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Abstract 

 

Several human activities are settled along the coasts and rely on the ecosystem services 

provided by nature. The growing concern about the vulnerability of these areas promotes the 

development of environmental policies aimed at the sustainable management of the marine 

resources, such as the Marine Strategy Framework Directive (2008/56/CE) in Europe.  

Economic, societal and ecological systems are closely interlinked. For understanding 

how man interacts with the environment, the DPSIR conceptual model is largely adopted. 

Moreover, a robust knowledge on the coastal ecosystem functioning is needed as a 

prerequisite. This complex task derives by the integration of both structural (chemical and 

biological communities) and functional (processes as primary production, respiration and 

mineralisation) parameters which together describe the forms of carbon storage (organic and 

inorganic) and the flows of carbon and energy through the system.   

The study of the benthic ecosystem functioning is a tool particularly useful in 

developing sustainable management of coastal environments because the benthic domain acts 

as a repository of what happens in the overlying water.  

The four case-studies of my thesis focus on the PSI part of the DIPSIR conceptual 

model, i.e. on how Pressures translate into State changes which may, in turn, negatively affect 

the environment and the human activities (Impacts). The goal is to contribute in achieving an 

operational ecosystem-based management of coastal and shallow environments by improving 

the scientific knowledge on the functioning of shallow benthic ecosystems under specific 

pressures. The order of the papers is from the simplest to the most complex approach by 

adding the structural parameters first and then the functional ones. 

The response of the benthic microalgal community (microphytobenthos - MPB) to the 

mussel farm biodeposition has been investigated not only comparing the sediment beneath a 

mussel farm with a control site but also considering a relatively recent mussel farm and a 

disused one (Chapter 2). This innovative approach in the experimental design allows to study 

the temporal evolution of the mussel farming impact and the potential recovery of 

microphytobenthos. The community changes among the four areas with a more pronounced 

proliferation of those taxa that are tolerant to organic enrichment under the active mussel 

farms than in the other two sites. The disused farm is characterised by an assemblage similar 

to that of the control suggesting a resilience of the system and consequently the sustainability 

of this productive activity. 



 3 

Three benthic communities have been synoptically investigated in a shallow area 

subjected to multiple-stressor impacts such as the Po River influence, the presence of gas 

platforms, sediment dumping and sand extraction (Chapter 3). Together with some chemical 

parameters (Total Organic Carbon, Total Nitrogen, etc.), the synoptic study of different 

communities (MPB, meiofauna and macrofauna) gives a description of the state of the benthic 

ecosystem as an example of monitoring survey which represents the reference point for 

decision-makers prior to any kind of intervention.  

The mesocosm study (Chapter 4) focuses on the response of shallow benthic microbial 

communities to a decrease of pH due to the leakage of CO2 from a Carbon dioxide Capture 

and Storage (CCS) site. This is an example of a laboratory experiment aimed to simulate and 

predict the possible scenarios derived by an anthropogenic intervention in the natural 

environment before its actual execution. Benthic microbial structural (prokaryote abundance, 

MPB densities and composition) and functional parameters (exoenzymatic activities, 

Prokaryotic C Production and benthic respiration) have been investigated for the first time 

within this focus. Overall, the findings suggest a microbial community slightly sensitive to 

consistent pH decrease probably due to a buffer effect exerted by the sedimentary matrix. 

The synergistic impact of hydrocarbons and heavy metals on the benthic ecosystem 

functioning has been investigated in a severely contaminated Adriatic lagoon (Chapter 5). 

Several parameters have been considered in order to describe the overall flow of C through the 

system. The exoenzymatic activities, the Prokaryotic C Production, MPB composition and the 

Primary Production suggest an unexpected situation in the site that is considered the most 

impacted. The sediments at this station are inhabited by a microalgal community that is 

extremely active in fixing inorganic C through the Primary Production process. In addition, the 

occurrence of an efficient prokaryotic community in transforming the sedimentary organic C 

in new biomass, suggests a solid benthic microbial loop.  

These studies have not the pretence to describe exhaustively the benthic ecosystem 

functioning. Nevertheless they highlight the importance of this innovative approach in 

contributing to the development of a sustainable management of coastal resources.  
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Riassunto 

 

Molte attività antropiche sono localizzate lungo le coste e poggiano sui molteplici 

servizi offerti da questi particolari ecosistemi. Con l’aumentare della vulnerabilità e del 

sempre più accentuato stato di degrado di queste aree, diverse politiche ambientali sono state 

sviluppate con lo scopo di promuovere una gestione sostenibile delle risorse naturali, tra cui la 

Direttiva Quadro sulla Strategia per l’Ambiente Marino (2008/56/EC) in Europa. 

Le realtà economiche e sociali sono strettamente connesse tra loro e con i sistemi 

ecologici su cui poggiano. Per comprendere come l’uomo interagisce con l’ambiente, il 

modello concettuale DPSIR viene ampiamente adottato. Inoltre, sul piano strettamente 

ecologico, una solida conoscenza del funzionamento dell’ecosistema costiero costituisce un 

prerequisito fondamentale. Questa tematica complessa deriva dall’integrazione di parametri 

sia strutturali (caratterizzazione chimica e delle comunità biologiche) che funzionali (quali i 

principali processi di produzione primaria, respirazione e degradazione della sostanza 

organica), che nell’insieme descrivono come le varie forme di carbonio sono stoccate e come 

si realizza il fluire di carbonio ed energia attraverso il sistema. 

Lo studio del funzionamento dell’ecosistema bentonico costituisce uno strumento 

particolarmente utile nello sviluppare forme sostenibili di gestione ambientale dal momento 

che il dominio bentonico funge da deposito di ciò che avviene nella colonna d’acqua. I casi di 

studio presentati descrivono la parte PSI del modello concettuale DPSIR: come le Pressioni 

inducono cambiamenti nello Stato dell’ecosistema determinando di conseguenza alterazioni 

ambientali ed eventuali influenze negative sulle attività umane (Impatti).  

Lo scopo della tesi consiste nel contribuire a promuovere una gestione basata 

sull’ecosistema e sul suo funzionamento in aree costiere mediante una miglior conoscenza 

della sua funzionalità in presenza di specifici stress. I casi di studio vengono presentati 

secondo un ordine dettato dell’aumentare della complessità dell’approccio seguito: dal più 

semplice, caratterizzato solo da parametri strutturali, al più complesso, in cui sono stati 

indagati anche diversi parametri funzionali.  

La risposta della comunità microalgale bentonica (microfitobenthos - MPB) alle 

biodeposizioni derivanti dalle mitilicolture è stata studiata non solo paragonando una 

mitilicoltura con un controllo ma anche considerando le caratteristiche della comunità sotto ad 

un impianto più recente e in un’area dove l’attività è stata rimossa (Capitolo 2). Questo 

approccio innovativo permette di indagare l’evoluzione temporale dell’impatto e se è possibile 
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un ripristino. Comparando le quattro aree, la comunità è caratterizzata da una maggiore 

proliferazione dei taxa tolleranti a condizioni di arricchimento organico sotto alle mitilicolture 

attive rispetto agli altri due siti. L’area dismessa, inoltre, presenta un popolamento microalgale 

simile a quello del controllo suggerendo la resilienza del sistema e, di conseguenza, una certa 

sostenibilità dell’attività di mitilicoltura. 

Tre comunità bentoniche sono state studiate sinotticamente in un’area costiera soggetta 

a stress multipli, come l’influenza del Po, la presenza di piattaforme per l’estrazione del gas e 

il prelievo/scarico di sedimenti (Capitolo3). Insieme alla caratterizzazione chimica, lo studio 

del MPB, della meiofauna e della macrofauna forniscono una descrizione dello stato 

dell’ecosistema bentonico in un esempio di monitoraggio che costituisce una base di dati a cui 

fare riferimento prima di qualsiasi intervento nell’area d’interesse.   

Lo studio di mesocosmo (Capitolo 4) è focalizzato sulla risposta della comunità 

microbica bentonica ad un abbassamento di pH dovuto alla fuoriuscita di CO2 da un suo sito di 

stoccaggio CCS (Carbon dioxide Capture and Storage). Costituisce un esempio di esperimento 

condotto in laboratorio con lo scopo di simulare eventuali scenari futuri derivanti da un 

intervento antropico in ambiente naturale prima della sua realizzazione. Relativamente a 

questo focus, sia i parametri strutturali (abbondanze picobentoniche, densità e composizione 

del MPB) che i funzionali relativi alla comunità microbica bentonica (attività enzimatiche, 

Produzione Procariotica di C e respirazione) sono stati studiati per la prima volta. I risultati 

suggeriscono che la comunità microbica è scarsamente sensibile anche ad un considerevole 

abbassamento di pH, probabilmente a causa di un effetto buffer esercitato dalla matrice 

sedimentaria. 

L’azione sinergica di idrocarburi e metalli pesanti sul funzionamento dell’ecosistema 

bentonico è stata studiata in un sistema fluviale-lagunare severamente contaminato (Capitolo 

5). Numerosi parametri sono stati considerati e dalla loro integrazione deriva un’accurata 

descrizione del fluire di carbonio attraverso il sistema. I risultati relativi ai parametri microbici 

come le attività degradative, le produzioni primaria e secondaria e l’analisi del MPB, 

delineano una situazione inaspettata nel sito considerato più impattato. Il sedimento di tale 

stazione ospita infatti una comunità microbica bentonica estremamente attiva sia in termini di 

produttori primari che di procarioti volti al recupero della sostanza organica e conseguente 

conversione in nuova biomassa. 

Gli studi presentati in questa tesi non hanno la pretesa di costituire una descrizione 

esaustiva e completa del funzionamento dell’ecosistema bentonico, ma sottolineano 
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l’importanza di questo approccio innovativo nel contribuire a sviluppare forme sostenibili di 

gestione delle risorse costiere.    
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1. Introduction 
 

Coastal zones are intensively populated worldwide (Cohen et al. 1997). Today, 

approximately half of the human population lives within 200 kilometres of a coastline, and this 

trend is likely to double by 2025 (Creel 2003). Therefore several economies and societies 

strongly rely, directly and indirectly, on services that marine ecosystem provides in a two-way 

interaction. Anthropogenic pressures as fishery, aquaculture or nutrient discharge lead to a 

degradation of the ecosystem and a reduction of the services provided with the consequent 

affection of humans activities relied on these resources. Such changes make the human use of 

ecosystem-based benefits more complicated and are determined by the natural variability of 

the ecological systems. For such complexity, the interconnection between marine ecosystems 

and society requires the achievement of a good understanding of marine ecosystem 

functioning and if anthropogenic activities exploit natural resources in a sustainable way. The 

ability to understand how human activities, environmental factors and ecological components 

interact and influence each others, and eventually how the services and products provided to 

humans are affected, requires the adoption of an ecosystem approach for the management of 

marine resources. According to the Convention on Biological Diversity (www.cbd.int), the 

ecosystem approach is defined as “a strategy for the integrated management of land, water and 

living resources that promotes conservation and sustainable use in an equitable way”. At the 

Conference of the Parties (5th meeting, Nairobi 2000), the ecosystem approach has been 

considered as the primary framework of action that should be fully taken into account in order 

to review national action plans (UNEP/CBD/COP/5/23). From that moment the environmental 

policies have been renovated accordingly and novel perspectives started to be considered as 

the idea of humankind as an integral part of the ecosystem.   

The ecosystem approach is grounded on the concept of ecosystem services, developed 

in the Millennium Ecosystem Assessment (MA) by the United Nations Environment Program 

(UNEP) in 2001. The MA project is the first attempt by the scientific community to join the 

current scientific knowledge in order to describe and evaluate on a global scale the full range 

of services people derive from nature. “Everyone in the world depends on nature and 

ecosystem services to provide the conditions for a decent, healthy and secure life” 

(Millennium Ecosystem Assessment, Statement from the Board, 2005). The services delivered 

by nature to man could directly influence human life, as the provisioning of food, fuels and 

fresh water. Moreover others are indirect, as the climate regulation and nutrient cycling. 

Published in 2005, the main results of MA highlighted that 15 on 24 ecosystem services 
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identified were in decline, as wild food availability, air quality regulation and water 

purification. In order to invert this trend, MA put on evidence the need to include the 

ecosystem perspective in all decision-making processes (Millennium Ecosystem Assessment, 

Statement from the Board, 2005).  

The perspective of MA and consequently of the followed ecosystem approach became 

the milestones for driving decision-makers in environmental management, promoting the 

development of a wide spectrum of initiatives and policies worldwide.   

 

1.1 European policy for marine ecosystem management: the Marine 

Strategy Framework Directive (2008/56/EC) 

 

Since 1995, the concern about the state of European coastline has led to a number of 

EU initiatives, grounded on the concept of Integrated Coastal Zone Management (ICZM). 

ICZM attempts to balance the needs of (human) development with protection of the very 

resources that sustain coastal economies (EEA Report n. 6, 2006). The sustainable 

management of ecosystem resources is an issue of growing interest that requires the 

integration of knowledge on the functioning of ecological, social and economic systems. This 

need derives also after the publication of the European Environment Agency (EEA) report on 

European coasts (2006), which raised the alarm about the state of coastlines. Overall, this 

report highlighted in what measure coastal zones, and consequently the human activities 

settled in these areas, were seriously under threat. One of the most important cause was 

attributable to the increase of population densities, higher along European coasts than those 

inland.  

Presently, a large body of European legislation faces this topic as the Marine Strategy 

Framework Directive (2008/56/EC) adopted in June 2008. This Directive promotes an 

operational “ecosystem-based approach” to the management of marine ecosystems (including 

coasts as an integral part), coupling sustainable use, conservation and socio-economic issues. 

The goal is to achieve a “good environmental status” for the European Sea by 2020 and, at the 

same time, to accomplish the full economic potential that society can obtain from marine 

ecosystem services in a sustainable way. The Member States must develop strategies in order 

to achieve this goal by setting clear environmental targets and monitoring programs in order to 

assess regularly the progress made. Prior to the analysis of the interconnections among 

economic, societal and ecological systems, a robust knowledge on the marine ecosystem 
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functioning is needed as a prerequisite. This task is complex because of the scarce knowledge 

on the synergistic effects of many different pressures acting on the marine ecosystems. 

Moreover, little is known about the ecological processes which occur in these ecosystems, and 

even less about the overall picture, i.e. the complex behaviour of ecosystems. Synoptic 

samplings and laboratory studies are valuable tools because they contribute to provide 

rigorous scientific insights into the interactions between the biota (function and diversity) and 

their environment, facilitating, therefore, informed management of human impacts on 

marine/coastal ecosystems. 

 

1.2 The DPSIR conceptual model 

 

To analyse the interactions among ecosystems, society and economy, it can be useful to 

break down the process in several steps by adopting the “Driving forces-Pressures-States-

Impact-Responses causal framework (DPSIR; Gabrielsen & Bosch 2003). The DPSIR 

framework is a conceptual model (Fig. 1) which illustrates, through a causal loop, how man 

interacts with the environment. The model starts with the Driving forces which act on the 

society and reflect social needs and economic demands. Using an example from mussel 

farming, such needs could include the maintenance of high levels of profit or employment or 

to satisfy the demand for mussels. Human activities (e.g. the development/improvement of 

mussel farms along coasts) are carried out to satisfy these needs, exerting consequent 

Pressures on marine ecosystems. Pressures lead to modifications of the environment (e.g. 

feaces and pseudofeaces produced by mussels), affecting its State that changes (e.g. the 

deposition of feaces/pseudofeaces causes an increased amount of organic matter in the 

sediment beneath the mussel farms). Changes of the ecosystem State could lead to Impacts as 

alterations of benthic communities, altered trophic webs and low biodiversity. Impacts do not 

simply imply modifications of the environmental state but need to be defined with respect to 

the anthropogenic use of the environment, i.e. impacts include also the consequences, caused 

by specific changes of the ecosystem state, for the human welfare and, therefore, for the social 

and economic benefits that humankind obtains exploiting ecosystem services. In the example 

of mussel farming, such Impacts could be represented by the progressive depletion of other 

marine resources of commercial value. In oligotrophic areas, for example, the high filtering 

rate of mussels can reduce the amount of food available for other organisms, such as oysters 

which share similar feeding strategies. The last step of DPSIR is represented by the Responses 



 10 

that policy makers (should) adopt in order to counteract the Impacts, particularly when 

negatively affect the human welfare. Such Responses may address (1) Driving forces (e.g. the 

need to maintain high employment levels could be satisfied by promoting the conversion of 

mussel farming into other forms of aquaculture); (2) Pressures (e.g. policies to regulate several 

aspects of mussel farming as when mussels should be collected, the extension of the farm and 

mandatory controls of the water quality); (3) States (not applicable to the given example but, 

in the case of polluted channels, this step could be represented by dredging and removal of 

polluted sediments); (4) Impacts (e.g. economic incomes for mussel farmers in order to reduce 

the negative impact derived by the reduction of mollusc sales). 

The presence of feedbacks going from the Responses to all the other steps of the 

DPSIR model highlights that the management of marine ecosystems is necessarily an adaptive 

process. The solutions must be iteratively searched for, due to the divergent issues that policy 

makers must face, the intrinsic variability of the ecosystem dynamics and the incomplete 

knowledge we have gained on the functioning of marine ecosystems.  

 

Fig. 1. The DPSIR conceptual model. The Driving Forces cause Pressures on the environment 

inducing modifications of its State resulting in Impacts. Responses to such Impacts can feed 

back to any of the previous steps.     

 

Driving forces 

Pressures 

States 

Impacts Responses 
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1.3 Coastal, shallow and transitional environments 
 

Shallow, coastal and transitional environments house ecosystems that are extremely 

important since they play a key role in the carbon and nutrient cycling, water purification and 

biodiversity. Coastal ecosystems are one of the most productive zones on Earth and are of 

global importance for nutrient budgets and primary productivity. High nutrient levels, multiple 

sources of primary and secondary production, shallow depths, organically rich sediments, 

energy inputs from wind and tidal currents, and freshwater inflows combine to establish the 

high natural productivity of near-shore areas (Livingston 2003). Among the several typologies 

of coasts, transitional environments, such as coastal lagoons, have peculiarities that make these 

environments particularly important. Coastal lagoons can act either as a sink for organic 

matter accumulation or as reservoirs able to fertilise adjacent coastal areas, through organic 

and inorganic nutrient export (Manini et al. 2003 and references therein).  

The numerous resources offered to humans by coastal ecosystems attract several 

anthropogenic activities (fisheries, aquaculture, tourism, etc.) that make these areas among the 

most impacted by humankind. In this framework the need for a sustainable management of 

coasts has been established, leading to the development of several approaches for its 

achievement. In order to assess the environmental state of an area, the study of chemical 

compounds has been traditionally considered an useful approach. Considering the DPSIR 

conceptual model, the concentrations of chemical contaminants, heavy-metals or nutrients 

give an indication of the Pressure affecting the State of an ecosystem. On the other hand, 

biological communities reflect the overall ecological integrity by integrating various stressors, 

thus providing a broad measure of their synergistic impacts (de la Rey et al. 2004). The 

investigation of the changes in the biological community structures give a proper idea about 

the Impacts. In the marine realm, benthic communities are particularly suitable for 

understanding how the changed state of the ecosystem translates in any impact because, 

benthos, remaining in place, reacts to different environmental stressors without any escape 

possibility. The resulting composition of species, replacements, eliminations, diversity or 

abundance changes, can give a proper idea of the recent history of environmental events 

affecting the area (Solis-Weiss et al. 2001). The study of the ecosystem functioning, 

particularly in the benthic domain, derives from the integration of both chemical and 

biological characterisations with the valuation of the main processes responsible for the flow 

of C and energy through the system. Providing an overview of the ecosystem, in the DPSIR 
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framework, the integration of these approaches could give a proper idea about (1) the 

Pressures acting on the ecosystem; (2) how the State changes due to the Pressures; (3) how 

these changes translate in Impacts with eventually negative repercussions on human activities; 

(4) to how properly address corrective actions (Responses). However, while the chemical 

characterisation and the study of benthic communities are tools of common use in European 

environmental policies (Directives 2000/60/EC and 2008/56/EC), the integration of these 

approaches with environmental functional parameters is still neglected. 

 

1.4 The ecosystem functioning 
 

The study of the ecosystem functioning is a complex issue which implies an holistic 

approach, i.e. the simultaneous investigation of both structural and functional parameters and 

their consequent integration in order to depict an overall view of the C flow and cycling 

through the system. The definition of ecosystem is blurred and may change according to the 

scale (spatial/temporal) and the focus of the study. Nevertheless some aspects are common and 

maintained independently from the case-study. An ecosystem may be defined as an open 

dynamic system, composed of “subunits” that are interlinked by a complex web of 

“connections”. The former can be intended as forms of C storage, represented by both the 

inorganic (CO2 and its ionic forms) and the organic pool of C (non living organic matter and 

the biomass of biological communities). These components of the system are interlinked by 

flows of C and energy which are represented by processes of organic matter production (as 

primary production) and transformation (as mineralisation) and energy dissipation (as 

respiration). In the middle, there is the myriad of trophic relationships among organisms (e.g. 

predator-prey interactions) along the food web and which are influenced by the reciprocal 

balance between bottom up and top down control mechanisms. The system is extremely 

flexible and responds to physical, chemical and biological factors of both natural and 

anthropogenic origin. Modifications of the ecosystem structure and C flow give, therefore, 

indications about the presence of a stressor.    

The structural parameters are those that provide a characterisation of the “subunits” 

and can be divided into physical, chemical and biotic parameters. Focusing on the benthic 

domain, a typical example of the physical parameter is the sediment grain-size, upon which 

depends the structure of the biological communities. The chemical parameters explain the 

inorganic (as Dissolved Inorganic Carbon - DIC) and (non living) organic forms of C (as 
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Biopolymeric C - BPC). In addition, there are other compounds actively involved in the C 

cycling because they act as limiting factors, as inorganic nutrients (NH4
+; NO3

-; NO2
-; PO4

3-). 

The biotic parameters are those which indeed describe the structure of the biological 

communities (abundance, biomass and biodiversity) giving an indication of the living organic 

amount of C. The functional parameters are the rates at which C passes from a “subunit” to 

another, therefore are expressed as rates of primary production, degradation and respiration.  

The functioning of the pelagic ecosystem has been studied more extensively than the 

benthic counterpart due to the intrinsic difficulties that derive from working with sediments. 

However the development of technology (i.e. sampling and laboratory equipments) and the 

progression of scientific knowledge (as new methodologies) led to the extension of the 

ecosystem functioning study to the benthic domain. Several methods, developed in the context 

of the pelagic domain first, have been appropriately modified and applied to both deep and 

shallow sediments, providing important contributions for the study of the benthic ecosystem 

functioning. Due to the interaction with the pelagic domain, sediments can be considered as 

the repository of the overlying water column and consequently may act as a geochemical and 

biological record of the past, i.e. a chronological record of what had occurred above them. 

Therefore the study of the benthic ecosystem functioning can give indications of what 

happened in the recent past not only in the sediments but also in the water column. 

  

1.5 The benthic ecosystem functioning 
 

The present doctoral thesis focuses on the benthic ecosystem functioning in four 

coastal and shallow areas of the northern Adriatic Sea, characterised by dissimilar 

environmental peculiarities and subjected to different impacts. However, the four investigated 

areas have in common some characteristics: the soft bottom and the lack of vegetation 

coverage.   

In benthic ecosystems the biological communities located at the bottom of aquatic 

bodies (freshwater or seawater) interact with their non-living environmental surroundings. On 

soft bottoms the sediments are inhabited by several communities of organisms arbitrarily 

classified according to their body size in: picobenthos, microphytobenthos, meiobenthos and 

macrobenthos (Fig. 2).  
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Fig. 2. Schematic representation of the main benthic communities divided according to their 

body size. Some trophic interactions are highlighted (from Platt 1981). 

 

These communities are interlinked with each other by a dense web of connections represented 

by the processes responsible for the flows of C and energy through the system. These 

relationships are very variable and can change depending on several factors, both natural and 

anthropogenic. The general model illustrated in figure 3 gives an idea of the complexity of 

such a system. Although this scheme is not complete and lacks in details, it is meant to 

describe the common features and the main fluxes of C and energy. The high variability of the 

benthic food web structure is mainly caused by the versatility of meio- and macrofaunal 

organisms that have variable feeding strategies. Nonselective organisms can feed on different 

food sources, e.g. microalgae or detritus, depending on their availability. Moreover, some 

macrofaunal organisms, passing from the larval to the adult stage, are able to change their 

feeding strategies during their life cycle. 
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Fig. 3. Schematic model of the benthic food web. The solid arrows represent consumer–

resource interactions, whereas the dashed arrows represent the flow of C from the living 

components to detritus. HNF = Heterotrophic Nanoflagellates. 

 

From an ecological point of view, organisms could be grouped in three main 

categories: producers (autotrophs), consumers (heterotrophs) and decomposers (prokaryotes). 

The principal energy inputs are represented by the light and the organic matter coming from 

the water column above. In shallow environments characterised by the lack of macroscopic 

vegetation, the light can reach the seafloor allowing benthic primary production by 

microautotrophic organisms as diatoms. Primary producers biomass represents a food source 

for herbivores which graze on algae and are, in turn, food for carnivores along what is 

commonly considered as the classical grazing benthic food web. However both meio- and 

macrofaunal detritivores do not graze exclusively on microalgae but ingest large amounts of 

sediments obtaining energy from the organic matter present in them. Therefore the grazing 
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food web is refined with the integration of the detrital food web, i.e. the flow of energy from 

the (nonliving) detrital organic matter towards the higher trophic levels such as meio- and 

macrobenthos. 

However the detrital organic pool is also constituted and elaborated by benthic 

prokaryotes. In sediments these organisms rework the nonliving organic matter through 

mineralization processes in the so-called “early diagenesis”: complex organic substrates are 

solubilised through a series of steps from particulate organic matter to dissolved organic 

carbon of high and low molecular weight substrates by enzymatic hydrolysis (Chróst 1992). 

The energy derived is converted in new prokaryotic biomass increasing the nutritional quality 

of sediments ingested by detritivores. Therefore sediment organic matter can be channelled to 

higher trophic levels both directly (e.g. through deposit-feeding meiofauna and macrofauna) 

and indirectly (i.e. through bacterial uptake, Prokaryotic C Production and subsequent 

consumption by smaller detritus grazers such as ciliate protozoa and flagellates) (Pusceddu & 

Danovaro 2009 and references therein). The role of benthic prokaryotes mirrors that of 

bacterioplankton that use dissolved and particulate organic detritus that will be otherwise lost 

to the food web (the so-called “benthic microbial loop”; Manini et al. 2003). The microbial 

loop adapted to the benthic domain is therefore a complementary and lateral part of the benthic 

food web. Prokaryotes and autotrophs are closely interlinked because they compete for the 

provisioning of limiting nutrients as phosphorous. It is recognised in fact that both prokaryotes 

and microalgae produce exoenzymes for the mineralization of PO4
3- in order to meet their 

respective metabolic phosphorous requirements (Amin et al. 2012). 

 

1.5.1 Biogeochemical characteristics of sediments 

The water-sediment interface is the horizon in which both the mineralisation processes 

by prokaryotes and the primary production by microalgae take place resulting in a complexity 

of interactions reciprocal and towards the other trophic levels. The quantity and the 

biochemical composition of organic matter (OM) in marine sediments are among the main 

factors affecting benthos metabolism and distribution. The benthic compartment receives 

discrete inputs of organic matter from the overlying water column. The OM derives from 

planktonic organisms that comprise the ecology of both primary producers and consumers and, 

for coastal environments, from the allochthonous material of terrestrial origin. Once settled to 

the bottom, organic matter could fuel heterotrophic metabolism of prokaryotes and represents 

an important food source for benthic fauna. In sediments, the OM is formed by compounds 
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with different levels of bioavailability for consumers, ranging from labile compounds (i.e. 

immediately digestible) to refractory (recalcitrant to decomposition). The latter is mainly 

constituted by fulvic/humic acids and by structural carbohydrates. Due to the low degradation 

rates, these molecules tend to accumulate in sediments accounting for most of the OM. In 

contrast, the labile fraction (Biopolymeric Carbon - BPC), mainly represented by biopolymers 

(proteins, lipids, carbohydrates and nucleic acids), has often been reported as the fraction of 

Total Organic Carbon potentially available to benthic consumers (Pusceddu et al. 2009 and 

references therein). Zonneveld and co-authors (2010) provide a comprehensive review of the 

main factors affecting the OM composition and availability in marine sediments. Several 

physical processes are involved such as temperature, pressure, sediment texture and the 

mixing regime (e.g. water turbulence). Moreover there is now considerable discussion about 

the role of bio- and geo-condensation processes that physically “incapsulate” otherwise 

“labile” OM into a macromolecular organic matrix. Several biological processes 

(biodeposition, bioturbation and bioirrigation) influence the oxygen availability which 

determines the distribution of benthic organisms and their respiratory types with anaerobic 

consortia of micro-organisms slightly less efficient degraders of OM than aerobic micro-

organisms. In the uppermost oxic portion of the sediment column, degradation of OM is 

relatively fast, decreasing in an exponential fashion as the residual organic matter becomes 

increasingly recalcitrant. Some of the OM is transferred from the oxic zone by biodegradation 

and bioturbation into the underlying anoxic zone where there is a succession of redox-zones 

and associated microbial consortia, each producing and consuming characteristic types of OM 

(Zonneveld et al. 2010 and references therein).  

 

1.5.2 Picobenthos  

Picobenthos are represented by prokaryotes (bacteria and archaea) living in association 

with sediments. Their limited size (from 0.5 to few micrometers in diameter) provides an 

extremely high Surface/Volume ratio which increases their potential reactivity with the 

environment. Diversity is expressed in terms of metabolism rather than structure, and 

prokaryotes have optimized their biochemistry for the uptake and utilisation of a broad variety 

of nutrients. Their versatility is known for the utilisation of energy resources. Furthermore 

prokaryotes utilise a wide array of electron donors, both organic and inorganic, as well as 

many different alternative electron acceptors or “oxygen substitutes” for respiration in the 



 18 

absence of molecular oxygen, which makes them extremely versatile with regard to energy 

(Nealson 1997).  

Picobenthos play a pivotal role in carbon fluxes and nutrient cycling because 

responsible of the mineralisation processes. They are ubiquitous with a biomass comparable 

with that of other benthic organisms. The adhesion to sediment grains determines a 

heterogeneous distribution and the consequent formation of gradients. The community 

includes several physiological groups able to adapt to different environmental conditions. 

The application of the microbial loop concept to the benthic domain determined the 

adjustment of methods previously developed for picoplankton to sediment, such as the 

measurements of the exoenzymatic activities and Prokaryotic C Production. These parameters 

allow to investigate the C dynamics within the benthic microbial loop, a prerequisite for the 

study of the benthic ecosystem functioning. 

 

1.5.3 Exoenzymatic activities 

Complex organic substrates are solubilised to low molecular weight substrates by 

enzymatic hydrolysis. Prokaryotes are able to absorb small molecules (<600 Da) (Arnosti 

1996), such as amino acids and monosaccharides, which pass through the membranes due to 

the activities of permeases. Therefore prokaryotes produce enzymes which enter the 

environment by secretion and lysis in order to hydrolyse polymers and oligomers into 

monomers playing a key function in the transformation of organic matter (Chróst 1992). 

Exoenzymes (freely dissolved in the water or associated with particles of non parent origin, 

Martinez & Azam 1993), catalyze the breaking of the covalent bond C-O (esters and 

glucosides), C-N (proteins and peptides) and O-P (phosphates).  

The expression of exoenzymes is controlled by signal pathways linked to 

environmental cues. Although some enzymes are produced constitutively, usually at low 

levels, more generally the production is upregulated by induction-derepression pathways and 

downregulated by catabolic repression pathways controlled by environmental signals and 

cellular resources. Once released, the activity of exoenzymes is subjected to environmental 

controls, such as end-product inhibition, by a hierarchy of interactions that can be represented 

as a kinetic cascade in which the broader environmental variables are pH, temperature and 

water potential (Sinsabaugh & Follstad Shah 2012). Moreover the availability and the quality 

of the organic matter influence the pool of exoenzymes synthesised. According to Pinhassi et 

al. (1999) the presence of a specific substrate could induce a selection on the prokaryotic 
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community, stimulating the preferential growth of those prokaryotic strains with the enzyme 

store necessary to hydrolyze the available substrate.  

In the present thesis the studied exoenzymes are those responsible for the hydrolyses of 

the main organic molecules: glucosidase, phosphatase, lipase, protease and chitinase. The 

degradation of polysaccharides is evaluated via hydrolyses of α-glycosidic bonds, typical of 

starch, and β-glycosidic bonds, typical of linear molecules such as cellulose. The alkaline 

phosphatase, catalysing the hydrolysis of phosphoesters, is essential for the recycling of P, 

which is generally a limiting factor in the marine environment. The lipase degrades complex 

fatty acids derived by membranes after cellular lysis or by excreted metabolites. The 

proteolytic activity is measured as the leucine-aminpeptidase rate, i.e. the hydrolysis of one of 

the most abundant amino acid from the N-terminus of polypeptides. Besides proteins, 

aminopolysaccharides of chitin and peptidoglycan are the most abundant sources of N and 

support ~10% of the total bacterial production (Kirchman & White 1999). The degradation of 

these molecules is measured as the hydrolytic rates of chitinase.  

  

1.5.4 Prokaryotic C Production    

In the pelagic domain, the rate of the Prokaryotic C Production (PCP) stared to be 

measured as the incorporation rate of 3H-leucine into proteins (Smith & Azam 1992). Together 

with nucleic acids, proteins are, in fact, the principal constituents of prokaryotic biomass 

reaching up to more than 70% of the bacterioplankton dry weight (Simon & Azam 1989). 

Their rates of synthesis give information about the protein synthesis and consequently about 

the increase of prokaryotic biomass. In last decades, the method has been modified in order to 

be appropriately applied to sediments (van Duyl & Kop 1994; Manini et al. 2004). Prokatyotic 

C Production has been measured both in coastal (Manini et al. 2004) and transitional 

sediments (Manini et al. 2003) characterised by different environmental conditions. One of the 

most important factors affecting the PCP is the OM composition and availability. The 

nutritional quality of OM is reflected more by functional bacteria parameters (i.e. PCP) than 

by bacterial abundance alone due to the high fraction of inactive prokaryotes (dead and 

dormant) in cell numbers, indicating the importance of PCP for the evaluation of the flow of C 

and energy through the benthic microbial loop (Manini et al. 2003).  
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1.5.5 Microphytobenthos 

In coastal and shallow benthic ecosystems the euphotic zone extends to the sea bottom 

enhancing the proliferation of benthic primary producers. In environments characterised by the 

lack of macroscopic vegetation, benthic primary production is mainly attributable to micro-

organisms collectively called microphytobenthos (MPB) (Larson & Sundbäck 2008 and 

references therein). This community is constituted mainly by eukaryotes (diatoms, 

dinoflagellates, phytoflagellates, etc.) with a size of 20-200 µm although larger forms, up to 

1000 µm, can be occasionally found (Cahoon 1999). Moreover some cyanobacteria contribute 

to the community as well (MacIntyre et al. 1996). Microphytobenthic organisms are widely 

distributed in shallow environments (lagoons, beaches, marshes, sandy and muddy flats) 

where the community is enriched by phytoplanktonic species settled from the water column in 

the absence of turbulent movements. On the other hand, MPB can be resuspended by 

turbulence, entering the phytoplankton community (MacIntyre et al. 1996). 

 In temperate areas, MPB is mainly composed of benthic diatoms. Depending on the 

sediment grain size, diatoms with different live strategies can develop on the sea bottom, i.e. 

epipelon, epipsammon and epiphyton (Round et al. 1992). MPB live and grow mainly in the 

uppermost 2-3 mm of sediment, characterised by strong physical and chemical gradients 

(MacIntyre et al. 1996), while horizontally the community shows a patchy distribution, as 

well. 

MPB play a key role in the benthic food web since microalgae may contribute up to 

50% of the total primary production and represent a food source for both detritivores and filter 

feeders (meio- and macrofauna). Moreover microalgae may influence the flux of inorganic 

nutrients acting as a filter, i.e. removing nutrients by the active uptake from both the overlying 

and the pore water, and can influence the oxygen balance at the water-sediment interface. This 

allows the aerobic degradation of both autochthonous and allochthonous organic matter by 

prokaryotes (Cibic et al. 2007 and references therein).  

 

1.5.6 Primary production and Respiration 

Primary production is the production of organic compounds from inorganic forms of C 

(i.e. CO2). It may occur through the processes of photosynthesis (light as energy source) and 

of chemosynthesis (oxidation and reduction of chemical compounds as energy source). 

Although intriguing, the latter is a minor factor in the overall energy budget of the oceans 

while the majority of C fixation occurs through photosynthesis. Primary Production is one of 
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the most important aspects for the study of the ecosystem functioning because it represents the 

main driver for the transport of inorganic/organic matter through the food web (Williams et al. 

2002). In shallow environments, where the euphotic zone reaches the sea bottom, the benthic 

primary production takes place and, in unvegetated soft bottoms, it is mainly attributable to 

MPB. While only primary producers are responsible for the inorganic C fixation, all organisms 

obtain energy by breaking high-energy bonds in a series of catabolic reactions, collectively 

called Respiration, which requires molecular oxygen as the most common oxidizing agent. 

Respiration rates give an indication of the energy dissipated, therefore this process is opposite 

to Primary Production in ecosystem functioning. 

Numerous methods used for the estimate of Primary Production and Respiration are 

based on two different approaches: direct measurements in terms of the C pathway and 

indirect ones based on the determination of O2 concentrations. Among the former, the 14C- 

incorporation technique is the most largely used (Steemann-Nielsen 1952; Cibic & Virgilio 

2010), while non destructive methods, such as the oxygen sensing techniques 

(microelectrode), are examples of indirect measurements (Revsbech 1989; Glud et al. 2000). 

These methods have some drawbacks that may limit their use according to the environmental 

features. For example, combining appropriately the incubations of sediment cores in dark and 

light conditions, the use of microelectrodes may give an indication of the oxygen availability 

within the sediments and the rate of its consumption/production. However, in specific 

environmental conditions such as a high amount of sedimentary organic matter, the oxygen 

availability depends not only upon the biological activity (i.e. respiration) but also upon 

abiotic factors as the reduction of chemical compounds (through redox reactions) introducing 

a potential error. Considering these methodological issues, only a wise combined use of 14C-

incorporation technique and O2 microprofiling allows to estimate the trophic status of the 

ecosystem, i.e. if net autotrophy or heterotrophy prevails.  

 

1.5.7 Meiobenthos (meiofauna) 

Meiobenthos was originally defined as the benthic component in between 

macrobenthos and microbenthos in size (Mare 1942). Although the term includes both the 

animal and the vegetal components, it is used as a synonym of meiofauna (Coull 1999). The 

body size range is set by standardised mesh sizes (44 to 1000 µm) in which both protozoa and 

metazoans could be included. However, in operational terms, only metazoans are considered 

(Danovaro et al. 2004b). In the present thesis, meiofauna (meiobenthos) are referred to 

metazoans with a body size ranging from 38 to 1000 µm.  
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Meiofauna represent the most abundant benthic group of metazoans inhabiting the 

marine bottoms and the most diverse assemblage compared to any other marine biota: 24 out 

of the 35 animal phyla include organisms that are considered as meiofauna for all their life 

cycle (permanent meiofauna) or for only a life phase (temporary meiofauna, i.e. juvenile 

macrofauna). Several physical, chemical and biotic factors influence the meiofaunal 

distribution as the sediment grain size, the availability of oxygen and trophic sources. In 

particular the dimensions of sediment grains influence the diffusion of oxygen in the pore 

water and the surface available for prokaryotes and microalgae which are important food for 

meiofauna. Vertical distribution within the sediments is generally confined to the oxic layer 

and the bioturbation by either meio- or macrobenthos locally modifies the oxygen vertical 

gradient producing a complex three-dimensional network of oxic and anoxic microniches. The 

differentiated localisation of trophic sources can indeed structure the horizontal distribution of 

meiofauna (Balsamo et al. 2010).  

Meiofauna play an ecological role of paramount importance within the benthic domain 

because they represent the link between organic detritus and the higher trophic levels. Most 

organisms are deposit feeders, but numerous are also diatom grazers or bacterivores. 

Meiofauna can enhance prokaryotic biomass (1) by stimulating the microbial growth with 

excreted N- and P- rich metabolites; (2) by secretion of mucus; (3) by bioturbation which 

enhances oxygen diffusion and (4) by mechanical breakdown of detrital particles favouring 

prokaryotic decomposition. Meiofauna show numerous ties with macrofauna. In muddy 

sediments meiofauna live mostly in the superficial layers, and thus are intensively exposed to 

predation pressure by several macrobenthic animals. On the other hand permanent meiofauna 

could prey upon juvenile macrobenthos (temporary meiofauna) exerting thus a bottom up 

control on the structure and composition of macrobenthos (the bottleneck hypothesis) 

(Danovaro et al. 1995). 

 

1.5.8 Macrobenthos (macrofauna) 

Macrobenthos include organisms living in association with the bottom and with a size 

>1000 µm. Although both animal and vegetal organisms could be comprised in this definition, 

in this thesis macrobenthos is referred only the animal counterpart due to the lack of 

macroscopic vegetation in the study areas. Therefore, macrobenthos and macrofauna are used 

as synonyms in the following chapters.  

Several taxa are comprised in macrobenthos (polychaeta, crustacea, mollusca, porifera, 

etc.) characterised by different feeding strategies. Besides herbivores, among macrofaunal 
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organisms there are predators and scavengers. Many organisms are filter feeders or deposit 

feeders; the former filter the water and feed upon particles and micro-organisms while the 

latter ingest detritus obtaining energy from the living and nonliving organic matter present in 

the sediment. From an ecological point of view, macrobenthic organisms exert a top down 

control on the lower trophic levels (MPB and meiofauna) and represent a food source for 

fishes. Moreover through the bioturbation, burrowing macrofauna influence the oxygen 

vertical gradient and, consequently, the colonisation of sediment by other organisms. 

Macrobenthology has a long tradition due to the commercial value of some taxa, as 

Mytilus galloprovincialis (Lamark 1819), that are widely cultivated. Moreover, the large size 

of organisms favoured the study of macrobenthos with respect to the other benthic 

communities, when the technology of microscopy was less developed. Nowadays, the ecology 

and the taxonomy of specific macrobenthic taxa are well studied. Due to its considerable 

application in bioindication, this community is included in the Marine Strategy Framework 

Directive (2008/56/CE) and in many other legislations as a descriptor for the biological quality 

because considered a fundamental tool for environmental assessment. 
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1.6 Goals of the thesis 
 

In this thesis I have focused on the PSI part of the DPSIR framework, in particular on 

how Pressures translate into State changes which can, in turn, negatively affect both the 

ecosystem and the human activities (Impacts). The goal is to contribute in achieving an 

operational ecosystem-based management of coastal and shallow areas by improving the 

scientific knowledge on the functioning of shallow benthic ecosystems under specific 

pressures. As last step, this approach could contribute in addressing corrective actions 

(Responses) with the environmental recovery as ultimate scope. 

The approach followed in this study is the integration of both structural and functional 

parameters. The flows of energy and C through the benthic coastal system have been 

investigated studying the chemical characterisation of the sedimentary environment, the 

structure of the main benthic communities (with particular emphasis on the lower levels of the 

trophic web, i.e. picobenthos, microphytobenthos) and the main processes responsible for the 

storage (primary production), the transformation (PCP) and the dissipation (respiration) of 

energy.  

My doctoral thesis is a collection of scientific papers; one has been already published 

(Chapter 5) while the others are submitted for publication (Chapters 2, 3 and 4). Each of them 

focuses on the benthic ecosystem functioning, but in different environmental contexts.  

Overall, these case-studies may be considered as pilot studies useful for the management of 

similar environmental challenges in the future.  

The order in which the papers are presented reflects the upgrading of my knowledge 

during the PhD, i.e. passing from the simplest to the most complex approach by adding the 

structural parameters first and then the functional ones. More precisely the paper collection is 

composed of: 

1.  A case-study in which microphytobenthos have been studied in detail in order to 

investigate their response to the impact due to mussel farming in a coastal area of the 

northern Adriatic Sea; 

2.  A synoptic study to investigate the structure (distribution and taxonomic composition) 

of microphytobenthos, meiofauna and macrofauna subjected to diffusive and 

multiple-stressor impact along a depth gradient in a shallow area of the Adriatic 

shelf; 
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3.  A mesocosm study focused on the response of shallow benthic microbial communities 

(prokaryotes, microphytobenthos and their processes) to the pH decrease induced by 

a potential leakage of CO2 from a Carbon dioxide Capture and Storage site (CCS); 

4.  A study focused on the benthic ecosystem functioning in hydrocarbon and heavy-

metal contaminated sediments of an Adriatic lagoon. In this case-study a wide 

spectrum of parameters, both structural and functional, has been considered.  
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Abstract 

 

The effects of long-line mussel farming on microphytobenthos were investigated in a 

coastal area of the Gulf of Trieste. Sediment grain-size, organic matter content, microalgae 

abundance and community structure were analysed in September 2008 and March 2009. Four 

areas were sampled: a twenty-year farm, a four-year farm, a disused farm and a reference site. 

Principal component analysis (PCA) highlighted a decreasing gradient of organic matter 

content from the twenty-year farm to the control. Mussel farming seemed to influence 

microphytobenthic abundance with higher densities in the oldest farm. Three genera were 

dominant; Navicula and Gyrosigma seemed to be stimulated by the organic load under the 

active farms while we infer that Nitzschia proliferation was limited by shade caused by mussel 

ropes. In the PCA, samplings of the disused farm were placed in-between the still active farms 

and the control, indicating the partial recovery occurred in this site.  

 

Keywords: Microphytobenthos; Mussel farm biodeposition; Organic enrichment; northern 

Adriatic Sea 

 

Abbreviations: %PAR, percentage of measured irradiance at the bottom with respect to surface 

irradiance; BPC, Biopolymeric Carbon; MPB, microphytobenthos; TN, total nitrogen; TOC, 

total organic carbon; RA, relative abundance 

 

1. Introduction 

 

Several studies have focused on the environmental effects of shellfish farming 

worldwide, showing different impact levels on sediment composition which range from low 

(Danovaro et al., 2004) to significant (Newell, 2004), and include the development of anoxic 

sediment (Christensen et al., 2003), changes in the structure of benthic communities 

(Chamberlain et al., 2001; Mirto et al., 2000) and modifications of nutrient fluxes (Newell, 

2004). Farmed bivalve populations filter out suspended particulate matter from the water 

column, use a small proportion of this for growth, respiration and reproduction, and excrete 

the remainder either in dissolved form or as particulate matter (faeces and pseudofaeces, 

collectively called biodeposits) that sink to the seafloor (Gibbs et al., 2007 and references 

therein). The sedimentation rate of organic matter under a culture has been estimated to be up 

to three times higher than at a control site, involving carbon and nitrogen accumulation in the 
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sediment (Hall et al., 1992 and references therein). Changes in the sediment chemical 

composition are reflected in the structural alterations of benthic microbial, meiofaunal (Mirto 

et al., 2000) and macrozoobenthic communities (Chamberlain et al., 2001). Mussel culture 

may also influence seagrass and algae, although this has not been well studied. There are a 

number of mechanisms by which suspended mussel culture may influence the abundance of 

benthic plants and algae: by increasing sediment stability and altering sediment 

biogeochemistry, by increasing shading from overlying culture structures, by modifying 

nutrient levels and altering turbidity, and by impacts from physical disturbances during 

harvesting and other husbandry activities. There are few examples of such effects reported in 

the literature and the causative mechanisms are rarely clear (McKindsey et al., 2011). To date, 

benthic and epiphytic microalgae have been considered as an additional food source to 

phytoplankton for farming bivalves (Doi et al., 2008) whereas studies focused on the use of 

benthic diatom assemblages to evaluate the impact of long-line mussel farming are still very 

rare. 

In shallow water areas (particularly in estuaries and lagoons) where the bottom 

substratum is soft, most important biochemical processes take place in the sediment, where 

dense microbenthic communities (microalgae, cyanobacteria, protozoa and prokaryotes) drive 

central ecosystem functions, such as primary production, decomposition and nutrient cycling. 

Microphytobenthos (MPB) constitute the only autochthonous source of primary production on 

sediment characterised by lack of macroscopic vegetation (Larson and Sundbäck, 2008 and 

references therein). As the principal oxygen producer in coastal environments, MPB allow the 

aerobic degradation of both autochthonous and settled organic matter in sediments. Benthic 

microalgae regulate sediment-water nutrients fluxes and might reduce the population of 

nitrifying bacteria capable of having an active metabolism (Risgaard-Petersen, 2003). MPB 

are key to the carbon cycle in littoral environments as producers of new organic matter that 

can enter the benthic and pelagic trophic web (Barranguet, 1997). In sublittoral sediments, 

pennate diatoms usually account for the major part of the total microphytobenthic abundance 

(up to 97%) (Cibic et al., 2007a). Benthic diatoms have been proven to be excellent 

bioindicators and are increasingly being used in marine biological monitoring (Cibic et al., 

2008). In fact, because of their short generation times, they rapidly respond to environmental 

changes and provide early warnings of both increased pollution and successful habitat 

restoration. Diatoms are sensitive to changes in nutrient concentrations and each taxon has a 

specific optimum and tolerance for nutrients. The resulting composition of species, 

replacements, eliminations, diversity or abundance changes can give a proper idea of the 
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recent history of environmental events affecting an area (Cibic and Blasutto, 2011 and 

references therein). 

Several surveys on MPB have been carried out in the Gulf of Trieste (northern Adriatic 

Sea). Cibic et al. (2007a) examined the abundance, distribution and species composition of 

MPB in a sublittoral coastal area within a marine sanctuary during a 2-year period (2003-

2004). The microphytobenthic response to the effluents of the main sewage duct of the city of 

Trieste (Cibic et al., 2008) as well as microalgal-meiofaunal interactions in a 21-m deep area 

(Cibic et al., 2009) were also investigated. Recently, Cibic and Blasutto (2011) have studied 

the use of benthic diatoms as biological indicators in three differently impacted areas of the 

gulf. Although mussel farming in the Gulf of Trieste has been carried out for decades, few 

studies have focused on the impact of this activity on the benthic ecosystem. De Vittor et al. 

(2000) investigated primarily the effects of suspended mussel farms on sediment chemical 

composition whereas Aleffi et al. (2006) examined the mussel impact on the macrozoobenthic 

community structure. Focusing on MPB, Sdrigotti et al. (1999) and Sdrigotti and Fonda 

Umani (2002) compared the cell density, species composition and biodiversity of the benthic 

diatom community under a mussel farm to the assemblages at a reference station that was not 

influenced by bivalves. 

The growth of mussel production throughout the world (FAO, 1997) has induced an 

increased interest in the evaluation of mussel farm impact. The aim of the present study is to 

answer the following questions: 1) Does mussel farming quantitatively and/or qualitatively 

affect the MPB? 2) Is there a relation between the age of the mussel farm and the degree of the 

impact on MPB? 3) Is there a shift in the composition of the microalgal community in the 

disused mussel farm compared to the still active farms? 4) To what extent does suspended 

mussel farming impact a semi-enclosed shallow gulf such as the Gulf of Trieste? 

 

2. Materials and methods 

 

2.1. Study site 

The Gulf of Trieste, located in the north-western end of the Adriatic Sea, is a shallow 

basin of about 500 km2 and has a coastline of about 100 km (Ogorelec et al., 1991). The 

maximum depth is around 25 m, the average depth is 17 m and 10 % of this area is less than 

10 m deep (Celio et al., 2002). Mean annual temperature fluctuate from 8° C to 20° C at the 

bottom (Ogorelec et al., 1991). The tidal amplitude is about 1.5 m, which is the highest of the 

Mediterranean (Cardin and Celio, 1997). The main terrigenous sediment supply comes from 
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the Isonzo River (Covelli and Fontolan, 1997) and sedimentation is mainly controlled by river 

input rather than marine currents (Brambati and Catani, 1988). The soft bottom composition is 

not homogeneous, varying from sand to mud, predominantly detrital (Brambati et al., 1983). 

Coarse sediments, mainly medium to fine sands and pelitic sands, are dispersed as bed-load by 

long shore currents, both westward to Panzano Bay and eastward to Grado, respectively 

(Brambati et al., 1982). 

The hydrology of the Gulf is influenced by several factors such as wind stress, strong 

thermal fluctuations between winter and summer, and variable freshwater input. The Bora 

wind (ENE) causes water outflow from the Gulf and strong vertical mixing, while the south-

east wind causes a water flow towards the coast (Mosetti et al., 1972; Celio et al., 2002). 

The Gulf of Trieste is characterised by intense and historically long and continuous 

man-induced stress factors. Chief among them is extensive mussel farming, which currently 

covers a 15 km long X 100 m wide area along the coastline. The blue mussel Mytilus 

galloprovincialis (Lamarck 1819) is cultivated using the long-line system: mussel larvae settle 

on ropes hanging down from long, horizontal anchored lines, suspended by buoys (Sdrigotti 

and Fonda Umani, 2002). This economic activity currently represents a very important 

economic asset for the local fishery industry. 

In 1990, the Gulf produced about 7500 tons of mussels. Then, toxic algal blooms and 

occasional mucus aggregates in summer, coupled with the general crisis of the fisheries 

activity, caused a drop of annual production which reached 2000 tons year-1 in 1996 

(Franzosini, 1998). Recovery began in 2000, with mussel production reaching 4000 tons year-1 

(Orel and Zamboni, 2005). 

 

2.2. Sampling 

The study was carried out in September 2008 and March 2009 in a coastal area of the 

Gulf of Trieste. Four sites, characterised by similar biogeochemical and geomorphological 

features, were chosen because subjected to a different degree of potential impact due to mussel 

farming (Fig. 1): a twenty-year farm (45° 45.14’ N, 13° 38.59’ E); a four-year farm (45° 

45.06’ N, 13° 38.66’ E); a farm disused for more than 12 years (45° 44.93’ N, 13° 39.09’E) 

and a control site located 250 m ca. away from the farms (45° 44.82’ N, 13° 39.06’ E). In each 

site, sediment samples were collected at 5 stations (A, B, C, D, E) located along the direction 

of the dominant current flux. The distance between each station was 6 m ca. At each station, 3 

points (e.g. A1, A2, A3), 1.5 m away from each other, were sampled. For logistical reasons, 

sediment samples from the 60 sampling points (4 sites x 5 stations x 3 points) were collected 
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within few weeks. At each point, scuba divers took 3 virtually undisturbed sediment cores 

using polycarbonate sample tubes (12.7 cm I.D. with a sample area of 127 cm2). Once in the 

laboratory, these virtually undisturbed sediment cores were partially extruded and the oxic 

sediment layer (0-1 cm ca) of each core was collected and homogenised. 

Seawater temperatures along the water column were measured using a Seabird 19 Plus 

Seacat probe. A PNF-300 Profiling Natural Fluorometer (Biospherical Instruments Inc.) and a 

Li-Cor mod. Li-193SA Spherical Quantum Sensor were used to measure the Photosynthetic 

Available Radiation (PAR) at the central St. C of each area. PAR was converted to %PAR, 

which is the benthic PAR expressed as the percentage of surface irradiance. 

 

2.3. Sediment grain size, chemical parameters and pigments 

Aliquots (10-15 g) of homogenised oxic sediment were collected from each point and 

subjected to grain-size analysis. Each sample was disaggregated and the organic matter 

oxidized using 10% hydrogen peroxide (Carlo Erba, Rodano, Italy). Small pebbles and shell 

fragments were subsequently separated from sand and mud fractions by sieving at 2 mm. The 

analyses were performed using a Malvern Multisizer 2000S. Data are expressed as percentages 

of sand, silt and clay. 

For Total Organic Carbon (TOC) and Total Nitrogen (TN) analyses, triplicate 

subsamples of homogenised sediment (<250 µm) were weighed directly in silver and tin 

capsules (5x9 mm), respectively. Before TOC determination, subsamples were treated with 

increasing concentrations of HCl (0.1N and 1N) to remove carbonates (Nieuwenhuize et al., 

1994). Carbon and nitrogen contents were determined according to the methods of Pella and 

Colombo (1973) and Sharp (1974).  

Subsamples of homogenised sediment were freeze-dried and processed for the 

determination of carbohydrates, lipids and proteins. Colloidal and EDTA extractable 

carbohydrates were analysed following the method described by Gerchacov and Hatcher 

(1972) and de Brouwer and Stal (2001). Lipids were analysed following the method proposed 

by Bligh and Dyer (1959) and modified for sediments. Proteins were extracted in NaOH 

(0.5M) for 4 h and determined according to Hartree (1972). All analyses were carried out in 

four replicates. Carbohydrate, lipid and protein concentrations were converted to carbon 

equivalents by using the following conversion factors: 0.45, 0.50, 0.75 g C g-1 (Fichez, 1991). 

The sum of carbohydrates, lipids and proteins carbon was referred as Biopolymeric Carbon 

(BPC). 
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Pigments were extracted overnight (4°C, 90% acetone) from four replicates (0.7-0.9 g) 

of wet oxic sediment. After centrifugation (2500 rpm, 20 min), the extract was analysed 

spectrofluorometrically following the procedures described by Lorenzen and Jeffrey (1980). 

The measurements were performed before (Chl a, µg g-1) and after (phaeopigments, µg g-1) 

acidification, with 2 drops of 1 N HCl, using a JASCO FP 6500 spectrofluorometer (450 nm 

excitement and 665 nm emission wavelengths), previously calibrated with a chlorophyll a 

solution (Spinach, Sigma). 

 

2.6. Microphytobenthic abundance and species composition 

For the microphytobenthic analyses, aliquots of 2 cm3 of homogenised sediment were 

withdrawn using a syringe and directly fixed with 10 ml of formaldehyde (4% final 

concentration) buffered solution CaMg(CO3)2 (Carlo Erba, Rodano, Italy), in pre-filtered 

bottom seawater (0.2 µm filters) (Schleicher & Schuell, Dassel, Germany). After manual 

stirring, 20 µL aliquots of the sediment suspension were drawn off from the slurries and 

placed in a counting chamber (Thalassia, Trieste, Italy). Only cells containing pigments and 

not empty frustules were counted under a Leitz inverted light microscope (Leica Microsystems 

AG, Wetzlar, Germany) using a 32X objective (320X final magnification) (Utermöhl, 1958). 

The microalgal taxonomy was based on Round et al. (1992) and the AlgaeBase website 

(http://www.algaebase.org/). The qualitative identification of microphytobenthic assemblages 

was carried out to the genus and, when possible, to the species level using floras of Van 

Heurck (1899), Hendey (1976), Germain (1981), Dexing et al. (1985), Ricard (1987), Round 

et al. (1992), Tomas (1997) and Witkowski et al. (2000). 

 

2.7. Statistical analyses 

Descriptive statistics was performed on the entire microphytobenthic community in 

order to calculate the Relative Abundance (RA) for the main groups of organisms: 

Bacillariophyta, undetermined Phytoflagellates, undetermined Cysts, undetermined Spores and 

other small-size organisms, e.g. Cryptophytes and Coccolithophors are gathered in the group 

Others due to their occasional occurrence. Focusing solely on diatoms, the RA of all genera 

and species were calculated. Both the tube dwelling diatom species (Navicula corymbosa, 

Navicula mollis and Navicula ramosissima) and the other minor groups constituting the MPB 

were excluded from further statistical analyses; the first group because they were considered 

not autochthonous and the latter for their occasional occurrence. September and March data 

sets were processed separately because of microphytobenthic seasonal variability.  
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Differences in abiotic and biotic parameters among areas were assessed using 

STATISTICA 7 through the Kruskall-Wallis ANOVA test. We applied this statistical method 

because the data were not normally distributed. This test is a non parametric alternative to 

between-groups one-way analysis of variance. The post-hoc comparison of all pairs of 

independent groups (areas) were subsequently computed.  

For univariate diversity analysis, cluster analysis and similarity percentage analysis 

(SIMPER), the PRIMER software V.5 (PRIMER-E Ldt, Plymouth, UK) was used. Univariate 

diversity analysis was applied to benthic diatom abundances considering richness (d, 

Margalef, 1986), equitability (J’, Pielou, 1966), diversity (H’, Shannon and Weaver, 1949) and 

dominance (λ, Simpson, 1949).  

Cluster analysis based on samplings was performed considering mean diatom 

abundances of the three sampling points at each station. Square root transformation of the data 

matrix and Bray-Curtis similarity with a complete linkage were applied (Clarke and Warwick, 

2001). To detect which diatom taxa were mainly responsible for the discrimination of 

subclusters, a SIMPER analysis was carried out. A percentage dissimilarity cut-off of 90% 

was applied.  

Principal Component Analysis (PCA) was carried out on mean values (of the three 

sampling points at each station) of environmental data (sand fraction, BPC, TN, TOC and 

pigments) in order to visualise the trends of main abiotic variables. For this multivariate 

analysis, the 7 dominant diatom genera were considered. These biotic components were 

projected on the factor plane as additional variables without contributing to the results of the 

analysis. This can provide an insight into the possible influence of the environmental variables 

upon each benthic group (STATISTICA 7).  

 

3. Results 

3.1. Environmental parameters 

Depth varied slightly according to the tidal range. It ranged between 11.2 m (disused 

farm) and 13.0 m (reference site) in September and between 10.6 m (disused farm) and 12.5 m 

(reference site) in March. Bottom temperatures varied between 17.9 °C and 21.3 °C in 

September and between 9.7 °C and 10.5 °C in March. September and March were chosen as 

the best sampling periods because during these months, bottom temperatures are 

representative of summer and winter conditions in the Gulf of Trieste. The maximum 

temperature at the bottom is expected in September while the minimum is usually measured in 

February. However, in March temperatures at the bottom do not vary considerably. The 
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mixing processes are stronger in March, while in September the water column is still well 

stratified (Celio et al., 2002). In September, %PAR was very similar in all areas since it ranged 

from 4.7% (area 1) to 6.0% (area 3) while slightly higher values (about 15%) were measured 

in March. Before the control site was sampled, bad weather with strong winds occurred, 

causing sediment resuspension and lower %PAR (6.7%) in this area. 

The results of the main benthic environmental parameters (sediment grain-size, BCP 

and pigments) are reported in Table 1. According to the Shepard (1954) classification, the 

sediment was clayey silt. Higher mean sand percentages were obtained at the disused mussel 

farm in both periods (9.9 ± 4.8% in September and 13.7 ± 3.8% in March). The highest mean 

BPC values were measured at the twenty-year farm in September (2649.2 ± 710.7 µg C g dry
-1) 

and at the four-year farm in March (2843.1 ± 682.3 µg C g dry
-1), while minima were recorded 

at the control site in both periods (2126.4 ± 318.1 and 2048.6 ± 378.1 µg C g dry
-1, 

respectively). During both September and March the major component of BPC was 

represented by proteins, followed by lipids and carbohydrates. As dominant fractions of the 

whole sedimentary organic pool, protein and lipid concentrations reflected the same pattern of 

BPC with higher concentrations at the active farms and minima at the control site. On the 

other hand carbohydrate values did not clearly differ among sites. Mean TOC and TN contents 

were higher in the active mussel farms than those estimated in areas 3 and 4 during September 

and March, following a decreasing gradient from area 1 to area 4. Mean Chl a concentrations 

did not show a clear gradient from the active mussel farms to the control site while 

phaeopigment concentrations resulted higher under the mussel rafts than in areas 3 and 4 

during both periods of the study. In September the values ranged from 24.5 ± 5.7 to 37.6 ± 4.5 

µg g-1 at the control site and at the four-year farm, respectively, while, in March, from 27.7 ± 

2.0 µg g-1 (area 4) to 49.9 ± 6.1 µg g-1 (area 1). 

During both periods, the four studied areas significantly differed for the majority of the 

environmental parameters with the exception of Chl a in March (Table 2). The outputs of the 

post-hoc comparisons of all pairs of groups (i.e. areas) highlighted that the sediments under 

the active farms were statistically different from those of area 3 and the control site (Table 3). 

The higher percentage of sand at the disused farm was significantly different from the other 

areas, particularly during March when area 3 differed from all the others sites. The twenty-

year farm and the four-year farm significantly differed from the other two sites due to higher 

contents of TOC, TN and phaeopigments during both periods.  

 

3.2. Microphytobenthic abundance and species composition   
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Bacillariophyta dominated the microphytobenthic community during both periods, 

accounting for more than 92.3% of the total abundance with a slightly lower percentage in the 

control site of September (87.1%). The other groups were undetermined Phytoflagellates, 

resting cells, i.e. undetermined Cysts and Spores, with very low RA (<5.4%). Among the first 

twenty most abundant diatom species, we distinguished 14 benthic and epipelic, 4 epiphytic 

and 2 tychopelagic species. 

Without the contribution of tube dwelling species, mean benthic diatom abundances 

ranged from 30.40 ± 11.71 x 103 cells cm-3 (reference site) to 42.52 ± 20.12 x 103 cells cm-3 

(twenty-year farm) in September and between 45.96 ± 13.48 x 103 cells cm-3 (disused farm) 

and 72.38 ± 18.25 x 103 cells cm-3 (twenty-year farm) in March. Benthic diatom abundances 

were statistically different among areas only in March (Table 2). More precisely the twenty-

year farm differed from both the disused farm and the reference site while area 2 differed only 

from the disused farm (Table 3).  

Navicula, Gyrosigma and Nitzschia were the most abundant genera in all areas and in 

both periods. Navicula was the dominant genus, its RA ranged between 26.4% and 33.3% in 

September and between 26.7% and 31.2% in March (see Table 4 for mean values and SD), 

when it was slightly more abundant in the two active farms. In September, Gyrosigma was the 

dominant genus in area 1, accounting for 31.2% of the total diatom abundance, three times 

more abundant than in the reference site (9.9%). On the contrary, in March its RA did not vary 

much among sites, since it ranged from 13.4% (area 3) to 17.0% (area 2). In September 

Nitzschia was characterised by a higher RA at the disused farm (22.4%) and control site 

(22.6%) compared to the percentages under the active mussel farms (17.4% and 15.9% in 

areas 1 and 2, respectively). In March, the maximum RA of Nitzschia (27.9%), measured in 

the disused mussel farm, was almost twice the corresponding RA in the twenty-year farm 

(14.5%). 

In September, the most abundant species under the twenty-year farm belonged to the 

genus Gyrosigma: G. fasciola (11.7%), G. macrum (7.5%) and G. spencerii (7.0%) (see Table 

5 for mean values and SD). In both periods, these species accounted for higher RA in the two 

active mussel farms than those measured in areas 3 and 4, with the exception of G. spencerii in 

March. Cylindrotheca closterium reached the highest RA in the twenty-year farm (8.5%) and 

four-year farm (10.4%) in March, in contrast to the low percentages observed in all sites in 

September. Nitzschia fasciculata was the dominant species in the reference site in September 

(4.4%) and in both area 3 (8.3%) and area 4 (6.6%) in March. 
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Applying the diversity indices to the benthic diatom community it resulted that in 

September H’ values were slightly higher in areas 3 and 4 (2.740 and 2.643, respectively) than 

those in areas 1 and 2 (2.526 and 2.482, respectively) indicating that in the disused farm and in 

the control the microalgal communities were, to some extent, more diverse (Table 6). 

Differently, the narrow range of outputs (particularly for J’ which varied from 0.833 to 0.846), 

among areas in March indicated an evenly distributed community. This was probably due to 

resuspension of the uppermost sediment surface caused by strong winds in winter. The mean 

diatom abundances (N) were also quite revealing. Overall, the benthic diatom community was 

more abundant in March than in September. Interestingly, for both periods of the study, the 

highest abundances were recorded in the twenty-year farm. 

The cluster analyses based on samplings showed a clear distinction among the areas 

(Fig. 2). In September, three main groups were identified: group A gathered all samplings of 

the twenty-year farm and B gathered samplings of the four-year farm. On the contrary, the 

third large group C gathered all samplings of the control and the disused farm without a clear 

distinction (Fig. 2a). The SIMPER analysis revealed that the main differences between groups 

A and B were due to Gyrosigma fasciola, G. macrum, G. spencerii, which were more 

abundant in the twenty-year farm than in the four-year farm. Besides the differences due to 

Gyrosigma species, group A and C differed because of Nitzschia fasciculata, which was 

abundant in the reference site. Differences between group B and C were due to Paralia 

sulcata, Bacillaria paxillifera and Nitzschia fasciculata. P. sulcata was the most abundant 

species of the assemblage in the four-year farm while the other two species were more 

abundant in the disused farm and the reference site. In March, the cluster analysis based on 

samplings revealed three main groups: A, which gathered all samplings of the disused farm, B, 

which gathered all samplings of the two active farms and C, which represented the control 

(Fig. 2b). Within B, two main sub-groups were highlighted, B1 and B2, corresponding to areas 

1 and 2, respectively. The SIMPER analysis revealed that the main differences between groups 

B and A were due to Cylindrotheca closterium, Gyrosigma and Nitzschia species. The benthic 

diatom community in the active farms was mainly characterised by Cylindrotheca closterium, 

Gyrosigma macrum and G. fasciola, while Nitzschia fasciculata and Nitzschia lorenziana were 

more abundant in the disused farm. Group B differed from C because of the high abundances 

of Gyrosigma fasciola, G. macrum and Cylindrotheca closterium, while C was characterised 

by Nitzschia fasciculata and Nitzschia spp.. The main differences between group A and C 

were due to Cylindrotheca closterium, more abundant in C, while Bacillaria paxillifera 

characterised group A. 
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In the PCA performed on September data two principal components (factors) were 

identified (eigenvalue >1) which together explained 79.38% of the total variance, whereas the 

first and second factors explained 57.48% and 21.90% of the total variance, respectively (Fig. 

3 a). BPC, TN, TOC and phaeopigments were predominant elements of the first factor, while 

the major contributors of the second were sand percentage and Chl a. All of the samplings 

stations were plotted on the PCA factor-plane 1x2, which grouped the stations according to 

their environmental conditions (Fig. 3 b). Two distinct groups were recognized with the active 

farms and areas 3 and 4 in the left and right half of the plot, respectively. 

 In the PCA performed on the March data two principal components (factors) were 

identified (eigenvalue >1) which together explained 82.38% of the total variance, with the first 

and second factors explaining 62.51% and 19.38% of the total variance, respectively (Fig. 4 a). 

TN, TOC, phaeopigments and BPC were the predominant elements of the first factor, while 

the major contributors of the second were Chl a and sand percentage. Plotting all of the 

samplings stations on the PCA factor-plane 1x2, two distinct groups were evident, with the 

active farms and areas 3 and 4 in the right and left half of the plot, respectively (Fig. 4 b). 

 

4. Discussion 

 

The approach of this study was to evaluate the spatial variability of several parameters 

(biotic and abiotic) inside a grid, formed by stations and points within each area, in order to 

investigate the impact of mussel biodeposition on MPB. The age of the mussel farm, the time 

of recovery and the extent of the farm influence on the investigated area were also considered.  

 

4.1 Mussel farm impact on sediment characteristics 

In both periods, the still operating farms and the past activity in area 3 seemed to 

influence the  physical-chemical features of sediments under the rafts. The differences in sand 

percentage and chemical variables among areas were confirmed by the Kruskall-Wallis 

ANOVA (Tables 2 and 3).  

Direct underwater observations showed that the bottom under the active mussel farms was 

completely covered by living and dead bivalves fallen from the rafts as already reported by 

Sdrigotti and Fonda Umani (2002) and Aleffi et al. (2006). We infer that prolonged wave and 

current action reduced the accumulated empty shells to fragments of less than 2 mm, which 

probably contributed to increase the sand fraction. This could explain the higher sand amount 

measured in the disused farm for both periods which resulted statistically different from the 
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other three sites, as highlighted by the post-hoc comparisons (Table 3). While Brambati and 

Catani (1988) asserted that the study area is characterised by homogenous sediment grain size, 

the different sand percentage in area 3 suggested that past mussel farm activity could modify 

physical characteristics of the bottom. 

The chemical composition of the sediment also showed a direct effect of active mussel 

farms through the continuous release of faeces and pseudofeaces, which settled to the bottom, 

altering the organic matter content in the sediment. We measured a decreasing gradient of 

TOC and TN from area 1 to the control as already observed by Aleffi et al. (2006) in another 

mussel farm in the Gulf of Trieste. The authors reported that TOC and TN contents were 30% 

and 25% higher beneath the mussel farm than in the control site, respectively. Similarly, 

during both periods of this study, TOC and TN were 20% higher beneath the twenty-year farm 

than in the reference site. Also BPC values followed the same decreasing gradient from area1 

to area 4. Our results agree with those of Mirto et al. (2000), who reported biopolymeric 

carbon accumulation with significantly higher values beneath a mussel farm than in the control 

in the Gulf of Gaeta (Tyrrhenian Sea, NW-Mediterranean Sea). Overall, differences in 

sediment chemical composition among our sites were confirmed by statistics particularly 

comparing the twenty-year farm to the other areas. 

Pigments (Chl a and phaeopigments) are considered informative parameters related to 

the filtering activities of mussels. These bivalves continuously filter phytoplankton and 

resuspended benthic microalgae and consequently release feaces and pseudofeaces. According 

to the degree of assimilation, pseudofeaces contain mainly Chl a because the microalgae have 

not entered the digestive trait of the mussel. On the contrary feaces are enriched of 

phaeopigments which are the products of Chl a degradation processes (Mirto et al., 2000 and 

references therein). Chl a concentrations did not vary among the four areas during both 

periods as confirmed by statistics. This parameter is largely used as a measure of 

microphytobenthic biomass but it does not allow to discriminate between autochthonous and 

allochthonous microalgae. In fact also tube forming diatoms, which are not endemic, 

contributed to the total amount of Chl a in the sediments. Their homogeneous distribution in 

all areas of the study likely hid any possible Chl a changes due to the presence of mussel 

farms. On the other hand phaeopigment values showed an increasing gradient from the control 

site to the active mussel farms suggesting an accumulation beneath the rafts. Our results 

partially agree with Mirto and co-authors (2000) who reported a significant increase of 

phytopigment (as Chl a and chloroplastic pigment equivalents) concentrations in farm 
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sediments. The significant differences reported in Table 3 confirmed that phaeopigments 

might be used as tracers of mussel biodeposition (Mirto et al., 2000).  

 

4.2 Mussel farm impact on microphytobenthos 

In this study, the distances between the three sampling points of each station were 

about 1.5 m. Although the patchy distribution of MPB on a spatial microscale (16 cm x 16 cm) 

is well recognized (Blanchard, 1990), Saburova et al. (1995) reported a high degree of 

similarity among microphytobenthic communities in a 10 cm2 to 1 m2 interval, indicating that 

samples collected over this spatial scale are within the limits of one structural association. 

More recently, Murphy et al. (2008) observed that the spatial scale of 1-2 m was a relatively 

unimportant source of variability. However, the authors did not perform microscopic analyses, 

using chlorophyll a content as an estimate for the microphytobenthic community. The 

distances between our sampling points fall within the spatial scale tested by these authors, and 

we consequently considered the three microalgal assemblages as replicates.  

Bacillariophyta were the dominant microalgal group, followed by very low percentages 

of other organisms as already reported in previous surveys carried out in the Gulf of Trieste 

(Sdrigotti et al., 1999; Cibic et al., 2007a; Cibic et al., 2008). Focusing on diatom ecology, 

epipelic forms were dominant, accordingly with Sdrigotti and Fonda Umani (2002) and Cibic 

et al. (2007a). Cohesive sediments enable the development of epipelic forms, which move 

through the sediment, whereas epipsammic species adhere to sand grains by means of apical 

pads, stalks and tubes (Miles and Sundbäck, 2000). The low occurrence of epipsammic forms, 

in our study represented mainly by Amphora, was due to the low percentage of sand (Blasutto 

et al., 2005). Planktonic forms were rare and their occurrence was due to sinking phenomena 

(Cibic et al., 2007b). The microalgal community in the disused mussel farm seemed to be 

slightly influenced by the past productivity. In this area, a higher sand fraction could enhance 

the selection of epipsammic diatom genera such as Amphora, particularly in September (Fig. 

4). Amphora was previously reported as the dominant genus (RA = 48%) at the mussel culture 

site in summer, while its abundance at the reference site was negligible (Sdrigotti et al., 1999). 

Three species of tube forming diatoms were very abundant, particularly in March: 

Navicula corymbosa, N. mollis and N. ramosissima. Although these diatoms typically live 

attached to macroalgae and rocky substrata, mussel farm ropes also represent a suitable 

substratum for their proliferation. Barranguet (1997) reported high abundances of epiphytic 

microalgae settled from mussel rafts. These diatoms produce long tubes, which can be 

detached from the ropes and dragged by local currents and waves. This, in turn, are caused by 
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strong winds which are more frequent in winter. In our study, epiphytic diatoms were found in 

very high abundances particularly in the control site in March. This area was sampled after a 

few days of very strong winds (end of March) during which tube dwelling diatoms were likely 

detached from the rafts and dispersed over a vast area. The allochthonous origin of these 

species hid the real composition of the benthic diatom community in a particular study area. 

For this reason, they were not included in data processing.  

Navicula was the dominant genus in almost all the investigated areas. This well-

represented genus seems to have a high ecological valence since it was found both in a 

protected area and in a severely impacted site of the Gulf, demonstrating high adaptability to 

all kinds of environments (Cibic et al., 2007a; Cibic et al., 2008). In a marine sanctuary 

located in the Gulf of Trieste Navicula accounted for 26.2% (Cibic et al., 2007a) while it 

reached 69.1% of the total diatom assemblage in a site located near the main wastewater 

pipeline of Trieste, characterised by very high amounts of organic matter (Cibic et al., 2008). 

In this study, Navicula reached slightly higher RAs under the active mussel farms than in areas 

3 and 4 (Table 4), probably because the high organic matter and its subsequent mineralization 

stimulated the growth of the most tolerant species belonging to this genus. However, only in 

March did Navicula abundances statistically differ in areas 3 and 4 from those in the active 

farms (p<0.05 or less). Moreover, its abundances in the disused farm differed also from those 

in the four-year farm (p<0.05). Our values were comparable or slightly higher than those 

reported for the marine sanctuary and much lower than those observed near the wastewater 

pipeline. These results suggest that the impact of sewage effluents on the MPB is much more 

severe than that caused by suspended mussel farming.  

In September, Gyrosigma reached 31% of the total diatom abundance in the twenty-

year farm, while in the three other sites lower RA were recorded (ranging from 9.9% and 

12.2%) suggesting that this genus could be favoured by the presence of suspended mussels. In 

fact, Gyrosigma abundances were significantly higher in the twenty-year farm than in the 

control site and the area 2 (p<0.05 or less). Considering only September, Sdrigotti et al. (1999) 

reported a relative abundance of Gyrosigma comparable to ours: 22.3% at the mussel culture 

station and 8.1% at the reference site. According to Hunter (2007), Gyrosigma prefers high 

organic content and warm water temperature. In our study, these two factors coexisted when 

Gyrosigma was most dominant, i.e. under the twenty-year farm in September. Although in 

March Gyrosigma abundances were low due to cold temperatures, a decreasing gradient was 

still observed from area 1 to the reference site, confirming the preference of this genus for high 

organic content. Despite its abundances did not statistically differ in the reference site from the 
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others, significant differences were obtained between area 3 and the two active farms (p<0.05 

or less). In fact, if we compare the RA obtained in this study with mean values of Gyrosigma 

observed in a protected area (St. C1, RA = 3.5%; Cibic et al., 2007a) and a 21-m-deep station 

in the Gulf (St. AA1, RA = 2%; Cibic et al., 2009), we notice that its RA is much higher not 

only under the active mussel farms, but also in the reference site. This could be a consequence 

of the resuspension of the organic-enriched sediment caused by stochastic events and its 

subsequent resettling over a large area. 

From higher mean abundances (N) estimated under the active farms, we could infer 

that the benthic diatom community is stimulated by the presence of mussels. Our results 

disagree with those of Sdrigotti et al. (1999) and Sdrigotti and Fonda Umani (2002) who 

reported that total diatom assemblages growth was limited due to the shading effect caused by 

suspended mussel rafts and the release of faeces and pseudofaeces which together reduce light 

penetration to the bottom. In our study, light limitation was not evidenced even if we 

considered the microalgal community as a whole. Unfortunately, we could not test the shading 

effect since our PAR measurements were carried out on a single occasion in each site and 

%PAR did not differ much between sites. However, we can assume that the operating farms 

produce some shading. We observed that in both periods, Nitzschia was more abundant in 

areas 3 and 4, than at the sites with ropes and other suspended structures. Although not 

supported by statistics, we infer that the lower abundance at the active farms is ascribed to the 

shading effect. In fact, this genus in particular requires high light availability for its 

development (Cibic et al., 2012). 

Focusing on diatom species, Bacillaria paxillifera was observed with variable RA in 

the investigated areas and usually co-occurred with Navicula ramosissima, N. corymbosa and 

N. mollis. Our results are supported by the findings of Cibic et al. (2007b) who reported the 

simultaneous occurrence of B. paxillifera with epiphytic diatom species. In this study, high 

abundance of Cylindrotheca closterium, up to 10% of the total diatom abundance, was 

observed in March. This is a tychopelagic species, i.e. closely associated with the bottom, but 

also frequently resuspended in the water column (Cahoon, 1999 and references therein). 

Sdrigotti et al. (1999) previously observed very high abundances of C. closterium in May and 

June, but with comparable values at the mussel culture and the reference site, showing that C. 

closterium may be insensitive to the trophic status of the system. Our results disagree with 

those of Najdek et al. (2005) who linked the summer bloom of C. closterium to the intrusion of 

oligotrophic high salinity waters from the central Adriatic.  
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For both September and March data, PCA brought to light an impact gradient from the 

twenty-year farm to the reference site (Figs. 3 and 4). The sediment under the active farms was 

characterised by organic enrichment as confirmed by the positions of BPC, TOC and TN. 

Similarly phaeopigments were clearly located nearby the chemical variables and in 

correspondence to the active farms samplings indicating that the sediment beneath the rafts 

was subjected to mussels biodeposition. On the contrary the position of Chl a suggests that 

this parameter did not characterise an area in respect to the others probably due to the evenly 

distributed allochthonous microalgae. Sand was located in correspondence to the disused farm 

samplings, particularly in March, confirming the different sediment grain size of this area. The 

position of samplings of the disused mussel farm, in-between the still active farms and the 

reference site, highlighted the partial recovery occurred in area 3. The main impact of the past 

mussel farm activity is in fact reflected in the modification of the sediment grain size. 

Different diatom genera were dominant during the two periods of the study due to the 

occurrence of summer and winter diatom assemblages (Cibic et al., 2012). However the 

positions of the dominant diatom genera in the PCA suggested the presence of different 

assemblages inhabiting the sediments of the still active farms compared to the other two sites 

under both summer and winter conditions as confirmed by the cluster analysis. In September 

the microalgal community under the mussel rafts was dominated by Paralia, Gyrosigma and 

Navicula while the position of Nitzschia was less informative. Amphora, located in 

correspondence to the samplings of area 3, suggests an indirect effect of the mussel farm on 

the microalgal community composition. This epipsammic genus might be selected by the high 

sand fraction due to the past mussel activity. In March the active farms were characterised by 

the majority of diatom genera with the exception of Nitzschia which was located in 

correspondence to the control samplings. The absence of suspended structures could enhance 

the development of this light loving genus. The ambiguous position of Nitzschia in September 

could be ascribed to the fact that species within a genus could differ in their response to the 

nutrient supply (Hillebrand and Sommer, 1997). For example, Nitzschia sigma and N. 

tryblionella are considered nutrient loving species by Agatz et al. (1999) while others could be 

less tolerant to organic enrichment.  

Although MPB play a key role in benthic ecosystem functioning by influencing oxygen 

production and nutrient cycles (Barranguet, 1997; Newell, 2004 and references therein), 

studies using these benthic assemblages to evaluate the impact of mussel farming are still very 

rare. According to Christensen et al. (2003), surface films of benthic diatoms were visibly less 

pronounced beneath the mussel line compared to a reference station. The authors had also 
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microscopically examined the 5-mm surface sediment for identification and enumeration of 

benthic microalgae and found that benthic microalgal cell numbers at the farm-affected station 

were only 57% of the numbers observed at the reference station. This is not consistent with 

our results, because we found overall higher abundances under the twenty-year farm during 

both periods of the study. The authors further reported that the centric forms Paralia marina 

(current name Paralia sulcata) and Thalassiosira sp. were dominant both in the reference site 

and beneath the mussel line. Furthermore, Sdrigotti and Fonda Umani (2002) observed higher 

abundances of P. marina under the suspended mussel culture, where its RA reached up to 

48.6% in June, compared to that of the reference station. The authors argue that disturbed 

conditions below the mussel cultures seem to select more opportunistic and tolerant species, 

such as P. marina. This is consistent with our data since we observed this species mainly in 

the active farms in both periods, although with lower RAs. 

Our results bring to light that mussel farms affect MPB. The impact could be direct, i. 

e. through organic enrichment due to biodeposition as well as caused by the presence of the 

shadow effect, or indirect, as modification of the sediment grain size which could drive the 

selection of epipsammic forms. Furthermore the mussel carpet under the active mussel farms, 

constituted by living mussels, empty shells and plastic nets used as culture ropes (Sdrigotti et 

al., 1999; Aleffi et al., 2006), represents an optimal support for adhesion not only by epiphytic 

diatoms, but also benthic invertebrates which could selectively prey on MPB modifying their 

composition. MPB are largely consumed by meiofauna (Miller et al., 1996), which has proven 

to be affected by mussel farming (Mirto et al., 2000). An altered meiobenthic community 

could, in turn, have a diverse selective pressure on the microalgal assemblages. In this study, 

we have focused on the bottom-up control where light penetration, temperature and organic 

enrichment are the main drivers of microphytobenthic growth. It is beyond the aim of this 

study to consider the top-down control, which has been previously investigated in the 

centremost area of the Gulf (Cibic et al., 2009).  

In the PCA, the peculiarities of the disused farm placed it in-between the still active 

farms and the reference site during both periods. The presence of this transitional situation 

suggests the partial reversibility of the mussel farm impact on MPB: ending this productive 

activity will likely lead to a full recovery of the community. Overall our results are in 

accordance with Danovaro and co-authors (2004) who reported that mussel farm does not 

significantly alter the coastal marine ecosystem. Moreover the authors highlighted that the 

impact on the benthic environment appears to be strictly dependent upon several factors, 

including: (i) the culturing method; (ii) the density of the cultivated mussels; (iii) the water 
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depth; (iv) the hydrological condition of the area. The environmental context present within 

the studied mussel farms, i.e. the Gulf of Trieste, and their intrinsic characteristics lead to a 

slight and reversible impact on the microphytobenthic community.  

 

5. Conclusions 

 

Our data showed that mussel farming influences both the abundance and species 

composition of the benthic diatom assemblages. While the same diatom genera and species 

occurred in all four areas, their relative abundance varied considerably according to the degree 

of impact. Especially in summer, a structurally different community was selected under the 

twenty-year farm, which was particularly evident at the genus level. At the species level, 

diatoms with different relative abundances developed in the disused farm compared to the still 

working farms. The microphytobenthic community compositions at the disused and reference 

sites were more alike, suggesting that the disused farm represented a transitional phase 

between the active farms and the control. As a consequence the impact of mussel farming on 

MPB seems to be at least partially reversible. Moreover, although the surface organic-rich 

sediments under the mussel farms could be resuspended and dispersed over a vast area due to 

stochastic events, the organic enrichment due to mussel biodeposition could enhance the 

otherwise low phytoplankton productivity since the trophic state of the Gulf of Trieste has 

shown a progressive lowering in the last two decades (Fonda Umani et al., 2004; Mozetič et 

al., 2010).  

Considering that the degree of impact due to mussel farming is case by case dependent 

(Danovaro et al. 2004), our data suggest that long-line mussel farming, as it is managed in the 

Gulf of Trieste, has not a severe impact on the benthic domain since the removal of the 

activity gradually leads to a natural recovery.  
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Tables  

Table 1. Mean values and standard deviation (SD) of sand and the main chemical parameters 

in the four areas. BPC = Biopolymeric Carbon; TOC = Total Organic Carbon; TN = Total 

Nitrogen; Chl a = Chlorophyll a; Phaeo = Phaeopigments. 

 

September 2008 20-year farm 4-year farm Disused farm Control site 

Sand 6.0 ± 4.5% 4.5 ± 3.2% 9.9 ± 4.8% 2.4 ± 1.1% 

BPC (µg C g dry 
-1) 

2649.2 ± 

710.7 2474.7 ± 400.2 2218.2 ± 377.1 2126.4 ± 318.1 

TOC (mg g dry 
-1) 13.0 ± 1.0 12.2 ± 0.9  11.4 ± 1.2  10.8 ± 1.1  

TN (mg g dry 
-1) 2.0 ± 0.2 2.0 ± 0.1 1.8 ± 0.1 1.6 ± 0.1 

Chl a (µg g-1) 8.5 ± 3.1 5.7 ± 2.5 5.7 ± 1.6 7.5 ± 3.7 

Phaeo (µg g-1) 34.9 ± 6.8 37.6 ± 4.5 26.1 ± 2.6 24.5 ± 5.7 

     

March 2009 20-year farm 4-year farm Disused farm Control site 

Sand 6.5 ± 2.0%  4.1 ± 1.9% 13.7 ± 3.8% 5.0 ± 2.8% 

BPC (µg C g dry 
-1) 

2620.5 ± 

460.0 2843.1 ± 682.3 2406.2 ± 576.3 2048.6 ± 378.1 

TOC (mg g dry 
-1) 14.6 ± 0.7 13.1 ± 0.5 11.7 ± 1.4 11.5 ± 0.8 

TN (mg g dry 
-1) 2.1 ± 0.1 2.0 ± 0.1 1.6 ± 0.3 1.6 ± 0.1 

Chl a (µg g-1) 10.8 ± 2.9 9.1 ± 2.1 9.7 ± 2.3 11.8 ± 3.7 

Phaeo (µg g-1) 49.9 ± 6.1 43.1 ± 4.5 31.2 ± 9.1 27.7 ± 2.0 
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Table 2. Kruskall-Wallis H values among the four areas for the tested benthic variables. BPC 

= Biopolymeric Carbon; TOC = Total Organic Carbon; TN = Total Nitrogen; Chl a = 

Chlorophyll a.*** p<0.001; ** p<0.01; * p<0.05; n.s. = not significant. 

 

 September 2008 March 2009 

 H H 

Sand 26.833*** 35.228*** 

TOC 25.135*** 39.897*** 

TN 45.7145*** 36.211*** 

BPC 8.12* 13.346** 

Chl a 8.838* n.s. 

Phaeopigments 34.520*** 39.431*** 

Benthic diatoms n.s. 21.381*** 

Gyrosigma 14.022* 12.963** 

Navicula N.S. 18.893*** 

Nitzschia 8.786* n.s. 
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Table 3. Post-hoc comparisons (z-values) of mean ranks of all pairs of groups (areas). BPC = 

Biopolymeric Carbon; TOC = Total Organic Carbon; TN = Total Nitrogen; Chl a = 

Chlorophyll a.*** p<0.001; ** p<0.01; * p<0.05; n.s. = not significant. 

  

September 

2008 

Area 1 vs Area 

2 

Area 1 vs Area 

3 

Area 1 vs Area 

4 

Area 2 vs Area 

3 

Area 2 vs Area 

4 

Area 3 vs Area 

4 

Sand n.s. n.s. 2.823* 3.053* n.s. 5.123*** 

BPC n.s. n.s. n.s. n.s. n.s. n.s. 

TOC n.s. 3.387** 4.725*** n.s. 2.990* n.s. 

TN n.s. 3.304** 5.844*** 2.938* 5.478*** n.s. 

Chl a 2.687* n.s. n.s. n.s. n.s. n.s. 

Phaeopigments n.s. 3.481** 3.805*** 4.391*** 4.715*** n.s. 

Benthic diatoms  n.s. n.s. n.s. n.s. n.s. n.s. 

Gyrosigma 3.016* n.s. 3.392** n.s. n.s. n.s. 

Navicula n.s. n.s. n.s. n.s. n.s. n.s. 

Nitzschia n.s. n.s. n.s. 2.953* n.s. n.s. 

       

March 2009 Area 1 vs Area 

2 

Area 1 vs Area 

3 

Area 1 vs Area 

4 

Area 2 vs Area 

3 

Area 2 vs Area 

4 

Area 3 vs Area 

4 

Sand n.s. 2.854* n.s. 5.363*** n.s. 4.809*** 

BPC n.s. n.s. 2.77* n.s. 3.398** n.s. 

TOC 2.729* 5.143*** 5.614*** n.s. 2.885* n.s. 

TN n.s. 3.722** 5.457*** n.s. 4.244*** n.s. 

Chl a n.s. n.s. n.s. n.s. n.s. n.s. 

Phaeopigments n.s. 4.663*** 5.457*** 3.053* 3.847*** n.s. 

Benthic diatoms n.s. 4.02*** 3.544** 2.676* n.s. n.s. 

Gyrosigma n.s. 2.938* n.s. 3.168** n.s. n.s. 

Navicula n.s. 3.68** 2.953* 3.037* n.s. n.s. 

Nitzschia n.s. n.s. n.s. n.s. n.s. n.s. 
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Table 4. Mean abundances (ABU), standard deviation (SD) and relative abundance (RA) of 

the main benthic diatom genera calculated in the four areas. 

 

September 2008 ABU ± SD RA March 2009 ABU ± SD RA 

20-year farm 103 cell cm-3 % 20-year farm 103 cell cm-3 % 

Gyrosigma  13.28 ± 11.67 31.2 Navicula  21.10 ± 6.07 29.2 

Navicula  11.28 ± 5.91 26.5 Nitzschia  10.50 ± 4.96 14.5 

Nitzschia  7.40 ± 4.65 17.4 Gyrosigma 10.32 ± 4.47 14.3 

Paralia  2.34 ± 2.50 5.5 Cylindrotheca  6.24 ± 3.52 8.6 

Bacillaria  1.70 ± 2.21 4.0 Paralia 2.88 ± 2.77 4.0 

Psammodictyon  0.50 ± 0.42 1.2 Diploneis 2.26 ± 2.11 3.1 

Amphora 0.28 ± 0.40 0.7 Entomoneis 2.06 ± 1.32 2.8 

4-year farm   4-year farm   

Navicula  10.88 ± 3.76 33.3 Navicula  19.16 ± 4.78 31.2 

Nitzschia  5.20 ± 2.79 15.9 Nitzschia  11.70 ± 3.02 19.1 

Gyrosigma  3.40 ± 2.28 10.4 Gyrosigma 10.42 ± 4.16 17.0 

Paralia  2.86 ± 2.33 8.7 Cylindrotheca  6.36 ± 3.09 10.4 

Psammodictyon  0.64 ± 0.42 2.0 Paralia 2.04 ± 1.57 3.3 

Diploneis 0.60 ± 1.05 1.8 Entomoneis 1.54 ± 0.77 2.5 

Amphora 0.58 ± 0.38 1.8 Synedra 0.70 ± 0.66 1.1 

Disused farm   Disused farm   

Navicula  11.02 ± 4.54 26.4 Nitzschia  12.76 ± 4.23 27.9 

Nitzschia  9.36 ± 4.52 22.4 Navicula  12.22 ± 5.68 26.7 

Gyrosigma  5.12 ± 3.78 12.2 Gyrosigma 6.12 ± 2.98 13.4 

Bacillaria  2.34 ± 4.65 5.6 Bacillaria 2.12 ± 3.33 4.6 

Paralia  1.10 ± 0.82 2.6 Paralia 1.96 ± 2.27 4.3 

Diploneis  0.98 ± 0.77 2.3 Cylindrotheca  0.96 ± 1.00 2.1 

Amphora 0.84 ± 0.56 2.0 Synedra 0.80 ± 0.70 1.7 

Control site   Control site   

Navicula  8.88 ± 4.26 29.2 Navicula  14.34 ± 4.50 28.6 

Nitzschia  6.88 ± 3.53 22.6 Nitzschia  12.92 ± 3.84 25.8 

Gyrosigma  3.00 ± 1.67 9.9 Gyrosigma 7.74 ± 2.45 15.5 

Bacillaria  1.14 ± 1.69 3.8 Cylindrotheca  3.24 ± 2.00 6.5 

Synedra  1.04 ± 1.70 3.4 Paralia 1.24 ± 1.46 2.5 

Paralia 1.00 ± 1.46 3.3 Entomoneis 0.74 ± 0.39 1.5 

Amphora 0.62 ± 0.50 2.0 Surirella 0.58 ± 0.47 1.2 
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Table 5. Mean abundances (ABU), standard deviation (SD), range and relative abundance 

(RA) of the main benthic diatom species calculated in the four areas. N. lorenziana = Nitzschia 

lorenziana; N. tryblionella = Nitzschia tryblionella. 

September 2008 ABU ± SD 

Range 

 min-max RA March 2009 ABU ± SD 

Range  

min-max RA 

20-year farm 103 cells cm-3 % 20-year farm 103 cells cm-3 % 

Gyrosigma fasciola 4.98 ± 5.98 0-17.40 11.7 Cylindrotheca closterium 6.18 ± 3.49 0-13.20 8.5 

Gyrosigma macrum 3.18 ± 3.21 0-10.80 7.5 Gyrosigma fasciola 3.66 ± 2.60 0.30-9.60 5.1 

Gyrosigma spencerii 2.98 ± 2.32 0.30-9.90 7.0 Paralia sulcata 2.88 ± 2.77 0-9.90 4.0 

Nitzschia sigma 2.38 ± 2.25 0.30-7.80 5.6 Gyrosigma macrum 2.54 ± 1.80 0-7.50 3.5 

Paralia sulcata 2.34 ± 2.50 0-8.10 5.5 Gyrosigma spencerii 2.28 ± 1.87 0.90-8.40 3.0 

Bacillaria paxillifer 1.70 ± 2.21 0-8.40 4.0 Entomoneis alata 2.08 ± 1.33 0.30-5.70 2.8 

Gyrosigma acuminatum 0.92 ± 1.46 0-3.90 2.2 Nitzschia fasciculata 1.86 ± 1.56 0.30-6.30 2.6 

Nitzschia tryblionella 0.86 ± 0.60 0-2.10 2.0 Diploneis ovalis 1.50 ± 1.77 0-5.70 1.5 

4-year farm      4-year farm      

Paralia sulcata 2.86 ± 2.33 0-9.00 8.7 Cylindrotheca closterium 6.36 ± 3.09 2.40-11.40 10.4 

Gyrosigma spencerii 1.60 ± 1.29 0-4.20 4.9 Gyrosigma fasciola 4.82 ± 2.92 1.50-11.10 7.9 

N. lorenziana var. densestriata 0.74 ± 0.59 0-2.10 2.3 Gyrosigma macrum 3.10 ± 1.60 0.60-6.60 5.0 

Nitzschia fasciculata 0.66 ± 1.39 0-5.40 2.0 Paralia sulcata 2.04 ± 1.57 0-6.60 3.3 

Psammodictyon panduriforme 0.62 ± 0.42 0-1.50 1.9 Nitzschia fasciculata 1.96 ± 1.44 0.30-5.70 3.2 

Gyrosigma fasciola 0.60 ± 0.52 0-1.80 1.8 Gyrosigma spencerii 1.74 ± 1.09 0-4.20 2.8 

Nitzschia tryblionella 0.54 ± 0.44 0-1.20 1.7 Entomoneis alata 1.54 ± 0.77 0.60-3.00 2.5 

Gyrosigma macrum 0.46 ± 0.34 0-0.90 1.4 Nitzschia cfr. longissima 1.44 ± 0.97 0.30-3.00 2.3 

Disused farm      Disused farm      

Bacillaria paxillifer 2.34 ± 4.65 0-18.30 5.6 Nitzschia fasciculata 3.84 ± 1.94 0.30-8.10 8.3 

Gyrosigma macrum 2.00 ± 1.83 0-6.90 4.8 Gyrosigma spencerii 2.32 ± 1.64 0.30-6.30 5.0 

Gyrosigma acuminatum 1.24 ± 1.35 0-4.80 3.0 Bacillaria paxillifer 2.12 ± 3.33 0-12.00 4.6 

Paralia sulcata 1.10 ± 0.82 0-2.70 2.6 Nitzschia lorenziana 2.00 ± 1.93 0-6.60 4.3 

N. lorenziana var. densestriata 1.06 ± 0.54 0-1.80 2.5 Paralia sulcata 1.96 ± 2.27 0-6.30 4.3 

Gyrosigma spencerii 1.04 ± 1.13 0-4.50 2.5 Gyrosigma acuminatum 1.32 ± 0.74 0-2.10 2.9 

N. tryblionella var. littoralis 0.96 ± 0.78 0-3.00 2.3 Cylindrotheca closterium 0.94 ± 1.00 0-3.30 2.0 

Nitzschia tryblionella 0.86 ± 0.66 0-2.40 2.1 Gyrosigma fasciola 0.90 ± 0.82 0-3.00 2.0 

Control site      Control site      

Nitzschia fasciculata 1.34 ± 0.73 0-2.70 4.4 Nitzschia fasciculata 3.32 ± 1.73 0.90-6.90 6.6 

Bacillaria paxillifer 1.14 ± 1.69 0-4.80 3.8 Cylindrotheca closterium 3.24 ± 2.00 0.60-7.80 6.5 

Gyrosigma spencerii 1.04 ± 0.96 0-3.30 3.4 Gyrosigma spencerii 2.30 ± 1.38 0.30-3.90 4.6 

Paralia sulcata 1.00 ± 1.46 0-4.50 3.3 Gyrosigma macrum 1.66 ± 1.07 0.60-4.20 3.3 

Synedra cfr. pelagica 0.94 ± 1.73 0-6.90 3.1 Gyrosigma acuminatum 1.48 ± 0.93 0-3.60 3.0 

Nitzschia sigma 0.76 ± 0.91 0-3.60 2.5 Gyrosigma fasciola 1.22 ± 0.90 0-3.00 2.4 

Gyrosigma macrum 0.74 ± 0.72 0-2.40 2.4 Nitzschia lorenziana 1.14 ± 0.70 0.30-2.10 2.3 

Nitzschia tryblionella 0.72 ± 0.60 0-1.80 2.4 Paralia sulcata 1.12 ± 1.38 0-4.20 2.2 
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Table 6. Univariate diversity indices calculated in each area. Number of taxa (S), mean 

abundance (N), richness (d), equitability (J’), diversity (H’) and dominance (λ). 

 

September 2008   richness equitability diversity dominance 

 S N d J' H'(loge) λ 

Twenty-year farm 21 39220 1.931 0.832 2.526 0.110 

Four-year farm 20 26300 1.902 0.831 2.482 0.123 

Disused farm 25 33440 2.334 0.853 2.740 0.099 

Control site 22 24760 2.074 0.864 2.643 0.105 

       

March 2009   richness equitability diversity dominance 

 S N d J' H'(loge) λ 

Twenty-year farm 29 60660 2.541 0.833 2.796 0.088 

Four-year farm 25 55120 2.189 0.837 2.682 0.091 

Disused farm 27 41100 2.415 0.846 2.757 0.089 

Control site 25 43780 2.266 0.840 2.702 0.092 
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Figures  

 

 

 

Fig. 1. Location of the 4 investigated areas in the Gulf of Trieste. Area 1 = twenty year 

working farm; area 2 = four year working farm; area 3 = disused farm; area 4 = control site. 
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Fig. 2. Cluster analysis on the basis of samplings in (a) September and (b) March. The 

complete linkage was applied. 
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Fig. 3. PCA ordination diagram of September sampling based on the selected variables (a). 

Scatter diagram plotting factors 1 and 2 of sampling stations (b). 
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Fig. 4. PCA ordination diagram of March sampling based on the selected variables (a). Scatter 

diagram plotting factors 1 and 2 of sampling stations (b). 
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Abstract 

Microphytobenthos, meiofauna and macrofauna subjected to multiple anthropogenic 

impacts have been synoptically investigated at different depths in front of the Emilia-Romagna 

coast (northern Adriatic). The variability of the sediment grain size and of the chemical 

parameters suggest the presence of two distinct environmental contexts within different 

benthic communities develop. At the inshore stations (depth <20 m) the higher sand 

percentages and the maxima of dissolved inorganic nitrogen suggest the presence of 

hydrodynamic perturbations and the influence of nutrient loads of terrestrial origin. This was 

confirmed in September, when the nutrient loving diatom Gyrosigma was abundant at the 

coastal stations. Both meio- and macrofaunal communities were poorly structured with the 

dominance of opportunistic organisms, such as nematodes and Corbula gibba. Offshore sites 

(depth >20 m) had muddier sediments, which likely exerted a greater retention of sediment-

bound organic matter. These conditions seemed to favour benthic deposit feeders as meio- and 

macrofaunal annelids. The presence of sensitive taxa such as meiofaunal copepods allowed the 

exclusion of severe conditions including hypoxia. Although the three benthic communities 

seemed, to some extent, to be influenced by multiple stressors, the co-existence of sensitive 

species (such as Ampelisca) with opportunistic ones (such as  C. gibba) suggests that the 

benthic domain is not severely impacted.  

 

 

1. Introduction 

Coastal zones are intensively populated worldwide. Today, approximately half of the 

world’s population lives within 200 kilometres of a coastline, and this trend is likely to double 

by 2025 (Creel, 2003). As a consequence, several anthropogenic activities are concentrated 

along the coast, resulting in multiple impacts on both terrestrial and marine environments. The 

biota are chronically exposed to several diffuse stressors making monitoring programs by local 

authorities indispensable. In the Adriatic Sea, the densely populated Emilia-Romagna coast 

hosts various  human activities such as fishing, tourism, shellfish farming, maritime transport 

and the presence of platforms for gas extraction. The area is further influenced by the Po 

River, the most important freshwater input of the Adriatic Sea, and other secondary 

watercourses that contribute to significant inputs of nutrients, of either natural and human 

origin, to the sea. Thus, the benthic domain along the Emilia-Romagna coast is likely 

subjected to a wide spectrum of stressors all affecting local benthic communities. The Po 

River, in particular, carries the effluents of about 16 million residents and flows through the 
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intensively cultivated Po plain (Occhipinti-Ambrogi et al., 2002 and references therein), 

thereby representing the main source of sediments, nutrients and pollutants. These are spread 

over a vast area due to the dominant cyclonic circulation, which causes a southward nutrient 

flow along the western coast of the Adriatic Sea (Danovaro et al., 2000). During the 80s, the 

increased nutrient inflow from the Po River caused acute events ascribable to the 

eutrophication as red tides, extensive mucus aggregates, anoxic bottom conditions and mass 

mortalities of benthic animals (Crema et al., 1991 and references therein). Nevertheless, in last 

decade, the frequency of such events decreased likely due to the reduction of river nutrient 

loads, phosphates in particular. Consequently, in the northern Adriatic Sea, the general pattern 

seems to switch from the eutrophic situation of the 80s towards oligotrophication (Mozetič et 

al., 2010). 

In the benthic domain, microphytobenthos (MPB), meiofauna and macrofauna are 

closely linked by numerous types of interactions, which contribute to the complexity of the 

benthic food web. MPB constitute the only autochthonous source of primary production on 

non-vegetated sediments of shallow marine areas (Larson and Sundbäck, 2008 and references 

therein). Consequently, as principal oxygen producers, they allow the aerobic degradation of 

both autochthonous and settled organic matter. Moreover, MPB play a key role in the carbon 

cycle in littoral environments as producers of new organic matter that can enter the benthic 

and pelagic trophic webs (Barranguet, 1997). This community may also regulate nutrient 

fluxes by acting as a filter: in light conditions, photosynthetically active microalgae could 

uptake inorganic nutrients from the sediment pore water, reducing the efflux towards the 

overlying water (Sundbäck et al., 1991). Meiofauna play a paramount ecological role within 

the benthic domain, because they represent the link between organic detritus and higher 

trophic levels (Balsamo et al., 2010 and references therein). Most meiofaunal organisms are 

deposit feeders, but many of them are also diatom-grazers and bacterivores (Balsamo et al., 

2010). In addition, some organisms, preying upon juvenile macrofauna, exert a bottom-up 

mechanism, controlling both the structure and the composition of the macrofaunal community 

(the bottleneck hypothesis, Danovaro et al., 1995). In turn, meiofaunal organisms are 

intensively exposed to predation pressure by several small macrobenthic animals such as small 

shrimps, crabs, polychaetes, ophiuroids, and juvenile fishes (Balsamo et al., 2010 and 

references therein). Sediment bioturbation due to both meio- and macrofauna enhances oxygen 

diffusion rates favouring aerobic degradation of organic matter by prokaryotes (Zonneveld et 

al., 2010). Benthic communities at different food-web levels can be suitable for investigating 

and characterising the habitat where they develop. In the field, these three communities are 
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simultaneously exposed to several environmental stressors that may modify each community 

in direct and indirect ways. Directly, by altering their abundances and species composition and 

indirectly, by inducing further changes at other trophic levels, e.g. modifying predator-prey 

relationships or altering some processes (such as primary production and respiration). 

Although the three communities have different ecological roles in marine ecosystem 

functioning, they are all useful for bio-monitoring purposes. In fact, in the marine realm the 

benthos constitutes the most effective tool for assessing the state of the environment. This is 

because, remaining in place, it reacts synergistically to both natural and anthropogenic 

stressors without any escape possibility. Changes in the structure of benthic communities, e.g. 

composition of species, replacements, eliminations, diversity and abundance alterations 

provide a proper idea of the recent history of environmental events affecting the area (Solis-

Weiss et al., 2001). The use of macrofauna as a collective indicator of altered marine 

ecosystem functioning has a long and established tradition, but recently the importance of 

meiofauna (Kennedy and Jacoby, 1999) and MPB (Cibic and Blasutto, 2011) has been 

recognised.  

The simultaneous use of meiofauna and macrofauna allows faster and more accurate 

evaluation of the response of coastal marine systems to anthropogenic disturbances (Balsamo 

et al., 2010). Moreover, it is evident that the benthic response to changes in environmental 

conditions can be better understood by extending the analyses to the whole benthic size 

spectrum (Semprucci et al., 2010 and references therein). While several authors considered 

benthic prokaryotes (Semprucci et al., 2010) or foraminifera (Frontalini et al., 2011) in 

addition to meio- and macrofauna, to our knowledge, MPB have been completely neglected 

despite their central ecological role. Moreover synoptic studies, in which several benthic 

components are considered at the same time, are rather scarce along Mediterranean coasts, 

probably due to the high costs implied.  

In view of the general paucity of integrated information on benthic communities in the 

Adriatic Sea, and given the vulnerability of this particular coastal system, a survey on MPB, 

meio- and macrofauna was carried out synoptically along the Emilia-Romagna coastline 

(northern Adriatic Sea). This investigation is one of the first attempts to describe the structure 

and the composition of both the main autotrophic and heterotrophic counterparts of the benthic 

domain in a coastal area that has been scarcely investigated, particularly for MPB (Cibic and 

Facca, 2012). The aim of the present study is to answer the following questions: 1) What are 

the spatial distribution patterns of MPB, meiofauna and macrofauna along a depth gradient? 2) 

Is there an indication of possible disturbance factors affecting the benthic domain?  
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2. Materials and methods 

 

2.1. Study site 

The northern Adriatic Sea is the northernmost region of the Mediterranean Sea, 

bounded by the Italian peninsula to the West and by the Balkans to the East. It is a shallow 

sub-basin of the Adriatic and its southern open boundary is arbitrarily taken as at 100-m 

isobath, approximately located at 43° 20’ North. The northern and western coasts are generally 

sandy, and the nearby land is flat. In contrast, the eastern coast is rugged and mountainous, 

including numerous islands, inlets, bays and coves (Poulain et al., 2001). Northern Adriatic 

hydrology is influenced by several forcings as winds and river runoffs. The dominant winds 

are the Bora, a north-easterly, cold and dry wind, mostly occurring in the winter, and the 

Scirocco, a warm and humid wind blowing from the Southeast along the axis of the Adriatic 

basin. Freshwater is discharged into the northern Adriatic from major rivers along the North 

and Northwest coasts. The Po River represents the major input of nutrient-rich waters, 

accounting for about one third of the total riverine freshwater input in the Adriatic with 

weekly, seasonal and inter-annual variability (Poulain et al., 2001 and references therein). 

River water discharge generally forms a coastal layer that flows cyclonically around the basin. 

Since the Po River is the main source of this water, the coastal layer is predominantly South of 

the Po River delta, where it is named the WCL (Western Coastal Layer). It is associated with a 

strong near-surface current (the WAC), which flushes the nutrient-rich water out of the 

northern Adriatic along the Italian coast. The Po River can extend into the northern Adriatic 

interior, where it forms the Po plume. This plume, characterised by relatively fresh and 

mesotrophic waters, spreads over the entire northern sub-basin as a thin surface layer in 

summer. In contrast, the plume is reduced in winter and more water flows directly southward 

as the WAC along the Italian coast. During the winter, the water column is also generally 

homogenised and the minimum sea surface temperature (SST) is about 8°C (off the River Po 

delta). Conversely, in summer the water column is vertically stratified with a thermocline 5-10 

m deep and surface temperatures of 23-25°C along the Italian coast (Poulain et al., 2001 and 

references therein).  

Fluvial inflows to the Adriatic have shaped the sea floor morphology over a geological 

timescale. The sedimentation pattern matches the hydrodynamic circulation (Tomadin et al., 

2000; Ravaioli et al., 2003). It consists of a narrow strip of recent sands along the coast 
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followed by a broad belt of muddy sediments. Going offshore, there is a transitional muddy 

zone characterised by a gradual increase in the fraction of sand, which becomes dominant  in a 

wide open sandy shelf area with little or no recent sedimentation (known as “relict sands”) 

(Colantoni et al., 1985). Although the northern Adriatic shelf is a relatively low-energy 

environment with small tidal ranges and wave heights, after flood events, ephemeral deposits 

of sediments are generated and subsequently remobilized by waves to form dense flows 

(Traykovski et al., 2007). The sediments travel southwards in a series of wind-induced 

resuspension events promoted by the Bora and Scirocco winds (Fain et al., 2007). The main 

sources of biogenic elements are autochthonous (plankton) or allochthonous (atmospheric 

inputs and organic matter derived from soil and transported by rivers).  

The investigated area is located in front of the Emilia-Romagna coast, which has 

several anthropogenic activities, such as the presence of offshore gas platforms (Manoukian et 

al., 2010), sand extraction for beach replenishment (Simonini et al., 2007) and the dumping of 

harbour-dredged materials (Simonini et al., 2005b). 

 

2.2. Sampling 

The study was carried out in September 2010 and March 2011 in a coastal area 

between Rimini and Pesaro at depths from 13.5 m to 50.5 m. To characterise both the spatial 

and temporal variability of chemical, biological and physical parameters in the sediment, a 10-

point-station grid was defined (Fig. 1). The shallow St. C01 was located 5.5 km (2.7 nmi) from 

the coast, while St. B02, C02 and D02 were, on average, 14.4 km (7.4 nmi) offshore. St. B03, 

C03, D03 were 20.8 km (10.7 nmi) from the coast and St. B04, C04, D04 were located, on 

average, 27.0 km (13.8 nmi) offshore.  

For logistical reasons, sediment samples for chemical and biological data were 

collected within a 15-day period during the September campaign and within a 20-day period in 

March. For grain size, chemical parameters and pigments, virtually undisturbed sediment 

cores were collected by a KC Haps bottom corer (KC-Denmark, Silkeborg, Denmark) using 

Plexiglas sample tubes (16 cm i.d; 30 cm length). Sediment cores were partially extruded in a 

N2-filled chamber and the oxic layer (0-1 cm) was collected and homogenised. For dissolved 

nutrients analysis, pore waters were extracted from surface sediments by centrifugation (3500 

rpm, 40 min Hereaous Omnifuge 2000 RS) at in situ temperatures, subsequently recovered 

under a N2 atmosphere and filtered through 0.45 µm pore cellulose acetate filters. For MPB 

and meiofauna, sediment was collected using a Box Corer (25 cm height; 17x10 cm of 

sampling area). Sediment cores were subsampled for meiofauna using cut-off plastic syringes 
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(2.7 cm i.d., length 11.4 cm) in three replicates at each station, and the remaining oxic layer 

was collected for microphytobenthic analyses. Macrofauna were sampled in three replicates 

per station using a Van Veen grab with a 0.1 m2 sampling area. Seawater temperatures along 

the water column, salinity, density and depth values were measured using a Seabird 19 Plus 

Seacat probe. 

 

2.3. Sediment grain size, chemical parameters and pigments 

For grain size analysis, aliquots of sediment (10-15 g) were collected at all stations. 

Small pebbles and shell fragments were separated from sand and mud fractions by sieving at 2 

mm. Each sample was disaggregated and the organic matter oxidized using 10% hydrogen 

peroxide (Carlo Erba, Rodano, Italy) at 60°C for 24 h. The analyses were performed using a 

Malvern Mastersizer 2000 equipped with Hydro 2000s (Malvern Instruments Ltd., Malvern, 

UK). Data are expressed as percentages of sand, silt and clay. 

For Total Organic Carbon (TOC) and Total Nitrogen (TN) analyses, sediment was 

freeze-dried and grounded using a mortar, then a pestle and the fraction >250 µm was 

separated from the rest of the sample. Triplicate subsamples of about 8-12 mg were weighed 

directly in a capsule (5x9 mm) on a microultrabalance Perkin Elmer mod. AD-4 (accuracy of 

0.1 µg). For TOC and TN analyses, silver capsules and tin capsules were used, respectively. 

Before the TOC determination subsamples were treated with increasing concentrations of HCl 

(0.1N and 1N) to remove carbonates (Nieuwenhuize et al., 1994). Carbon and nitrogen content 

were determined using a CHNO-S elemental analyzer mod. ECS 4010 (Costech, Italy) 

according to the methods of Pella and Colombo (1973) and Sharp (1974). Capsule blanks were 

analysed and subtracted. The precision of the analysis was about 3%. The C and N contents in 

the samples are expressed as mg C g-1 dry mass and mg N g-1 dry mass. 

Dissolved inorganic nutrient concentrations (nitrite, NO2¯ ; nitrate, NO3¯ ; ammonium, 

NH4
+; phosphate, PO4

3-; silicate, SiO3
2-) were analysed in the extracted pore water by a flow-

injection spectrophotometric method (Grasshoff et al., 1983). Analyses were performed at 

room temperature on a five-channel Bran+Luebbe Autoanalyzer 3 Continuous Flow Analyzer 

(Bran+Luebbe, Norderstedt, Germany), using standard procedures. Performance of the system 

was checked before and after sample analysis by running replicates of internal standards. The 

precision of the analysis was 3%. 

Pigments were extracted overnight (4°C, 90% acetone) from 0.7-0.9 g of wet sediment. 

After centrifugation (2500 rpm, 20 min), the extract was analysed spectrofluorometrically 

following the procedures described by Lorenzen and Jeffrey (1980). The measurements were 
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performed before (chl a, µg g-1) and after (phaeopigments, µg g-1) acidification, with 2 drops 

of 1 N HCl, using a JASCO FP 6500 spectrofluorometer (450 nm excitement and 665 nm 

emission wavelengths), previously calibrated with a chlorophyll a solution (Spinach, Sigma). 

 

2.4. Microphytobenthos 

For MPB, aliquots of 2 cm3 of surface sediment were withdrawn using a syringe and 

directly fixed with 10 ml of formaldehyde (4% concentration) buffered solution CaMg(CO3)2 

(Carlo Erba, Rodano, Italy), in pre-filtered bottom seawater (0.2 µm filters) (Schleicher & 

Schuell, Dassel, Germany). After manual stirring, 20 µl aliquots of the sediment suspension 

were drawn off from the slurries and placed in a counting chamber (Thalassia, Trieste, Italy). 

Only cells containing pigments and not empty frustules were counted under a Leitz inverted 

light microscope (Leica Microsystems AG, Wetzlar, Germany) (Utermöhl, 1958) at 320X 

final magnification. The abundance was expressed as cells cm-3. The microalgal taxonomy 

was based on Round et al. (1992), Cibic and Facca (2010) and the AlgaeBase website 

(http://www.algaebase.org/). The qualitative identification of microphytobenthic assemblages 

was carried out to the genus and, when possible, to the species level using floras of Van 

Heurck (1899), Hendey (1976), Germain (1981), Dexing et al. (1985), Ricard (1987), Tomas 

(1997) and Witkowski (2000). 

 

2.5. Meiofauna  

 For the study of the meiofauna, 3 replicate cores were taken down to the depth of 10 

cm. The sediment was fixed with 4% neutralized formaldehyde and stained with Rose Bengal 

1‰ (VWR Prolabo). Sediment samples were sieved through 1000-38 µm mesh nets to retain 

even the smaller meiofaunal organisms. The extraction of meiofaunal organisms from the 

sediment was performed by three times centrifugation with Ludox AM 30 (Sigma-Aldrich) 

(density 1.18 g cm-3) as described by Danovaro et al. (2004). The meiofauna were counted and 

identified under a stereomicroscope with a final magnification of 40 or 80X at the major taxa 

level according to Higgins and Thiel (1988); the meiofaunal density of the main taxa was 

expressed as number of individuals per 10 cm2 (Higgins and Thiel, 1988). 

 

2.6. Macrofauna 

Following Castelli et al. (2004), sediment was sieved through 1000 µm mesh to retain 

the fraction of macrozoobenthic organisms and immediately frozen at –20°C on board. After 

defrosting, organisms were separated from sediment by tweezers, divided according to their 
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main taxonomical groups (molluscs, annelids, amphipods, etc.) and preserved in a Borax 

buffered solution of 4% formaldehyde (Carlo Erba Reagents). All the animals were identified 

to the lowest possible taxonomical level using a stereomicroscope at 7-40X final 

magnification and counted. For the identification of organisms, the taxonomical keys listed in 

Morri et al. (2004), were used. The abundance was expressed as number of individuals per m2.  

 

2.7. Statistical analyses 

Descriptive statistics was performed on the microphytobenthic, meiobenthic and 

macrobenthic communities in order to calculate the Relative Abundance (RA) of the main 

taxa. 

For univariate diversity analysis, the PRIMER software V.5 (PRIMER-E Ldt, 

Plymouth, UK) was used. Univariate diversity analysis was applied to absolute abundances of 

benthic diatoms, meiofauna and macrofauna considering richness (d, Margalef, 1986), 

diversity (H’, Shannon and Weaver, 1949) and dominance (λ, Simpson, 1949).  

For performing further statistical analysis, a data matrix was created for each period 

using the main abiotic parameters (depth, percentage of sand, Chl a, phaeopigments, DIN, 

PO4
3- and TOC), the four most abundant taxa of diatoms (Gyrosigma, Paralia and Navicula in 

both periods with, in addition, Nitzschia in September and Diploneis in March) and the four 

dominant groups of meiofauna (Nematoda, Copepoda, Polychaeta and Kinorhyncha) and 

macrofauna (Bivalvia, Amphipoda, Gastropoda and Polychaeta). Since in March the chemical 

data from St. C02 were not available, this sampling station was excluded from the data matrix. 

An additive logarithmic transformation log(1+X) was performed prior to statistical analysis to 

remove the effects of orders of magnitude differences between variables, to normalize the data 

and to increase the importance of smaller values such as the mid-range fauna (Frontalini et al., 

2011 and references therein). To highlight interactions between biotic and abiotic variables a 

Spearman’s rank correlation analysis (R) was performed using STATISTICA 7 (p<0.05; 

p<0.01; p<0.001). Only statistically significant data are presented. 

Principal Component Analysis (PCA) was carried out on environmental data of the 

matrix in order to visualise the trends of main abiotic variables. The biotic components were 

projected on the factor plane as additional variables without contributing to the results of the 

analysis. This can provide an insight into the possible influence of the environmental variables 

upon each benthic group (STATISTICA 7).  
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3. Results 

3.1. Environmental variables 

In the study area depth ranged between ~14 m and ~50 m at St. C01 and St. D04, 

respectively. This latter station had depths comparable with those of St. B04 and C04. St. B02, 

C02 and D02 were ~20 m, while St. B03, C03 and D03 were ~30 m. In September, bottom 

temperatures varied from 11.9 °C (St. C04) to 23.4 °C (St. C01), with higher values at the 

coastal stations and colder conditions at the deeper ones. By contrast, in March, bottom 

temperatures were quite homogeneous within the entire 10-point station grid, with values of 

~10 °C at all stations. 

The uppermost sediment layer was mainly characterised by the mud fraction (as the 

sum of silt and clay percentages) at all stations during both periods of the study (Table 1). In 

September, a lower percentage of mud was observed near the coast, especially at St. C01, 

where the minimum was reached (55.2%). At the offshore stations, muddier sediments were 

found, particularly at St. B04, where the percentage of mud exceeded 98%. In March, overall 

similar grain-size features were observed with an increase of mud percentage from the 

shallower stations towards the open sea. In fact, surface mud fractions ranged from a 

minimum of 59.7% at St. D02 to a maximum of 98.5% at St. B04. According to the Shepard 

(1954) classification, the sediment was clayey silt at almost all stations, with the exception of 

St. C01 and St. D02 where it was sandy silt both in September and March. 

TOC contents varied between 1.71 mg C g-1 (St. C01) and 13.20 mg C g-1 (St. C03) in 

September and between 3.78 mg C g-1 (St. D02) and 12.06 mg C g-1 (St. B04) in March, while 

TN ranged from 0.14 mg N g-1 (St. C01) to 1.58 mg N g-1 (St. C03) and from 0.51 mg N g-1 

(St. D02) to 1.70 mg N g-1 (St. B04), respectively. For both parameters the coastal stations had 

lower values than those of the offshore ones, and were comparable in the two periods of the 

study. DIN (the sum of NH4
+, NO3

- and NO2
- concentrations) values measured in the pore 

water of the surface sediment varied between 24.89 µM (St. D04) and 107.97 µM (St. C02) in 

September and between 5.84 µM (St. D02) and 38.70 µM (St. B02) in March. A decreasing 

gradient was observed from the inshore stations towards the open sea during both periods. The 

pore water PO4
3- concentrations ranged from 0.80 µM (St. C02) to 1.63 µM (St. D04) in 

September and from 0.57 µM (St. C03) to 1.52 µM (St. D04) in March. Unlike DIN values, 

phosphate concentrations increased from the coast towards the open sea in both periods. The 

minima of SiO3
2- concentrations were observed inshore (51.88 µM at St. C01 in September; 

7.16 µM at St. D02 in March) while the maxima characterised the offshore sites (148.11 µM at 

St. C03 in September; 142.04 µM at St. B04 in March). In September, Chl a values ranged 
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from 0.29 µg g-1 (St. C01) to 2.62 µg g-1 (St. B02). With the exception of St. C01, the 

shallower stations had the highest concentrations, whereas offshore lower values were 

observed. Phaeopigments concentrations showed an opposite pattern with increasing values 

from the coast towards the open sea, with the minimum at St. C01 (3.68 µg g-1) and the 

maximum at St. B04 (23.24 µg g-1). In winter 2011, a clear pattern was not evidenced for 

either parameter. Chl a, in fact, varied between 0.53 µg g-1 (St. C03) and 2.61 µg g-1 (St. B04), 

while phaeopigments between 8.51 µg g-1 (St. C01) and 19.75 µg g-1 (St. B04) (Table 1).  

 

3.2. Microphytobenthos 

In September, microphytobenthic abundances ranged from 9900 ± 424 cells cm-3 at St. 

C01 to 86400 ± 16971 cells cm-3 at St. D02. Along each transect, higher values were recorded 

at the shallower stations (B02, C02 and D02, except for C01) than at the deeper ones. On the 

contrary, in March the absolute minimum was recorded at St. B02 (18900 ± 5515 cells cm-3), 

whereas the absolute maximum at St. C01 (111600 ± 23759 cells cm-3).  

In both periods, the microphytobenthic community was mainly composed of diatoms 

(Fig. 2 a, b). In September, Bacillariophyta constituted 45.5% of the whole microalgal 

community at St. C01, whereas their RA reached 96.2% at St. D02 (Fig. 2 a). Undetermined 

Phytoflagellates and resting cells (spores and cysts) were found in all the sampled sites, while 

Chlorophyceaea were observed only at St. D03 and Cyanophyceae only at St. C03 and D03. In 

March, RA of diatoms ranged from 66.7% at St. B02 to 94.6% at St. C01. Higher percentages 

of Phytoflagellates were observed at St. B04 (11.4%) and D03 (10.0%) whereas diatom spores 

were more numerous at St. B02, C02 and D03 (Fig. 2 b). 

Among diatoms, 17 genera were observed in September and 16 in March, taking into 

account all the sampled sites. In September, Paralia was the key genus of the study area, 

followed by Nitzschia, Navicula and Gyrosigma. In March, the planktonic genus Skeletonema 

was very abundant at St. C01 and, overall, its abundances were higher near the coast. Paralia 

was the second most abundant genus, followed by Navicula and Diploneis (Table 2). 

Paralia sulcata was the most abundant diatom species during September, with a 

maximum of 33600 cells cm-3 at St. C04. Rhopalodia gibba was found only at St. D02, C02 

and B02, specifically in those sites where the depth ranged from 18.8 and 20.8 m. Gyrosigma 

acuminatum and G. spencerii reached higher numbers near the coast. In March, the planktonic 

species Skeletonema costatum and the tychopelagic Paralia sulcata reached the highest 

abundances followed by the benthic species Diploneis bombus. The diatom community was 

more diverse in September than in March (Table 4). In September, major richness and 



 74 

diversity were obtained at St. D02 (d = 2.207; H’ = 2.782) corresponding to the highest 

number of taxa (S = 26). The highest dominance was calculated at St. C04 (λ = 0.770), and 

was due to the major abundance of Paralia sulcata whose RA reached 87.5% of the whole 

diatom community. In March, the highest diversity was recorded at St. B02 (H’ = 2.070), 

whereas the highest richness was obtained at St. D04 (d = 1.289). At St. C01, where 

Skeletonema costatum accounted for 94.3% of the observed diatoms, the highest dominance of 

the entire studied period was obtained (λ = 0.891). 

 

3.3. Meiofauna 

In September, meiofaunal density ranged from 269.5 ± 141.3 to 951.2 ± 464.8 ind. 10 

cm-2 at St. C03 and St. D02, respectively. In March, meiofaunal abundance accounted for a 

minimum of 376.8 ± 113.6 ind. 10 cm-2 at St. B02 to a maximum of 1030.9 ± 70.0 ind. 10 cm-2 

at St. B03. Meiofaunal organisms were slightly more abundant in March than in September 

and an evident pattern from the shallower stations to the offshore ones was not observed in 

both seasons. A total of 16 meiofaunal taxa were identified: Nematoda, Copepoda and their 

corresponding naupliar stages, Turbellaria, Kinorhyncha, Polychaeta, Oligochaeta, Bivalvia, 

Ostracoda, Cumacea, Priapulida, Acarina, Amphipoda, Isopoda, Tanadiacea, Rotifera and 

Gastrotricha. In both periods, nematodes were the dominant taxon at all studied stations and a 

decreasing RA was observed from the coast towards the open sea (Fig. 2 c,d). In September, 

these organisms constituted 74.6% of the whole meiofaunal community at St. D04, whereas 

their RA reached 92.4% at St. D02. In March, RA ranged between 69.6% at St. D03 and 

96.0% at St. C01. Copepods and their corresponding naupliar stages constituted the second 

most abundant group, particularly in March. Generally higher copepod abundances were found 

in the offshore sites compared to the inshore ones. Considering copepods and their naupliar 

stages together, in September their RA ranged between 5.3% at the coastal station St. D02 and 

19.8% at St. D04. An exception was found at St. C04, which had the lowest percentage 

(5.0%). In March, RA varied from a minimum of 1.1% at St. C01 to a maximum of 24.1% at 

St. D03. During both periods, the meiofaunal community seemed to be more biodiverse and 

evenly distributed at the offshore sites. Conversely, the inshore stations seemed to be 

characterised by lower meiofaunal biodiversity and by the strong dominance of Nematoda 

(Table 4). In September, the lowest richness (d = 0.520) and diversity (H’= 0.277) were 

measured at the coastal St. C01, in correspondence with the highest dominance (λ = 0.868). 

On the other hand, the offshore St. D04 was characterised by the maximum diversity (H’= 

0.690) and the minimum dominance (λ = 0.625). In March, the lowest richness (d = 0.499) and 
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diversity (H’= 0.123) were measured at St. C01, in correspondence with the maximum 

dominance (λ = 0.957). On the contrary, St. D03 and St. D04 had the highest diversity and the 

lowest dominance (H’= 0.753 and 0.728, and λ = 0.572 and 0.598 at St. D03 and St. D04, 

respectively).  

 

3.4. Macrofauna 

In September, macrofaunal abundances ranged between 76.7 ± 30.6 and 5166.7 ± 

1361.2 ind. m-2 at St. B04 and St. C01, respectively. Along each transect, higher values were 

recorded at the shallower stations (B02, C01, C02 and D02) than at the deeper ones. In March, 

the absolute minimum was recorded at St. C04 (123.3 ± 110.2 ind. m-2), whereas the 

maximum at St. C02 (1080.0 ± 475.7 ind. m-2). With the exception of St. C01, an analogue 

decreasing pattern was observed from the inshore to the offshore stations. Comparing the two 

periods, macrofaunal organisms were more abundant in September than in March, particularly 

at the shallower stations. 

The macrobenthic community was composed of several groups of organisms (Fig. 2 e, f). 

Those groups with a RA <10% at all stations such as anthozoans, copepods, echinoderms, 

priapulids, sipunculids, ecc. were gathered in Others. In September, bivalves were more 

abundant at the inshore stations than at the offshore ones, comprising of 65.6% of the whole 

community at St. D02 while St. B04, C04 and D04 were characterised by the absence of these 

molluscs. Amphipod abundances showed the same dynamics: the minima were observed at the 

offshore stations (0% at St. C04 and D04) while the highest % was recorded nearshore (31.4% 

at St. B02). With increasing depth, polychaetes became the dominant group substituting 

bivalves: their RA varied from 7.7% at St. C02 to 87.5% at St. D04. Priapulids were observed 

only offshore. In March, although with RA ranged from 1.8% to 57.4% at St. B04 and D02, 

respectively, the decreasing percentage of bivalves from the coast towards the open sea was 

not clear as that in September. Polychaetes were the dominant macrobenthic group at the 

offshore stations and varied between 9.3% (St. C02) and 65.1% (St. D04). Echinoderms were 

observed almost at every station during both periods.  

 In September, the inshore sites (B02, C01, C02, D02) were mainly characterised by 

Corbula gibba, which reached the highest abundance at the shallowest station C01 (2540.0 

ind. m-2) (Table 3). The second dominant species, Ampelisca spinipes, showed the same 

dynamics with high abundances inshore and the maximum at the St. B02 (623.3 ind. m-2). The 

offshore sites were mainly characterised by the polychaete Sternaspis scutata (80.0 ind. m-2 at 

St. C03). Similarly, in March the nearshore stations were dominated by Corbula gibba, with 
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the highest abundance at St. C02 (310.0 ind. m-2) followed by Tellimya ferruginosa and 

Turritella communis with maxima at St. D02 (313.3 ind. m-2) and C02 (200.0 ind. m-2), 

respectively. Offshore, the macrobenthic community was dominated by Hydrobia acuta (86.7 

ind. m-2 at St. B03) and Sternaspis scutata (83.3 ind. m-2 at St. B03 and C03). 

 In September, the maximum of diversity was calculated at St. D02 (H’= 2.520), which 

also had the second highest richness (d = 6.561). The minima of both diversity (H’= 1.636) 

and richness (d = 2.190) were calculated at St. D04 in correspondence with the highest 

dominance (λ = 0.360). In March, the maximum diversity (H’= 2.866) and the second lowest 

dominance (λ = 0.105) were recorded at St. C01. The lowest richness (d = 2.492) and diversity 

(H’= 2.055) were calculated at St. C04 in correspondence with the maximum dominance (λ = 

0.186) (Table 4).  

 In the PCA performed on the September data two principal components (factors) were 

identified (eigenvalue >1) which together explained 84.99% of the total variance, whereas the 

first and second factors explained 62.77% and 22.22% of the total variance, respectively (Fig. 

3 a). Sand percentage, depth, DIN and TOC were predominant elements of the first factor, 

while the major contributors in the second was Chl a. It appears that Bivalvia of macrofauna 

had higher positive values for factor 1, whereas both meiofaunal and macrofaunal Polychaeta 

were confined between highly negative values of factor 1. While Gyrosigma had a positive 

value for factor 2, macrofaunal gastropods had, to some extend, a negative value. All of the 

samplings stations were plotted on the PCA factor-plane 1x2, which grouped the stations 

according to their environmental conditions (Fig. 3 b). Two distinct groups were recognized 

with inshore and offshore stations in the right and left half of the plot, respectively.  

 In the PCA performed on the March data two principal components (factors) were 

identified (eigenvalue >1) which together explained 70.84% of the total variance, with the first 

and second factors explaining 51.13% and 19.71% of the total variance, respectively (Fig. 4 a). 

Sand percentage, depth, PO4
3- and TOC were the predominant elements of the first factor, 

while the major contributors of the second were Chl a and, to some extend, DIN. It appeared 

that macrofaunal bivalves had higher positive values for factor 1, whereas Paralia and both 

meiofaunal copepods and Kinorhyncha were confined between higher negative values of 

factor 1. Diploneis and macrofaunal polychaetes had negative values for factor 2. Plotting all 

of the samplings stations on the PCA factor-plane 1x2, two distinct groups were seen, with 

inshore and offshore stations in the right and left half of the plot, respectively (Fig. 4 b). 
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4. Discussion 

4.1. Environmental parameters 

During both periods of the study, the main chemical parameters and the sediment 

grain-size varied sensibly within the 10-point-stations grid, suggesting the presence of two 

different sedimentary matrices, where dissimilar benthic communities likely developed. 

Although mud prevailed at all stations, the percentage of sand was higher inshore than 

offshore in agreement with Frontalini et al. (2011). The authors, in fact, reported a bipartition 

of sand and mud attributed to the variation of physical energy above the sea floor. The poorly 

sorted and deposited-fine-grained material offshore highlights that the hydrodynamic 

conditions predominantly took place at the inshore stations, where wave action is prevalent. 

The different grain-size appears to influence the TOC content as testified by the negative 

correlation between the percentage of sand and TOC values both in September (R = -0.68, 

p<0.05) and March (R = -0.97, p<0.001). These results suggest that the muddier sediment 

offshore could exert a greater retention of sediment-bound organic matter influencing the food 

supply for several benthic organisms as reported by Semprucci et al. (2010).  

In September, higher concentrations of DIN were observed at the shallower stations 

than offshore, resulting in a negative correlation with depth (R = -0.82, p<0.01). This could be 

explained by the limited distance from the coast where discharges of anthropogenic origin are 

located. These effluents, enriched in nutrients, are likely diluted offshore. In March, DIN did 

not show an evident distributional pattern, probably due to the occurrence of turbulence events 

caused by bad weather conditions which contribute to a prompt spreading of the terrestrial 

outfalls. Our results agree with those of Frontalini et al. (2011) who reported higher values of 

ammonia, nitrites and nitrates at the inshore stations than offshore, although in their study 

nutrient concentrations were measured in the water column. 

 

4.2. Benthic communities 

In the present study, MPB, meiofauna and macrofauna have been simultaneously 

investigated in an area diffusely affected by multiple-stressor impacts. Therefore, the benthic 

domain could be considered as the synergistic result of a suite of stressors. The integrated 

information from the three main benthic assemblages likely provides a better comprehension 

of the environmental status.  

 

The development of microphytobenthos on the sediment surface depends upon several 

factors, such as light penetration to the bottom, sediment grain-size, coastal hydrodynamics, 
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nutrient availability and grazing pressure. The synergistic effect of all these variables selects 

the composition and abundance of the microphytobenthic community. Therefore, since the 10-

point-station grid covered a quite large area, with different physical features at each station, 

the resulting abundances were quite diverse among the studied sites. This difference was more 

pronounced in September, when the discrepancy between nearshore and offshore abundances 

reached up to one order of magnitude, comparing St. C01 (9900 ± 424 cells cm-3) and St. D02 

(86400 ± 16971 cells cm-3). The MPB abundance was particularly low at St. C01 due to a high 

percentage of sand in this site (44.8%). Coarse-grained systems indicate high hydrodynamism 

with frequent sediment resuspension, which do not allow the development of an epipelic MPB 

community. In more sublittoral areas, where bottom depths varied between 18 and 20 m, 

corresponding to St. B02, C02 and D02, muddier sediments associated with lower 

hydrodynamism enabled the development of abundant microalgal assemblages. In fact, in 

September the highest MPB abundances were reached at these stations. Conversely, at the 

offshore stations (B03, B04, etc.), major depths and the consequent low light availability at the 

bottom probably limited the MPB proliferation.  

In September, with the exception of St. C04 dominated by Paralia, at all the other 

sites, the composition of the diatom assemblages was typical for this period. Besides Paralia, 

the other most abundant diatom genera were Nitzschia and Navicula, whose development is 

highly linked to the light availability at the bottom, usually constituting the summer 

assemblage (Cibic et al., 2012). In fact, in September both Navicula and Nitzschia showed an 

inverse significant relation with depth (R= -0.76, p<0.01; R = -0.73, p<0.05).  

 In late March, the planktonic species Skeletonema costatum, not being an endemic 

benthic species, was removed from our dataset. As a result, a clear increasing pattern of MPB 

abundance, from the shallow to the deeper stations, was observed. This could indicate that the 

microalgal community was well adapted to low light conditions (or more likely to the 

darkness) that can occur in late winter at the deeper sites. In fact, in March the benthic diatom 

assemblage was comprised of organisms that are well adapted to low light conditions as 

Diploneis bombus, already reported as a typically winter taxon in the Gulf of Trieste (Cibic et 

al., 2007) and which was the third most abundant species in the present study. 

Along the 10-point-station grid, P. sulcata was the most abundant species both in 

September and in March, seeming not influenced by seasonal factors as already reported in a 

seven-year study carried out in the Gulf of Trieste (Cibic et al., 2012). However, in the same 

study, the mean annual cycle of Paralia at the coastal station evidenced low abundances in 

late summer, suggesting that this genus suffers from high bottom sea temperature. This is in 
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accordance with our results, since we observed lower mean abundances of P. sulcata in 

September (6660 cells cm-3) than in March (10680 cells cm-3). Moreover, McQuoid and 

Nordberg (2003) reported the absence of a relation between Paralia sulcata and light 

availability, suggesting that this species is able to survive in the darkness for a long time. 

Similarly, in the present study Paralia was more abundant at the offshore stations, which have 

lower light availability at the bottom, resulting in a positive correlation between its density and 

depth in both periods (R = 0.91, p<0.001 in September; R = 0.84, p<0.01 in March). In 

sciophilous conditions, a shift from the autotrophic to heterotrophic metabolism probably 

occurs. The heterotrophic utilization of dissolved organic compounds by benthic diatoms is 

likely to be an important survival strategy when light levels are too low for photosynthesis 

(Tuchman et al., 2006).  

In September, Gyrosigma was quite abundant nearshore especially at St. B02 and C02, 

where the highest DIN concentrations were observed. Our results are in accordance with 

Hunter (2007), who reported that this genus seems to prefer high organic content and warm 

water temperature. Moreover, the low Gyrosigma abundances in March could be attributed to 

colder temperatures and the mixing of the water column as a consequence of more frequent 

stochastic events. 

With the exception of the Gulf of Trieste and the Venice lagoon, only a few studies on 

natural microphytobenthic communities were carried out in the rest of the Adriatic Sea. Totti 

(2003) assessed the influence of the river Po outflow on the microphytobenthic distribution 

and found that the plume, which determined marked coast-offshore gradients, influenced both 

the abundance and community structure. MPB were largely dominated by diatoms with both 

epipelic motile (Pleurosigma spp., Gyrosigma spp., Navicula spp.) and non-motile forms 

(Paralia sulcata). In accordance with our data, Totti (2003) also reported that offshore 

sediments were characterised by the dominance of the centric diatom Paralia sulcata.  

For both meiofauna and macrofauna, the methodological approach adopted should be 

taken into account when comparisons with other surveys are made. In the present study, the 

size limit adopted between these two communities was 1000 µm, while in several other 

surveys it is lowered to 500 µm (Semprucci et al., 2010; Frontalini et al., 2011; Simonini et al., 

2005a; Simonini et al., 2005b; Simonini et al., 2007). Thus, the fraction of organisms with a 

body size varying between 500 µm and 1000 µm can fall within meiofauna or macrofauna 

according to the size limit used consequently affecting the absolute abundances. Nevertheless, 

both our meio- and macrofauna densities were generally lower than those reported in previous 

works, thus the different methodology used could have affected the absolute values to a 
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limited extent, while other factors could play a noticeable role in determining the 

discrepancies observed. In the present study, in fact, meiofaunal densities, ranging from 269.5 

± 141.3 to 951.2 ± 464.8 ind. 10 cm-2 in September and from 376.8 ± 113.6 to 1030.9 ± 70.0 

ind. 10 cm-2 in March, were on average lower than those previously reported in the same or 

overlapping study sites (Ferrari et al., 2006; Danovaro et al., 2000; Frontalini et al., 2011; 

Semprucci et al., 2010). Danovaro and co-authors (2000) reported more elevated meiofaunal 

densities than ours in two Adriatic areas influenced by the Po River plume front. However the 

authors themselves argued that their meiofaunal abundances were particularly elevated for the 

Adriatic Sea and even higher than those observed from rich/eutrophic coastal sediments 

(Danovaro et al., 2000 and references therein).   

The meiofaunal community structure, dominated by nematodes and copepods, was 

typical of most coastal systems, including the Adriatic Sea (Moodley et al., 1998; Danovaro et 

al., 2000; Frontalini et al., 2011; Semprucci et al., 2010). Some slight differences arise when 

the RA of the main taxa observed in the present study are compared with those of previous 

surveys. Both Frontalini et al. (2011) and Semprucci et al. (2010) reported that nematodes and 

copepods were more abundant offshore. Apparently, our results are only partially in 

accordance with these studies since we observed that nematode densities decreased from St. 

C01 towards the open sea while copepods displayed an opposite pattern. However, we should 

point out that both Frontalini et al. (2011) and Semprucci et al. (2010) performed their 

samplings at very low depths (~5-13 m). Therefore their “offshore” sites were more 

comparable with our inshore station (C01).  

The inshore and offshore sedimentary matrices, which differed by grain-size and 

chemical data, seemed to reflect two different meiofaunal assemblages. Copepods are 

recognized as a sensitive taxon for several environmental stressors as the O2 depletion 

(Danovaro et al., 2004). However, as found by Semprucci et al. (2010), our highest 

abundances were recorded offshore, where the presence of muddy sediments and elevated 

TOC contents are expected to reduce the O2 concentration within the sediment as a result of 

mineralisation processes. This apparent discrepancy could be due to the presence of other 

disturbance factors, which take place near the coast, as nutrient loads (Frontalini et al., 2011) 

and heavy metal pollution (Coccioni et al., 2005).  

Overall, the meiofaunal community seemed well structured and more diverse offshore 

than at the coastal stations during both study periods. The sediment grain-size and the distance 

from the coast seemed to be the two main factors driving the changes observed in the 

meiofaunal community. Nematodes, which are considered tolerant organisms to a wide range 



 81 

of stressors, exceeded 90% of the total community inshore, where the benthic domain was 

likely subjected to several stressors as high nutrient loads from the nearby coast. Going 

offshore, this influence probably decreased, favouring the development of less tolerant 

organisms such as copepods. Moreover, finer sediments enhance burrowing taxa such as 

Kinorhyncha (Balsamo et al., 2010). Although a correlation of this taxon with mud is lacking, 

Kinorhyncha resulted positively correlated with depth (R = 0.75, p<0.05 in September; R = 

0.80, p<0.05 in March).  

Similarly to meiofauna, macrobenthic abundances were generally lower than those 

previously reported in other studies carried out in the same (Simonini et al., 2005b) or in 

partially overlapping areas (Frontalini et al., 2011, Semprucci et al., 2010) in both periods. 

Since in earlier surveys the study sites were characterised by depths <15m (Simonini et al., 

2005b; Frontalini et al., 2011; Semprucci et al., 2010), the “outer” stations reported by the 

authors have depths comparable only with our innermost station (C01). However, both 

Simonini et al. (2005b) and Semprucci et al. (2010) observed that the macrobenthic abundance 

decreased with sampling depth, in accordance with our findings.  

Consistently with our results, Semprucci et al. (2010) reported that molluscs 

constituted the most abundant group inshore (66%), whereas annelids were more abundant 

offshore (43%). The characteristics of the offshore sediments, with high TOC content leading 

to possible O2 depletion, could have limited the abundance of suspension feeders such as 

bivalves, at the same time favouring the infaunal benthos, represented by deposit feeders 

tolerant to O2 reduction, such as annelids (Semprucci et al., 2010). In fact, in PCA both meio- 

and macrofaunal polychaetes were located near those environmental variables which 

characterised the offshore stations, i.e. TOC and depth. Moreover, in September, meiofaunal 

polychaetes were negatively correlated with sand (R = -0.95, p<0.001), while macrofaunal 

polychaetes positively correlated with depth (R= 0.95, p<0.001). In March no statistically 

significant correlations were found among these organisms and abiotic parameters. This was 

likely due to the occurrence of resuspension events, which reduce the physical-chemical 

gradients between inshore and offshore stations. Besides bivalves, the sediments of the inshore 

stations were dominated by amphipods as confirmed by PCA. Focusing on the macrofaunal 

composition, bivalves were mainly represented by Corbula gibba, while amphipods by 

Ampelisca spinipes and both species were typical of the inshore stations. Our results are 

partially in accordance with other surveys (Moodley et al., 1998; Occhipinti-Ambrogi et al., 

2002; Occhipinti-Ambrogi et al., 2005; Massamba N’Siala et al., 2008) in which, besides C. 

gibba, Ampelisca diadema has been reported as a dominant species. The bivalve C. gibba is 
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considered to be an indicator of sediment instability, organic enrichment and anoxic condition 

(Occhipinti-Ambrogi et al., 2005 and reference therein). In contrast, the fossorial crustacean 

Ampelisca acts as a “bioturbator” which builds and irrigates its burrows and, in conditions of 

O2 depletion, it creates a small oxidized cylinder within the sediment helping sea bottom 

oxygenation. Therefore Ampelisca is considered a “structural” taxon since, modifying the 

substratum, makes it more suitable for supporting other species. For this reason Ampelisca has 

been credited as a good bioindicator of environmental recovery. In recent years a sensible 

reduction of C. gibba average density has been reported, compared to the period of 1980- 2000 

(Occhipinti-Ambrogi et al., 2005). On the other hand, the increased abundances of Ampelisca 

suggest a gradual amelioration of the environmental status of Italian coasts.  

For the first time three benthic communities have been synoptically investigated along 

a depth gradient in an area likely subjected to diffuse multiple-stressors impact. Although the 

trophic relations among microalgae, meiofauna and macrofauna are not evident, PCA of both 

September and March data (Fig.3-4) highlighted the presence of two distinct environmental 

contexts within which different benthic communities develop. The stations with depths <20 m 

have a higher percentage of sand and seem to be influenced by high nutrient loads of terrestrial 

origin as confirmed by the position of DIN and Chl a in Fig. 3 a. Chl a, in fact, can generally 

provide a good indication of labile organic input to sediments (Frontalini at al., 2011 and 

references therein). These environmental conditions likely influence the three benthic 

communities analyzed, resulting in assemblages dominated by tolerant and opportunistic taxa 

(Gyrosigma and C. gibba) and groups of organisms (nematodes). On the other hand, the 

stations with depths >20 m have muddier sediments, which likely restrain more TOC than 

inshore. These environmental features could enhance deposit feeders, such as meio- and 

macrofaunal annelids, for whom the accumulation of TOC could represent a noteworthy food 

source. However the occurrence of severe conditions offshore, such as O2 depletion, could be 

excluded due to the presence of meiobenthic copepods. The spatial distribution patterns of the 

three benthic communities were more evident in September than in March, probably due to the 

occurrence of resuspension events which could reduce the environmental differences among 

inshore and offshore stations. Our results are in accordance with those of Semprucci et al. 

(2010), who observed that the impact of the rivers and the effects of hydrodynamism upon the 

sea bottom notably decrease with increasing water depth and distance from the coastline. As a 

consequence of the energy reduction, the sediment fine fraction is prevalently deposited 

offshore. Variation in the texture of the sediments is paralleled by a consequent change in the 

interstitial volume and organic matter amount and these factors affect the composition of both 
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microalgae and benthic metazoan communities. Although in this study is not possible to 

discriminate which is the contribution of the increasing depth natural gradient and which one 

is the due to the diffuse anthropogenic pressure, meio- and macrofauna assemblages resulted 

comparable with those reported in previous surveys (Frontalini et al., 2011; Semprucci et al., 

2010; Occhipinti-Ambrogi et al., 2005; Massamba N’Siala et al., 2008). Moreover the co-

occurrence of sensitive taxa such as meiofaunal copepods and Ampelisca with opportunistic 

ones (as C. gibba) suggests that the benthic domain is not severely impacted. 
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Tables 

Table 1. The percentage of mud and the chemical parameters measured in the pore water of the sediment surface layer (0-1 cm) in both periods of 

the study. TOC = Total Organic Carbon; TN = Total Nitrogen; DIN = sum of NH4
+, NO2

- and NO3
- concentrations; Phaeo = Phaeopigments; na = 

not available. 

 

 September 2010 March 2011 

 Mud TOC TN DIN PO4
3- SiO3

2- Chl a Phaeo Mud TOC TN DIN PO4
3- SiO3

2- Chl a Phaeo 

St. % mgCg-1 mgNg-1 µM µM µM µg g-1 µg g-1 % mgCg-1 mgNg-1 µM µM µM µg g-1 µg g-1 

B02 87.68 11.36 1.21 42.69 1.34 81.72 2.62 16.68 90.29 7.28 0.85 38.70 0.96 140.02 0.99 9.41 

B03 97.04 10.29 1.26 45.72 1.56 136.30 1.07 19.85 98.29 10.08 1.35 19.98 1.02 124.71 1.41 16.27 

B04 98.35 10.36 1.43 51.43 1.35 120.37 0.99 23.24 98.47 12.06 1.70 18.79 1.27 142.04 2.61 19.75 

                 

C01 55.16 1.71 0.14 98.74 1.21 51.88 0.29 3.68 68.96 4.75 0.61 31.48 0.62 9.73 1.47 8.51 

C02 74.13 3.83 0.62 107.97 0.80 95.09 1.24 7.95 na na na na na na na na 

C03 97.49 13.20 1.58 74.13 1.59 148.11 0.66 14.48 98.01 10.39 1.23 14.22 0.57 63.21 0.53 10.30 

C04 88.95 10.09 1.36 34.42 1.56 98.30 0.57 14.12 94.10 9.10 1.34 10.21 1.31 77.40 1.24 11.47 

                 

D02 71.29 4.99 0.60 94.96 0.83 92.14 2.18 15.20 59.73 3.78 0.51 5.84 0.65 7.16 1.48 8.57 

D03 97.92 8.05 0.98 39.90 1.55 107.00 0.65 15.66 97.36 9.42 1.20 33.76 1.22 13.90 0.74 11.35 

D04 85.03 9.69 1.07 24.89 1.63 106.24 0.61 17.13 79.03 8.07 1.20 20.80 1.52 102.80 0.93 9.75 
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Table 2. Absolute abundances, expressed as cells cm-3, of the first ten dominant diatom species 

during the two periods of the study.  

 

September 2010 B02 B03 B04 C01 C02 C03 C04 D02 D03 D04 

Paralia sulcata 1800 2400 9900 300 0 2100 33600 0 7500 9000 

Rhopalodia gibba 900 0 0 0 4200 0 0 10800 0 0 

Nitzschia fasciculata 2700 0 0 0 600 0 0 10200 0 0 

Nitzschia lorenziana 2400 600 0 0 900 600 0 3900 300 0 

Navicula directa 1800 0 0 0 2700 0 0 2400 0 0 

Bacillaria paxillifer 0 0 0 0 0 0 0 6300 0 0 

Gyrosigma spencerii 3300 0 0 0 3000 0 0 0 0 0 

Gyrosigma acuminatum 1200 600 300 600 0 2100 0 0 300 300 

Pleurosigma aestuarii 0 0 0 0 2700 0 0 2400 0 0 

Nitzschia sigma 0 0 0 0 900 0 0 3000 0 0 

March 2011 B02 B03 B04 C01 C02 C03 C04 D02 D03 D04 

Skeletonema costatum 4800 1800 0 99600 8700 0 3000 20700 300 3000 

Paralia sulcata 0 8100 16200 0 1500 18000 16200 0 7500 39300 

Diploneis bombus 300 2100 0 0 600 600 1200 0 1800 1500 

Gyrosigma acuminatum 300 0 900 0 0 600 600 0 300 1200 

Gyrosigma spencerii 900 300 0 300 300 0 0 600 0 0 

Cylindrotheca closterium 0 0 0 900 0 0 0 900 0 300 

Rhopalodia gibba 300 0 0 300 0 0 0 1500 0 0 

Nitzschia tryblionella 600 0 600 0 300 0 0 0 300 0 

Entomoneis alata 0 0 0 300 0 900 0 0 0 0 

Thassionema nitzschioides 0 0 0 0 0 1200 0 0 0 0 
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Table 3. Abundances, expressed as ind. m-2, of the first ten dominant macrobenthic species 

during both periods of the study.  

 

September 2010 B02 B03 B04 C01 C02 C03 C04 D02 D03 D04 

Corbula gibba 523.3 0.0 0.0 2540.0 970.0 0.0 0.0 626.7 0.0 0.0 

Ampelisca spinipes 623.3 0.0 0.0 516.7 376.7 0.0 0.0 83.3 0.0 0.0 

Apseudes latreillei 50.0 0.0 0.0 743.3 30.0 3.3 0.0 0.0 0.0 0.0 

Tellimya ferruginosa 190.0 76.7 0.0 40.0 26.7 30.0 0.0 166.7 6.7 0.0 

Nucula sulcata 53.3 0.0 0.0 163.3 70.0 0.0 0.0 56.7 0.0 0.0 

Turritella communis 200.0 0.0 0.0 0.0 83.3 3.3 0.0 43.3 0.0 0.0 

Sternaspis scutata 43.3 43.3 10.0 0.0 20.0 80.0 16.7 10.0 40.0 20.0 

Pectinaria auricoma 0.0 0.0 0.0 216.7 20.0 0.0 0.0 6.7 0.0 3.3 

Lumbrineris adriatica 63.3 3.3 0.0 136.7 16.7 0.0 0.0 13.3 0.0 3.3 

Hydrobia acuta 73.3 70.0 3.3 43.3 3.3 16.7 6.7 3.3 3.3 3.3 

March 2011 B02 B03 B04 C01 C02 C03 C04 D02 D03 D04 

Corbula gibba 190.0 0.0 0.0 10.0 310.0 0.0 0.0 96.7 0.0 0.0 

Tellimya ferruginosa 0.0 53.3 3.3 40.0 40.0 30.0 0.0 313.3 16.7 6.7 

Turritella communis 56.7 0.0 6.7 0.0 200.0 10.0 0.0 110.0 6.7 3.3 

Hydrobia acuta 13.3 86.7 66.7 23.3 20.0 40.0 40.0 20.0 60.0 16.7 

Sternaspis scutata 66.7 83.3 26.7 0.0 3.3 83.3 30.0 13.3 63.3 10.0 

Ampelisca spinipes 43.3 13.3 0.0 190.0 110.0 0.0 0.0 3.3 3.3 0.0 

Nucula sulcata 23.3 0.0 0.0 0.0 63.3 0.0 0.0 113.3 0.0 0.0 

Caulleriella 

multibranchis 

0.0 20.0 6.7 3.3 10.0 0.0 3.3 0.0 53.3 60.0 

Labidoplax thomsoni 3.3 53.3 6.7 0.0 3.3 20.0 3.3 33.3 10.0 6.7 

Lumbrineris adriatica 3.3 6.7 0.0 63.3 20.0 0.0 0.0 23.3 3.3 3.3 
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Table 4. Univariate diversity indices applied to benthic diatoms, meiofauna and macrofauna 

abundances during both periods of the study. d = richness; H’ = diversity; λ = dominance. 

 

 Benthic diatoms Meiofauna Macrofauna 

September 

2010 

d H'(loge) λ d H'(loge) λ d H'(loge) λ 

B02 1.787 2.624 0.093 0.853 0.342 0.850 5.091 2.337 0.169 

B03 1.285 2.229 0.136 1.196 0.406 0.823 3.382 2.415 0.125 

B04 0.734 1.074 0.533 1.603 0.640 0.680 2.304 2.284 0.112 

C01 0.951 2.026 0.156 0.520 0.277 0.868 6.082 1.994 0.278 

C02 1.538 2.477 0.105 0.958 0.304 0.867 7.144 2.050 0.299 

C03 1.083 2.057 0.159 0.717 0.374 0.839 3.338 2.335 0.149 

C04 0.663 0.580 0.770 1.191 0.364 0.852 2.700 2.292 0.141 

D02 2.207 2.782 0.077 0.876 0.287 0.878 6.561 2.520 0.199 

D03 0.856 1.237 0.463 1.048 0.592 0.715 3.454 2.328 0.160 

D04 0.528 1.054 0.510 1.210 0.690 0.625 2.190 1.636 0.360 

March 2011 d H'(loge) λ d H'(loge) λ d H'(loge) λ 

B02 1.271 2.070 0.193 0.676 0.196 0.922 5.984 2.829 0.113 

B03 0.917 1.699 0.257 0.722 0.347 0.839 2.818 2.332 0.129 

B04 0.702 0.929 0.595 1.110 0.499 0.762 2.495 2.133 0.181 

C01 0.692 0.310 0.891 0.499 0.123 0.957 5.788 2.866 0.105 

C02 1.219 1.859 0.253 0.825 0.336 0.847 5.297 2.583 0.139 

C03 1.083 1.289 0.498 1.262 0.613 0.691 2.651 2.266 0.145 

C04 1.078 1.486 0.387 1.266 0.667 0.652 2.492 2.055 0.186 

D02 1.139 1.598 0.334 1.258 0.264 0.904 5.921 2.626 0.137 

D03 0.923 1.766 0.245 0.941 0.753 0.572 3.914 2.630 0.102 

D04 1.289 1.141 0.574 1.115 0.728 0.598 4.488 2.760 0.110 
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Figures 

 

 

 

Fig. 1 Location of the study area in front of the Emilia-Romagna coast (northern Adriatic sea). 

The 10-point-station grid is evidenced. 
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Fig. 2. Relative Abundances (RA) of microphytobenthos (a, b), meiofauna (c, d) and 

macrofauna (e, f) at each site along the 10-point-station grid in September 2010 (left side) and 

March 2011 (right side). For meiofauna, taxa with a RA<1% are included in the group 

“Others” and a cut-off of 50% on Y-axis was performed. Macrofauna taxa with a RA<10% at 

all stations are included in the group “Others”. 
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Fig. 3. PCA ordination diagram of September 2010 sampling based on the selected variables 

(a). Scatter diagram plotting factors 1 and 2 of sampling stations (b).  
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Fig. 4.  PCA ordination diagram of March 2011 sampling based on the selected variables (a). 

Scatter diagram plotting factors 1 and 2 of sampling stations (b).  
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Abstract 

Two mesocosm experiments were set up in order to investigate the potential effect of 

CO2 leakage from a shallow Carbon dioxide Capture and Storage (CCS) site on benthic 

microbial communities in winter and summer conditions (10°C and 18°C). During each 

experiment three different pH values (6.5, 7.0 and an aerated control ~ 8) were set in the same 

number of tanks by CO2 addition. Prokaryotic abundances, prokaryotic carbon production, 

extracellular enzymatic activities (beta-glucosidase, chitinase, lipase and leucine 

aminopeptidase) and benthic respiration did not shown evident responses to acidification 

probably due to the buffer effect exerted by the sediment and the natural development of these 

organisms in acidic porewater. In both experiments benthic diatom growth was stimulated at 

pH 7.0 and inhibited at pH 6.5. At both temperatures the microalgal assemblages were 

dominated by Navicula, Nitzschia and Gyrosigma. These genera showed specific tolerance to 

CO2: Navicula and Nitzschia mainly proliferated at 18°C while organisms belonging to the 

Gyrosigma genus developed preferentially at 10°C. Since knowledge on the response of 

benthic microbial communities to CO2 leakages from CCS is still in its infancy these findings 

open new perspectives for driving future research.    

 

Introduction  

In a CO2-rich world, different practical tools are being developed in order to reduce 

CO2 emissions and consequently restrain its amount in the atmosphere. Caldeira and Wickett 

(2005) predicted that the global surface pH will decrease by ~0.3-0.5 units by year 2100 if 

CO2 emissions will follow the current trend. Carbon dioxide Capture and Storage (CCS) sites 

are considered as a greenhouse gas mitigation option since they allow long-term storage of 

considerable amounts of CO2 from large anthropogenic point sources, like power plans and 

industries. This technology consists of capturing CO2 from major stationary sources, 

transporting it usually by pipeline and injecting it into suitable deep rock formations which 

could be both inshore and offshore (IPCC 2005). Although the probability of leakage is low, if 

it did occur there could be adverse environmental consequences that may be difficult to 

predict. For this reason the impact of the potential CO2 leakage from CCS is an emerging and 

pivotal aspect which requires to be adequately investigated. In marine environments, leakage 

of CO2 from storage sites could cause local high concentrations with the consequent lowering 

of seawater pH. To date, several studies have focused on the effects of pH decrease due to CO2 

in the framework of Ocean Acidification (OA) and investigated the potential responses by 

both planktonic and benthic organisms. Focusing on benthos, a broad spectrum of target 
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organisms have been studied in order to assess the effects of OA on calcification rates 

(coralline algae, Martin and Gattuso 2009; bivalves, Gazeau et al. 2007; corals, Jokiel et al. 

2008; echinoderms, Wood et al. 2008), changes in reproduction and development of marine 

invertebrates (Kurihara 2008), physiologic acid-base regulation (Pane and Barry 2007) and 

photosynthesis (Semesi et al. 2009).  

While meiobenthos and macrobenthos are widely studied, the microbial fraction in the 

sediment, both heterotrophic prokaryotes and benthic microalgae, has been almost completely 

neglected so far. The need to investigate how benthic microbial organisms could respond to a 

lowering of pH derives from their central role played in the regulation of nutrient cycling and 

C-fluxes in the benthic food web. Through the microbial food chain, complex organic 

substrates are solubilised to low molecular weight substrates by enzymatic hydrolysis. The 

production of new microbial biomass (Prokaryotic C Production - PCP) represents the link 

between sedimentary Organic Matter (OM) and the upper trophic levels. Coastal shallow 

environments are particularly important from an ecological point of view because the presence 

of light at the seafloor favours primary producers which in unvegetated sediments are mainly 

represented by benthic diatoms. The water-sediment interface is therefore the horizon in which 

both mineralisation processes by prokaryotes and primary production by microalgae take place 

resulting in a complexity of interactions reciprocal and towards the other trophic levels.  

 While little is known about the consequences of increased CO2 on benthic 

prokaryotes, there is some evidence on their counterpart in the water column, particularly in 

terms of microbial processes, such as PCP and degradation. Liu et al. (2010) reviewed the 

available knowledge (using a meta-analysis approach) about prokaryotes highlighting 

heterogeneous responses to CO2 and suggesting the occurrence of confounding effects. 

Prokaryotic abundance seemed to be inhibited (Inagaki et al. 2006) or unaffected (Yamada et 

al. 2008) by CO2 induced pH decrease while PCP (tritiated leucine incorporation method) 

appeared enhanced (Grossart et al. 2006) or indifferent (Allgaier et al. 2008) by acidification. 

Hydrolytic enzymes showed a wide spectrum of response; Yamada and Suzumura (2010) 

reported reduced degradation rates of both lipase and leucine aminopeptidase, while β-

glucosidase seemed to be unaffected by acidification. Conversely, Grossart et al. (2006) 

observed enhanced rate of protease and of β-glucosidase. 

Since several perturbation experiments have investigated the potential effects of OA, 

limited pH decreases (~0.4 pH units) were applied. Fewer data are available for higher pH 

perturbations but a valid option to investigate such scenarios is represented by natural 

analogues as shallow and deep hydrothermal vents (Karuza et al. 2012). However the presence 
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of other compounds in the spring gases, as CH4 and H2S (Manini et al. 2008), and the 

generally higher temperatures (Sievert et al. 1999) make difficult to attribute the responses 

observed to the CO2 induced pH decrease only.  

The potential CO2 leakage from a shallow CCS site was simulated in order to 

investigate its impact on microbial communities inhabiting nearby sediments. Two mesocosms 

experiments have been performed on sediment collected in the Gulf of Trieste (northern 

Adriatic Sea) in summer (18°C) and winter (10°C) conditions. During each experiment three 

mesocosms were set up with different seawater pH (6.5, 7.0 and an aerated control ~8). The 

analyses focused on the chemical composition of the surface sediment, prokaryotic abundance, 

their carbon production and degradation processes (β-glucosidase, lipase, chitinase and leucine 

aminopeptidase), the benthic community respiration and the qualitative and quantitative 

analysis of benthic diatoms. After 3 weeks of exposure to CO2 the mesocosms were subjected 

to aeration in order to determine a possible recovery of benthic communities. 

 

Material and Methods 

Experimental set-up 

In order to test the effect of CO2-induced pH decrease two mesocosm experiments have 

been performed on microbial benthic communities collected in the Gulf of Trieste (northern 

Adriatic Sea) in summer (18°C) and winter (10°C) conditions. Sediment was collected at the 

LTER (Long Term Ecological Research network) station C1 (45° 42’ 3”N; 13° 42’ 36”E) by 

means of a van Veen grab in July 2010 and in January 2011, respectively. During both 

experiments 3 mesocosms were set up as follows: each tank was constituted of ~ 80 L 

sediment (for an overall surface of 0.37 m2) and 120 L artificial seawater (salinity 38.3). 

Artificial seawater was gently added to the mesocosms where sediment had been laid and the 

resuspended sediment was allowed to settle completely for 2 days before the beginning of CO2 

supply and sampling procedures. In both experiments the three mesocosms differed for the pH 

values (6.5, 7.0 and an aerated control ~ 8) determined by CO2 addition. Mesocosms were kept 

in thermostatic chambers in order to maintain experimental temperatures of 18°C and 10°C. 

CO2 supply was regulated by an electronic valve which stopped the gas flow when the 

required pH was reached. Since pH was decreased in seawater, the CO2 effect was studied on 

surface sediments. Each experiment was made up of 3 stages: short term effect (3 samplings 

within the first 2 days), long term effect (4 additional samplings; 21 days), and a recovery 

stage (21 days during which each mesocosm was treated with only air bubbling). This timing 

of samplings has been established in order to detect the response of both prokaryotes, which 
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potentially could respond to the CO2 treatment in few days, and microalgae, which could 

require more time due to their higher turnover. At each sampling time surface sediment (0-1 

cm ca.) was collected using 2-3 sediment cores (5 cm Ø). Devoted transparent Plexiglas cores 

of the same diameter were used for respiration analyses. All mesocosms were kept at an 

irradiance of ca. 100 µmol photons m-2 s-1; a 14:10 Light:Dark cycle was used for the summer 

experiment whereas a 10:14 L:D cycle was applied to the winter experiment. Sampling was 

carried out at the end of the dark period.  

In Annexes 1 and 2 the analysed abiotic and biotic parameters are reported with their 

corresponding frequencies. 

 

Sediment grain size and chemical analyses 

Aliquots (10-15 g) of homogenised sediment were collected for grain size analysis at 

the beginning of each experiment. Small pebbles and shell fragments (>2mm) were separated 

from sand and mud fractions by sieving at 2 mm. Each sample was disaggregated and the 

organic matter oxidized using 10% hydrogen peroxide (Carlo Erba, Rodano, Italy) at 60°C for 

24 h. The analyses were performed using a Malvern Multisizer 2000S. Data are expressed as 

percentage of sand, silt and clay. 

For DIC analysis, seawater samples were collected in clean 20 mL glass vials and 

treated with a mercuric chloride solution (0.04% by volume of a saturated aqueous solution) in 

order to prevent biological activity (Dickson et al. 2007). Non-dispersive infrared (NDIR) 

measurements for DIC analysis (Weisburd et al. 1995) were performed on a Shimadzu TOC-

VCSH analyser after acidification of the sample with a phosphoric acid (25%) solution. 

Standardization was carried out using sodium carbonate/bicarbonate.  

For Total Organic Carbon (TOC) analyses, triplicate subsamples of homogenised 

sediment (< 250 µm) were weighed directly in a silver capsule (5x9 mm), treated with 

increasing concentrations of HCl (0.1N and 1N) to remove carbonates (Nieuwenhuize et al. 

1994) and determined according to the methods of Pella and Colombo (1973) and Sharp 

(1974). 

Subsamples of homogenised surface sediment were freeze-dried and processed for the 

determination of carbohydrates, lipids and proteins. Carbohydrates (CHO) were analysed 

according to Gerchacov and Hatcher (1972) and expressed as glucose equivalents. Solutions of 

D(+) glucose were used as standard. Colloidal carbohydrates were extracted in grade reagent 

water (1 h, 30°C). EDTA extractable carbohydrates were extracted in 0.1M Na2EDTA (16 h, 

4°C) (de Brouwer and Stal 2001). Lipids were extracted from dried sediment samples by direct 
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elution with chloroform and methanol (Bligh and Dyer 1959). Concentrations are reported as 

tripalmitine equivalents. Proteins were extracted in NaOH (0.5M) for 4 h and determined 

according to Hatree (1972). Concentrations are expressed as albumin equivalents. All 

biochemical data were carried out in four replicates and results normalised to sediment dry 

mass. Carbohydrate, lipid and protein concentrations were converted to carbon (Fichez 1991). 

The sum of carbohydrates, lipids and proteins was referred to as Biopolymeric Carbon (BPC).  

 

Prokaryotic Abundances and microbial activities 

At each sampling time aliquots of surface sediment (0.5 g wet) was transferred into 

sterile test tubes and fixed with 3 mL of pre-filtered (0.2-µm pore size) and buffered 

formaldehyde solution (3% v/v in autoclaved seawater). The sediment slurry was kept at 4°C 

for 24 h, then washed twice with 3 mL of 1X phosphate – buffered saline (PBS) (pH = 7.2) by 

centrifuging at 500 x g to remove the supernatant, and finally stored in 1 X PBS-ethanol (1:1) 

at -20°C (Ravenshlag et al. 2000). For the subsequent sample processing, a modified protocol 

by Lunau et al. (2005) was followed: 100 µL of sediment slurry was diluted with 900 µL 

sterilized Milli-Q water and 100 µL methanol. The diluted samples were placed in a water bath 

at 35°C for 15 minutes, sonicated in ice (three times for 1 minute with two 30-second in-

between breaks), diluted again with sterile Milli-Q water to a final concentration of 1:110 and 

filtered on black Nuclepore polycarbonate 0.2 µm pore-size filters. Filters were mounted on 

microscope slides, stained with a SYBR Green I-mounting medium Mowiol solution (1:15) 

and counted by epifluorescence microscopy at 1000 X magnification (LEICA DM2500). A 

minimum of 300 cells were counted for each filter in at least 20 randomly selected fields under 

a blue filter set (BP 450-490 nm, BA 515 nm).  

Extracellular enzymatic activities were assayed using fluorogenic substrate analogues 

(Hoppe 1993) derived from 7-amino-4-methyl-coumarin (AMC) and 4-methyl-umbelliferone 

(MUF). Leucine aminopeptidase activity was assayed as the hydrolysis rate of leucine-AMC. 

β-glucosidase, lipase and chitinase were assayed using MUF-β-D-glucoside, MUF-oleate and 

MUF-N-acetyl-β-D-glucosaminide, respectively. Enzyme activities were expressed in terms of 

the rate of MUF or AMC production. From each mesocosm sediment slurries were prepared 

by adding 6 mL of 0.2 µm-filtered seawater (at experimental pH) to 0.5 g of wet surface 

sediment. Hydrolysis rates were measured by incubating slurries in the dark for 1 h after the 

addition of 800-µM MUF-ß-D-glucoside, 400-µM leucine-AMC and 200-µM MUF-N-acetyl-

β-D-glucosaminide and MUF-oleate (final concentrations). All substrates were obtained by 

Sigma. Before spectrofluorometric measurement each sample was centrifuged 2 min at 3000 



 105 

rpm. Fluorescence increase due to MUF and AMC hydrolysed from the model substrates was 

measured using a Shimadzu RF-1501 spectrofluorometer (MUF = 365-nm excitation and 455-

nm emission; AMC = 380-nm excitation and 440-nm emission). Standard solutions of MUF 

and AMC were used to produce calibration curves with 0.2 µm-filtered seawater at 

experimental pH. Triplicate blanks without fluorogenic substrate were used to determine the 

natural fluorescence increase in the samples not attributable to the tested enzymes.  

Prokaryotic Carbon Production (PCP) was measured following the method of 3H-

leucine uptake for sediment samples (van Duyl and Kop 1994, as detailed by Manini et al. 

2004). Each sediment sample (0.2 mL of 1:1 v/v slurry) was added to 6 µCi of 3H-leucine and 

incubated in the dark for 1 h at experimental temperature. After incubation, radiotracer 

incorporation was stopped by adding  ethanol 80% (1.7 mL). After two washes of the samples 

with ethanol (80%) by mixing, centrifuging and supernatant removal, the sediment was 

transferred with ethanol (80%) onto a polycarbonate filter (0.2 µm mesh size). Subsequently, 

the filters were washed twice with  trichloroacetic acid 5%. Samples were heated in  NaOH 

2M for 2 h in a water bath at 100°C. One mL of supernatant was transferred to scintillation 

vials and 10 mL of Hionic Fluor scintillation fluid was added. Activity in the samples was 

determined by a β-counter (Packard Tri-Carb 2900TR). For each sample, three replicates and 

two ethanol-treated blanks were analysed.  

 

Benthic respiration 

At the end of the dark cycle, intact sediment cores for benthic respiration estimates 

were sampled and transferred to a cryostatic system to maintain the experimental temperature. 

A stable water flow above the sediment surface was established by a pressure-regulating air 

pump which maintained a diffusive boundary layer of 300-500 µm and kept the overlying 

water at atmospheric oxygen saturation at all times. Steady-state O2 microprofiles were 

measured using Clark-type O2 microelectrodes with a guard cathode (Revsbech 1989) having 

external tip diameter <100 µm, stirring sensitivity <2 %, and a 90% response time <8 s. The 

sensor current was measured using a Unisense PA2000 picoammeter; data was recorded with 

the Unisense Profix software version 3.10 (Unisense, Aarhus, Denmark). A step size of 100 

µm was used. For the interpretation of the measured O2 concentration profiles the software 

PROFILE version 1.0 (Berg et al. 1998) was used. Areal rates of oxygen respiration were 

calculated as described by Cibic et al. (2007b). 

 

Benthic diatom abundance and community composition 
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For the qualitative and quantitative analyses of the benthic diatom community, aliquots 

of 2 cm3 of surface sediment layer were processed and counted following the protocol 

described by Cibic et al. (2007a, b); the qualitative identification was carried using floras cited 

therein. Whenever the benthic diatom community was sampled (Annex 2), one replicate per 

each treatment and control were counted since standard deviation for a sample (total 

abundance) is generally <25% (Cibic et al. 2007a). The microalgal taxonomy was based on 

Round et al. (1992). The qualitative identification of benthic diatom assemblages was carried 

out to the genus and, when possible, to the species level. 

 

Statistical analysis 

To test for significant differences among mesocosms during the impact stage (first 

sampling time excluded), the Wilcoxon matched pairs test was applied using STATISTICA to 

all the parameters analysed. Only statistically significant results are presented.  

Focusing on microphytobenthos, descriptive statistics was performed only on 

Bacillariophyta in order to calculate the Relative Abundance (RA) of the main genera. The 

other microphytobenthic groups (undetermined Phytoflagellates, undetermined Spores and 

Cyanobacteria) were not considered due to their occasional occurrence. Moreover, tube 

dwelling diatoms (Navicula corymbosa, Navicula mollis and undetermined Pennales within 

tubes) were excluded from further data processing because considered not endemic. Data were 

presented at the genus level; this taxonomical level was preferred to species because of the 

gaps in the abundance of species. 

 

 

Results 

Grain  size and chemical parameters 

According to the Shepard’s (1954) classification, the sediment was clayey silt in all the 

mesocosms reflecting the typical grain size composition of the station LTER in the Gulf of 

Trieste (Cibic et al. 2007a). 

At 18°C pH was lowered to the required values at day 3 in both treated mesocosms. pH 

remained stable around 6.5 (± 0.09 pH units) and around 7.0 (± 0.02) till the end of the impact 

stage and increased to values comparable to those of the control (CTRL) after 24 h of aeration 

(day 22 – pH 8.0 ± 0.1). At 10°C the pH values of 6.5 and 7.0 were reached after 24 h and 48 

h of CO2 insufflation, respectively. Similarly to the summer experiment, pH remained stable 
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around 6.5 (± 0.09) and around 7.0 (± 0.02) for the entire treatment stage and increased to 

control-like values after 24h of aeration (day 22).  

Focusing on the winter experiment, DIC concentrations increased from the initial 

values (< 23 mg L-1), comparable in all tanks, to 93.31 ± 0.67 mg L-1 (pH 6.5) and 53.28 ± 

0.19 mg L-1 (pH 7.0) at the end of the impact stage (day 21). DIC concentrations and pH 

values displayed an opposite temporal pattern for the entire experiment, confirming that the 

lowering of pH during the impact stage was due to the increase of CO2 concentration in the 

water. Coherently, during the recovery stage the increase of pH in treated tanks was 

concomitant with the lowering of DIC concentration although values remained higher than in 

the CTRL for the entire experiment (62.84 ± 0.25 mg L-1, 43.98 ± 0.05 mg L-1 and 31.27 ± 

0.13 mg L-1 at day 42). 

Mean values of the main chemical variables are reported in Table 1. At 18°C Total 

Organic Carbon content (TOC) didn’t vary sensibly among mesocosms during the impact 

stage. Nevertheless the control was characterised by a slightly higher mean value than those 

measured in the treated tanks. During the recovery stage, TOC increased in all tanks with the 

highest mean content in CTRL. At 10°C no evident differences in TOC content were observed 

among mesocosms for the entire experiment.  

In both experiments, lipids were the main constituent of BPC, followed by proteins and 

carbohydrates (Table 1). During the impact stage at 18°C, the pH 7.0 tank was characterised 

by the highest mean value of lipids, while the lowest was measured in more acidic conditions 

and the CTRL showed an intermediate situation. During the recovery stage, lipids increased in 

this latter mesocosm reaching the highest value at the end of the experiment. Proteins were 

slightly variable during the entire experiment and a clear difference among mesocosms due to 

the CO2 treatment was not evidenced. Colloidal carbohydrates increased in all mesocosms 

during both the treatment and the recovery stages while EDTA extractable carbohydrates 

showed a higher temporal variability. At 10°C lipids slightly increased in all mesocosms till 

day 14 followed by a decrease at the end of the impact stage (data not shown). During the 

recovery, values increased again particularly in the treated tanks reaching 1293.94 ± 52.08 and 

1277.44 ± 66.30 µg C g dry
-1 at pH 6.5 and pH 7.0 (day 42), respectively. Proteins were higher 

in the treatments than in CTRL for the entire experiment especially during the impact stage. 

Colloidal carbohydrates increased from day 14 till the end of the experiment in all mesocosms 

and particularly in the treatments (data not shown). EDTA extractable carbohydrates remained 

stable in the three mesocosms till day 14, subsequently the values increased in all tanks 

(particularly in pH 6.5 mesocosm) till day 42. 
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Prokaryotic Abundances and microbial activities 

Prokaryotic abundance did not differ substantially in the three mesocosms during both 

experiments (Fig. 1). However at 18°C abundances in the CTRL were slightly higher than in 

the treated tanks during the impact stage with mean prokaryotic numbers of 1.84 ± 0.52 · 109 

cells cm-3 (CTRL), 1.59 ± 0.15 · 109 cells cm-3 (pH 6.5) and 1.50 ± 0.13 · 109 cells cm-3 (pH 

7.0). From the beginning of the recovery stage prokaryotic abundances increased in all 

mesocosms, control tank included, reaching the maxima of 3.81 ± 0.22 · 109 cells cm-3 (pH 

6.5) and 3.75 ± 0.18 · 109 cells cm-3 (pH 7.0) at day 24 and 3.77 ± 0.11 · 109 cells cm-3 at day 

28 in the CTRL. After these sampling times prokaryotes numbers decreased reaching values 

comparable with those of the impact stage in all mesocosms. At 10°C prokaryotic abundances 

remained stable without any evident difference neither among the treated mesocosms and the 

control nor between the impact and the recovery stage. Abundances varied between 0.70 ± 

0.07 · 109 cells cm-3 and 1.70 ± 0.11 · 109 cells cm-3. 

Prokaryotic C Production rates highlighted a lack of differences between treated 

mesocosms and the control both at 18 °C and at 10 °C. Results showed a great temporal 

variability in both experiments and no evident difference between impact and the recovery 

stage was detectable (Fig. 2).  

Time course of exoenzymatic activities at 18°C and 10°C are reported in Fig. 3. 

Results indicate some differences in metabolic response to elevated CO2 concentration on 

surface sediment. At 18°C β-glucosidase rates showed a marked variability in all tanks for the 

entire experiment. At 10°C values were more stable and on average lower than those measured 

at 18°C with the exception of a peak (7.95 ± 0.01 nmol cm-3 h-1) observed in the pH 6.5 

mesocosm at day 2. At 18°C lipase activity in treated mesocosms seemed to be inhibited 

during the impact stage showing lower values than in the control. The mean hydrolytic rates 

calculated during the treatment with CO2 (first sampling time excluded) were 1.41 ± 0.15 

nmol cm-3 h-1 (pH 6.5), 1.82 ± 0.18 nmol cm-3 h-1 (pH 7.0) whereas it was 4.82 ± 0.52 nmol 

cm-3 h-1 in the CTRL. Wilcoxon matched pair test revealed that pH 6.5 mesocosm was 

statistically different from the CTRL (p<0.05). During the recovery stage, lipid degradation 

rates in treated mesocosms increased reaching values comparable to those measured in the 

CTRL. Although at 10°C the rates measured in the treated tanks were slightly higher than in 

the control, lipase activity seemed to be unaffected by lowered pH as confirmed by Wilcoxon 

matched pair test. The recovery stage was characterised by more pronounced values in the 

CTRL than in the other mesocosms. As for β-glucosidase, chitinase did not show any evident 
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response to the CO2 treatment in both experiments showing a great temporal variability among 

mesocosms during both stages. Different trends characterised polypeptides’ degradation at 

18°C and at 10°C. In summer conditions, rates measured in the control increased constantly 

during the entire experiment, while in the treated tanks a great temporal variability was 

observed. Conversely at 10°C extracellular proteases seemed to be inhibited in both treated 

mesocosms from day 10 till the end of the impact stage. During the recovery stage hydrolytic 

rates increased reaching values comparable with those measured in the CTRL. 

 

Benthic respiration 

At 18°C respiration rates were higher than at 10°C during both stages of the 

experiment (Fig. 4). During the CO2 treatment mean oxygen consumption rates ranged 

between 56.37 ± 22.18 (control) and 63.19 ± 21.22 pmol O2 cm-3 s-1 (pH 7.0) at 18°C and 

between 16.62 ± 4.26 (pH 7.0) and 26.97 ± 8.71 pmol O2 cm-3 s-1 (pH 6.5) at 10°C. In the 

summer experiment a great temporal variability was observed among mesocosms with no 

significant difference among treated and control tanks. During the impact stage the minimum 

of benthic respiration (30.20 ± 4.78 pmol O2 cm-3 s-1) was measured at day 1 in the pH 7.0 

mesocosm while the peak (95.43 ± 4.98 pmol O2 cm-3 s-1) at day 10 in the same tank. In the 

winter experiment oxygen consumption in the three tanks varied between 6.56 ± 1.23 (control 

tank at day 42) and 41.80 ± 1.53 (pH 6.5 at the beginning of the experiment). During the 

impact stage the rates measured at pH 6.5 and 7.0 were statistically different (p<0.05). 

 

Benthic diatom abundance and community composition 

An increase in the total diatom abundance was observed only from day 4 onwards in 

the three tanks. From day 4 to day 14 a clear distinction among the three mesocosms was 

noticed: the benthic diatom community seemed to be stimulated at pH 7.0, reaching very high 

abundances (up to 297000 cells cm-3 at day 7) compared to the control (Fig. 5). From day 14 

to day 21 the abundances between the tank at pH 7.0 and the control were more alike. On the 

contrary, a lower pH seemed to inhibit diatom growth. In fact, from day 4 to day 21 the lowest 

abundances were measured at pH 6.5 compared to both the other treatment and the control. 

However, although diatom numbers in the three mesocosms differed consistently, particularly 

from day 4 to day 14, the Wilcoxon matched pair test did not reveal any significant difference 

among mesocosms at 18°C. During the recovery stage, the highest abundance was found in the 

control at day 28, whereas an overall decrease of the diatom abundance was obtained in the 

three mesocosms the last day of the experiment. The same 15 diatom genera developed in the 
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three tanks. Among them, Navicula, Gyrosigma and Nitzschia were the most abundant. During 

the impact stage, Navicula proliferated particularly at pH 7.0, from day 2 to day 7, when it 

reached its maximum (148800 cells cm-3) and again at day 21, with 93600 cells cm-3 (Fig. 5). 

In the same period, higher mean values of this genus were recorded in the control than at pH 

6.5 (45300 vs 29200 cells cm-3). In the recovery stage, however, the highest abundances were 

observed in the control at day 28, whereas lower and comparable values were observed at the 

end of the experiment. The Wilcoxon matched pair test performed on the abundances of 

Navicula highlighted a significant difference between the two treatments during the impact 

stage (p<0.05). Gyrosigma was the second most abundant diatom genus at 18°C. From day 4 

to day 14 its abundances were higher at pH 7.0 compared to the other two mesocosms, while 

at the end of the impact stage (day 21) Gyrosigma displayed the lowest value in the same 

treatment (Fig. 5). During the impact stage, Gyrosigma showed a slower but steady growth 

rate in the control compared to the treatments. In fact, the highest abundance was reached in 

the control at day 21 (89400 cells cm-3) and even a higher value was recorded during the 

recovery stage (day 28) in the same tank (107400 cells cm-3). Similarly to Navicula, also the 

development of the genus Nitzschia seemed to be stimulated by an intermediate pH lowering, 

which was evident from day 4 to the end of the impact stage (Fig. 5). Overall, the highest 

abundance was observed at day 7, with 57600 cell cm-3 at pH 7.0. Nitzschia abundances in the 

pH 7.0 treatment resulted significantly different from those in the control (p<0.05). In contrast, 

no clear difference in Nitzschia cell numbers was noticed between pH 6.5 tank and the CTRL. 

During the recovery stage, a higher abundance was obtained in the control compared to the 

other two treatments at day 28, whereas after 42 days the highest abundance was again 

observed at former pH 7.0. 

In the experiment at 10°C much lower overall total diatom abundances were obtained 

compared to those reached at 18°C. In each mesocosm, diatom abundance began to increase 

only from day 7 on. Higher abundances were observed in the pH 7.0 treatment compared to 

the other two mesocosms, and this difference was confirmed by the Wilcoxon matched pair 

test (p<0.05). After 21 days, in the pH 7.0 treatment total diatom abundance reached 123600 

cells cm-3 which was twice that of the pH 6.5 treatment (58800 cells cm-3). In the recovery 

stage, the abundance dynamics continued to increase in the former pH 7.0 mesocosm, reaching 

310800 cells cm-3 at the end of the experiment, while in the other two mesocosms much lower 

and comparable cell numbers were obtained (≤51600 cells cm-3). Overall, 14 diatom genera 

were recognised in the three tanks. Gyrosigma was the dominant genus, followed by Navicula 

and Nitzschia. At the beginning of the experiment, Gyrosigma cells were few, they completely 
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disappeared from all the tanks at day 2 whereas their development was conspicuous from day 

14 onwards (Fig. 5). A clear difference among the three tanks was evident only at days 14 and 

21, when the highest abundance was obtained at pH 7.0 and the lowest at pH 6.5. The same 

dynamics was observed also in the recovery stage. However, while Gyrosigma at pH 7.0 

presumably continued to increase its abundance throughout the recovery stage, a decrease was 

found in the control. Similarly to Gyrosigma, neither the genus Navicula developed 

appreciably during the first week of the experiment (Fig. 5). However, at the end of the impact 

stage, a clear distinction among the three mesocosms was observed. The highest abundances 

were obtained at pH 7.0, followed by those at pH 6.5 and in the control. During the recovery 

stage, the same pattern was maintained, although at day 28 lower abundances were measured 

in all the three mesocosms. During the impact stage Nitzschia cells did not reach high 

abundances in any of the three mesocosms (≤7200 cells cm-3) (Fig. 5). Notwithstanding, both 

at day 14 and 21, the highest values were obtained at pH 6.5, followed by those at pH 7.0. On 

the contrary, in the recovery stage, Nitzschia cells were more numerous in the former 

treatment at pH 7.0, intermediate values were observed at the former pH 6.5, while in the 

control the abundance did not exceed 2400 cells cm-3 throughout the experiment.  

 

 

Discussion 

The effects of CO2-induced pH decrease on benthic shallow microbial communities 

were investigated during two mesocosm experiments in summer (18°C) and winter conditions 

(10°C). Limited comparisons of our findings with previous studies are possible and this is 

mainly due to: (1) the majority of the literature focus on OA while we investigated the effects 

of a potential leakage from CCS sites, implying different approaches in the respective 

experimental designs, most notably the pH target adopted; (2) to the best of our knowledge, 

results of mesocosms experiments on shallow benthic microbial communities (prokaryotes, 

benthic diatoms and microbial processes) have not been published yet. Consequently 

comparisons of our findings with natural analogues have been chosen as the best approach for 

the interpretation of the responses observed, notwithstanding the peculiarities of hydrothermal 

vents (gas composition and potentially high temperatures) suggested cautiousness in 

parallelisms. Besides, the lack of previous research on the effects of low pH on microbial 

activities in sediments required the comparison with analogue studies focused in the water.  

 

Prokaryotic Abundances, microbial activities and benthic respiration 
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The choice of lowering pH down to 6.5 derived from data measured at shallow 

hydrothermal sites where continuous massive CO2 release occurs (Karuza et al. 2012). Our 

mesocosms were open systems in which the carbonate chemistry has been manipulated by 

CO2 bubbling. This approach modified the DIC concentrations maintaining the Total 

Alkalinity (TA) constant (Schulz et al. 2009). In fact it is expected that the increase of CO2 

concentration due to a leakage should modified the concentrations of carbonic acid (H2CO3), 

bicarbonate (HCO3
-) and carbonate ions (CO3

2-), i.e. DIC and consequently pH, while the 

charge balance (TA) should remain stable. 

In both experiments, prokaryotic abundances were higher than those observed in 

previous surveys in shallow hydrothermal vents nearby the Aeolian Archipelago (Manini et al. 

2008; Maugeri et al. 2009). Manini et al. (2008) observed a high fraction of metabolically 

active prokaryotes in the proximity of exhalative areas, confirming the capability of 

prokaryotes in inhabiting natural ecosystems with high pCO2 and actively exploit their 

resources. Similarly in our experiments high CO2 did not affect prokaryotic numbers which 

were within the typical annual range at the sampling site (unpublished data). 

Focusing on functional parameters, PCP rates were not statistically different in the 

three mesocosms during the impact stage at both 18°C and 10°C while hydrolytic activities 

showed variable responses to CO2 treatment. Ectoenzymes could be sensitive to several 

environmental parameters as temperature, salinity and trophic conditions. Also pH is 

considered an important factor regulating enzyme activities in seawater since enzyme in 

aquatic environments typically have maximum hydrolyzing capacity at specific pH values 

(Yamada and Suzumura 2010 and references therein). It is reasonable to expect that pH affect 

also the hydrolytic activities in the sediment. However our findings did not highlight a clear 

response to CO2 for β-glucosidase and chitinase at both 18°C and 10°C, as confirmed by 

Wilcoxon matched pair test outputs. Although the hydrolysis of lipids and of polypeptides 

showed lower rates in the treatments at 18°C (pH 6.5 vs CTRL were statistically different, 

p<0.05) and at 10°C, respectively, this is not sufficient to robustly ascribe the results observed 

to CO2 treatment. Considering winter and summer experiments separately, BPC (which ranged 

from 15.23% to 17.89% of TOC in all mesocosms at both 18°C and 10°C) did not change 

consistently among the three mesocosms from both a quantitative and a qualitative point of 

view. We infer that its bioavailability was not influenced by CO2 and, on the other hand, that 

the microbial communities in the treatments and in the control had similar nutritional 

requirements reflecting in analogous ectoenzymatic pools. Differences observed at 18°C and 

at 10°C for lipase and leucine aminopeptidase might be due to seasonal differences in the 
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structure of microbial assemblages. It is known, in fact, that community composition affect the 

overall prokaryotic assemblages activity, including degradation processes (Pinhassi et al. 

1999). 

The general little response of shallow microbes to CO2 observed in our mesocosm 

experiments are consistent with Liu and co-workers (2010) who argued that microbes could 

not significantly respond to CO2 due to their adaptation (i.e. adjustment to environmental 

change by genetic change) which is likely to be faster than in multi-cellular marine organisms. 

Short generation time of a few days, and at least for prokaryotes, the more efficient lateral 

gene transfer could in fact favour microbes in adapting to environmental changes as pH 

lowering. Moreover, although in the context of OA, Joint et al. (2010) suggested that 

biogeochemical processes other than calcification will not be fundamentally different in a 

high-CO2 ocean because marine microbes already experience seasonal, depth and regional pH 

variations which consequently could enhance their capability to adapt to above-mentioned 

changes. The authors argued that in marine environment pH could vary particularly in regions 

as up-welling systems, estuaries and coastal areas. Focusing on the Gulf of Trieste, and more 

extensively on the northern Adriatic Sea, water pCO2 (and consequently water pH) changes 

seasonally according to several factors as the temperature, strong wind events and the variable 

fresh water discharge from the main rivers present in the area (Turk et al. 2010). It is likely 

that in the shallow northern Adriatic Sea both microbial communities in the water column and 

at the sediment-water interface experience seasonal and spatial variability of pH which could 

promote their consequent adaptation. In particular, benthic microbial community could be well 

adapted due to the natural acidic conditions of the porewater resulting from decomposition 

processes of the organic matter (Andersson et al. 2011). These considerations could explain 

why we did not detect a clear prokaryotic response to CO2 in our treated mesocosms. 

Furthermore the sedimentary matrix could act as a barrier for pH lowering in the surrounding 

waters resulting in a buffer effect. In a series of experiments on sublittoral sediments from this 

area, Cibic and Virgilio (2010) used different concentrations of HCl in order to define which 

one was sufficient for removing the excess of labelled bicarbonate but not so strong to digest 

the organic carbon pool in the 14C method for the estimation of primary production. The 

authors reported that even the strongest HCl treatment (0.11 N HCl final concentration) did 

not remove all the 14C, evidencing a buffer effect of the sedimentary matrix. In the sediment 

from the gulf, the prevalence of mud, the carbonate content of ~30% (Ogorelec et al. 1991) 

and the high organic matter content (mainly formed by its refractory fraction as humic and 

fulvic acids) act as a buffer which limit the pH lowering. It is likely that in our mesocosms 
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experiments the acidification performed in the water overlying the sediment was too weak to 

manifestly affect benthic microbes.  

With the exception of the impact stage in the winter experiment, where the two 

treatments at pH 6.5 and 7.0 statistically differed (p<0.05), we did not find a clear CO2 effect 

on benthic community respiration. Our results are in accordance with those of Egge et al. 

(2009) who measured oxygen consumption in seawater mesocosms enriched with CO2 during 

nutrient-induced phytoplankton blooms. The authors reported that community respiration did 

not reveal any clear CO2 effect, neither in terms of timing nor the level of consumption. 

Similarly, also Witt et al. (2011), studying the effects of ocean acidification on oxygen fluxes 

through microbial biofilms, found that oxygen consumption rates were statistically 

indistinguishable between their four pCO2 treatments (~300 ppm; ~400 ppm; ~560 ppm and 

~1140 ppm). 

 

Benthic diatom abundance and community composition  

The temperature effect on the development of the benthic diatom community was 

highlighted by comparing the total diatom abundances between the two experiments. In fact, at 

10°C the overall diatom growth rate was much slower than that obtained at 18°C. Within 

specific temperature ranges, increased temperatures generally result in higher metabolic 

activity and thus increased growth rates (Torstensson et al. 2012 and references therein). Our 

results are similar to those of Torstensson et al. (2012) who found that carbon uptake in the 

low-temperature treatments was considerably lower as reduced growth rates were observed 

compared to the high-temperature treatments. In our winter experiment, only after 14 days 

mean diatom numbers were comparable to those observed at day 2 in summer. Therefore, 

differences among the three tanks were evident only in the last stage of the treatment. 

However, despite the low diatom abundances in winter, the mesocosm at pH 7.0 statistically 

differed from the other two. In fact, except for the temperature effect on diatom growth rates 

which modified the temporal development of the community, higher total diatom abundances 

were reached at pH 7.0 compared to the control in both experiments and particularly at 10°C. 

Benthic diatoms seemed to be stimulated at this pH value while more acidic conditions 

appeared to exert an inhibitory effect since the lowest abundances were observed in pH 6.5 

mesocosms in both winter and summer conditions.  

As far as microalgal community composition is concerned, we expected the 

development of distinct assemblages in the two experiments, i.e. the typically spring-summer 

assemblage, comprising the dominant Navicula, Nitzschia as well as Gyrosigma, and the 
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autumn-winter assemblage, which among others consists mostly of Diploneis, Paralia and 

Pinnularia (Cibic et al. 2007a). In contrast, the same three dominant genera were observed 

both in summer and winter temperature conditions. 

The genus Navicula seems to fit well with this concept of stimulation/inhibition caused 

by different pH values in the impact stage, particularly in the first experiment (18°C). In fact 

in summer, with the exception of day 14, the same pattern observed for total diatom 

abundances was noticed for Navicula. In the second experiment, due to very low abundances 

until day 14, it was possible to gain some information only from the last two samplings of the 

impact stage. In the latter, not only at pH 7.0 but also at pH 6.5 did a slight stimulating effect 

seem to be present. Our data disagree with those of Torstensson et al. (2012) who studied the 

physiological response of the benthic/sea ice diatom Navicula directa isolated from a polar 

area and exposed to CO2 enrichment. The authors found that an increase of CO2 appeared to 

reduce specific growth rates of Navicula directa which were roughly 5% lower in the 960-ppm 

CO2 treatment (corresponding to an initial pH value of ~7.7) compared to the 380-ppm CO2 

treatment (corresponding to an initial pH value of ~8) at 4.5°C. They proposed two possible 

explanations: higher pCO2 levels may have a direct (e.g. electropotential stress) or an indirect 

effect (e.g. bioavailability of nutrients in different pH) on biomass. However, the authors 

concluded by proposing additional studies to investigate the origin of this effect and also how 

it may affect other species. In spite of the fact that Torstensson et al. (2012) applied much 

higher pH values than those used in our experiments, our results could also differ because we 

considered the genus and not the species level. The response of increased pCO2 on 

photosynthetic organisms tends to be species specific. From the research carried out on 

phytoplankton species, we know that some species (e.g. Phaeocystis globosa) are already CO2 

saturated at present-day CO2 concentrations, while others (e.g. Emiliania huxleyi) may be not 

(Rost et al. 2003). This is primarily related to the ability of autotrophs to achieve high 

concentration of CO2 at the site of fixation, which can be performed by carbon concentrating 

mechanisms (CCM) in mediums with low CO2 concentration. However, algae with efficient 

CCMs do no tend to benefit from CO2 enrichment, although it has been suggested that 

enrichment may facilitate carbon fixation rates (Rost et al. 2003; Torstensson et al. 2012).   

In our study, Nitzschia, unlike Navicula, consistently presented higher abundances at 

pH 7.0, but only in the summer experiment, whereas no clear pattern was highlighted at pH 

6.5. However, in the winter experiment the highest Nitzschia abundances were found in the pH 

6.5 treatment compared to the other two mesocosms in the last stages of the impact. Our 

results differ from those of Kim et al. (2006) who studied the effect of CO2 concentration on 
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growth of a natural phytoplankton assemblage in a controlled mesocosm experiment. Their 

assemblage comprised, among other groups, also two diatoms, Skeletonema costatum and 

Nitzschia spp. Lowering the pH value to ~7.9 in nutrient-replete conditions and a temperature 

of 14-15°C, the authors found that only S. costatum showed an increase in growth rate with 

increasing pCO2 whereas Nitzschia spp. was insensitive to the seawater pCO2 level. In 

contrast, Low-Décarie et al. (2011), investigating the effects of increasing CO2 concentration 

(from 375 up to 1000 ppm; the pH values were not reported) on freshwater species growth and 

competition, reported that Navicula pelliculosa and Nitzschia palea diverged in their 

competitive response to elevated CO2; Navicula presented a slightly depressed capacity to 

compete whereas Nitzschia had an enhanced capacity to compete.  

Our intermediate pH value is comparable to that measured by Johnson et al. (2011) at 

S3 (mean pH = 7.49; minimum pH = 7.07) off the volcanic island of Vulcano. The authors 

examined the effects of increasing CO2 levels on the colonisation of artificial substrata by 

periphyton across a CO2 gradient. Focusing on the free-living motile diatoms, they found that 

Navicula numbers were similar at S3 compared to the control (mean pH = 8.18), while at a 

mean pH value of 8.05 its abundance doubled. In contrast, Nitzschia seemed inhibited in the 

two sites affected by a pH lowering, in fact its abundance was about three times higher at the 

control station than in the two CO2-impacted sites.  

In our summer experiment, Gyrosigma, unlike Navicula and Nitzschia, reached higher 

abundances in the control rather than in the two treatments at the end of the impact stage. In 

winter, a different pattern was observed with the highest values measured at pH 7.0 in the last 

stages of the impact. The lack of literature information on the response of Gyrosigma to 

elevated CO2 concentrations did not allow us to properly discuss our results regarding this 

genus. 

 

To the best of our knowledge, this study represents the first report of a potential CO2 

leakage from a shallow CCS site on benthic microbial communities. Although with some 

exceptions, benthic prokaryotes and their activities seemed insensitive to severe acidification, 

probably due to the buffer effect exerted by the sedimentary matrix. Conversely, microalgae 

seemed to be stimulated or inhibited at different pH as a consequence of the species-specific 

diatom tolerance to CO2. It is likely that peculiar environmental conditions of the site (e.g. 

depth, distance from the coast, grain size, chemical composition of the sediment and 

hydrology) could influence the overall effects of CO2. Our findings open new perspectives on 

the investigation of these poorly studied communities. Moreover, further research on benthic 
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microbes, integrated with other important benthic communities as meio- and macrofauna, 

would help to clarify the potential CO2 storage implications. 
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Table 1. Average values of Total Organic Carbon (TOC), proteins, lipids, colloidal carbohydrates (CHO-H2O), EDTA extractable carbohydrates 

(CHO-EDTA) and Biopolymeric Carbon (BPC) during the treatment (first 21 days) and aeration (last 21 days) stages of the two mesocosm 

experiments (18°C and 10°C). CTRL = Control.  

 

  TOC 18°C TOC 10°C PROTEINS 18°C PROTEINS 10°C LIPIDS 18°C LIPIDS 10°C 
  mg C g dry

-1 mg C g dry
-1 µgC g dry

-1 µgC g dry
-1 µgC g dry

-1 µgC g dry
-1 

Treatment 12.17 ± 0.66 12.51 ± 0.28 652.11 ± 36.13 812.20 ± 155.98 1064.94 ± 87.59 1106.71 ± 246.92 pH 6.5 

Areation 14.23 ± 1.94 13.32 ± 0.59 679.33 ± 61.87 582.65 ± 122.15 1082.82 ± 198.58 1197.04 ± 137.03 
Treatment 12.84 ± 1.26 12.76 ± 0.62 685.93 ± 143.64 818.77 ± 98.74 1293.94 ± 138.88 1152.08 ± 159.29 pH 7.0 

Areation 15.32 ± 2.68 13.32 ± 0.45 679.53 ± 166.53 722.62 ± 31.29 1226.03 ± 231.65 1161.23 ± 164.34 
“Treatment” 13.02 ± 1.07 12.00 ± 0.53 712.33 ± 74.36 613.36 ± 104.27 1165.53 ± 108.82 1019.54 ± 168.14 CTRL 

Areation 16.18 ± 4.19 12.32 ± 0.70 779.19 ± 74.89 531.89 ± 69.38 1280.45 ± 230.49 1155.48 ± 173.29 
                    

                    

  CHO-H 2O 18°C CHO-H2O 10°C CHO-EDTA 18°C CHO-EDTA 10°C BPC 18°C BPC 10°C 
  µgC g dry

-1 µgC g dry
-1 µgC g dry

-1 µgC g dry
-1 µgC g dry

-1 µgC g dry
-1 

Treatment 31.96 ± 12.01 34.98 ± 8.94 195.87 ± 59.22 214.83 ± 59.85 1944.98 2168.73 pH 6.5 

Areation 64.93 ± 9.73 47.58 ± 2.77 235.32 ± 10.90 248.15 ± 41.55 2062.33 2075.41 
Treatment 34.19 ± 11.15 31.50 ± 7.05 212.27 ± 52.56 202.24 ± 32.50 2234.34 2204.60 pH 7.0 

Areation 70.75 ± 25.78 62.86 ± 14.94 248.46 ± 2.06 197.59 ± 22.46 2224.99 2144.30 
“Treatment” 35.68 ± 15.38 25.69 ± 5.54 221.73 ± 48.73 178.81 ± 17.16 2135.35 1837.40 CTRL 

Areation 93.46 ± 15.34 33.19 ± 1.71 223.26 ± 46.47 168.85 ± 6.48 2376.17 1889.41 
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Fig. 1 Temporal development of prokaryotic abundance within the mesocosm experiments at 

18°C and 10°C. The grey background outlines the CO2 treatment stage while the white 

background indicates the recovery stage. Dots are average ± SD of 3 replicates. 
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Fig. 2 Temporal development of Prokaryotic C Production within the mesocosm experiments 

at 18°C and 10°C. The grey background outlines the CO2 treatment stage while the white 

background indicates the recovery stage. Dots are average ± SD of 3 replicates. 
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Fig. 3 Temporal development of microbial ectoenzymatic activities within the mesocosm 

experiments at 18°C and 10°C. The grey background outlines the CO2 treatment stage while 

the white background indicates the recovery stage. Dots are average ± SD of 3 replicates. 



 125 

Respiration

-150

-120

-90

-60

-30

0

0 7 14 21 28 35 42

Time (d)

p
m

o
l O

2 
cm

-3
 s

-1

Respiration

-150

-120

-90

-60

-30

0

0 7 14 21 28 35 42

Time (d)

p
m

o
l O

2 
cm

-3
 s

-1

pH 6.5

pH 7.0

CTRL

18°C 10°C

Respiration

-150

-120

-90

-60

-30

0

0 7 14 21 28 35 42

Time (d)

p
m

o
l O

2 
cm

-3
 s

-1

Respiration

-150

-120

-90

-60

-30

0

0 7 14 21 28 35 42

Time (d)

p
m

o
l O

2 
cm

-3
 s

-1

pH 6.5

pH 7.0

CTRL

18°C 10°C

 

Fig. 4 Temporal development of benthic respiration within the mesocosm experiments at 18°C 

and 10°C. The grey background outlines the CO2 treatment stage while the white background 

indicates the recovery stage. Dots are average ± SD of 3 replicates. 
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Fig. 5 Temporal development of benthic diatoms within the mesocosm experiments at 18°C 

and 10°C. The grey background outlines the CO2 treatment stage while the white background 

indicates the recovery stage. The scale on the x-axis is not linear. 
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Annex 1. List of abiotic parameters analysed at 18°C (x) and at 10°C (■).The grey background outlines the CO2 treatment stage while the white 

background indicates the recovery stage. TOC = Total Organic Carbon; CHO-H2O= colloidal carbohydrates; CHO-EDTA = EDTA extractable 

carbohydrates. 

 d pH DIC Grain size TOC CHO-H20 CHO-EDTA Lipids Proteins 

   mg L-1 % mg C g dry
-1 µg C g-1 µg C g-1 µg C g-1 µg C g-1 

T0 0 x ■ ■ x ■ x ■ x ■ x ■ x ■ x ■ 

T1 1 x ■ ■       

T2 2 x ■ ■  x ■ x ■ x ■ x ■ x ■ 

T3 4 x ■ ■       

T4 7 x ■ ■  x ■ x ■ x ■ x ■ x ■ 

T5 10 x ■ ■       

T6 14 x ■ ■  x ■ x ■ x ■ x ■ x ■ 

T7 21 x ■ ■  x ■ x ■ x ■ x ■ x ■ 

T8 22 x ■ ■       

T9 24 x ■ ■       

T10 28 x ■ ■  x ■ x ■ x ■ x ■ x ■ 

T11 31 x ■ ■       

T12 42 x ■ ■  x ■ x ■ x ■ x ■ x ■ 
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Annex 2. List of biotic parameters analysed at 18°C (x) and at 10°C (■).The grey background outlines the CO2 treatment stage while the white 

background indicates the recovery stage. Β-GLU = β-Glucosidase; CHIT = Chitinase; AMA = leucine-aminopeptidase; PCP = Prokaryotic C 

Production. 

 d Prokaryotes Benthic diatoms Β-GLU LIPASE CHIT AMA PCP Respiration 

  109 cell cm-3 cell cm-3 nmol cm-3 h-1 nmol cm-3 h-1 nmol cm-3 h-1 nmol cm-3 h-1 µg C cm-3 h-1 pmol O2 cm-3 s-1 

T0 0 x ■ x ■ x ■ x ■ x ■ x ■ x ■ x ■ 

T1 1 x ■  x ■ x ■ x ■ x ■ x ■ x ■ 

T2 2 x ■ x ■ x ■ x ■ x ■ x ■ x ■ x ■ 

T3 4 x ■ x ■ x ■ x ■ x ■ x ■ x ■ x ■ 

T4 7 x ■ x ■ x ■ x ■ x ■ x ■ x ■ x ■ 

T5 10 x ■  x ■ x ■ x ■ x ■ x ■ x ■ 

T6 14 x ■ x ■ x ■ x ■ x ■ x ■ x ■ x ■ 

T7 21 x ■ x ■ x ■ x ■ x ■ x ■ x ■ x ■ 

T8 22 x ■  x ■ x ■ x ■ x ■ x ■ x ■ 

T9 24 x ■  x ■ x ■ x ■ x ■ x ■ x ■ 

T10 28 x ■ x ■ x ■ x ■ x ■ x ■ x ■ x ■ 

T11 31 x ■  x ■ x ■ x ■ x ■ x ■ x ■ 

T12 42 x ■ x ■ x ■ x ■ x ■ x ■ x ■ x ■ 
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6. General discussion and conclusive remarks 
 

My doctoral thesis has not the pretence to give a complete interpretation of the benthic 

ecosystem functioning in soft bottom environments due to the high complexity of the overall 

system and the unfeasibility to consider all the factors involved. However, the four case-

studies (Chapters 2-5) can give descriptions of the benthic ecosystem functioning following an 

increasing complexity of the approach. Each survey has been carried out in a coastal/shallow 

environment subjected to different kinds of perturbation. Therefore, the investigated study 

sites represent environmental concerns which require an appropriate management by the 

authority. Although basically different (for the parameters analysed, the impact investigated, 

etc.), all studies can be interpreted within the DPSIR framework and, more precisely, in the 

causal links of the PSI part.  

In Chapter 2, the impact of mussel farming on the microphytobenthic community has 

been investigated. Structural chemical and physical parameters have been integrated with the 

analysis of the microalgal community (abundance and taxonomical composition). The mussel 

farming (intended as the Driving forces, i.e. an anthropogenic activity derived from the need 

for food provisioning) cause Pressures on the environment, in terms of feaces/pseudofeaces 

production and shadow on the bottom, which are mainly detected in the benthic domain due to 

its function as repository of what happens in the water column. The Pressures change the State 

of the benthic environment through the increase of organic matter as well described by 

chemical parameters (Biopolymeric C, Total Nitrogen and Total Organic C). The organic 

enrichment, together with other factors as the shadow exerted by the floating structures of the 

mussel farm, induce modifications in the microalgal community composition which can be 

intended as the Impacts. Modifications of the taxonomical composition among areas are 

expressed mainly by the proliferation of opportunistic taxa (as Gyrosigma and Navicula) 

beneath the mussel farms. The different densities of opportunistic and sensitive taxa according 

to the presence/absence of the mussel farm, confirme that benthic diatoms can be considered 

an useful tool in biomonitoring.   

An additional value to this study relies on the experimental design characterised by an 

innovative approach which sheds light on aspects that are generally neglected. Many surveys 

focused on the impact of the mussel farm on the benthic domain generally follow a 

conventional approach which consists in analysing and comparing an area where the mussel 

farm is located with a control (Mirto et al. 2000; Giles et al. 2006). In the experimental design 

of chapter 2, two new elements have been introduced in order to widen the perspective: the 
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four-year farm and the disused farm. These choices allow to investigate if the temporal 

duration of the mussel farm could evolve in different impacts and, more important, if there is a 

potential recovery. Similar microalgal communities inhabit the sediments at the disused site 

and at the control suggesting the recovery of MPB to a “pre mussel farming” situation after the 

removal such human activity. The effort in assessing the potential resilience indicates the 

primary goal of the survey: the evaluation of the mussel farm sustainability. The study is in 

fact a smaller part of a larger project aimed at determining the sustainability of mussel farming 

in the Gulf of Trieste. For pursuing this goal, many other points of view have been 

investigated as the impact of mussels on the planktonic communities, the feeding strategies of 

the bivalves, etc., covering also socio-economical aspects in a holistic way. Besides the 

analysis of MPB, the impact on the benthic domain has been investigated also considering 

other parameters as the picobenthic abundances and the main prokaryotic processes. Although 

from a preliminary integration of such findings the sustainability of mussel farming seems to 

be confirmed, caution should be maintained in the interpretation of our results and the 

avoidance of generalisation is strongly recommended also considering that the degree of 

impact is case by case dependent (Danovaro et al. 2004a).  

In Chapter 3, three benthic communities have been synoptically investigated in a 

shallow area in front of the Emilia Romagna coastline. Synoptic studies are rare due to the big 

effort implied in terms of resources, time and organisation of the sampling campaigns. 

Therefore the value of this survey relies on its synoptic approach with particular emphasis on 

MPB, a community that is commonly neglected. The study is an example of monitoring, in 

which a specific stressor is not investigated but, on the contrary, the environmental status is 

surveiled in order to detect any possible change. Considering the DPSIR conceptual model, 

monitoring programs are fundamental tools which allow to check and control the State of a 

given area for a long period. Moreover, monitoring studies constitute the basis for authorities 

and decision-makers prior to any kind of intervention. The studied area is subjected to several 

anthropogenic activities as offshore gas platforms, sediment dumping and sand extraction for 

beach replenishment. The data collected represent, therefore, the reference point for decision-

makers prior to any kind of intervention.  

The mesocosm study (Chapter 4) is an interesting example of how laboratory 

experiments could be used for the simulation of possible scenarios. Our attempt has been to 

predict the ecosystem response to a specific stressor and the derived evolving situation. The 

majority of mesocosm experiments, in which a decrease of pH is performed, focuses on the 

potential effects of Ocean Acidification (OA) caused by the increase of atmospheric CO2 
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(Grossart et al. 2006; Widdicombe et al. 2009).  My experiment has been performed in order 

to investigate something different, i.e. the potential effect of the CO2 leakage from a Carbon 

dioxide Capture and Storage (CCS) site on the benthic microbial communities. In a CO2-rich 

world, the OA is a concern of growing interest that stimulates the decision-makers in 

developing new technologies for limiting or inverting the trend. CCS sites are considered a 

valid option to permanently store large amounts of CO2 otherwise released in the atmosphere. 

However this technology is at its infancy and several aspects should be properly investigated 

before passing to the actual realisation. Neglecting all the engineering problems (the feasibility 

of the project, the efficiency of the CO2 storage, which areas are more suitable, etc.), another 

aspect to be investigated is the potential impact of a CO2 leakage on the environment. In the 

DPSIR conceptual model, the focus of this study could be included among the Responses 

developed by humankind for solving global hazards similarly to the OA. Moreover, at the 

same time the PSI steps have been described during the temporal evolution of the mesocosm 

experiment: the Pressure is the increase of CO2 from the CCS site which causes changes of the 

benthic ecosystem State (the lower pH measured in water) while the Impacts are all the 

possible consequences on the biological communities and their respective processes.  

In this study shallow benthic microbial communities (picobenthos and MPB) have been 

investigated considering also the main mineralisation processes and the prokaryotic uptake of 

carbon. To the best of my knowledge, these parameters have never been investigated in the 

perspective of either OA or CCS site simulations in contrast to their planktonic counterparts 

(Liu et al. 2010). Therefore, the mesocosm study of the chapter 4 can be considered a 

pioneering example of the microbial response to CO2-induced pH decrease in shallow marine 

sediments. Overall, the results suggest a prokaryotic community almost insensitive to 

consistent pH decrease (pH=6.5) both in terms of exoenzymatic activities and PCP probably 

due to the buffer effect exerted by the sedimentary matrix (Cibic & Virgilio 2010). On the 

other hand, microalgal growth seem to be stimulated at “intermediate” pH values (pH=7) and 

inhibited at lower ones (pH=6.5). Although the community is dominated by the same three 

genera (Gyrosigma, Navicula and Nitzschia), these taxa show different tolerance to CO2. 

Beyond all the possible shortcomings of the experimental design (who doesn’t have any?), as 

the lack of the mesocosms replications, the observed signal is almost the same both at 18 and 

10°C, corroborating my interpretations of the data. Moreover, this is a preliminary survey and 

it will be useful for performing and ameliorating further experiments.  

Of course, from the overall findings of this mesocosms experiment, it is not possible to 

asses exhaustively the risk associated to a shallow CCS site. The integration of this study with 



 152 

others focused on different aspects of the benthic ecosystem functioning (i.e. meiofauna, 

macrofauna, primary production, etc.) can provide a better comprehension of the hazard 

associated with this technology.  

Compared to the previous chapters, the last one (Chapter 5) represents the most 

complete example of a study focused on the benthic ecosystem functioning. Several 

parameters have been investigated and integrated: from the physical and chemical aspects to 

the analyses of the benthic community structures, in parallel with the evaluation of the 

principal processes responsible for the flow of C through the system (Primary Production, 

benthic respiration, exoenzymatic activities and PCP). The case-study is a riverine-lagoonal 

system subjected to co-occuring stressors as the severe contamination by hydrocarbons and 

heavy metals. It is a good example of the most common situations that require the intervention 

of the environmental policies: due to the presence of numerous human activities as agriculture, 

industry and urban development, the system is exposed simultaneously to combined stress 

factors which may produce synergistic effects. Therefore, the complexity of the in situ 

environmental problems are more complex issues than those performed in laboratory 

experiments, when the response to a specific stressor is investigated in controlled conditions, 

i.e. eliminating any other stress factor.  

As for the chapter 4, the focus of this study can be included in the Responses of the 

DPSIR conceptual model. In order to address appropriate corrective actions, the Special 

Commissioner for the socio-economic and environmental emergency in the Lagoon of Marano 

Lagunare and Grado ordered a survey aimed to assess the State of the benthic ecosystem along 

a decreasing contamination gradient from the Torviscosa industrial site towards the Adriatic 

lagoon. The area, characterised also by an increasing salinity gradient downstream, is severely 

contaminated by hydrocarbons and heavy metals derived from the decennial industrial activity 

of cellulose and soda productions, respectively. These contaminants affect the State of the 

benthic ecosystem causing the establishment of altered trophic webs and low biodiversity 

(Impacts). Overall, our findings suggest a decreasing degree of alteration of the benthic 

ecosystem along the Aussa river. However, the site that we expected to be the most impacted 

(the Banduzzi channel) is characterised by an extremely active microbial community with 

elevated abundances of benthic microalgae which determine corresponding high Primary 

Production rates. Moreover, the overall activities of the benthic prokaryotes (exoenzymatic 

activities and PCP which allow to calculate the Prokaryote C conversion efficiency, Danovaro 

& Pusceddu 2007) result in a community efficient in reworking the organic matter in new 

biomass available for the higher trophic levels. However, since meio- and macrofauna 
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abundances are not particularly pronounced at this station, the scenario reflects a solid benthic 

microbial loop. The presence of functional microbial groups (i.e. cellulose-degrading bacteria 

and n-hexadecane-degrading bacteria), capable of exploiting non-labile material such as 

hydrocarbons and cellulose of industrial origin, suggests that the sediment is inhabited by a 

specialized community which allows the benthic ecosystem to reach a state of equilibrium. 

Corrective actions, such as the dredging of the channel in order to remove the contaminated 

sediments, could break this equilibrium. In fact, the resuspension of contaminants, that have 

been gradually buried in the sediment and reworked by specialized prokaryotes, would make 

them available again to the higher levels of the planktonic trophic web with unpredictable 

consequences for many organisms, humans included. Furthermore, the physical disturbance of 

the dredging inevitably causes modifications of the oxygen vertical gradient within the 

sediment. Anaerobic prokaryotes inhabiting the sub-surface sediment layers are the principal 

agents responsible for the opening of the aromatic rings. The enhanced diffusion of oxygen 

caused by the dredging activity could inhibit these functional groups, reducing, therefore, the 

ability of the system to rework hydrocarbons. As a result, in this specific environmental 

context, such invasive actions should be avoided because they may slow down the ongoing 

natural recovery of the system. The integrative measure of the ecological properties with 

particular regard to the processes and the microbial communities, show to provide indications 

that would otherwise be neglected or lost.         
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