adriatic Sea presents peculiar faunas and ichnoassemblages. These pictures come from Marina d’Aurisina, not far from 
the study site. It is possible to see gastropods and their associated traces (c, d) and a sabellarid tube (c). About 5-7 meters of depth.
Fig. 19 - Conclusioni. a. Parametri ambientali che influenzano la distribuzione delle icnoassociazioni. Questa sezione corrisponde al transetto 
I-II in b. Tracce e altezze non in scala. b. Modello concettuale di Spiaggia al Bosco. c, d. Future prospettive di studio: il subtidale del Mare 
Adriatico Settentrionale presenta faune e icnoassociazioni peculiari. Queste immagini provengono da Marina d’Aurisina, non lontano dal 
sito di studio. È possibile osservare gasteropodi e le loro tracce (c, d) e un tubo di sabellaride (c). Circa 5-7 metri di profondità.
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getation. As a result, the most abundant traces of the 
inner sector are burrows of deposit feeders. Quiet wa-
ter conditions favour also the growth of the microbial 
mat, which is representing a protecting environment 
for the delicate juvenile forms of Coleoptera. The se-
diments of the microbial mat are also an important fo-
od-source for the larvae of Diptera, that behave as un-
dermat miners by excavating very shallow burrows in 
parallel to the mat surface. 

- Microbial mat neoichnology. This work has described 
a number of structures (and behaviors) intimately cen-
tered to the microbial mat. More in particular, under-
mat mining structures have demonstrated to be highly 
relevant in this context. At the same time, it has be-
en underlined the importance of clavate and chambe-
red burrows. In fact the mentioned structures are cor-
responding either to larval protection or feeding beha-
vior, which are strategies strongly favored by the geo-
technical and environmental features of the microbial 
mat.

- Role of insects as tracemakers. The present work has 
shown the major role of insects as tracemakers within 
the microbial mat context. This confirms the studies 
of Gerdes et al. (2000) which has already pointed out 
insects as important tracemakers in micobial mat set-
ting.

- Ichnological characterization of Spiaggia al Bosco. 
Aside from the microbial mat setting, it has been pro-
vided a detailed ichnological characterization of the 
varying peritidal environments of Spiaggia al Bosco. 
The studied site is presenting a complex mosaic of en-
vironments, which is containing an abundant an diver-
sified association of traces. For these reasons, Spiag-
gia al Bosco represents an ideal site to understand the 
ichnology of temperate, peritidal environments. 
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