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Abstract


Hypoxia is one of the most important and faster spreading threats to marine life and its occurrence 

has significantly increased in frequency, intensity and spatial extent in the last century. The effects 

of hypoxia on marine organisms and communities has mostly been studied in light of the intensity 

of the disturbance but not a lot of attention has been given to its interaction with other stressors and 

the timing of its appearance. In this thesis I started to explore these topics through laboratory and 

manipulative field experiments focusing my attention both on macrobenthos and on the microbial 

community that was studied through innovative meta barcoding techniques.


This thesis also aimed at furthering our knowledge about how to manage and protect anthropically 

controlled estuarine and coastal habitats where hypoxic events are expected to increase in the near 

future. 


I studied the interactive effects of thermal stress and hypoxia on a European native bivalve species 

(Cerastoderma edule; Linnaeus, 1758 ) and a non native one (Ruditapes philippinarum; Adams & 

Reeve, 1850) through a laboratory experiment performed in the Netherlands. The non native species 

displayed a vastly greater tolerance to oxygen depletion than the native one both at winter and 

summer temperatures. This high tolerance may give the non native species a competitive advantage 

potentially increasing its invasive potential. Higher temperatures confirmed their important role in 

increasing the effects of hypoxia even when very low temperatures were compared.


The first field experiment was performed in an Italian brackish coastal lagoon (Pialassa Baiona) and 

aimed at testing the effects of different timing regimes of hypoxia on the natural benthic 

community. Hypoxic periods of different durations were imposed repeatedly and separated by 

different normoxic pauses and the effects of these treatments were assessed on the macrobenthic 

community. It emerged that the main factor affecting the community is the duration of the hypoxic 

period and that the normoxic pause resulted beneficial only when the disturbance was short enough. 
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The ability of the communities to recover after a set of repeated hypoxic periods is the topic that 

was explored in the second manipulative field experiment. We imposed three different timing 

regimes of hypoxia on sediment patches in Pialassa Baiona and we monitored the changes of both 

the benthic and the microbial communities after the disturbances.. Microbes were analyzed through 

metabarcoding techniques that allowed to compile a library of the whole community from sediment 

samples. We hypothesized that the communities resulting from the different disturbances would 

lead to variable trajectories, and potentially end results, of recovery. The preliminary analyses of the 

data from this last work suggest that the experimental manipulations caused limited detrimental 

effects on the communities and further and more refined analyses are needed to explore the 

recovery process. 


Overall this thesis work suggests that the duration of hypoxic events, their repetitive nature and the 

associated thermal stress are key factors in determining their effects on the communities of coastal 

areas and that management measures should point towards a reduction of the duration of the single 

hypoxic periods more than their frequency. 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General Introduction


Hypoxia: a spreading threat.


Oxygen is a fundamental element in the functioning of marine and coastal ecosystems. Most 

metazoans in fact heavily rely on oxygen for their metabolism and dissolved oxygen concentration 

([DO] from now on) is an important factor in shaping marine communities. Hypoxia is broadly 

defined as a condition where [DO] drops below 2 mg/l, a threshold below which most benthic 

organisms are expected to be negatively affected by the scarcity of oxygen (Pihl, Baden and Diaz, 

1991). This definition, though, is limited and doesn’t account for the wide range of tolerances to 

oxygen depletion displayed by marine organisms (Diaz & Rosenberg, 1995) that, based on different 

physiological, behavioral and ecological features, can either survive significantly lower [DO]s or be 

negatively affected at higher ones (Hagerman, 1998; Villnäs et al., 2012). The existence of basins 

that present hypoxic or anoxic conditions is well documented in historical (Kamykowsky & 

Zentara, 1990) and geological (Robinson et al., 2019) times but their number has drastically 

increased in the last century (Breitburg et al, 2018). According to Shmidtko, Stramma and Visbeck 

(2017) the global oceanic oxygen content has decreased by more than 2% since 1960 with a 

pronounced variability between different areas and depths. In the upper water column these changes 

are mostly linked to warming and consumption by organisms. Warming in fact decreases oxygen 

solubility in the water and increases stratification reducing vertical mixing (Helm, Bindoff & 

Church; 2011; Malone & Newton, 2020). Stratification linked to increased surface temperature and 

scarce ventilation has shown to be one of the factors that can single handedly trigger the occurrence 

of hypoxia (Rabalais, 2009; Ni et al., 2016) or enhance its effects by preventing well oxygenated 

surface waters to reach the bottom. The combination of these factors are expected to extend the 

occurrence (Keeling et al., 2010), both in time and space, of Oxygen Minimum Zones (OMZ) in the 

open ocean intermediate and deep waters (Levin et al., 2009). Oxygen minimum zones are areas of 
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the internal oceans where, mainly due to the reduced vertical mixing, [DO] is seasonally, or 

continuously, close to zero, making them unfit to host biodiversity and with strong effects on 

biogeochemical cycles in general (Keeling et al., 2010).


Increasing temperature also increases the consumption of oxygen by marine organisms through 

respiration (Jones, 1977; Roman et al., 2019) further enhancing both the intensity and the effects of 

hypoxia on communities (Vaquer-Sunyer & Duarte, 2011; Kim et al., 2018).


Hypoxia is also increasing in intensity and extent in coastal and estuarine habitats (Breitburg et al., 

2018) with more than 500 sites experiencing low oxygen concentrations since 1950 mainly during 

the warm season due to increasing temperatures and anthropic pressures in terms of pollution and 

eutrophication (Malone & Newton, 2020; Diaz, 2001). 


Hypoxia in coastal habitats


Coastal environments are complex and fragile: a high and increasing percentage of the world 

population inhabits coastal areas and their activities impact the habitats of those areas in multiple 

deep ways (Airoldi & Beck, 2007). These impacts, such as overexploitation, pollution and 

eutrophication, despite not necessarily catastrophic by themselves, cause habitat loss and 

fragmentation (Thrush et al., 2008) that have been traditionally overlooked compared to those 

happening in terrestrial habitats. 


Eutrophication represents one of the most important anthropic impacts affecting coastal habitats 

(Rabalais et al., 2009) and is directly linked to the increase in extent and intensity of hypoxic events 

in coastal waters (Breitburg et al., 2008; Malone & Newton, 2020). Nixon (1995) defined 

eutrophication as ‘an increase in the rate of supply of organic matter to an ecosystem’ . The main 

causes of this increase in supply of organic matter and the consequent imbalance in the cycles of 

Nitrogen (N) and other elements are human activities: agriculture, industry and urban wastewater 
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discharge deliver high quantities of nutrients in the surrounding waters (Diaz, 2001). Sources of 

eutrophication can either be diffused (nonpoint) or concentrated (point) (Prepas & Charette, 2003): 

the most pressing challenge for future control of eutrophication is the reduction of nonpoint sources 

of enrichment such as the intensive use of fertilizers in agriculture, animal waste and vehicle 

emissions while point sources such as sewage effluent can be controlled and limited with relative 

ease (Horne & Goldman, 1994). According to Pacés (1982), for example, N-NO3 concentrations in 

the Elbe river reported a ten fold increase from 1892 to 1976 mostly due to anthropogenic 

contributions and similar trends have been observed in many other basins around the world (Turner 

& Rabalais, 1991; Davis & Koop, 2006; Fisher et al., 2006). 


Due to their proximity with urban and agricultural areas, their relatively shallow and often warm 

waters and the influence of riverine discharge (Kralj et al., 2019), coastal and estuarine areas are 

particularly vulnerable to eutrophication and the subsequent hypoxic events. 


High concentrations of nutrients cause an increase in primary production and the emergence of 

macroalgal or phytoplankton blooms (Miyamoto et al., 2019; Burkholder et al., 2007) that initially 

induce diel-cycling hypoxia: during the day they increase [DO] by performing photosynthesis while 

at night they reduce it drastically due to their high respiration rates (D’Avanzo & Kremer 1994, 

Tyler et al., 2009). Macroalgae, when their concentration increases excessively tend to shade 

themselves, die and decompose releasing further organic matter into the water (Valiela et al., 1997). 

This process stimulates excessive respiration by organisms causing sustained hypoxic periods and 

other detrimental phenomena such as acidification and the release of toxic compounds with major 

effects on fish and benthic communities. 


Coastal waters are also often characterized by a strong water stratification enhanced by increasing 

temperatures (Orita et al., 2015; Coma et al., 2009) and this tends to aggravate the imbalances in 

nutrients cycles and to limit water mixing by stopping Oxygen from reaching bottom waters. The 
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Mediterranean sea, for example, is strongly stratified from May to October due to solar radiation 

during Spring (Coma et al., 2009; Del Giudice et al., 2018). As previously mentioned high water 

temperatures also reduce oxygen solubility and increases oxygen demand by organisms further 

contributing to the insurgence of hypoxic periods in the shallow and often stagnant waters of 

estuaries and coastal areas (Roman et al., 2019; Wang et al., 2017) and modulating the responses of 

marine ecosystems (Conley et al., 2009).


Hypoxia in marine ecosystems causes severe detrimental effects for the communities reducing their 

abundance, biodiversity and resilience. Benthic and pelagic organisms are affected by hypoxia at 

different levels: despite presenting a wide range of tolerances, most of them experience some sort of 

lethal or sub lethal effects. The review by Gray and colleagues (2002) shows how some actively 

swimming fish start to be affected in their growth at a [DO] around 6 mg/l and and show metabolic 

responses at 4.5 mg/l, two concentrations significantly higher than that commonly accepted to 

define an hypoxic environment. Crustaceans also tend to be very sensitive to hypoxia with the 

larval stages of some species displaying a lethal concentration of 8.6 mg/l and with, in general, 

median lethal times significantly lower than those of other taxa (Vaquer-Sunyer & Duarte, 2008). 

Molluscs, cnidarians and priapulids, on the other hand, typically display higher tolerances (Levin et 

al., 2009; Vaquer-Sunyer & Duarte, 2008) and better adaptations (Hagerman, 1998; De Zwaan et 

al., 2002). 


The 2008 review by Diaz and Rosenberg shows a number of case studies from different hypoxic 

areas from around the world highlighting how the structure of their benthic communities is deeply 

affected by oxygen depletion. Environments, after hypoxia, display communities characterized by 

low abundances and diversities with cases of complete defaunation in areas such as the Chesapeake 

Bay (Holland et al., 1987) and parts of the Black Sea (Mee et al., 2005). 
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Areas that historically experience periodic hypoxia may present communities composed by tolerant 

organisms capable to resist future hypoxic periods with relatively mild effects while oxygen 

depletion in previously unaffected habitats may have devastating consequences reducing the 

community to a point where recovery would take several years to take place (Diaz & Rosenberg, 

2008). Intense hypoxic events often cause mass mortalities in costal habitats (Montagna & Ritter, 

2006) leading to shifts to communities often composed by smaller, short lived and opportunistic 

organisms (Diaz & Rosenberg, 1995).


Physiological basis of tolerance and sensitivity to hypoxia of benthic organisms


Hypoxia causes physiological and tissue damages, reproductive impairment, and ultimately 

mortality on most marine organisms but a plethora of strategies have evolved to come with oxygen 

deprivation across all taxa.


Benthic organisms such as Nematodes, Annelids, Platyhelminths and Molluscs developed different 

behavioral strategies to face hypoxic or anoxic environments. Escaping hypoxic areas or 

unburrowing closer to the sediment-water interface (Sakurai et al., 1996; Dominguez et al., 2021, 

Verdelhos et al., 2015) are basic behaviors adopted by organisms to tolerate dissolved oxygen 

depletion. However, important adaptations are also displayed at the physiological level: most 

benthic organisms in hypoxic conditions tend to improve the delivery of O2 to compensate the 

reduced amount of oxygen provided by the environment through biochemical adaptations in their 

respiratory pigments. The main oxygen carriers among invertebrates are hemoglobins which are 

present in Annellids and some other phyla. In addition to them, nonheme iron proteins such as 

hemerythrin characterize sipunculids, brachiopods, priapulids and a few annelids while 

hemocyanins  are typical of Arthropods and Molluscs. These pigments increase the efficiency of 

respiration allowing organisms to survive mild hypoxic conditions (Hochachka & Somero, 2002).
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In oxygen deprived environments physiological mechanisms involving the respiratory pigments are 

aimed at regulating the provision of O2 related to its availability, acting on the transportation of O2 

and on its delivery to gas exchange organs. However, when hypoxic conditions become too severe 

these systems do not manage to compensate the O2 deficiency. So, at this point, other biochemical 

processes are put in place to survive extreme hypoxic episodes. Organisms for example can store 

energetic substrates such as glycogen to supply for the body needs during periods of oxygen 

limitation. In organisms with a long anoxic survival time metabolic suppression, namely a severe 

down-regulation of energy turnover, also occurs to limit the production of ATP and extend tissue’s 

survival time. Further, many animals evolved anaerobic metabolic systems to enhance the 

production of ATP, increasing energetic efficiency of ATP-producing pathways (Hochachka & 

Somero, 1984; de Zwaan & Wijsman, 1976). However, the activation of fermentative pathways 

represents an extreme process put in place by organisms in completely anoxic conditions (Babarro 

& de Zwaan, 2008).


Concluding, in hypoxic conditions metabolic pathways maximizing the ATP produced per mole of 

oxygen are triggered while in anoxic conditions anaerobic pathways maximizing the production of 

ATP from fermentation are preferred. In hypoxic or anoxic environments the up-regulation of 

substrate coincides with the up-regulation of the metabolic potentials. However, it has be shown 

that the best strategies to face hypoxia is the suppression of energy turnover supplies. 


Timing of insurgence


Due to the complex interactions between factors determining it, hypoxia may present with different 

timing regimes. Diel-cycling hypoxia is one of the most common: [DO] is high during the day due 

to the oxygen released with photosynthesis and drops drastically at night due to respiration 

(Miyamoto et al., 2019) with lower levels at the end of the night. Diel-cycling hypoxia is common 
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in shallow waters and is linked to a complex and scale-dependent hierarchy of factors (Tyler et al., 

2009; Porter & Breitburg, 2016) and seem to have a selective effect on benthic communities 

causing the loss of susceptible organisms or specific life stages (Gedan et al., 2017).


Hypoxia also appears as a seasonal phenomenon. Some systems, such as the North Adriatic or 

nordic fjords, are characterized by persistent seasonal hypoxia (Diaz & Rosenberg, 2008). Seasonal 

hypoxia normally appears at the end of summer and persists until late fall due to summer 

stratification and increased oxygen consumption (Diaz & Rosenberg, 1995; Hagens et al., 2014). 

Del Giudice and colleagues (2018) showed how the main factors triggering seasonal hypoxia are 

long-term nutrients loadings and spring temperatures.


Environments characterized by seasonal hypoxia often experience mass mortality events during 

summer (Diaz, 2001) with a partial annual recovery that, though, does not prevent drastic decrease 

in diversity, stock size and in the recruitment of fisheries (Baden et al., 1990). The analysis of 

benthic communities from seasonally hypoxic habitats such as the Louisiana continental shelf 

(USA) or Lake Grevelingen (The Netherlands) show a pronounced reduction in the number of 

species and in total abundance (Sen Gupta et al., 1996; Gaston, 1985; Capelle et al., 2021) of 

organisms. Communities from seasonally hypoxic habitats are kept at early successional stages by 

the recurring disturbances and this allows them to recover relatively quickly while environments 

that experience aperiodic severe events present communities that are not shaped by previous stress 

and may take several years to recover (Boesch & Rabalais, 1991). For example the German Bight 

was interested by an intense hypoxic event between 1981 and 1983 (Niermann et al. 1990) that 

reduced species abundance of around 50%. A full recovery, in this case, was not observed until 

1987. 


These aperiodic catastrophic hypoxic events, often related to excessively warm seasons or sudden 

eutrophication phenomena, are bound to become more and more frequent in the future due to 
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climate change and increasing anthropization (Gray, 2002) and, due to their unpredictable nature, 

will present important management challenges. 


Not a lot has been studied about the effects of multiple stressful events and of their repetition 

(Benedetti-Cecchi al., 2006) and for phenomena such as hypoxia whose occurrence can both be 

cyclic and stochastic the relationships between frequency, duration, and temporal variance are 

aspects that need to be addressed (Nakano et al., 2017; Dal Bello et al., 2017). Nakano and 

colleagues (2017) used numerical modeling to show how a long and continuous hypoxic events 

have a stronger negative effect on the populations of the bivalve Anadara kagoshimensis than a 

series of short repeated events but only focused on 6 hours stressful periods simulating a diel-cycle. 

The capability of bivalves to tolerate diel-cycling hypoxia by quickly reacting to the re-introduction 

of oxygen has been also shown in laboratory experiments (Porter & Breitburg, 2016). These kinds 

of responses, though, are probably species-specific and have never been studied on whole 

communities. The other temporal aspect of the hypoxic stress that has been studied is the recovery: 

after an hypoxic period long enough to induce a partial or complete defaunation the time needed for 

the community to recover is key in determining the effects of a subsequent stressful event (Boesch 

& Rabalais, 1991). Van Colen and colleagues (2008) for example, monitored the recovery of 

experimentally defaunated areas and, despite observing a clear Pearson-Rosenberg succession 

sequence, they did not obtain, over several months, a community with high similarities with the 

starting (control). From later observations on the same experiment (Van Colen et al., 2010) emerged 

a tendency for recovered patches to diverge from the ambient communities creating a potential 

situation of patchiness and instability that may characterize frequently hypoxic environments.


Other stressors have been studied because of their recurring occurrence and of their timing regimes.


Temporal variance may in fact be an important factor in determining the effects of disturbances on 

the communities (Benedetti-Cecchi et al., 2006) not necessarily in the same direction of the effects 
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of intensity: a high temporal variance in the occurrence of stresses may determine situations where 

disturbances present at short time intervals preventing the recovery even of fast-growing organisms 

or even where the disturbances overlap with the recruiting seasons of some specific organisms with 

intense and point-like effects. Regularly distributed disturbances, on the other hand, if distanced 

enough in time, may allow for a stable adapted community to persist (Bertocci et al., 2005; Van 

Colen et al; 2010; Nakano et al., 2017). The increase in frequency and the changes in patterning of 

extreme climatic events are expected consequences of climate change, even more than the increase 

in intensity and their effects on the ecosystems need to be addressed. 


Aims of the work


My PhD research aimed at investigating the effects of different aspects of the hypoxic disturbance 

on the benthic communities of coastal habitats. At first focusing on single species and the 

interactions between oxygen deprivation and temperature though a laboratory experiment. 


Then I investigated the effects of different timing regimes of hypoxia on a natural benthic 

community to understand how repeated hypoxic events can shape the communities in different 

ways based on how they are clustered over time. At last we extended this focus on the timing 

regime of repeated hypoxic events monitoring the recovery of both the benthic and the microbial 

communities after different regimes of hypoxic disturbance.


The thesis is composed by three chapters intended as manuscripts for publication.


Chapter 1 I performed a laboratory experiment aimed at comparing the thermal tolerances to 

hypoxia of a native and a non native co-existing bivalve species, Cerastoderma edule and Ruditapes 

philippinarum. I tested their tolerance at summer and winter temperatures under different levels of 

oxygen deprivation in order to test whether the non-native invasive species could be favored over 
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the native one when the two species are co-habiting habitats characterized by frequent or chronic 

hypoxia. This chapter is under review for publication on PeerJ.


Chapter 2: I focused on the evaluation of the effect of different temporal regimes of induced 

hypoxia on the benthic community in a coastal lagoon located in the Northern Adriatic Sea (Pialassa 

Baiona). Coastal habitats are key ecosystems that support a plethora of ecosystem services; 

notwithstanding, they are influenced by different anthropogenic pressures such as pollution and 

eutrophication that may induce hypoxia or anoxia. In transitional habitats and lagoons, hypoxia 

often appears in a stochastic and unpredictable way but currently, little information is available in 

terms of potential effects of different temporal regimes of hypoxia on communities. We performed 

two different experiment aimed at assessing the effect of single hypoxic events of different duration 

and the potential resilience of the community to hypoxic periods of different duration followed by 

different normoxic breaks on these transitional habitat’s communities.


Chapter 3: I performed a manipulative field experiment imposing different timing regimes of 

hypoxia on the communities of an Italian coastal lagoon and monitored the recovery after the 

disturbance. The benthic community was visually analyzed while the microbial community was 

monitored through innovative meta barcoding techniques. Repeated hypoxic periods can in fact 

have different effects on communities and these effects can lead to variable recovery trajectories 

with potentially different end results. Hence, analyzing the recovery of communities after variable 

hypoxic disturbances is key to predict and manage the trends developing in habitats characterized 

by oxygen depletion.  

17



References


Airoldi L., Beck M.W. (2007). Loss, status and trends for coastal marine habitats of Europe. 
Oceanogr Mar Biol 45, 345–405. https://doi.org/10.1201/9781420050943.ch7


Babarro J.M.F., De Zwaan A. (2008). Anaerobic survival potential of four bivalves from different 
habitats. A comparative survey. Comp Biochem Physiol Part A Mol Integr Physiol 151(1), 108–113. 
https://doi.org/10.1016/j.cbpa.2008.06.006


Baden S.P., Loo L.O., Pihl L., Rosenberg R. (1990). Effects of eutrophication on benthic 
communities including fish: Swedish west coast. Ambio 19(3), 113–122. https://doi.org/
10.2307/4313676


Benedetti-Cecchi L., Bertocci I., Vaselli S., Maggi E. (2006). Temporal variance reverses the impact 
of high mean intensity of stress in climate change experiments. Ecology 87(10), 2489–2499.

https://doi.org/10.1890/0012-9658(2006)87[2489:TVRTIO]2.0.CO;2 


Bertocci I., Maggi E., Vaselli S., Benedetti-Cecchi L. (2005). Contrasting effects of mean intensity 
and temporal variation of disturbance on a rocky seashore. Ecology 86(8), 2061-2067. https://
doi.org/10.1890/04-1698


Boesch D.F., Rabalais N.N. (1991). Effects of hypoxia on continental shelf benthos: comparisons 
between the New York Bight and the Northern Gulf of Mexico. Geol Soc Spec Publ 58(1), 27-34. 
https://doi.org/10.1144/GSL.SP.1991.058.01.02 


Breitburg D., Levin L.A., Oschlies A., Grégoire M., Chavez F.P., Conley D.J., Garçon V., Gilbert 
D., Gutiérrez D., Isensee K., Jacinto G.S., Limburg K.E., Montes I., Naqvi S.W.A., Pitcher G.C., 
Rabalais N.N., Roman M.R., Rose K.A., Seibel B.A., Telszewski M., Moriaki Y., Zhang, J. (2018). 
Declining oxygen in the global ocean and coastal waters. Science 359(6371). https://doi.org/
10.1126/science.aam7240


Burkholder J.M., Tomasko D.A., Touchette B.W. (2007). Seagrasses and eutrophication. 	 J Exp	 
Mar Biol Ecol 350(1–2), 46–72. https://doi.org/10.1016/j.jembe.2007.06.024


Capelle J.J., Garcia A.B., Kamermans P., Engelsma M.Y., Jansen H.M. (2021). Observations on 
recent mass mortality events of marine mussels in the Oosterschelde, the Netherlands. Aqua. Int 29, 
1737-1741. https://doi.org/10.1007/s10499-021-00713-6


18

https://doi.org/10.1201/9781420050943.ch7
https://doi.org/10.1016/j.cbpa.2008.06.006
https://doi.org/10.2307/4313676
https://doi.org/10.2307/4313676
https://doi.org/10.1890/0012-9658(2006)87%25255B2489:TVRTIO%25255D2.0.CO%3B2
https://doi.org/10.1890/04-1698
https://doi.org/10.1890/04-1698
https://doi.org/10.1144/GSL.SP.1991.058.01.02
https://doi.org/10.1126/science.aam7240
https://doi.org/10.1126/science.aam7240
https://doi.org/10.1016/j.jembe.2007.06.024
https://doi.org/10.1007/s10499-021-00713-6


Coma R., Ribes M., Serrano E., Jiménez E., Salat J., Pascual J. (2009). Global warming-enhanced 
stratification and mass mortality events in the Mediterranean. Proc Natl Acad Sci U.S.A. 106(15), 
6176-6181. https://doi.org/10.1073/pnas.0805801106


Conley D.J., Carstensen J., Vaquer-Sunyer R., Duarte C.M. (2009). Ecosystem thresholds with 
hypoxia. Hydrobiologia 629(1), 21–29. https://doi.org/10.1007/s10750-009-9764-2 


D!Avanzo C., Kremer J.N. (1994). Diel oxygen dynamics and anoxic events in an eutrophic estuary 
of Waquoit Bay, Massachusetts. Estuaries 17, 131–139. https://doi.org/10.2307/1352562 


Davis J.R., Koop K. (2006). Eutrophication in Australian rivers, reservoirs and estuaries-a southern 
hemisphere perspective on the science and its implications. Hydrobiologia 559(1), 23-76. https://
doi.org/10.1007/s10750-005-4429-2


Del Giudice D., Zhou Y., Sinha E., Michalak A.M. (2018). Long-term phosphorus loading and 
springtime temperatures explain interannual variability of hypoxia in a large temperate lake. 
Environ Sci Technol 52(4), 2046–2054. https://doi.org/10.1021/acs.est.7b04730


De Zwaan A., Babarro J.M.F., Monari M., Cattani O. (2002). Anoxic survival potential of bivalves: 
(arte)facts. Comp Biochem Physiol Part A Mol Integr Physiol 131(3), 615–624. https://doi.org/
10.1016/S1095-6433(01)00513-X


De Zwaan A., Wijsman T.C.M. (1976). Anaerobic metabolism in bivalvia (Mollusca). 
Characteristics of anaerobic metabolism. Comp Biochem Physiol Part B Biochem Mol Biol 54(3), 
313-323. https://doi.org/10.1016/0305-0491(76)90247-9


Diaz R.J., Rosenberg, R. (2008). Spreading dead zones and consequences for marine ecosystems. 
Science 321(5891), 926–929. https://doi.org/10.1126/science.1156401


Diaz R.J. (2001). Overview of Hypoxia around the World. J Environ Qual 30(2), 275-281. https://
doi.org/10.2134/jeq2001.302275x 


Diaz R.J., Rosenberg R. (1995). Marine benthic hypoxia: a review of its ecological effects and the 
behavioural responses of benthic macrofauna. Oceanogr Mar Biol 33, 245–303.


Domínguez R., Olabarria C., Woodin S.A., Wethey D.S., Peteiro L.G., Macho G., Vázquez E. 
(2021). Contrasting responsiveness of four ecologically and economically important bivalves to 
simulated heat waves. Mar Environ Res 164, 105229. https://doi.org/10.1016/
j.marenvres.2020.105229 


19

https://doi.org/10.1073/pnas.0805801106
https://doi.org/10.1007/s10750-009-9764-2
https://doi.org/10.2307/1352562
https://doi.org/10.1007/s10750-005-4429-2
https://doi.org/10.1007/s10750-005-4429-2
https://doi.org/10.1021/acs.est.7b04730
https://doi.org/10.1016/S1095-6433(01)00513-X
https://doi.org/10.1016/S1095-6433(01)00513-X
https://doi-org.ezproxy.unibo.it/10.1016/0305-0491(76)90247-9
https://doi.org/10.1126/science.1156401
https://doi.org/10.2134/jeq2001.302275x
https://doi.org/10.2134/jeq2001.302275x
https://doi.org/10.1016/j.marenvres.2020.105229
https://doi.org/10.1016/j.marenvres.2020.105229


Fisher T.R., Hagy J.I.D., Boynton W.R., Williams M.R. (2006). Cultural eutrophication in the 
Choptank and Patuxent estuaries of Chesapeake Bay. Limnol Oceanogr 51, 435-447. https://doi.org/
10.4319/lo.2006.51.1_part_2.0435 


Gaston G.R. (1985). Effects of hypoxia on macrobenthos of the inner shelf off Cameron, Louisiana. 
Estuar Coast Shelf Sci 20(5), 603-613. https://doi.org/10.1016/0272-7714(85)90110-6


Gedan K.B., Altieri A.H., Feller I., Burrel R., Breitburg D. (2017). Community composition in 
mangrove ponds with pulsed hypoxic and acidified conditions. Ecosphere 8(12), e02053. https://
doi.org/10.1002/ecs2.2053 


Gray J.S., Wu R.S., Or Y.Y. (2002). Effects of hypoxia and organic enrichment on the coastal 
marine environment. Mar Ecol Prog Ser 238, 249–279. https://doi.org/10.3354/meps238249 


Hagens M., Hunter K.A., Liss P.S., Middelburg J.J. (2014). Biogeochemical context impacts 
seawater pH changes resulting from atmospheric sulfur and nitrogen deposition. Geophys Res Lett 
41(3), 935-941. https://doi.org/10.1002/2013GL058796 


Hagerman L. (1998). Physiological flexibility; a necessity for life in anoxic and sulphidic habitats. 
Hydrobiologia 375, 241-254.


Helm K.P., Bindoff N.L., Church J.A. (2011). Observed decreases in oxygen content of the global 
ocean. Geophys Res Lett 38, L23602. https://doi.org/10.1029/2011GL049513 


Hochachka P.W., Somero G.N. (1984). Biochemical adaptation. Princeton University Press, 
Princeton, NJ. 521pp.


Hochachka P.W., Somero G.N. (2002) Biochemical adaptation: Mechanism and process in 
physiological evolution. Oxford University Press, New York, 466 p.


Holland A.F., Shaughnessy A.T., Hiegel M.H. (1987). Long-term variation in mesohaline 
Chesapeake Bay macrobenthos: spatial and temporal patterns. Estuaries 10(3), 227–245. https://
doi.org/10.2307/1351851


Horne A.J., Goldman C.R. (1994). Limnology (Vol. 2), McGraw-Hill, New York, 576 pp. 


Jones R.I. (1977). The importance of temperature conditioning to the respiration of natural 
phytoplankton communities. J Phycol 12(3), 277-285. https://doi.org/10.1080/00071617700650291 


20

https://doi.org/10.4319/lo.2006.51.1_part_2.0435
https://doi.org/10.4319/lo.2006.51.1_part_2.0435
https://doi.org/10.1016/0272-7714(85)90110-6
https://doi.org/10.1002/ecs2.2053
https://doi.org/10.1002/ecs2.2053
https://doi.org/10.3354/meps238249
https://doi.org/10.1002/2013GL058796
https://doi.org/10.1029/2011GL049513
https://doi.org/10.2307/1351851
https://doi.org/10.2307/1351851
https://doi.org/10.1080/00071617700650291


Kamykowski D., Zentara S.J. (1990). Hypoxia in the world ocean as recorded in the historical data 
set. Deep Sea Res Part I Oceanogr Res Pap 37(12), 1861–1874. https://doi.org/
10.1016/0198-0149(90)90082-7


Keeling R.F., Körtzinger A., Gruber N. (2010). Ocean deoxygenation in a warming world. Ann Rev 
Mar Sci 2, 199-229. https://doi.org/10.1146/annurev.marine.010908.163855


Kim T.W., Park S., Sin E. (2018). At the tipping point: differential influences of warming and 
deoxygenation on the survival, emergence, and respiration of cosmopolitan clams. Ecol Evol 8(10), 
4860–4866. https://doi.org/10.1002/ece3.4041


Kralj M., Lipizer M., Čermelj B., Celio M., Fabbro C., Brunetti F., Francé J., Mozetič P., Giani M. 
(2019). Hypoxia and dissolved oxygen trends in the northeastern Adriatic Sea (Gulf of Trieste). 
Deep Sea Res Part II Top Stud Oceanogr 164, 74-88. https://doi.org/10.1016/j.dsr2.2019.06.002 


Levin L.A., Ekau W., Gooday A.J., Jorissen F., Middelburg J.J., Naqvi S.W.A., Neira C., Rabalais 
N.N., Zhang J. (2009). Effects of natural and human-induced hypoxia on coastal benthos. 
Biogeosciences 6(10), 2063–2098. https://doi.org/10.5194/bg-6-2063-2009


Malone T.C., Newton A. (2020). The globalization of cultural eutrophication in the coastal ocean: 
causes and consequences. Front Mar Sci 7, 1–30. https://doi.org/10.3389/fmars.2020.00670


Mee L.D., Friedrich J., Gomoiu M.T. (2005). Restoring the Black Sea in times of uncertainty. 
Oceanography, 18(2), 32-43. https://doi.org/10.5670/oceanog.2005.45 


Miyamoto Y., Nakano T., Yamada K., Hatakeyama K., Hamaguchi M. (2019). Combined effects of 
drift macroalgal bloom and warming on occurrence and intensity of diel-cycling hypoxia in a 
eutrophic coastal lagoon. Estuaries Coasts 42(2), 494–503. https://doi.org/10.1007/
s12237-018-0484-6 


Montagna P.A., Ritter C. (2006). Direct and indirect effects of hypoxia on benthos in Corpus Christi 
Bay, Texas, U.S.A. J Exp Mar Biol Ecol 330(1), 119–131. https://doi.org/10.1016/
j.jembe.2005.12.021


Nakano T., Yamada K., Okamura K. (2017). Duration rather than frequency of hypoxia causes mass 
mortality in ark shells (Anadara kagoshimensis). Mar Pollut Bull 125(1-2), 86–91. https://doi.org/
10.1016/j.marpolbul.2017.07.073


21

https://doi.org/10.1016/0198-0149(90)90082-7
https://doi.org/10.1016/0198-0149(90)90082-7
https://doi.org/10.1146/annurev.marine.010908.163855
https://doi.org/10.1002/ece3.4041
https://doi.org/10.1016/j.dsr2.2019.06.002
https://doi.org/10.5194/bg-6-2063-2009
https://doi.org/10.3389/fmars.2020.00670
https://doi.org/10.5670/oceanog.2005.45
https://doi.org/10.1007/s12237-018-0484-6
https://doi.org/10.1007/s12237-018-0484-6
https://doi.org/10.1016/j.jembe.2005.12.021
https://doi.org/10.1016/j.jembe.2005.12.021
https://doi.org/10.1016/j.marpolbul.2017.07.073
https://doi.org/10.1016/j.marpolbul.2017.07.073


Ni X., Huang D., Zeng D., Zhang T., Li H., Chen J. (2016). The impact of wind mixing on the 
variation of bottom dissolved oxygen off the Changjiang Estuary during summer. J Mar Syst 154, 
122-130. https://doi.org/10.1016/j.jmarsys.2014.11.010


Niermann U., Bauerfeind E., Hickel W., Westernhagen H.V. (1990). The recovery of benthos 
following the impact of low oxygen content in the German Bight. Neth J Sea Res 25(1-2), 215-226. 
https://doi.org/10.1016/0077-7579(90)90023-A 


Nixon S.W. (1995). Coastal marine eutrophication: a definition, social causes, and future concerns. 
Ophelia 41(1), 199-219. https://doi.org/10.1080/00785236.1995.10422044


Orita R., Umehara A., Komorita T., Choi J.W., Montani S., Komatsu T., Tsutsumi H. (2015). 
Contribution of the development of the stratification of water to the expansion of dead zone: a 
sedimentological approach. Estuar Coast Shelf Sci 164, 204–213. https://doi.org/10.1016/
j.ecss.2015.07.028 


Paces T. (1982). Long-term changes in concentrations and fluxes of nitrogen species in the Elbe 
river basin. In: Impact of agricultural activities on groundwater. (International Symp. IAH, Prague, 
Czechoslovakia), Mémoires 16(2):299-315.


Pihl L., Baden S.P., Diaz R.J. (1991). Effects of periodic hypoxia on distribution of demersal fish 
and crustaceans. Mar Biol 108(3), 349–360. https://doi.org/10.1007/BF01313644


Porter E.T., Breitburg D.L. (2016). Eastern oyster, Crassostrea virginica, valve gape behavior under 
diel-cycling hypoxia. Mar Biol 163(10), 1–12. https://doi.org/10.1007/s00227-016-2980-1 


Prepas E.E., Charette T. (2003). Worldwide eutrophication of water bodies: causes, concerns, 
controls. Treatise on Geochemistry 9, 311-331 . https://doi.org/10.1016/B0-08-043751-6/09169-6 


Rabalais N.N., Díaz R.J., Levin L.A., Turner R.E., Gilbert D., Zhang J. (2010). Dynamics and 
distribution of natural and human-caused coastal hypoxia. Biogeosciences 7, 585–619. https://
doi.org/10.5194/bg-7-585-2010 


Robinson S.A., Dickson A.J., Pain A., Jenkyns H.C., Brien C.L.O., Farnsworth A., Lunt D.J. 
(2019). Southern Hemisphere sea-surface temperatures during the Cenomanian-Turonian: 
implications for the termination of Oceanic Anoxic Event. Geology 47, 131–134. https://doi.org/
10.1130/G45842.1 


22

https://doi.org/10.1016/j.jmarsys.2014.11.010
https://doi.org/10.1016/0077-7579(90)90023-A
https://doi.org/10.1080/00785236.1995.10422044
https://doi.org/10.1016/j.ecss.2015.07.028
https://doi.org/10.1016/j.ecss.2015.07.028
https://doi.org/10.1007/BF01313644
https://doi.org/10.1007/s00227-016-2980-1
https://doi.org/10.1016/B0-08-043751-6/09169-6
https://doi.org/10.5194/bg-7-585-2010
https://doi.org/10.5194/bg-7-585-2010
https://doi.org/10.1130/G45842.1
https://doi.org/10.1130/G45842.1


Roman M.R., Brandt S.B., Houde E.D., Pierson J.J. (2019). Interactive effects of hypoxia and 
temperature on coastal pelagic zooplankton and fish. Front Mar Sci 6, 1-18. https://doi.org/10.3389/
fmars.2019.00139


Sakurai I., Seto M., Nakao S. (1996). Effects of water temperature, salinity and substrata on 
burrowing behaviors of the three bivalves, Pseudocardium sachalinensis, Mactra chinensis, and 
Ruditapes philippinarum. Nippon Suisan Gakkaishi 62(6), 878–885. https://doi.org/10.2331/
suisan.62.878 


Schmidtko S., Stramma L., Visbeck M. (2017) Decline in global oceanic oxygen content during the 
past five decades. Nature 542, 335–339. https://doi.org/10.1038/nature21399


Sen Gupta B.K., Turner R.E., Rabalais N.N. (1996). Seasonal oxygen depletion in continental-shelf 
waters of Louisiana: historical record of benthic foraminifers. Geology 24(3), 227-230. https://
doi.org/10.1130/0091-7613(1996)024<0227:SODICS>2.3.CO;2 


Thrush S.F., Halliday J., Hewitt J.E., Lohrer A.M. (2008). The effects of habitat loss, fragmentation, 
and community homogenization on resilience in estuaries. Ecol Appl 18(1), 12-21. https://doi.org/
10.1890/07-0436.1 


Turner R.E., Rabalais N.N. (1991). Changes in Mississippi River water quality this century. 
BioScience 41(3), 140-147. https://doi.org/10.2307/1311453


Tyler R.M., Brady D.C., Targett T.E. (2009). Temporal and spatial dynamics of diel-cycling hypoxia 
in estuarine tributaries. Estuaries Coasts 32(1), 123–145. https://doi.org/10.1007/s12237-008-9108-
x


Valiela I., McClelland J., Hauxwell J., Behr P.J., Hersh D., Foreman K. (1997). Macroalgal blooms 
in shallow estuaries: controls and ecophysiological and ecosystem consequences. Limnol Oceanogr 
42(5), 1105-1118. https://doi.org/10.4319/lo.1997.42.5_part_2.1105


Van Colen C., Verbist K., Vincx M., Steyaert M., Vanaverbeke J., Herman P.M.J., Degraer S., 
Ysebaert T. (2009). Tidal flat nematode responses to hypoxia and subsequent macrofauna-mediated 
alterations of sediment properties. Mar Ecol Prog Ser 381, 189–197. https://doi.org/10.3354/
meps07914


Van Colen C., Vincx M., Herman P.M.J., Ysebaert T., Degraer S. (2010). Long-term divergent tidal 
flat benthic community recovery following hypoxia-induced mortality. Mar Pollut Bull 60(2), 178–
186. https://doi.org/10.1016/j.marpolbul.2009.09.028 


23

https://doi.org/10.3389/fmars.2019.00139
https://doi.org/10.3389/fmars.2019.00139
https://doi.org/10.2331/suisan.62.878
https://doi.org/10.2331/suisan.62.878
https://doi.org/10.1038/nature21399
https://doi.org/10.1130/0091-7613(1996)024%25253C0227:SODICS%25253E2.3.CO%3B2
https://doi.org/10.1130/0091-7613(1996)024%25253C0227:SODICS%25253E2.3.CO%3B2
https://doi.org/10.1890/07-0436.1
https://doi.org/10.1890/07-0436.1
https://doi.org/10.2307/1311453
https://doi.org/10.1007/s12237-008-9108-x
https://doi.org/10.1007/s12237-008-9108-x
https://doi.org/10.4319/lo.1997.42.5_part_2.1105
https://doi.org/10.3354/meps07914
https://doi.org/10.3354/meps07914
https://doi.org/10.1016/j.marpolbul.2009.09.028


Vaquer-Sunyer R., Duarte C.M. (2011). Temperature effects on oxygen thresholds for hypoxia in 
marine benthic organisms. Glob Change Biol 17, 1788–1797. https://doi.org/10.1111/
j.1365-2486.2010.02343.x 


Verdelhos T.J., Marques C., Anastácio P. (2015). Behavioral and mortality responses of the bivalves 
Scrobicularia plana and Cerastoderma edule to temperature, as indicator of climate change’s 
potential impacts. Ecol Indic 58, 95–103. https://doi.org/10.1016/j.ecolind.2015.05.042 


Villnäs A., Norkko J., Lukkari K., Hewitt J., Norkko A. (2012). Consequences of increasing 
hypoxic disturbance on benthic communities and ecosystem functioning. PLoS ONE 7(10). https://
doi.org/10.1371/journal.pone.0044920  

24

https://doi.org/10.1111/j.1365-2486.2010.02343.x
https://doi.org/10.1111/j.1365-2486.2010.02343.x
https://doi.org/10.1016/j.ecolind.2015.05.042
https://doi.org/10.1371/journal.pone.0044920
https://doi.org/10.1371/journal.pone.0044920


Chapter 1


Cold and heat tolerance in chronically hypoxic coastal habitat: an experimental 

comparison between native and non-indigenous bivalves.


Paolo Comandini1,2*, Folco Giomi4, Valentijn Elsman3, Laura Airoldi4,6, Tjeerd Bouma2,3,5


1: Department of Biological, Geological, and Environmental Sciences, University of Bologna, 

Ravenna, Italy 


2: Netherlands Institute of Sea Research (NIOZ), P.B. 140, 4400 AC Yerseke, The Netherlands


3: HZ University of Applied Sciences, 4380 AJ Vlissingen, The Netherlands


4: Department of Biology, Chioggia Hydrobiological Station Umberto D'Ancona, University of 

Padova, Chioggia, Italy


5: Department of Physical Geography, Utrecht University, P.O. Box 80.115, 3508 TC, Utrecht, the 

Netherlands 


6: Department for the Cultural Heritage, University of Bologna, UO CoNISMa, Ravenna, Italy


25



Abstract


The occurrence of thermal anomalies is more frequent under the ongoing climate change and likely 

to become a severe threat for communities inhabiting chronically hypoxic microhabitats. The 

combination of temperature stress and local hypoxia may facilitate the invasion of non-indigenous 

species that could likely outcompete the native ones. At the same time, non-indigenous species that 

originate from warm regions, may be negatively affected by cold stress especially in regions 

characterized by chronic hypoxia. We experimentally explored the interactive effects of different 

thermal stresses and chronic oxygen depletion on the native Cerastoderma edule and the non-

indigenous Ruditapes philippinarum, in the Eastern Scheldt, Netherlands. In this region the two 

cohabiting bivalves are increasingly exposed to hypoxia and thermal stress and represent an 

excellent case study. R. philippinarum was found to have a much wider thermal tolerance even 

under severe hypoxic conditions compared to C. edule which was highly sensitive to heat exposure. 

The exposure to extremely low winter temperatures combined with anoxia caused only limited 

mortality in R. philippinarum. The occurrence of thermal stress in chronic hypoxic habitats could 

increasingly disadvantage the native species under future climatic scenarios. This type of 

information is essential to predict future changes in species distributions in areas where competition 

between native and non-indigenous species is emerging. 


Key words


Chronic oxygen depletion – Non-indigenous species – Thermal stress – Thermal tolerance - 

Cerastoderma edule - Ruditapes philippinarum - Multiple stressors
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1. Introduction


Coastal lagoons, estuaries and transitional habitats represent extremely valuable environments both 

from an ecological and socio-economical point of view in that they provide important goods and 

services and harbor unique biodiversity (Dolberth, 2011; Haines et al., 2006). Yet, due to their 

intermediate position between land and sea, they are often threatened by a variety of natural and 

human stressors (Airoldi & Beck, 2007; Wong et al., 2015, Lloret et al., 2008).


Of all the abiotic variables driving biodiversity loss in transitional habitats, dissolved oxygen 

underwent, in the last years, a drastic change in the shortest period of time, due to the combination 

of anthropogenic impacts (e.g. nutrient inputs) and global climate change (Diaz, 2001; Santana et 

al., 2018; Malone & Newton, 2020). Hypoxia is commonly defined as a dissolved oxygen 

concentration lower than 2 mg/l (i.e., [DO] < 2 mg/l) while anoxia is defined as the complete 

absence of dissolved oxygen in the water column. Hypoxia typically has deep effects on 

communities in that they often become dominated by organisms with physiological or behavioral 

adaptations to low oxygen concentrations (Bajer & Sorensen, 2009). The increased frequency of 

hypoxic events and the raising number of environments affected by chronic hypoxia have been 

shown to directly and indirectly affect benthic communities (Montagna & Ritter, 2006; Vaquer-

Sunyer & Duarte, 2008), ranging from small changes in community structure to mass mortality 

events (Diaz et al., 2004). The intensity and duration of hypoxic periods, as well as their effects on 

benthic communities, are expected to further increase with the increase of water temperatures 

(Vaquer-Sunyer & Duarte, 2011; Del Giudice et al., 2018) and the hypoxic stress is known to 

interact with thermal stress in complex ways. Over time this could be a key driver of the loss of 

fisheries, biodiversity and alterations of food webs (Diaz et al., 2001). 


Although generally associated with warmer waters, hypoxia and anoxia may also represent a threat 

in colder waters, in more northern temperate regions (Nordberg et al., 2017; Magnuson et al., 

27



1985), particularly in small closed or semi-closed basins (Friedrich et al., 2014). In these cold 

regions, harsh low winter temperatures pose serious challenges to many species (Houston et al., 

2013), and the extra stress represented by hypoxia could potentially impair survival. Despite the 

greater frequency of anoxic events even in cold regions, the effects of extremely low temperatures 

on most aquatic ectotherms other than fish (Bajer et al., 2009; Magnuson et al., 1985) in chronically 

hypoxic habitats still deserve accurate investigations.


The increasing spread of non-indigenous species poses another important threat for marine 

communities (Hulme et al., 2006; Booy et al., 2017). Non-indigenous species may outcompete and 

displace native ones, causing serious ecological and economic impacts (Katsanevakis et al., 2014). 

Furthermore, biological invasions can have large-scale effects on biodiversity (Walther et al., 2009), 

ecosystem structure and functioning (Sgro et al., 2005, Strayer et al., 1999) and on the delivery of 

ecosystem services (Martinez et al., 2007; Katsanevakis et al., 2014). It has been suggested that 

higher tolerances to extreme or rapidly changing environmental conditions favor the spread and 

establishment of non-indigenous species, giving them a competitive advantage over native species 

(Kolar et al., 2002, Diaz et al., 2012). At the same time, non-indigenous species often come from 

areas with different temperature regimes and may experience pronounced thermal stresses in the 

invaded environment. This means that species invading from warmer regions into temperate and 

cold systems could be facilitated if additional stress, such as that from hypoxia, occurs during the 

warm season, while the combined stress from low temperature and hypoxia might potentially limit, 

rather than favor, their spread during the cold season (Nie et al., 2016). Understanding the 

combinations of factors that could facilitate or limit the success of species invasions is a pressing 

management need (Novoa et al., 2020). To date, however, only few direct comparisons on hypoxia 

tolerance have been made between pairs of taxonomically or ecologically related non-indigenous 
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and native species (Nati et al., 2018; Sorensent et al., 2016; Stoffels et al., 2017), and even less is 

known about the combined responses to hypoxia and thermal stress.


Here we compare the thermal tolerances of two bivalve species, the native Cerastoderma edule and 

the non-indigenous Ruditapes philippinarum that cohabit the Scheldt estuary, SW-Netherlands 

(Cozzoli et al., 2013). In two laboratory experiments, we tested the tolerances of both species to 

thermal stress (extremely high and extremely low temperatures), simulating the occurrence of this 

stressful event under normoxic and hypoxic conditions. We hypothesized that, despite greater 

tolerance to hypoxia, R. philippinarum would display less tolerance to winter temperatures than C. 

edule and that this could potentially impair its invasion. The outcomes are discussed in the context 

of the interactive effects of temperature and hypoxia on the success of species invasions. 


2 Materials & Methods


2.1 Model bivalve species


Cerastoderma edule is one of the most abundant native bivalve species in the Oosterschelde 

(Wijsman & Smaal, 2011), a delta area in the southwest of the Netherlands. C. edule is an active 

suspension feeder and is mostly found in the first 5 cm of sediment in intertidal habitats. It typically 

feeds on phytoplankton, zooplankton and organic particulate matter (Dabouineau & Ponsero, 2009; 

Tyler-Walters, 2007) and can survive between 0 to 32°C (Compton et al., 2007), with its optimum 

temperature between 8 and 20°C (Brock & Kofoed, 1987). R. philippinarum is a non-indigenous 

species, native from the coasts of the Indian and Pacific Oceans, and known to have a high hypoxia 

tolerance (Li et al., 2019; Vaquer-Sunyer & Duarte, 2008). In recent years it has become more 

abundant than the native common cockle (Troost et al., 2018). R. philippinarum can survive in 

temperatures between 0 to 35°C (Laing & Child, 1996), with its optimum temperature estimated at 

20°C (Nam et al., 2008).
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2.2 Collection and maintenance of bivalve species 


Both species were collected in the Eastern Scheldt, which is an enclosed sea arm in SW Netherlands 

(Cozzoli et al., 2014, Wijsman & Smaal, 2011), separated from the Sea by a storm surge barrier. 

The construction of the storm surge reduced significantly the tidal prism and flow velocities inside 

the basin (Louters et al., 1998) and some of its waters, due to stagnation and the sources of 

pollution and nutrient overload surrounding the area may experience frequent, or even chronic 

hypoxic events amplified by the increasing temperatures (Capelle et al., 2021; Van Colen et al., 

2012). Water temperature varies between 0 to 5 °C in winter and 18 to 22 °C in summer (Nienhuis 

& Smaal, 1994) and have shown an increasing trend in decent years (Capelle et al., 2021). All 

organisms used were collected in the Oesterdam area of the Oosterschelde (51°28'11.0"N 

4°13’12.5”E) during low tide, in May 2019 for the warm season experiment and in February 2020 

for the cold season experiment.


After collection, bivalve specimens were directly transported to the NIOZ laboratories in Yerseke. 

They were acclimated for 10 days in a climate room (16 °C in May and 8.8 °C in February) in glass 

100 l aquaria with a ≈ 5 cm thick layer of sandy sediment and filled with microfiltered water (both 

sediment and water were from the Oosterschelde). The bivalves were fed ad libitum with a 

monospecific microalgae culture. Water was continuously aerated and changed completely every 48 

hours. After at least 10 days of acclimation, the experiments were started. No mortality was 

observed during acclimation in any of the two species. 


2.3 Cold season experiment


After acclimation, 160 adult individuals of approximately the same size were selected for each of 

the two species of bivalves and divided in the 4 treatments per species resulting from the 

combinations of two temperatures (0.8 °C and 8.8 °C) and two levels of Dissolved Oxygen, 
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hereafter DO, Anoxia ([DO] < 0.1 mg/l) and Normoxia ([DO] > 8 mg/l). 4 replicate bottles with 10 

organisms each were set up for each treatment. The temperatures were chosen to represent a 

minimal, close-to-freezing winter temperature and an above average one. Two temperature-

controlled baths were set up: one was maintained at the temperature of the climate room (8.8 °C), 

while in the second the temperature was lowered to 0.8 °C using a metal cooling spiral placed 

inside the water. Small aquarium pumps were used to continuously move the water to maintain a 

homogeneous temperature in both baths.


Anoxic water was prepared by bubbling N2 into the microfiltered Oosterschelde water until oxygen 

level dropped to the desired concentration. Complete anoxia is a less frequent situation than 

moderate hypoxia but it is known to trigger significant species shifts in natural ecosystems (Jager et 

al., 2018). The experiment was performed in air-tight glass bottles. The bottles for the anoxic 

treatment were filled with both the water and the organisms inside an anoxic tent to minimize the 

gas exchanges and manipulation was also simulated for the controls to check for the effects of 

handling. Bottles with the normoxic treatments were continuously gently bubbled with oxygen 

minimizing the water movement inside the bottles.


Mortality was noted twice per day by visual inspection. The transparent containers allowed a visual 

inspection of the organisms that were considered dead when the valves were completely opened.  

When the visual inspection was not decisive the responsiveness was tested by poking the organisms 

with a metal rod: individuals that did not respond to mechanical stimuli closing their valves were 

considered dead. Dead organisms were removed from the pots to avoid mortality due to the 

compounds released with decomposition. To remove dead organisms the containers were kept 

outside the water bath for the shortest possible time and the water was changed and readjusted to 

the desired [DO] level. Temperature and oxygen level were measured with the FireSting 

GO2(FSGO2)©. The experiment was suspended after 27 days.
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2.4 Warm season experiment


For the summer temperature experiment a similar design was deployed, consisting of the 

combinations of two species (R. philippinarum and C. edule), two levels of Dissolved Oxygen 

(Hypoxia, [DO] < 2.2 mg/l, and Normoxia, [DO] > 7.1 mg/l) and two temperatures (16 °C and 23 

°C). Temperatures were chosen to represent an average summer temperature and a substantially 

above average one. Two temperature-controlled baths were set up: one with water at 16 °C (room 

temperature) and one heated up to 23 °C. Each bath contained eight 5 l plastic jars with transparent 

caps. The caps had holes that allowed to bubble Nitrogen or Oxygen in the water in order to control 

the [DO] while minimizing gas exchanges with the water bath. Each water bath represented a level 

of temperature, while the pots represented 4 combinations of dissolved oxygen and species, each 

represented by 2 replicated pots. Each pot contained 5 specimens of one of the two species of 

approximately comparable sizes and where haphazardly chosen from the acclimation tanks in order 

to be representative of the population. 


Hypoxia was obtained bubbling nitrogen directly into the pots until a [DO] <10% air saturation was 

reached. It was measured with a FireStingO2 optical oxygen and temperature meter 3 times a day, 

and adjusted to always remain below 25% air saturation. Normoxic treatments were also controlled 

3 times a day and adjusted by bubbling oxygen in the pots if, due to respiration, [DO] dropped 

below 80% air saturation. Mortality was checked similarly to that in the cold season experiment.


The experiment was stopped after 15 days, when mortality had reached 100% for two treatments, 

while it was still at 0% in all the others.


2.4 Data analysis


Mortality curves and time when 50% mortality occurred (LT50) were estimated and analyzed 

through a non-parametric Gehan-Breslow test with associated pair-wise comparisons with a 
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Bonferroni test for all the possible pairs of treatments. All tests were performed with SigmaPlot 

Version 14.5.


3 Results


3.1 Cold season experiment


Towards the end of this 27 days long experiment, some mortality appeared at both temperatures 

even in normoxic conditions. C. edule tolerated limited anoxia (Figure 1). Under hypoxic 

conditions the mortality of C. edule was significantly higher at 8.8 °C than at 0.8 °C (Tab. 1) and 

lower than that of R. philippinarum at both temperatures. The LT50 of R. philippinarum at 0.8 °C in 

anoxic conditions was surprisingly so long as to result similar to that measured in normoxic 

treatments. At 8.8 °C, the mortality of the invasive species under hypoxia was significantly higher 

compared to that observed at 0.8 °C, but it was still significantly lower compared to that of C. edule 

at the same temperature (Figure 1).


Among all anoxic treatments, R. philippinarum at 0.8 °C had the highest average LT50 (460 ± 34 

hours; Fig. 1, Tab. 1), which was comparable to that measured in normoxic controls (p > 0.99, Tab. 
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LT 5 0  
± 

Stand
a r d 
error

214.92
2 ±	
11.518

163.61
9 ±	
8.058

475.33
6 ±	
33.148

473.40
4 ±	
34.773

460.22
7 ±	
34.192

294.17
6 ±	
14.784

408.75
3 ±	
30.566

426.89
0 ±	
25.382

92.412

±	
13.628

60.938

±	
7.149

Table 1: LT50 ± standard error (hours) for every treatment in the two experiments.



2). However, at 0.8 °C in normoxia, R. philippinarum displayed a similar LT50 (408 ± 33 hours) 

compared to C. edule (475 ± 62.6 hours; Fig. 1).
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Figure 1: Survival of C. edule and R. philippinarum at winter temperatures (0.8°C and 

8.8°C) under hypoxic and normoxic conditions. The highest recorded lethal time when 

50% mortality occurred (LT50) was observed for C. edule in normoxic conditions at 0.8 °C 

(475.336 ± 33.148), while the lowest was observed for C. edule in anoxic conditions at 8.8 °C 

(163.619 ± 8.058). The lowest LT50 for R. philippinarum was at 8.8 °C under hypoxia while at 

0.8 °C and in normoxic conditions the LT50s of the invasive species did not change 

significantly. Curves were performed on SigmaPlot Version 14.5, thin lines represent 95% 

confidence intervals.




3.2 Warm season experiment


	 Even under hypoxic conditions, all specimens of the non-indigenous R. philippinarum survived 

for 15 days at both temperatures. In contrast, the native C. edule showed high mortality under 

hypoxic conditions (Fig. 2). The mortality increased, albeit not significantly, at higher temperature, 

resulting in a LT50 of 60.938 ± 7.149 (Tab. 1) hours at 23 °C compared to 92.4 ± 13.6 hours at the 

ambient 16 °C. There were no differences in normoxic (control) conditions between the two 

species, which maintained 100%  survival at both temperatures. 
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21.812 24.082 34.286 36.597 22.708 48.020 33.159 C.e 0.1 O2 – 8.8 
°C

21.101 20.716 28.015 18.923 32.659 19.591 C.e 0.1 O2 – 0.8 
°C

1.240 20.181 0.257 2.135 0.820 C.e 8.0 O2 – 8.8 
°C

11.674 3.345 3.595 1.659 C.e 8.0 O2 – 0.8 
°C

17.361 16.023 4.314 R.p 0.1 O2 – 8.8 
°C

0.862 0.154 R.p 0.1 O2 – 0.8 
°C

0.038 R.p 8.0 O2 – 8.8 
°C

R.p 8.0 O2 – 0.8 
°C

Table 2:  F values of the Pair wise Bonferroni tests. In bold are shown significant 

differences. 



4 Discussion


In our study the invasive R. philippinarum showed a significantly wider thermal tolerance under 

hypoxic conditions than the native C. edule. Conversely C. edule was very sensitive to both hypoxia 

and thermal stress, a condition which could increasingly disadvantage this native species under 

future climatic scenarios.
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Figure 2: Survival at summer temperatures. Only the 

curve for C. edule under hypoxic conditions is shown, as 

R. philipinarum did not show any mortality during the 

experiment as well as C. edule under normoxic 

conditions, so those curves could not be estimated. The 

LT50 at 16 °C was 92.412 ± 13.628 hours while it dropped 

to 60.938 ± 7.149 hours with temperature increasing to 23 

°C.  Curves were performed on SigmaPlot Version 14.5, 

thin lines represent 95% confidence intervals.



4.1 Cold tolerance


At 0.8 °C R. philippinarum showed a comparable mortality in the normoxic and the hypoxic 

treatments and, in hypoxic conditions, performed better at the lowest temperature. C. edule 

displayed a greater survival to cold stress than the non-indigenous species in normoxic conditions, 

while when subjected to hypoxia R. philippinarum always performed better than C. edule. Negative 

effects of hypoxia have been documented also previously for R. philippinarum (Kodama et al., 

2018, Kozuki et al., 2013), but interestingly, in our study, the additional stress from cold conditions 

did not further impair the species. This could be related to advanced behavioral and metabolic 

adaptations (Li et al., 2019; Velez et al., 2017), even at extremely low temperatures (Nie et al., 

2018). 


In R. philippinarum an increased expression of heat shock proteins under hypoxic conditions was 

reported by Nie and colleagues (2017; 2018), possibly explaining the comparable, if not greater, 

tolerance to extreme cold showed by the invasive species in the anoxic treatments. The surprising 

tolerance of R. philippinarum from the Oesterschelde to cold stress could also be explained through 

the climate variability hypothesis (Stevens et al., 1989) which states that organisms acclimated to 

environments characterized by highly variable conditions, such as high latitude temperate areas, 

tend to have wider tolerance ranges and be adapted to more variable temperatures (Compton et al., 

2007). C. edule displayed a tolerance to extreme cold in normoxic conditions comparable to that of 

R. philippinarum, but its tolerance decreased steeply with anoxia. As reported by Beukema and 

Dekker (2020) and Compton et al., (2007), native bivalves can be largely subjected to mass 

mortality during very cold winters. However, if low temperatures can mitigate some effects of 

hypoxia as suggested by our results, this could explain why in the winter mortality of both species 

significantly increased at higher temperatures only in the presence of hypoxia.
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4.2 Heat tolerance


The simulated summer temperatures (16 °C and 23 °C), which lay within the thermal range of both 

species (Ansell et al., 1981; Verdhelos et al., 2015; Anacleto et al., 2014), did not cause mortality in 

either species in normoxic conditions. However, when the hypoxic stress was introduced, mortality 

of C. edule, but not of R. philippinarum, significantly increased in treatments at the highest 

temperature (23 °C). The poor performance of C. edule observed in our experiments is consistent 

with the outcomes from previous experiments, where this species displayed poor anaerobic 

performances significantly worsened by high temperatures (Babarro & De Zwaan, 2008; De Zwaan 

et al., 2001). This suggests that for the native species the temperature increase may be not stressful 

per se, but when associated to hypoxia it can seriously jeopardize the species’ survival.


The invasive species, conversely, did not display any mortality at summer temperatures both in 

normoxic and hypoxic conditions, confirming its high adaptability to a wide range of temperatures 

and dissolved oxygen concentrations (Li et al., 2019).  


4.3 Implication for species invasiveness


Overall, these results suggest that chronic oxygen depletion would give competitive advantages to 

the invasive species independently of the time of the year when it occurs. Most interestingly, the 

disparity in tolerance to both thermal stresses between the invasive and the native species may have 

implications when it comes to the invasion of chronically hypoxic habitats. In an environment 

characterized by frequent or chronic hypoxia even a small increase in average temperature may 

cause mass mortality events in C. edule populations, which could advantage R. philippinarum 

eventually allowing it to take over. This competitive advantage is expected to persist under hypoxic 

conditions even during particularly rigid winters. Experiments performed on juveniles and larvae of 

the two species also showed that C. edule larvae have a moderate tolerance to hypoxic conditions in 
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general (McArthur, 1998) while the early life stages of R. philippinarum display better 

performances even though significantly worsened by higher temperatures (Kodama et al., 2018). 

This tendency could further facilitate the invasion of chronically hypoxic habitats by R. 

philippinarum enhancing its ability to spread and recruit. In addition to physiological and 

ontogenetic adaptations behavioral features could also be involved in determining the thermal and 

hypoxic tolerances of the species. Examining the burrowing activity of R. philippinarum Sakurai 

and colleagues (1996) concluded that its behavior is well adapted to the fluctuating conditions 

typical of high latitude environments. This could also potentially be due to their long siphons that 

allow the species to access the sediment-water interface while burrowed deeper in the sediment. 

Conversely the shallower average burrowing depth and the shorter siphon length typical of C. edule 

may decrease its tolerance to higher temperatures (Dominguez et al., 2021, Verdelhos et al., 2015). 

The tendency of bivalves to burrow deeper in the sediment in response to high temperatures also 

contrasts with the tendency to emerge towards the sediment-water interface in hypoxic conditions 

(Marsden & Bressington, 2009; Long et al., 2008) which could further complicate the interaction 

between temperature and oxygen level on the two species. 


Climate anomalies and anthropogenic alterations are increasing globally, with particularly severe 

effects in coastal enclosed habitats (you could cite Malone and Newton 2020). Our results not only 

corroborates that increasing temperatures, together with more frequent hypoxic events, cause higher 

mortality rates among sessile benthic species, including economically important species, but further 

suggests that these changes may also bring coastal environments closer to optimal conditions for 

invasive species, potentially opening to long-term irreversible effects (Byers et al., 2002; Sheffer et 

al., 2001). The results further suggest the need to assess the different tolerances of species case by 

case and in relation to other multiple stressors, to be able to forecast future invasion scenarios in 

increasingly stressed environments.
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Abstract


The appearance of cyclic and aperiodic hypoxic events is already and important threat to coastal 

habitats and is expected to increase in the near future in a scenario of global warming and anthropic 

disturbances. Hypoxic events can appear in different timing regimes, both cyclic and aperiodic, and 

the effects of these changes in occurrence over time can have drastically different effects on the 

communities. We performed two manipulative field experiments in Pialassa Baiona, a hypertrophic 

coastal lagoon in the Northern Adriatic Sea, to test how different timing regimes of hypoxia affect 

the benthic community. In the first experiment we applied three hypoxic periods of increasing 

durations (2, 4 ,6 and 8 days). We observed how longer hypoxic periods caused more severe effects 

in terms of abundance and species richness but that the majority of the decline happened in the first 

two days of disturbance. 


In the second experiment we applied two hypoxic periods of different durations separated by 

normoxic pauses of different durations. From the analysis of the benthic community emerged how a 

normoxic pause can be advantageous for the community only if the hypoxic events are short enough  

while, with longer hypoxic periods, the decline of the community is not significantly reduced by a 

pause between the two disturbances.


Key words


Chronic oxygen depletion - Coastal lagoons - Benthic community - Timing regime - Repeated 

events
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1. Introduction


Coastal and estuarine lagoons are enclosed water bodies, with limited connection to the sea. They 

are often very shallow, highly productive, and extremely variable in terms of temperature, salinity, 

suspended organic matter and dissolved oxygen concentrations (from now on [DO]) (Sarà, 2009; 

Del Giudice et al., 2018). Coastal lagoons constitute highly diversified habitats characterized by a 

great biodiversity and represent an important carbon sink (Duarte et al., 2005; Sanders et al., 2007; 

Donato et al., 2011; McLeod et al., 2011). Coastal habitats, lagoons and estuaries also provide a 

significant amount of ecosystem goods and services (Costanza et al., 1997, Harley et al., 2006) 

representing a valuable and large service-providing environment. Coastal areas, in fact, host a high 

(>60%) and increasing percentage of the global human population (EEA 1999a; Airoldi & Beck, 

2007) and are consequently subjected to a variety of impacts such as pollution, habitat modification, 

over-exploitation and fragmentation (Mc Garigall & Mc Comb, 1999; Thrush et al., 2008; Levin, 

2009).


Transitional habitats such as lagoons and salt marshes,  shaped by the blurring edges of land and sea 

and often surrounded by urban areas, are particularly affected by direct human impacts and are also 

vulnerable to the effects of climate change due to their physical and hydrological characteristics 

such as shallow and stagnant waters (Huges et al., 2011). In these waters excessive nutrient inputs 

from surrounding urban or rural areas (Wong et al., 2015), together with frequent heat waves and 

insufficient mixing can have deep effects on [DO] levels (Santana et al., 2017; Rabalais et al., 

2009).


Dissolved oxygen, one of the most important ecological variables, has changed drastically over the 

past decade in coastal waters (Lafolley & Baxter, 2019). The number of the coastal sites where  

hypoxia has been reported, is progressively increasing with a consistent exponential growth 

(Vaquer-Sunyer and Duarte 2008). Hypoxia is often defined as a condition where [DO] drops below 
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2 mg/l but the susceptibility of species to this threshold is not general since the sensitivity to oxygen 

depletion greatly varies among taxa (Diaz & Rosenberg, 1995; Diaz, 2001; Breitburg et al., 2019). 

Based on frequency, duration and intensity the effects of hypoxic events on communities can range 

from small community shifts to the emergence of dead zones (Diaz et al., 2001; Vaquer-Sunyer & 

Duarte, 2008). In general, benthic communities in hypoxic environments present low biodiversity 

and are dominated by the few species presenting physiological or behavioral adaptations to oxygen 

deprivation (Bajer & Sorensen, 2009) and by opportunistic organisms (Kanaya et al., 2015) with 

short life cycles that make them able to re-inhabit habitats after stressful periods.


The emergence of hypoxic events are multiple and complex and often linked to anthropogenic 

impacts such as the impact of local warming or excessive eutrophication. The increase of water 

temperatures, for example, provokes a decrease of oxygen solubility facilitating the insurgence of 

hypoxia (Diaz & Breitburg, 2009; Del Giudice et al., 2018); higher temperatures also aggravate the 

effects of hypoxia on benthic organisms (Sturdivant et al., 2015; Comandini et al., 2022) making 

global warming one of the main phenomena related to the spread of hypoxic zones. Similarly, 

anthropogenic eutrophication contributes to the insurgence of environmental oxygen deprivation 

(Caballero-Alfonso et al., 2015; Del Giudice et al., 2018) since high levels of nutrients (mainly 

Phosphorus and Nitrogen) when released in the environment increase the primary production with a 

consequent cascade effect on decomposition and oxygen depletion (Correll, 1998; Diaz & 

Rosenberg, 2008). Hence, urban water treatment and discharge, the use of fertilizers in agriculture 

and other sources of pollution from heavily anthropized areas have deep impacts on the [DO] in 

many transitional and lagoon areas (Howarth; 1996; Diaz, 2001; Wong et al., 2015; Breitburg et al., 

2019).


Due to this number of interacting factors and causes involved in its development, hypoxia is a 

complex phenomenon that can occur in multiple ways since its magnitude is highly dynamic and 
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can vary in duration, intensity and frequency (Friedrich et al., 2014). Hypoxia, from a temporal 

standpoint, can occur in a cyclic or stochastic ways. Diel hypoxia is a common form of cyclic 

hypoxia where [DO] decreases during the night reaching a minimum in early morning and increases 

again during the day due to the photosynthetic activity of plants and microorganisms (Tyler et al., 

2009). The second cyclic regime in which hypoxia occurs is seasonal: in this case [DO] is low 

during the warmer season, with a minimum in late summer or early autumn (Peterson et al., 2013; 

Porter et al., 2016). Other than these two main temporal pulses, hypoxic events can have a 

stochastic nature and due to the complexity of the interactions of the causing factors these events 

may occur in an unpredictable way. Often experimental studies on groups of organisms have 

focused on the effects of a single hypoxic event. The effects of the different temporal regimes of 

hypoxia on the benthic community, on the other hand, have not been studied exhaustively 

(Benedetti-Cecchi al., 2006) even though the general consensus is that, after an impactful hypoxic 

event, the resilience of the ecosystems against subsequent hypoxic periods might be eroded (Conley 

et al., 2009). 


Other kinds of stressors have been studied in light of their repetitive nature and the results have 

shown a tendency of clustered events to have a less detrimental effect than randomly distributed 

ones (Benedetti-Cecchi et al., 2006; Mumby et al., 2011; Wolff et al., 2016).


In light of this, duration, frequency and temporal distribution are factors that can tune the impact of 

hypoxia on ecosystems in different and complex directions. For example, the mass mortality of the 

ark clam Anadara kagoshimensis (Tokunaga, 1906) is caused by the duration of hypoxia but not by 

its frequency: 6 hour cycles of normoxic and hypoxic periods did not cause mortality as much as a 

continuous hypoxic period did (Nakano et al., 2017). 


In transitional environments and lagoons hypoxia is influenced by climate, nutrients discharge and 

freshwater inputs. These factors make the appearance of hypoxia often stochastic and unpredictable. 
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Therefore, understanding the effects of different temporal regimes of hypoxia represents a key 

factor to forecast the resilience of the benthic communities and plan management strategies. In the 

present work we aimed at studying the effects of different timing regimes of hypoxia on the benthic 

community of a coastal lagoon. Thus, we performed two parallel field experiments: the first to 

assess the effect of single hypoxic events of increasing durations and the second to quantify the 

impact of repeated disturbances separated by different normoxic pauses.


2 Materials and methods


2.1 Study site


The experiments were conducted in Pialassa Baiona (Italy): a brackish lagoon located along the 

northern Adriatic Italian coasts between the Ravenna harbor and Lamone river. It is an eutrophic 

microtidal lagoon with a surface of 11,8 km2 (Ponti et al., 2004). 


Pialassa Baiona is a transitional habitat characterized by mixing regimes; the external part is 

dominated by the tide, while the internal part is dominated by the river action. Tidal range can 

exceptionally exceed 1 m. 


The lagoon has large areas of muddy bottoms with variable clay/silt proportion and organic matter 

contents. Sediments vary from sandy to muddy (sand range from 12.1% to 89.5% in weight) 

according to the occurrence of active sedimentation processes or relict sand dunes. (Ponti et al., 

2005). It is affected by anthropogenic eutrophication, which causes extensive growth of seaweeds 

and phytoplankton blooms that are responsible for the events of anoxia that occasionally occur in 

summer (Ponti et al., 2011).


The small lake receives freshwater and nutrient inputs from five channels, some of them from urban 

and agricultural areas. Furthermore, the lagoon receives freshwater from treatment implants of 

urban and industrial wastewater and saltwater. The southern area of the lagoon receives wastewater 
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from urban and industrial sewage treatment plants, and from two thermal power stations (Ponti et 

al., 2005). Therefore, Pialassa Baiona is one of the most anthropogenically disturbed coastal 

lagoons in the Mediterranean Sea, due to its proximity to important urban, industrial and harbor 

areas. (Ponti et al.,  2009)


The coastline zone, where the experiment was performed, was chosen as homogeneous as possible.


Our experiment was conducted on a shallow subtidal mudflat in the northern part of the lagoon, 

which is the further north from the urban water discharges.


2.2 Field work


The experiments were performed from 8 to 29 July 2019. Experimental units consisted of 15,5 cm 

diameter plastic tubes covered with a 0,5 mm mesh plastic net to eliminate the potential source of 

variability due to predation and organism’s loss, both controls and treatments were continuously 

covered with the net to reduce any possible confounding effect as much as possible. 


In the lagoon, pots were positioned at about five meters from the shore at low tide, completely 

submerged on two parallel rows. Tubes were buried 15 cm into the sediment around 50 cm apart 

and marked with sticks with colored labels that allowed the operator to recognize them even with 

low visibility and poor weather condition. 


All experimental units were placed and sampled avoiding disturbance and trampling as much as 

possible on the surrounding sediment in order not to affect the community.


Hypoxic conditions were imposed by covering the treated pots with a black plastic bag fixed with 

two thick rubber bands that allowed the pot to be covered and uncovered easily even with high tide. 


The controls were left covered by the plastic mesh in order to avoid the possible confounding factor 

due to migration in and out of the tubes. At the end of each treatment tubes were removed and their 

54



whole content was sieved through a 0,5 mm net and washed to remove as much sediment as 

possible before being fixated in alcohol on the field. 


Temperature, salinity and concentration of oxygen (% and mg/l) were measured in three separate 

sites within the experimental area at the end of each sampling.


2.3 Experiment 1: Experimental design


The first experiment focused on assessing the effect of increasing durations of hypoxia on the 

benthic community. Four replicate tubes were sampled before the beginning of the experiment 
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Fig. 1: Experiment Designs. Each bar represents a Treatment. Black portions represent Hypoxic 
periods and white ones represent Normoxic periods. Time is expressed in days. a) Represents the 

design of Experiment 1 and b) of experiment 2. 

a)

b)



(Time 0) to have a base-line community and after 2, 4 and 8 days (Fig.1a). The four control 

replicates sampled after 6 days were also included into the experiment to increase the definition of  

our data. The factors that composed the design were Time (five factors: 0, 2, 4, 6 and 8 days) and 

Treatment (two factors: Hypoxic Treatment and Normoxic Control). The design is not balanced 

because levels 0 and 6 of factor Time do not present both levels of factor Treatment. We addressed 

this potential problem choosing statistical analyses suitable for unbalanced designs.


2.4 Experiment 2: Experimental design


The second experiment aimed at assessing the effects of two hypoxic periods separated by 

normoxic pauses of different durations (Fig.1b). The design included two factors: Duration of 

hypoxia (2 levels: 2 days and 4 days) and Duration of the normoxic Pause (3 levels: Absent, Long 

and Short). With an Absent pause the two hypoxic periods were consecutive, with a Short Pause 

they were separated by a normoxic period as long as the hypoxic one and with the Long Pause the 

normoxic period was three times as long as the normoxic one (Fig. 1b). 


2.5 Laboratory analyses 


The whole content of each experimental unit was analyzed as a sample. All the samples were 

moved into the Bologna University laboratories in Ravenna where they were sieved through a 4000, 

a 2800 and a 500 µm mesh sieve stacked. 


The content of the pots sieved through the 4000 µm mesh was analyzed with a magnifier while the 

portions that were retained at 2800 and 500 µm were analyzed with a stereoscope (Fig.7).


The smaller size class (500 µm) was stained with Rose Bengal, a stain that reacts with cytoplasm 

and tissues (Bernhard et al, 2006), assuming that the organisms that were colored and in a intact in 

laboratory, were alive at the moment of the sampling in Pialassa Baiona.
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The organisms were extracted from the sample and subsequently identified to the lowest taxonomic 

level and counted.


2.6 Statistical analyses


Individual taxa abundances were standardized as the percentage of the highest abundance in which 

that taxon appeared in a sample. This transformation allowed to compare abundances reducing the 

impact of abundant species. Species considered too rare were excluded from the analysis. To show 

the trends in abundances we performed piece-wise regressions on the transformed data. This 

technique allowed to visualize eventual break-points and relate them with changes in oxygen 

conditions. All the regressions were performed on SigmaPlot Version 14.5.


Diversity indices were calculated and analyzed through one and two ways ANOVAs and visualized 


through box plots. Univariate analyses were performed on RStudio Version 1.2.5042. 


The abundances of single taxa were then fourth root transformed, compared through a Bray-Curtis   

similarity matrix and visualized with a non-metric Multi Dimensional Scaling (nMDS). 

PERMANOVA analyses with pair-wise comparisons were performed on the transformed 

abundances to test the significance of the factors of the two experiments and their interactions.


The influences of the single taxa in determining the diversities between groups of treatments were 

analyzed through a SIMPER analysis. All multi-variate analyses were performed on 

PRIMER7&PERMANOVA (Anderson et al, 2008).
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3. Results


3.1 Experiment 1


3.1.1 Abundances 

Abundances tended to decrease over time both in controls and in hypoxic treatments (Fig.2). The 

treatments, however, showed a significantly faster decline in abundance (from 759±353 to 128±72) 

than the controls (from 759±353 to 392±147 individuals) over the 8 days as confirmed by the 

analysis of variances that showed a significant effect of both time (p=0,00641) and treatment 

(p=0,02228). 


Regressions show the trends over time and the normalization applied to the data allowed to treat all 

the species simultaneously. The piecewise regression (Fig.2) showed a steeper decline in the 

community abundance in the treatments during the first two days of hypoxia compared to the 

controls. After the first two days the curve of the treatments presents a clear breakpoint and assumes 
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Fig. 2: Piecewise regression of abundances. Data were normalized 
as the 100% of the highest abundance of each individual taxon in a 



a slope comparable to that of the controls. Some of the species such as Abra alba (Wood, 1802) and 

Cerastoderma edule, when analyzed separately, display a tendency that reflects that of the whole 

community, with a significant difference between treatments and controls after the first two to four 

hypoxic days. Other species, such as the gastropod Ecrobia spp. and the polychaete Capitella 

capitata (Fabricius, 1780) did not display significant differences between treatments and controls 

(Fig. 3).
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a) b)

c) d)

Fig. 3: Piece-wise regressions over Time (in Days) of the abundances of single species. The 
bivalves Abra spp. and Cerastorderma spp. (6a and 6b) show trends that reflect those of the 

overall community with a clear break point in the hypoxic treatments (in yellow) after 2 or 3 days 
of hypoxia. The gastropod Ecrobia spp. showed a clear decreasing trend (6c) with no differences 

between Treatments and Controls. The anellid Capitella spp. on the other hand showed an 
increase in abundance in the controls and a relatively stable situation in the hypoxic treatments. 



3.1.2 Diversity indices


Both species richness (S) and the diversity index N1 declined over time in the anoxic treatments but 

not in the controls displaying a significant interaction between Time and Treatment (p=0.027). The 

linear regressions (fig. 4) displayed a significant decreasing trend over time in the hypoxic 

treatments (p=0.0127) for species richness but no significant changes in the controls (p = 0.583). 

The diversity, on the contrary, showed a significant increase in the controls (p=0,00071) but no 

changes in the treatments. 


3.1.3 Multivariate analyses


The PCO (Fig. 5) performed to explore the structure of the whole community showed a clear 

separation between the hypoxic treatments (shades of blue in the plot) and the controls (shades of 

red in the plot) and different trajectories over time. These differences are confirmed by the 

PERMANOVA analysis that showed a significant effect of both Time and Treatment on the 

structure of the community. 
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Fig. 4: Linear regressions of the Diversity indices. a) Shows the regression over Time (in 
days) of the Species richness while b) shows the trend of Hill’s index of diversity. In black are 

represented the normoxic controls while in yellow the Hypoxic treatments.



Pairwise comparisons showed significant differences between control and treatments at 4 and 8 

days. Within the hypoxic treatments the community after 4 and 8 days differed significantly from 

the initial one and that after 2 days days resulted significantly different from the one after 4. 

Globally the community became increasingly poor, less diverse and its structure changed deeply 

over time. The Control and the Treatment after 4 days showed a 29,44% dissimilarity constituted 

for the 42,73% by Amphipods, the bivalve C. glaucum and the annelid Capitella capitata 

cumulatively.


After 8 days the Treatment and the Control displayed a 33.29% dissimilarity to which Capitella 

capitata, C. edule and Naididae sp. contributed cumulatively for the 44.70%. 


Hypoxic treatments after 4 days differed from the initial community for the 28.49% constituted for 

the 44.88% by Amphipods, the bivalves Abra alba and Cerastoderma edule. 
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Fig. 5: PCO representing the community structure over time. 
Controls are in shades of blue and hypoxic treatments in shades of red. 



After 8 days of hypoxia the dissimilarity with the initial community was the 39.71% constituted for 

the 39.94% by Amphipods, the gastropod Ecrobia and Abra alba. 


Hypoxic treatments after 2 and 4 days displayed the 19.86% dissimilarity and Cerastoderma, Abra 

alba and the annelid Capitella capitata contributed to it for the 40.00% cumulatively.


3.2 Experiment 2


3.2.1 Abundances


Linear regressions indicate that in the treatments with 2 days hypoxic periods (Fig. 6a) the presence 

of a longer pause resulted beneficial for the benthic community while with 4 days hypoxic periods 

(Fig. 6b) there was no difference in the slope of the regressions from the treatments with a Long and 

a Short pause. 


With a two days hypoxic period the only significant difference in the slope of the regression 

resulted with the Long Pause, where the decrease in overall abundance was slower than in the other 

two treatments,  while with a 4 days hypoxia both the Long and the Short Pause treatments 

displayed a significant difference in slope: the Absent Pause treatment displayed a steeper decline 
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Fig. 6. Linear regressions of normalized abundances over time. On the left abundances 
from the 2 days Duration treatments and on the right those from the 4 days Duration 

Treatments. In blue treatments with Absent Pause, in yellow Short Pause and in red Long 
Pause. In the 2 days Treatment the slope of the regression with the Long pause resulted 

significantly different from the other two while in the 4 days Treatment all the three slopes 
differed significantly from each others. 



than that with a Short Pause (ANCOVA p<0,001) and a Long Pause (ANCOVA p<0,001); the Short 

Pause and The Long Pause treatments also displayed a significant difference in slope (ANCOVA 

p=0,019). 


3.2.2 Multivariate analyses


PCOs (Fig. 7) also show different trends between the 2 days treatment and the 4 days treatment: 

with 2 days of hypoxia the treatment with the Short Pause separated clearly from the others while 

with 4 days of hypoxia the samples from the treatment with a Short Pause were closer to those with 

Absent Pause while those with a Long Pause separated clearly. 


PERMANOVAS (Table S1, Supplementary Materials) confirmed the significant interactions of 

Duration of Hypoxia and Duration of the Pause. Pairwise comparisons show a significant difference 

between all the treatments with 2 days of hypoxia while within the treatments with 4 days of 
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Fig. 7. PCOs from experiment 2. Duration 2 and Duration 4 Treatments were separated for 
readability. In a) are shown samples with 4 days hypoxic periods. Absent Pause in yellow, 
Short Pause in orange and Long Pause in Red. In b) samples with 2 days hypoxic periods. 

Absent Pause in light blue, Short Pause in blue and Long Pause in black.



hypoxia the treatment with the Absent Pause and that with the Short Pause did not differ 

significantly. The difference between treatments with a Long Pause with 2 and 4 days of hypoxia 

resulted significant.


The SIMPER analysis allowed to explore how the single taxa contributed to the dissimilarity 

between the pairs of treatments. Similarly to what happened in the first experiment the majority of 

the dissimilarity between the treatments were constituted by different taxa. Among those, 

Amphipods, Isopods, bivalve Cerastoderma edule were recurring as the most influential ones 

(Table S2, S3 and S4. Supplementary Materials).


4 Discussion


These experiments aimed at assessing the effect of different timing regimes of hypoxia on the 

benthic communities of a brackish lagoon. From our first experiment emerged a clear negative 

effect of hypoxia on the benthic community. The experimental units were almost completely 

defaunated after eight hypoxic days but the majority of the decrease appeared to happen during the 

first two days as shown by the piece-wise regression. Both species richness and diversity displayed 

different trends in Treatments and Controls with the hypoxic treatments. Stressed communities 

appear less diverse and poorer than the unstressed ones. Long hypoxic periods have shown to cause 

such effects on benthic communities (Rabalais et al., 2002) together with a strong biomass and 

abundance decrease. The taxa that appeared to be the most affected by the stressing period were 

Amphipods and the bivalves Cerastoderma glaucum and Abra alba. Multiple laboratory 

experiments confirmed the low tolerance of amphipods to hypoxia (Hoback & Barnhart, 1996; 

Hervant, Mathieu & Culvert, 1999; Sandberg-Kilpi, Vismann & Hagerman, 2013) and crustaceans 

in general, have shown to be one of the least tolerant taxa (Vaquer-Sunyer & Duarte, 2008). Also, 

bivalves of the genus Cerastoderma displayed poor performances under hypoxic conditions in 
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experiments despite their physiological adaptations to oxygen depletion (De Zwaan et al., 2001; 

Babarro & De Zwaan, 2008; Comandini et al, 2022). Our experimental units were designed to 

prevent movement of organisms in and out simulating an environment completely interested by 

oxygen depletion but it’s interesting to note how in areas that are only locally hypoxic mobile 

organisms may be favored by their ability to escape stressful conditions (Rabalais IUCN). 

Unburrowing closer to the sediment-water interface or migrating away from hypoxic waters are in 

fact all behavioral reactions that burrowing, mobile benthos and fish developed in hypoxic 

environments (Long et al., 2008; Magnuson et al., 1985, Verdelhos et al., 2015) increasing their 

tolerance. 


In the second experiment two hypoxic periods were imposed and separated by normoxic periods of 

different durations. It emerged that a normoxic pause separating two hypoxic periods is beneficial 

for the community only if it is long enough and if the stressing event isn't too long. With a short 

hypoxic event the presence of a longer normoxic pause appeared to favor organisms: the 

community, after two consecutive 2 days hypoxic periods, resulted similar to that where the 2 days 

hypoxic events were separated by 2 days of normoxia. Organisms’ abundances, on the other hand, 

were significantly higher and the community resulted richer and more diverse if the hypoxic periods 

were separated by a 6 days normoxic pause. The situation is exacerbated with hypoxic periods of 4 

days: in terms of abundance the community decreased slightly faster in the treatment with no Pause 

while with a Short or Long Pause the normoxic periods appeared to be beneficial for the community 

in terms of overall abundance, diversity and structure. Analyzing the communities in detail emerged 

that the taxa representing the highest amount of diversity between the treatments with 2 and 4 days 

hypoxic periods were Amphipods, the gastropod Ecrobia spp and Isopods. Within the treatments 

with 4 days hypoxia also Cerastoderma edule emerged as a relevant species in determining the 

dissimilarities between communities. Previous experiments support this idea that the effects of 
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intermittent hypoxia increase with the increase in duration of the single hypoxic periods (Kim et al. 

2013).  Organisms such as Molluscs and Arthropods can increase the efficiency of their respiration 

through alternative oxygen carrying proteins (Hochachka & Somero, 2002) or move away from 

deprived oxygen areas (Sakurai et al., 1996; Verdelhos et al., 2015; Dominguez et al., 2021) but 

these strategies are often only effective in situations of mild or spatially limited hypoxia. When 

oxygen deprivation is extended and intense some extreme adaptations may arise, such as the 

activation of fermentative patterns, but they cannot sustain organisms of long times (de Zwaan & 

Wijsman, 1976; Hochachka & Somero, 1984; Babarro & de Zwaan, 2008). 


In general, we can expect that at least a baseline portion of the community in the Pialassa Baiona 

was shaped by its ecological history characterized by previous, naturally occurring hypoxic periods 

(Ponti et al., 2011). This history of periodic oxygen deprivation may have shaped a community with 

a relatively high overall tolerance to hypoxia potentially mitigating the magnitude of the effects of 

these experiments: further research should analyze whether in previously unaffected environments 

the effects of the same timing regimes of hypoxia may change both in magnitude and in nature. As 

stated by Rabalais (IUCN Report), environments strongly affected by hypoxia tend to present 

communities characterized by low diversities and abundances and dominated by smaller non 

deeply-burrowing species. These trends appeared clearly in areas with seasonally severe hypoxia 

such as the Northern Gulf of Mexico (Rabalais et al., 2001; Kim et al., 2013) but the effects were 

less severe in areas with intermitted hypoxia. Environments characterized by hypoxic conditions are 

in fact expected to increase in the near future (Lafolley & Baxter, 2019) and understanding how 

emerging, repeated, hypoxia will affect them will be an important challenge for ecology. The 

significant changes in communities emerging from various hypoxic regimes may also lead to 

different recoveries at the end of the hypoxic occurrence. The analysis of recovery is another step 
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forward needed to formulate better predictions and management plans of coastal environments 

susceptible to hypoxia.
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Comparison 2 days Diff. of Means t P

Long vs. Absent 2.227 6.126 <0.001

Long vs. Short 1.518 4.204 <0.001

Short vs. Absent 0.709 1.949 0.052

Comparison 4 days Diff. of Means t P

Long vs. Absent 4.219 6.021 <0.001

Long vs. Short 2.569 3.691 <0.001

Short vs. Absent 1.65 2.354 0.019

Table S1: pairwise comparisons from the PERMANOVA 
analysis. Comparisons are made within levels of factor Duration (2 
days on top, 4 Days on bottom).

Group 4Short Group 4Long                            

Species Av.Abund Av.Abund Av.Diss Diss/SD
Contrib
% Cum.%

Isopoda         1.88        0.00    8.33    4.63    15.94 15.94

Anfipoda         2.04        0.25    7.65    3.96    14.65 30.59

Hydrobia sp.         3.65        2.32    5.85    1.81    11.20 41.79

Polyplacophora         0.37        1.59    5.68    1.67    10.88 52.67

Table S2: Results of the SIMPER analysis for groups 4 Short and 4 Long. 
Dissimilarity was 52.24%. In the table are shown the taxa that contribute cumulatively 
to the 50% of that dissimilarity.
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Group 2Long Group 4Long                            

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.%

Anfipoda        3.44        0.25   11.57    6.33    22.19 22.19

Cerastoderma        1.88        0.00    6.80    3.48    13.04 35.22

Isopoda        1.81        0.00    6.54    5.29    12.55 47.77

Abra alba        1.56        0.30    4.66    1.89     8.94 56.71

Table S3: Results of the SIMPER analysis for groups 2Long and 4Long. 
Dissimilarity was 52.14%. In the table are shown the taxa that contribute cumulatively 
to the 50% of that dissimilarity.

Group 4Absent Group 4Long                            

Species  Av.Abund Av.Abund Av.Diss Diss/SD
Contrib
% Cum.%

Anfipoda          1.81        0.25    7.60    2.67    15.93 15.93

Isopoda          1.45        0.00    7.18    4.23    15.07 31.00

Hydrobia sp.          2.41        2.32    6.35    1.61    13.31 44.31

Abra alba          1.36        0.30    5.45    1.90    11.44 55.75

Table S4: Results of the SIMPER analysis for groups 4Long and 4Long. 
Dissimilarity was 47,68%. In the table are shown the taxa that contribute cumulatively 
to the 50% of that dissimilarity.
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Abstract


Global warming and increasing anthropic impacts on coastal areas are expected to increase the 

frequency, intensity and severity of hypoxic events in the near future. Different timing regimes in 

the occurrence of hypoxic events may have radically different effects on the interested communities 

and the study of these effects is a key for understanding, managing and protecting coastal habitats in 

the future. In this work we performed a manipulative field experiment in a North Adriatic coastal 

lagoon (Pialassa Baiona). We imposed three different timing regimes of hypoxic disturbance and 

monitored the recovery of both the benthic and the microbial communities over time. We 

hypothesized that the different hypoxic regimes would create different effects on the communities 

leading to variable recovery trajectories and final results. From the first exploratory analyses of both 

benthos and the microbial community a significant difference between the hypoxic treatments and 

the controls did not emerge neither in the in the final result of the treatment nor in the recovery 

trajectory. This may suggest that the experimental procedures did not induce a sufficient oxygen 

depletion to deeply affect the communities. Further and deeper analyses should investigate more 

taxonomic levels and functional groups to give a batter view on the changes we observed.


Key words


Repeated hypoxic events - Hypoxia - Recovery - Microbial Community - Benthic community - 

Pulse stressors 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1 Introduction 

The complex interactions between global climate change and other anthropogenic pressures on 

coastal and marine environments is increasing the number and extent of episodes of oxygen 

depletion (Levin et al., 2009). These events are defined, based on their intensity, as hypoxic 

(Dissolved Oxygen Concentration [DO] < 2 mg/l) or anoxic ([DO]<0,1mg/l) (Vaquer-Sunyer & 

Duarte, 2008). They can cause a variety of consequences on the communities affected, including 

slight losses of diversity, drastic community shifts up to mass mortalities (Levin et al., 2009; Diaz 

& Rosenberg, 2008). Environments characterized by periodic or even continuous hypoxia have 

existed in historical and geological times (Robinson et al., 2019) but in the last 50 years their 

occurrence has increased by more than 50% (Shmidtko, Stramma and Visbeck, 2017; Breitburg et 

al, 2018).  In chronically hypoxic areas, hypoxic events often occur cyclically. The most common 

cycles in which hypoxia can manifest are diel-cycling hypoxia, where [DO] decreases at night due 

to respiration and increases during the day due to photosynthesis (Miyamoto, 2019), and seasonal 

cycles, where normoxia alternates with hypoxic periods of varying duration and severity from late 

summer to late autumn (Diaz & Rosenberg, 2008; Del Giudice et al., 2018). Hypoxia, however can 

also appear aperiodically due to multiple factors such as, for example, sudden and unpredictable 

increases in nutrient loading in the water column. These different timing regimes of hypoxia can 

have different long term effects on the communities and determine differences in the recovery 

process. Long lasting hypoxic events can for example lead to mass mortalities and almost complete 

defaunation to the point that a complete recovery and convergence to the initial state is impossible 

(Van Colen et al., 2010). Short repeated disturbances can, on the other hand, lead to milder 

detrimental effects but, at the same time, t heir periodic reappearance, can hinder and interrupt the 

recovery process (Nakano et al, 2017; Boesch & Rabalais, 1991). Numerical models (Nakano et al. 

2017) as well as experimental studies (Diaz & Rosenberg, 2008) show how the duration of hypoxic 

77



periods is more important than its frequency in determining its effects on the community while 

other studies show the importance of temporal variance (Bertocci et al., 2016) and of clustering 

regimes (Dal Bello et al., 2017) in shaping the communities after stresses and their potential 

reactions to future disturbance.  

Communities interested by hypoxic events tend in general to follow a Pearson-Rosenberg 

succession during recovery (Pearson & Rosenberg, 1978; van Colen et al., 2008). However, their 

recovery process is often slow and can have a delayed start from the end of the disturbance (Lim et 

al., 2006) and may be interrupted by further hypoxic events before a complete return to the original 

state (Diaz, 2001). Environments that experience oxygen depletion frequently and regularly often 

present benthic communities that are tolerant to and shaped by the stressful conditions (Sen Gupta 

et al., 1996; Garegston, 1985; Seitaj et al., 2017; Capelle et al., 2021) and are often kept at an early 

successional stage with opportunistic and fast growing organisms (Boesch & Rabalais, 1991; Diaz, 

2001). On the other hand, in environments where hypoxic conditions appear for the first time or in 

an occasional and irregular way, they may cause extremely drastic effects on communities that are 

not dominated by hypoxia tolerant organisms (Boesch & Rabalais, 1991). 

Microbes are major contributors of ecosystem functions in marine ecosystems, playing an essential 

role in organic matter mineralization, nutrient regeneration, and energy flow. Microbial 

communities are also deeply linked with oxygen depletion in the sediment and the water column. 

On one hand microbial activity is one of the factors determining the occurrence of hypoxia (Keeling 

et al., 2010; Wilhelm et al., 2013). On the other the dynamics and structures of microbial 

communities are deeply shaped by oxygen levels (Shang et al. 2022). Mahmoudi et al. (2015) 

showed how, in the Caspian sea, hypoxic waters do not strongly affect the total microbial biomass 

but they shape its composition and functional role. Bacterial taxa responsible for anaerobic 

degradation of organic matter such as Desulfubacteriales are common in oxygen depleted waters 
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and sediments (Orphan et al., 2001) together with other groups involved for example in Nitrogen 

cycling.  

Microbial and benthic dynamics in response and after hypoxic periods are also tightly linked. 

Microbes are responsible for the degradation of the organic material derived from the accumulation 

of dead benthic organisms. Anaerobic degradation of organic matter performed by microbes is 

slower than that occurring at higher oxygen levels, significantly enhancing the preservation of 

organic matter and further changing the biogeochemical characteristics of the environment 

(Canfield et al., 1993) . The microbial community, on the other hand, also has a key role in 

determining the recovery of benthos and the overall environments after prolonged and severe 

hypoxic events: sulphide oxidizing microbes, for example, are important in detoxifying strongly 

reduced sediments and making them suitable for colonization by further steps in the recovery 

succession (Pearson & Rosenberg, 1978; Middelburg & Levin, 2009). 

In this work we performed a field experiment imposing different timing regimes of hypoxia in a 

coastal lagoon in the Northern Adriatic Sea and monitored the recovery of both the benthic and the 

microbial communities to understand the succession after a stressful period and whether different 

histories may lead to different outcomes in the recovery. We hypothesized that different timing 

regimes of hypoxia would have led to different community structures (Comandini et al., 2022) and 

consequently to potentially different recovery trajectories. We expected longer hypoxic events to 

have increasing detrimental effects on the community and lead to a slower and more delayed 

recovery than shorter ones.


2 Materials and methods 

2.1 Study site 

The experiment was conducted in Pialassa Baiona, a coastal lagoon located in the northern Adriatic 
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Sea and linked to the Ravenna Harbor (Airoldi et al., 2016). Piallassa Baiona is an eutrophic 

microtidal lagoon where with a tidal range normally smaller than 1 m. The small lagoon (11,8 km2) 

receives water from multiple sources: five channels provide freshwater and nutrients from urban 

and agricultural areas, wastewater treatments and two thermal power stations also bring water to the 

lagoon and saltwater from the Ravenna harbor enters the pond with the tides (Ponti et al., 2005).  

Piallassa Baiona is characterized by mixing regimes with the external areas dominated by the 

effects of the tides and the internal part dominated by the river action. The sediments in the lagoon 

are variable in organic content, grain size and clay/silt proportion with sand ranging from 12.1% to 

89.5% in weight based on the differences in the sedimentation process or the presence of sand 

dunes (Ponti et al., 2005). 

Due to the wastewater input from the town and adjacent industrial areas that introduce high 

concentration of nutrients into the lagoon periodic phytoplankton and seaweeds blooms occur 

causing occasional hypoxic events (Ponti et al., 2010). Piallassa Baiona is a severely impacted area 

due to the aforementioned proximity with highly anthropized zones and has been historically 

interested by multiple sources of pollution, organic and inorganic. Our experiment was performed 

in a shallow mudflat located in the northernmost part of Piallassa Baiona, far from direct sources of 

anthropic disturbance.


2.2 Field experimental set up and design 

To test and monitor the different recovery patterns three timing regimes of hypoxia were imposed: a 

Single Short (SS) Hypoxic period (5 days), a Single Long (SL) Hypoxic period (10 days) and Two 

Short Hypoxic (TS) periods (5 days) separated by a Normoxic period (5 days). Control (C) 

experimental units were also set up (Fig. 1). 

Microbial samples were taken at the end of the treatment period (T1) and after 1 (T2), 2 (T3), 4 

(T4) and 7 days (T5). The short recovery times were chosen for the microbial community in order 
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to intercept as much change as possible in such a fast evolving community (Katherine Dafforn, 

personal communication). Benthic samples were taken at the end of the treatments (T1, November 

27), after 48 days (T2, in January) and after 180 days (T3, in July). 


 

To impose hypoxia 4mx4m sediment patches were thoroughly covered with polypropylene plastic 

sheets carefully fixed to the bottom through bricks. Three different timing regimes of hypoxia, 

representing the three treatments of the experiment, were imposed by covering and uncovering the 

patches at different times (as shown in Fig. 1). Experimental units were signaled with colored 

wooden sticks that allowed to distinguish the different treatments even in poor visibility conditions 

and determined the margins of the patch even after the plastic sheets were removed.
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Fig. 1: Design of the four treatments. Hypoxic periods are represented in black 
and normoxic periods are in white. Treatment ‘Two Short’ (TS) consisted of two 

hypoxic periods of five days separated by a normoxic period of 5 days. Treatments 
‘Single Long’ consisted of one hypoxic period of 10 days. Treatment Single Short 
consists of one single 5 days hypoxic period and the Control is represented by a 15 

days normoxic period.



2.3 Benthic community 

2.3.1 Sampling 

Benthos was sampled from each experimental unit at at least 0.5 m from the edge of the patch to 

avoid any border effect. Sampling was performed with a 12.5 cm diameter steel corer that was used 

to sample the top 15 cm of sediment. From each replicate patch one core was taken at each 

sampling time and its whole content was sieved through a 0.5 mm mesh net to remove as much 

sediment as possible before fixating the whole content of the net in ethanol on the field and moving 

the samples to the lab. All the sampling was performed minimizing trampling and disturbance 

inside the experimental units.


2.3.2 Laboratory work 

All the samples were moved into the Bologna University laboratories in Ravenna where they were 

sieved through a 4000, a 2800 and a 500 µm mesh sieve stacked. The macroscopic portion of each 

sample was visually inspected while the portion between 4000 and 500 µm was analyzed through a 

stereoscope. The smaller size class was stained with Rose Bengal and organisms that were intact at 

the time of the analysis were assumed to be alive at the moment of the sampling. The organisms 

were extracted from the sample, identified to the lowest taxonomic level and counted.


2.3.3 Statistical analyses  

Total abundances, species richness and diversity indices were calculated and analyzed through two-

way ANOVA analyses with Time (3 levels) and Treatments (4 levels: Control, Single Short, Two 

Short, Single Long) as factors. Linear regressions of Abundance and species richness over time 

were also performed to visualize their trend over time and differences in trend between treatments. 

Univariate analyses were performed on RStudio version 2021.09.2 

The structure of the community was examined through multivariate analyses all performed on 

Primer7 & Permanova. The community was visualized through non metric Multi Dimensional 
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Scaling (MDS) and analyzed through PERMANOVA analyses with Time (3 levels) and Treatments 

(4 levels: Control, Single Short, Two Short, Single Long) as factors. A SIMPER analysis later 

allowed to explore which taxa contributed the most to the dissimilarities between groups. To 

compare the trends of each Treatment over Time a Second Stage analysis (Clarke et al., 2006) was 

performed, visualized through a nmMDS and analyzed through an analysis of similarities 

(ANOSIM).


2.4 Microbial community 

2.4.1 Sampling 

Microbial samples were taken at the end of the treatment period (T1) and after 1 (T2), 2 (T3), 4 

(T4) and 7 days (T5). The microbial samples were taken using 150 ml syringes. For each replicate 

patch three sub-samples of sediment were taken and merged together to homogenize spatial 

variability that may occur inside each patch. Each sub sample consisted of the amount of sediment 

obtained by pushing the syringe about 2 cm into the sediment. Sub samples were merged in a 

Falcon tube, labeled and stored in dry ice on the field and immediately transported to the 

laboratories at the University of Padua to be stored at -80 °C. Samples were taken at the beginning 

of the experiment then at the beginning of the recovery and after 1, 2, 4 and 7 days.


2.4.2 DNA extraction 

Total DNA was extracted from 0.25 g of each sample using the DNeasy PowerLyzer PowerSoil Kit 

(Qiagen GmbH, Hilden, Germany) following the manufacturer’s protocol. The DNA obtained was 

purified using magnetic beads. The concentration and quality of the purified DNA was measured by 

Qubit 1.0  fluorometer and NanoDrop Lite spectrophotometer (Thermo Fisher Scientific, Waltham, 

MA, USA), respectively.
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2.4.3 DNA amplification and preparation of libraries 

The genetic analyses targeted the bacterial 16s rRNA gene that was amplified using 515F-Y (5′-

GTGYCAGCMGCCGCGGTAA-3′) and 926R (5′ CCGYCAATTYMTTTRAGTTT-3′) primers to 

encompass the V4 and V5 hypervariable loops of 16S rRNA genes (Parada et al., 2016). PCR 

reactions were performed in 25 µl final volume reactions containing 5 ng of template DNA, 0.5 U 

of Phusion High-Fidelity DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA), 1X 

Phusion HF buffer, 200 µM of each dNTP, and 0.5 µM of each primer. PCR conditions consisted of 

an initial denaturation of 4 min at 98°C followed by 25 cycles of 20 s at 98°, 30s at 57°C, 30 s at 

72°C and a final extension step of 5 min at 72°C. PCR amplifications were carried out in triplicate 

to reduce possible intra-sample variance and all PCR products were visualized on 1.5% agarose 

gels. The amplicon triplicates were merged and purified using 0.65X volumes of AMPure XP beads 

(Beckman Coulter Life Sciences, Brea, CA, USA). Then, all the purified products were indexed 

following the “16S Metagenomic Sequencing Library Preparation” protocol provided by Illumina 

(Illumina, San Diego, CA, USA) and the PCR amplicons were normalized using a SequalPrep 

Normalization Plate (Thermo Fisher Scientific, Waltham, MA, USA). Finally, amplicon libraries 

were sequenced on the Illumina MiSeq system using the MiSeq reagent kit v3 (600 cycles).


2.4.4 Sequence analysis 

The sequences obtained were trimmed of primers, Illumina adapter sequences and distal bases using 

the Trimmomatic software v 0.36 (Bolger et al., 2014). Low quality reads were removed if the 

quality was lower than Q score 20 together with all the reads shorter than 100bps and orphan reads. 

Maximum error rates were calculated based on the whole sequencing run and combined with the 

DADA2 denoising algorithm (Callahan et al., 2016) to determine exact amplicon sequence variants 

(ASV). All resulting paired end sequences were merged and remaining chimeric sequences removed 

(consensus method; Callahan et al., 2016). To assign taxonomy of bacteria and archaea all 
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sequences were classified using an RDP naive Bayesian classifier method (Wang et al., 2007) 

against the SILVA SSU Ref NR 99 138.1 Database (Quast et al., 2013). 

We obtained a total of more than 17000 ASVs on which a series of filters were applied. Analyses 

were performed using phyloseq package v 1.36 (McMurdie and Holmes, 2013) in R v 4.1.0 and 

following protocols introduced in Callahan et al., 2016. All the ASVs not assigned to any Phyla 

were removed and only ASVs present in at least four samples and with a total count above 10 reads 

in all samples were retained in order to remove very low abundance features and potential 

sequencing errors. A final of 3057 ASVs was analyzed further.


2.4.5 Statistical analyses 

The community was mainly analyzed both at the phylum and at the class level. First the relative 

abundances of all phyla were visualized through bar plots. Total abundances, richness and diversity 

indices were then calculated and analyzed through a two way ANOVA with Time (5 levels) and 

Treatments (4 levels: Control, Single Short, Two Short, Single Long) as factors. Linear regressions 

were also used to visualize trends over time of the interesting metrics.  

Community structure was explored though multivariate analyses: first it was visualized through a 

Principal Component Analysis then the effects of factors Time (5 levels) and Treatment and their 

interaction (4 levels: Control, Single Short, Two Short, Single Long) were examined through 

PERMANOVA analyses. The contribution of each taxa to the dissimilarities between groups were 

investigated with a SIMPER analysis. To account for the non independence of the replicates a 

Second Stage Analysis was performed to compare the trajectories over time of the treatments and 

was visualized through an MDS and analyzed through an ANOSIM. All multivariate analyses were 

performed on PRIMER7+PERMANOVA.
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3 Results 

3.1 Benthic community 

After removing the rarest groups 29 taxa remained. Species richness in samples varied from 22 to 3 

and organism abundance from 477 to 40. Relative abundances of benthic taxa are shown in Figure 

2.


Abundance increased overall through the experiment in all the treatments apart from the normoxic 

control (Fig.3). Ecrobia ventrosa (Montagu, 1803) was the most abundant species in all samples 

and its relative abundance increased significantly in the last sampling time. The amphipod 

Microdeutopus gryllotalpa (Costa, 1853) was the second most abundant species in the first three 

sampling times and almost disappeared in the last one. Organism abundance (N) significantly 

86

Fig. 2: Barplot with the average relative abundances



increased over time (p = 0,00745) while the number of Species (S, in Fig.3) and the diversity (H) 

decreased steeply. The community in July was abundant but dominated by the gastropod Ecrobia 

ventrosa and presented very low diversity and evenness. No effect of the treatments was detected 

with the univariate analyses (Table 1).
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Fig. 3: Boxplots of abundance (N, log transformed) and Species richness (S) of the benthic 
community at the three sampling times.

A) Df Sum square Mean square F value P value

Time 2 0.6273 0.31367 6.433 0.00409

Treatment 3 0.0283 0.00943 193 0.90015 

Time:Treatment 6 0.5664 0.09440  1.936 0.10140 

Residuals 36 1.7553 0.04876

B) Df Sum square Mean square F value P value

Time 2 246.5  123.27  13.062 5.43e-05

Treatment 3   39.6    13.19 1.397 0.2590

Time:Treatment 6 78.1  13.02 1.380 0.2490

Residuals 36 339.8 9.44

Tab. 1: ANOVA results on the total abundances (A) and the Species Richness (B) of the 
benthic community. Abundance data were log transformed.



The significant variation of the community over Time was confirmed by the PERMANOVA 

analysis  (p=0,001) and is shown in the MDS (Fig.4) where, in all the treatments, the samples of the 

last sampling time (July) clearly separate from the others. The pairwise tests following the 

PERMANOVA analysis Showed a significant difference between all the three times (Table S1) and 

the SIMPER (Tables S2, S3) confirms the observation that most of the dissimilarity between groups 

was due to the increase of Ecrobia ventrosa and the almost complete disappearance of amphipods 

(Microdeutopus gryllotalpa, Monocorophium insidiusum Crawford, 1937 and Corophium orientale 

Schellenberg, 1928). The Second Stage Analysis showed no differences between the trends of the 

different treatments over Time (Fig. 8). The associated ANOSIM suggested that the similarity 

within groups was comparable to that between groups (R= 0.03).
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Fig. 4: MDS representing the trends of the benthic community over Time (in days) divided 
by Treatment. For all the treatments the community after 180 days separates clearly from those at 

the other sampling Times.



3.2 Microbial community 

From the data retrieved 943 ASVs were not assigned at the phylum level and were removed from 

the analyses. ASVs that were below 10 total counts or were not shared in at least 4 samples were 

also removed from the dataset. This filtering resulted in 3057 total ASVs. The prevalence plot was 

performed at the phylum level. Figure 5 shows the relative abundance of phyla in the samples. The 

extremely low values appeared in one of the replicates from Time 2 of Treatment SL led to think to 

a sampling mistake so the sample was removed. 


Bacteroidota, Proteobacteria and Desulfobacterota were the dominant phyla in all the samples. Each 

of 18 phyla represented more than 1% of the abundance in each sample and are represented in the 
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Fig. 5: Barplot of the relative abundances of the dominant microbial phyla. In each square a 
represented the 4 replicates of a single Treatment (Control, Single Short, Single Long, Two Long) 

at a single Sampling Time (1, 2, 3, 4, 5).



figure. From the end of the treatment period microbial abundance increased consistently for the 

week in all of the experimental units, including the controls (Fig.6). 


The ANOVA displayed a significant interaction between Time and Treatment was detected (Table 2) 

but the pair wise tests did not highlight consistent differences between treatments and controls and 

all the detectable differences were to be attributed to the treatment with a Single Short hypoxic 

period. At the beginning of the recovery period abundances were similar between the treatments and 

remained comparable within sampling times until the last one (T4) where slightly more marked 

differences seemed to appear. Species richness showed a similar increasing trend over time but a 

significant effect of the Treatment also appeared. The SS Treatment displayed significantly lower 

species abundances compared to the TS one.


90

Fig. 6: Boxplots of Species richness (S) and abundance (N, log transformed) of the 
microbial community at the five sampling times. Abundance data was log transformed.



At the Class level the PERMANOVA analysis highlighted a significant effect of factors Time 

(p=0,001) and Treatment (p=0,002) on community composition but no interactive effect of the two 

factors. Treatment SS displayed a significant difference with all the other three treatments but no 

other differences appeared for the factor Treatment. Within factor Time, Time1 was significantly 

different from all the other times (p values in a table) but no other significant differences were 

detected. The SIMPER analysis allowed to understand which taxa contributed the most to the 

variability between samples. Comparing the levels of factor Time the level that displayed the 

highest dissimilarity with the others is level 1, the one at the end of the Treatment period. 


Various taxa appeared responsible for the dissimilarities with the decrease of Dehalococcoidia, 

Nanoarchaeia and Thermoplasmata important for the differences between Time 1 and 2 

(27,44%dissimilarity) and 1 and 3 (26,91% dissimilarity). A relevant amount of the dissimilarity 

between times 1 and 3 was also represented by the increase in the abundance of Desulfovibrionia 
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B) Df Sum square Mean square F value P value

Time 4 1718379 429595 11.357 7.12e-07

Treatment 3 508871 169624 4.484 0.00673

Time:Treatment 12 589663 49139 1.299 0.24408 

Residuals 58 2193845 37825

Tab. 2: ANOVA results on the Species Richness (A) and abundance (B) of the microbial 
community.

A) Df Sum square Mean square F value P value

Time 4 0.6585 0.16463 16.431 4.71e-09

Treatment 3 0.0251    0.00837 836 0.4798 

Time:Treatment 12 0.2382  0.01985 1.981 0.0427

Residuals 58 0.5811 0.01002



and Mixococcia. Times 1 and 4 presented a 28.02% dissimilarity and a relevant part of that 

dissimilarity constituted by the increase of Bacteroidia, Gammaproteobacteria, Desulfovibrionia. 


The three trends determining the highest dissimilarities between levels 1 and 5 of factor Time 

(27,67%) were the decreases of Gammaproteobacteria,  Desulfobulbia and Alphaproteobacteria. 

Within factor Treatment the highest dissimilarity appeared between levels Single Short and Single 

Long (26,77%). The three classes that contributed the most to this dissimilarity were 

Dehalococcoidia, Nanoarchaeia and Thermoplasmata. All these three taxa resulted less abundant in 

the treatment Single Short. Within level 1 of factor Time, treatment SS displayed a high 

dissimilarity (>33%) with the others. The taxa that contributed the most to that dissimilarity were 

the Archea Nanoarchaeia, Thermoplasmata and the bacteria Dehalococcoidia and Fibrobacteria. 
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Fig. 7: MDS resulting from the Second Stage Analysis. Analyses are performed on 
Bray-Curtis similarly matrices of fourth root transformed abundance data. Each dot 
represents the pattern in the recovery of the microbial community from one single 
experimental unit over time. Different colors represent  the different treatments. As 

confirmed by the ANOSIM analysis the similarity within Treatments are comparable to 
those between Treatments.



 All those taxa appeared at particularly low abundances in treatment SS. Treatment SS at Time 1 

also displayed a high dissimilarity with the same Treatment at Time 2 and 3 with the increase of 

Nanoarchaeia and Thermoplasmata being the tendencies contributing the most to the dissimilarity. 

The second stage analysis showed no significant differences in the trends over Time of the four 

Treatments (Fig. 7, Tables S4, S5 and S6.) and the ANOSIM confirmed the comparable Similarity 

within and between treatments (R=0.074).


4 Discussion 

4.1 Benthic community 

The dominant species in the community, the gastropod Ecrobia ventrosa is a species with a high 

tolerance to hypoxia (Vaquer-Sunyer & Duarte, 2008) and thanks to its mobility can escape and 

recolonize hypoxic areas quickly. Other abundant groups, such as amphipods and other crustaceans 

presented high abundances during winter and spring and decreased steeply in summer probably due 

to their lower tolerance to high temperature and lower dissolved oxygen (Vaquer-Sunyer & Duarte, 

2008; Hoback & Barnhart, 1996; Hervant, Mathieu & Culvert, 1999; Sandberg-Kilpi, Vismann & 

Hagerman, 2013). The benthic community displayed a significant variation over time but no 

significant differences were detected between the treatments. The preliminary explorative analyses 

presented here suggest a negligible effect of the experimental procedure on the communities. 

Probably the intensity of the imposed stress was not enough to cause drastic damage on a 

community already adapted to frequent and short stressing periods. The positioning of the plastic 

sheets may have allowed oxygenated water to still enter the experimental units or photosynthetic 

organisms trapped under the plastic sheets may have, through their activity, increased oxygen levels 

during the day limiting the severity and duration of hypoxia. 

Indeed, at the end of the treatments the abundance in the controls was in fact only slightly higher 

93



than that in the treatments but the difference was not significantly higher than in the treatments and 

the community composition was similar as well. The limited size of the experimental units may also 

have enhanced the changes in the community when the experimental units were uncovered 

facilitating the migration of mobile organisms in and out of the patches (Gamenick et al, 1996). The 

changes observed in the community over time, then, cannot be considered an actual recovery and 

should only be viewed as the natural seasonal variation of the community in that area of the lagoon 

in response to the multiple changing factors.


4.2 Microbial community 

The absence of a consistent difference between the normoxic controls and the hypoxic treatments 
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Fig. 8: MDS resulting from the Second Stage Analysis. Each dot represents the trajectory in the 
recovery of the community from one single experimental unit over time. Different colors represent  
the different treatments. As confirmed by the ANOSIM analysis the similarity within Treatments 

are comparable to those between Treatments.



tend to confirm that the experimental units did not undergo an oxygen depletion strong enough to  

significantly affect the communities. Other differences can probably be attributed to other, non 

controlled, factors. After the end of the Treatment period, the whole community abundance 

increased quickly already within the first 24 hours both in the control and in the treatment groups. 

The taxa responsible for most of the increase are Archaea and Bacteria typical of hypoxic and 

highly impacted areas. Thermoplasmata perform sulfide or organosulfonate reduction (Lin et al., 

2015), Dehalococcoidia (Cupples, 2008) are anaerobe dechlorinating bacteria that use halogenated 

compounds, generally from highly polluted areas, as electron acceptors. Various undetermined 

classes of the phylum Latescibacterota were very abundant in all the samples and gave an important 

contribution to the dissimilarities between groups. Latescibacterota are bacteria typical of anoxic 

ponds and hydrocarbon impacted environments important in the turnover of algal detritus from 

anoxic and microoxic zones (Farag et al., 2017). Bacteroidia and Gammaproteobacteria are two 

other very abundant  groups of anaerobic bacteria (Podosokorskaya et al., 2020) whose abundance 

also decreased over time (most important taxa in determining the dissimilarities between Times 1 

and 4). In general the community seemed to be strongly shaped by oxygen levels and relatively 

adapted to hypoxic conditions but our experiment failed at applying a meaningful disturbance.


5 Conclusion 

Oxygen depletion clearly is one of the factors shaping both the benthic and the microbial 

communities in Piallassa Baiona. Macrobenthos in the lagoon presents a high spatial and temporal 

variability due to the occurrence of point-like or seasonal stressors and a strong environmental 

heterogeneity (Ponti et al., 2005). The prevalence of specific taxa and periods of low diversity may 

be the direct consequence of the multiple stressors that emerge in Piallassa Baiona and in other 

estuarine and coastal environments. Time of recovery and the successional stage reached depend on 
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the frequency of the stressors and we can expect that in environments with frequent point-like 

disturbances will not present simple stress/recovery cycles but different communities every time 

based on the temporal and spatial extent of the stress. Further research is needed on the recovery of 

frequently stressed habitats to clarify how different timing regimes of disturbance may influence the 

stability of the communities over time.
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 Group 3  Group 9                            

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.%

Microdeutopus gryllotalpa     1.68     0.00    4.37    1.98     8.38  8.38

Ecrobia ventrosa     2.40     3.72    3.63    1.93     6.95 15.33

Corophium orientale     1.16     0.00    2.93    1.48     5.61 20.94

Retusa cfr truncatula     0.14     1.15    2.84    1.62     5.43 26.37

Chironomidae (larva)     1.33     0.42    2.78    1.65     5.33 31.70

Monocorophium 
insidiosum

    0.98     0.26    2.46    1.13     4.71 36.41

Arcuatula senhousia     0.93     0.00    2.45    1.53     4.70 41.11

Polydora sp.     0.75     1.03    2.34    1.21     4.47 45.58

Oligochaeta ind.     0.69     0.97    2.33    1.29     4.45 50.04

Table S2: Results of the SIMPER analysis comparing benthic communities at times 3 
and 9. Dissimilarity was 52.22%. In the table are shown the taxa that contribute 
cumulatively to the 50% of that dissimilarity.

Source df SS MS Pseudo-F P(perm) Unique perms

Time 2 16995 8497.6 12.313  0.001 999

Treatment 3 2525.8 841.94 1.22  0.228 998

TimexTreatment 6 5082.9 847.15 1.2275  0.179 997

Res 36 24845 690.13                      

Total 47 49449                            

Table S1: results of the PERMANOVA of the benthic community. The only 
significant effect is that of factor Time. 



 Group 1  Group 5                            

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.%

Gammaproteobacteria     8.77    10.59    0.18    1.83     0.66  0.66

Desulfobulbia     6.32     7.88    0.16    1.71     0.58  1.24

Alphaproteobacteria     5.71     7.22    0.15    1.70     0.54  1.78

Desulfobacteria     7.54     8.86    0.15    1.46     0.53  2.32

Desulfovibrionia     0.78     1.59    0.14    1.37     0.51  2.83

Dehalococcoidia     4.42     4.50    0.14    1.32     0.50  3.33

Nanoarchaeia     3.20     3.30    0.13    1.09     0.48  3.81

Thermoplasmata     3.88     3.88    0.13    1.27     0.47  4.28

Planctomycetes     5.33     6.51    0.13    1.70     0.46  4.75

Thermoanaerobaculia     5.23     6.47    0.12    1.86     0.45  5.19

Bacilli     0.78     1.52    0.12    1.37     0.45  5.64

Latescibacterota_Undefined12     1.04     1.12    0.12    1.22     0.45  6.09

Latescibacterota_Undefined27     0.55     1.62    0.12    1.54     0.44  6.53

Actinobacteria     1.92     2.89    0.12    1.29     0.44  6.96
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 Group 2  Group 3                            

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.%

Microdeutopus gryllotalpa     1.91     0.00    4.73    1.56     9.11  9.11

Ecrobia ventrosa     2.39     3.72    3.63    2.36     6.99 16.09

Monocorophium insidiosum     1.57     0.26    3.57    1.77     6.87 22.96

Corophium orientale     1.31     0.00    3.27    1.46     6.30 29.26

Retusa cfr truncatula     0.19     1.15    2.80    1.53     5.38 34.64

Arcuatula senhousia     1.04     0.00    2.75    2.12     5.30 39.94

Capitellidae ind.     2.06     1.40    2.58    1.18     4.97 44.91

Oligochaeta ind.     0.82     0.97    2.40    1.25     4.62 49.53

Polydora sp.     0.58     1.03    2.35    1.24     4.53 54.06

Table S3: Results of the SIMPER analysis comparing benthic communities at times 2 and 
3. Dissimilarity was 51.95%. In the table are shown the taxa that contribute cumulatively to the 
50% of that dissimilarity.



JS1     2.75     2.73    0.12    1.30     0.43  7.40

Myxococcia     0.82     1.41    0.12    1.20     0.43  7.83

Calditrichia     4.34     5.42    0.12    1.30     0.43  8.25

Sva0485_Undefined23     0.44     1.52    0.12    1.63     0.43  8.68

Zixibacteria_Undefined17     0.40     1.39    0.12    1.52     0.42  9.10

Latescibacterota_Undefined37     0.28     1.29    0.12    1.46     0.42  9.53

Latescibacterota_Undefined7     0.99     1.95    0.12    1.25     0.42  9.95

Sva0485_Undefined13     0.83     1.71    0.12    1.35     0.42 10.36

Latescibacterota_Undefined43     0.33     1.31    0.11    1.46     0.41 10.77

NB1-j_Undefined3     1.39     1.56    0.11    1.25     0.41 11.18

Schekmanbacteria_Undefined1     1.86     1.83    0.11    1.16     0.41 11.59

Latescibacterota_Undefined21     0.70     1.58    0.11    1.35     0.40 11.99

Zixibacteria_Undefined12     0.61     1.27    0.11    1.54     0.40 12.39

Syntrophobacteria     4.87     5.61    0.11    1.32     0.40 12.80

Bacteroidia     8.16     9.04    0.11    1.40     0.40 13.19

DG-56     1.78     1.71    0.11    1.18     0.40 13.59

Zixibacteria_Undefined16     0.46     1.45    0.11    1.66     0.40 13.99

Zixibacteria_Undefined3     1.42     1.44    0.11    1.14     0.39 14.38

Latescibacterota_Undefined19     0.56     1.21    0.11    1.16     0.39 14.77

Desulfobacterota_Undefined1     0.52     1.23    0.11    1.20     0.39 15.16

Phycisphaerae     4.75     5.01    0.11    1.15     0.39 15.55

Micrarchaeia     1.17     1.06    0.11    1.24     0.39 15.94

Latescibacterota_Undefined32     0.76     1.58    0.11    1.24     0.39 16.33

Latescibacterota_Undefined34     0.61     1.46    0.11    1.37     0.39 16.72

Desulfitobacteriia     0.20     1.13    0.11    1.21     0.39 17.10

Zixibacteria_Undefined6     0.71     1.56    0.11    1.35     0.38 17.49

Zixibacteria_Undefined5     1.02     1.57    0.11    1.17     0.38 17.87

Latescibacterota_Undefined9     1.27     1.77    0.11    1.11     0.38 18.26

Schekmanbacteria_Undefined6     1.37     0.87    0.11    1.28     0.38 18.64

TA06_Undefined3     1.64     1.50    0.11    1.25     0.38 19.02

BD7-11     1.27     0.89    0.11    1.27     0.38 19.41

Fibrobacteria     2.56     2.79    0.11    1.02     0.38 19.79

NB1-j_Undefined4     1.05     1.54    0.11    1.23     0.38 20.17

CK-2C2-2_Undefined2     0.62     1.31    0.10    1.27     0.38 20.54
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Sumerlaeia     3.12     3.42    0.10    1.20     0.38 20.92

Sva0485_Undefined19     0.63     1.10    0.10    1.21     0.37 21.30

Latescibacterota_Undefined28     0.92     1.49    0.10    1.20     0.37 21.67

Chlamydiae     1.31     1.23    0.10    1.32     0.37 22.04

NB1-j_Undefined14     0.41     1.16    0.10    1.43     0.37 22.41

Sva0485_Undefined25     0.62     1.13    0.10    1.20     0.37 22.78

Latescibacterota_Undefined5     1.89     1.99    0.10    1.09     0.37 23.15

Latescibacterota_Undefined11     1.05     1.73    0.10    1.23     0.37 23.52

Latescibacterota_Undefined67     0.00     1.02    0.10    1.24     0.37 23.89

Sva0485_Undefined20     0.48     0.98    0.10    1.04     0.37 24.26

Latescibacterota_Undefined49     0.55     1.29    0.10    1.36     0.37 24.63

Desulfobacterota_Undefined2     0.64     1.37    0.10    1.35     0.37 24.99

Sva0485_Undefined24     0.75     1.00    0.10    1.16     0.37 25.36

NB1-j_Undefined9     0.67     1.30    0.10    1.26     0.37 25.73

Anaerolineae     6.08     6.91    0.10    1.41     0.37 26.09

LCP-89_Undefined4     1.14     0.78    0.10    1.26     0.36 26.45

Methanosarcinia     1.48     1.43    0.10    1.10     0.36 26.82

Latescibacterota_Undefined18     0.90     1.80    0.10    1.16     0.36 27.18

Schekmanbacteria_Undefined5     1.19     0.91    0.10    1.22     0.36 27.54

NKB15_Undefined1     1.26     1.57    0.10    1.10     0.36 27.91

Babeliae     2.82     3.21    0.10    1.03     0.36 28.27

Zixibacteria_Undefined18     0.66     1.18    0.10    1.20     0.36 28.63

Bathyarchaeia     4.09     4.20    0.10    1.30     0.36 28.99

Schekmanbacteria_Undefined7     1.32     0.99    0.10    1.24     0.36 29.35

Sva0485_Undefined26     0.47     0.94    0.10    1.08     0.36 29.71

NB1-j_Undefined13     0.57     1.30    0.10    1.32     0.36 30.07

KD4-96     2.79     3.69    0.10    2.07     0.36 30.43

Latescibacterota_Undefined10     0.97     1.83    0.10    1.30     0.36 30.78

Latescibacterota_Undefined25     1.10     1.47    0.10    1.17     0.36 31.14

Latescibacterota_Undefined29     1.01     1.03    0.10    1.22     0.36 31.49

Latescibacterota_Undefined16     0.84     1.65    0.10    1.25     0.36 31.85

Dissulfuribacteria     1.73     1.69    0.10    1.08     0.36 32.21

Zixibacteria_Undefined4     1.37     1.54    0.10    1.13     0.36 32.56

Latescibacterota_Undefined33     0.68     1.36    0.10    1.23     0.35 32.92
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Zixibacteria_Undefined9     0.92     1.38    0.10    1.17     0.35 33.27

Schekmanbacteria_Undefined4     1.28     1.28    0.10    1.11     0.35 33.62

Zixibacteria_Undefined21     0.53     1.29    0.10    1.33     0.35 33.98

Schekmanbacteria_Undefined8     0.55     1.11    0.10    1.20     0.35 34.33

Elusimicrobia     1.48     1.34    0.10    1.15     0.35 34.68

Gracilibacteria     1.03     1.27    0.10    1.17     0.35 35.03

Zixibacteria_Undefined14     0.70     1.28    0.10    1.30     0.35 35.38

Latescibacterota_Undefined8     1.16     1.79    0.10    1.17     0.35 35.73

Schekmanbacteria_Undefined2     1.39     1.40    0.10    1.15     0.35 36.08

NKB15_Undefined4     1.02     0.55    0.10    1.22     0.35 36.43

NKB15_Undefined2     1.25     1.48    0.10    1.08     0.35 36.77

RBG-16-55-12     1.38     1.80    0.10    1.17     0.35 37.12

Latescibacterota_Undefined35     0.94     0.81    0.10    1.15     0.35 37.47

NB1-j_Undefined12     0.68     0.95    0.10    1.16     0.35 37.81

LCP-89_Undefined5     0.88     0.90    0.10    1.12     0.35 38.16

LCP-89_Undefined6     0.95     1.27    0.10    1.22     0.35 38.51

Lokiarchaeia     3.44     3.35    0.10    1.37     0.35 38.85

Latescibacterota_Undefined41     0.82     1.26    0.10    1.22     0.35 39.20

Thermococci     0.98     0.84    0.10    1.20     0.35 39.54

Omnitrophia     2.41     2.55    0.10    1.02     0.35 39.89

Latescibacterota_Undefined31     0.79     1.41    0.10    1.27     0.34 40.23

Zixibacteria_Undefined10     0.99     1.24    0.09    1.08     0.34 40.57

Zixibacteria_Undefined11     0.25     1.00    0.09    1.17     0.34 40.92

P9X2b3D02     0.89     1.69    0.09    1.20     0.34 41.26

Latescibacterota_Undefined39     0.93     1.12    0.09    1.15     0.34 41.59

Sva0485_Undefined15     1.01     1.69    0.09    1.25     0.34 41.93

LCP-89_Undefined2     0.90     1.32    0.09    1.18     0.34 42.27

Subgroup 22     3.60     4.49    0.09    1.53     0.34 42.61

Zixibacteria_Undefined1     1.53     1.98    0.09    1.05     0.34 42.95

Latescibacterota_Undefined51     0.59     1.01    0.09    1.12     0.34 43.28

Latescibacterota_Undefined26     0.67     0.73    0.09    0.96     0.34 43.62

Kapabacteria     0.77     1.22    0.09    1.24     0.34 43.96

Latescibacterota_Undefined50     0.53     1.22    0.09    1.34     0.34 44.29

Sva0485_Undefined12     1.46     1.70    0.09    1.03     0.34 44.63
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Desulfomonilia     1.43     2.16    0.09    1.22     0.34 44.96

Latescibacterota_Undefined54     0.86     0.59    0.09    1.08     0.33 45.30

MBNT15_Undefined5     0.26     1.01    0.09    1.22     0.33 45.63

Desulfobacterota_Undefined3     0.88     1.01    0.09    1.17     0.33 45.97

Subgroup 26     0.59     1.36    0.09    1.33     0.33 46.30

Zixibacteria_Undefined7     0.85     1.58    0.09    1.15     0.33 46.63

WWE3     1.54     1.41    0.09    1.20     0.33 46.97

WS2_Undefined2     0.62     0.95    0.09    1.26     0.33 47.30

Latescibacterota_Undefined47     0.39     1.00    0.09    1.17     0.33 47.63

Zixibacteria_Undefined24     0.71     1.10    0.09    1.35     0.33 47.97

Latescibacterota_Undefined40     0.70     1.31    0.09    1.25     0.33 48.30

Sva0485_Undefined17     1.29     1.60    0.09    1.19     0.33 48.63

LCP-89_Undefined3     0.68     1.29    0.09    1.21     0.33 48.96

Halanaerobiia     0.52     1.26    0.09    1.46     0.33 49.29

Latescibacterota_Undefined38     0.62     0.93    0.09    1.11     0.33 49.61

NB1-j_Undefined5     1.33     1.86    0.09    1.12     0.33 49.94

Latescibacterota_Undefined53     0.96     0.94    0.09    1.21     0.33 50.27

Table S4: Results of the SIMPER analysis comparing microbial communities at times 1 
and 5. Dissimilarity was 27.57%. In the table are shown the taxa (Class level) that contribute 
cumulatively to the 50% of that dissimilarity.

 Group 1  Group 2                            

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.%

Dehalococcoidia     4.42     4.12    0.15    1.29     0.55  0.55

Nanoarchaeia     3.20     3.00    0.15    1.21     0.54  1.09

Thermoplasmata     3.88     3.52    0.14    1.33     0.52  1.62

JS1     2.75     2.55    0.14    1.24     0.50  2.12

Bacilli     0.78     1.49    0.13    1.38     0.48  2.60

Planctomycetes     5.33     6.39    0.13    1.67     0.47  3.07

NB1-j_Undefined3     1.39     0.91    0.13    1.28     0.47  3.54

Latescibacterota_Undefined5     1.89     1.36    0.13    1.16     0.47  4.01

Latescibacterota_Undefined12     1.04     0.96    0.13    1.15     0.46  4.47
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Sva0485_Undefined23     0.44     1.52    0.13    1.68     0.46  4.93

Schekmanbacteria_Undefined1     1.86     1.30    0.13    1.23     0.46  5.39

Actinobacteria     1.92     2.79    0.13    1.24     0.46  5.85

Gammaproteobacteria     8.77     9.82    0.12    1.54     0.45  6.30

Latescibacterota_Undefined19     0.56     1.31    0.12    1.22     0.44  6.75

Zixibacteria_Undefined3     1.42     1.18    0.12    1.14     0.44  7.19

Latescibacterota_Undefined7     0.99     1.55    0.12    1.23     0.44  7.63

Latescibacterota_Undefined9     1.27     1.35    0.12    1.17     0.43  8.06

Myxococcia     0.82     1.09    0.12    1.13     0.43  8.49

DG-56     1.78     1.60    0.12    1.14     0.43  8.92

Desulfobulbia     6.32     7.24    0.12    1.50     0.43  9.35

NKB15_Undefined1     1.26     1.31    0.12    1.17     0.43  9.78

Dissulfuribacteria     1.73     1.43    0.12    1.14     0.43 10.21

Zixibacteria_Undefined6     0.71     1.58    0.12    1.36     0.42 10.63

Schekmanbacteria_Undefined7     1.32     0.58    0.12    1.38     0.42 11.05

Fibrobacteria     2.56     2.36    0.11    1.20     0.42 11.47

Schekmanbacteria_Undefined6     1.37     0.69    0.11    1.29     0.41 11.88

NB1-j_Undefined4     1.05     1.86    0.11    1.20     0.41 12.29

Alphaproteobacteria     5.71     6.66    0.11    1.63     0.41 12.70

WWE3     1.54     1.07    0.11    1.29     0.41 13.11

Methanosarcinia     1.48     1.43    0.11    1.12     0.41 13.52

LCP-89_Undefined1     1.79     1.62    0.11    1.05     0.41 13.92

Desulfovibrionia     0.78     0.72    0.11    0.95     0.41 14.33

Sumerlaeia     3.12     3.01    0.11    1.05     0.41 14.73

BD7-11     1.27     0.79    0.11    1.28     0.40 15.14

Bacteroidia     8.16     8.78    0.11    1.28     0.40 15.54

Latescibacterota_Undefined43     0.33     1.10    0.11    1.28     0.40 15.94

LCP-89_Undefined4     1.14     0.68    0.11    1.25     0.40 16.33

Omnitrophia     2.41     2.22    0.11    1.05     0.40 16.73

Zixibacteria_Undefined4     1.37     1.30    0.11    1.11     0.39 17.12

Chlamydiae     1.31     1.39    0.11    1.27     0.39 17.52

Phycisphaerae     4.75     4.70    0.11    1.20     0.39 17.91

Latescibacterota_Undefined11     1.05     1.82    0.11    1.21     0.39 18.30

Micrarchaeia     1.17     0.83    0.11    1.29     0.39 18.69
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Latescibacterota_Undefined18     0.90     1.55    0.11    1.17     0.39 19.07

Zixibacteria_Undefined5     1.02     1.36    0.11    1.22     0.38 19.46

Sva0485_Undefined13     0.83     1.26    0.11    1.23     0.38 19.84

Zixibacteria_Undefined10     0.99     0.81    0.11    1.12     0.38 20.22

RBG-16-55-12     1.38     1.50    0.10    1.16     0.38 20.60

Latescibacterota_Undefined10     0.97     1.79    0.10    1.27     0.38 20.98

Schekmanbacteria_Undefined4     1.28     0.94    0.10    1.25     0.38 21.36

Elusimicrobia     1.48     1.15    0.10    1.16     0.38 21.74

Latescibacterota_Undefined26     0.67     0.79    0.10    1.01     0.38 22.11

Sva0485_Undefined19     0.63     0.90    0.10    1.13     0.38 22.49

Babeliae     2.82     2.69    0.10    1.19     0.38 22.86

WCHB1-81     0.98     0.92    0.10    1.21     0.37 23.24

Latescibacterota_Undefined28     0.92     0.90    0.10    1.16     0.37 23.61

Latescibacterota_Undefined38     0.62     1.06    0.10    1.13     0.37 23.98

Gracilibacteria     1.03     0.97    0.10    1.23     0.37 24.35

Latescibacterota_Undefined32     0.76     1.11    0.10    1.18     0.37 24.73

Planctomycetota_Undefined6     0.25     1.01    0.10    1.32     0.37 25.10

Latescibacterota_Undefined16     0.84     1.31    0.10    1.16     0.37 25.46

Chloroflexi_Undefined1     0.66     0.87    0.10    1.11     0.37 25.83

Latescibacterota_Undefined37     0.28     0.95    0.10    1.10     0.37 26.20

Oligoflexia     0.58     1.17    0.10    1.24     0.37 26.56

TA06_Undefined3     1.64     1.45    0.10    1.27     0.36 26.93

CK-2C2-2_Undefined2     0.62     1.04    0.10    1.17     0.36 27.29

Latescibacterota_Undefined30     1.01     0.74    0.10    1.22     0.36 27.66

Latescibacterota_Undefined21     0.70     1.18    0.10    1.23     0.36 28.02

Zixibacteria_Undefined7     0.85     1.32    0.10    1.13     0.36 28.38

Lokiarchaeia     3.44     3.27    0.10    1.32     0.36 28.75

Sva0485_Undefined28     0.81     0.95    0.10    1.15     0.36 29.11

Zixibacteria_Undefined8     1.06     1.04    0.10    1.15     0.36 29.47

P9X2b3D02     0.89     1.12    0.10    1.16     0.36 29.84

Acidimicrobiia     4.02     4.83    0.10    1.65     0.36 30.20

NKB15_Undefined4     1.02     0.91    0.10    1.21     0.36 30.56

Latescibacterota_Undefined35     0.94     0.63    0.10    1.14     0.36 30.92

Sva0485_Undefined7     1.37     1.55    0.10    1.03     0.36 31.28
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Planctomycetota_Undefined4     0.56     1.02    0.10    1.14     0.36 31.63

LCP-89_Undefined7     0.97     0.40    0.10    1.24     0.36 31.99

TA06_Undefined5     1.25     0.89    0.10    1.18     0.36 32.35

Latescibacterota_Undefined27     0.55     1.03    0.10    1.19     0.36 32.70

Bathyarchaeia     4.09     4.06    0.10    1.24     0.35 33.06

MBNT15_Undefined1     1.01     1.30    0.10    1.13     0.35 33.41

Thermococci     0.98     0.64    0.10    1.19     0.35 33.76

Latescibacterota_Undefined45     0.22     0.88    0.10    1.10     0.35 34.12

Thermoanaerobaculia     5.23     6.08    0.10    1.73     0.35 34.47

NB1-j_Undefined9     0.67     1.07    0.10    1.20     0.35 34.82

Latescibacterota_Undefined8     1.16     1.99    0.10    1.10     0.35 35.17

Kapabacteria     0.77     1.27    0.10    1.23     0.35 35.52

Chloroflexia     0.25     0.87    0.10    1.12     0.35 35.87

Sva0485_Undefined17     1.29     1.27    0.10    1.19     0.35 36.23

LCP-89_Undefined6     0.95     0.67    0.10    1.18     0.35 36.58

Latescibacterota_Undefined42     0.61     1.08    0.10    1.20     0.35 36.93

Odinarchaeia     0.90     0.83    0.10    1.15     0.35 37.28

KD4-96     2.79     3.51    0.10    1.65     0.35 37.63

Latescibacterota_Undefined29     1.01     1.26    0.10    1.25     0.35 37.98

Desulfobacterota_Undefined2     0.64     1.20    0.10    1.34     0.35 38.33

Latescibacterota_Undefined25     1.10     1.28    0.10    1.17     0.35 38.68

Latescibacterota_Undefined39     0.93     0.98    0.10    1.17     0.35 39.02

LCP-89_Undefined5     0.88     0.67    0.10    1.12     0.35 39.37

Sva0485_Undefined30     0.92     0.21    0.10    1.22     0.35 39.72

Latescibacterota_Undefined20     1.21     0.96    0.10    1.14     0.35 40.07

Latescibacterota_Undefined54     0.86     0.52    0.10    1.07     0.35 40.42

Planctomycetota_Undefined5     0.95     0.27    0.10    1.23     0.35 40.76

Sva0485_Undefined24     0.75     0.62    0.10    1.02     0.35 41.11

Latescibacterota_Undefined34     0.61     0.92    0.10    1.12     0.35 41.46

Sva0485_Undefined15     1.01     1.33    0.09    1.19     0.35 41.80

Zixibacteria_Undefined1     1.53     1.92    0.09    1.00     0.35 42.15

Latescibacterota_Undefined33     0.68     1.08    0.09    1.14     0.34 42.49

NKB15_Undefined2     1.25     1.40    0.09    1.09     0.34 42.83

Desulfobacteria     7.54     8.00    0.09    1.25     0.34 43.18
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Zixibacteria_Undefined11     0.25     0.90    0.09    1.11     0.34 43.52

Bacteroidota_Undefined1     1.60     1.13    0.09    1.14     0.34 43.86

Zixibacteria_Undefined9     0.92     1.09    0.09    1.14     0.34 44.20

Latescibacterota_Undefined48     0.68     0.91    0.09    1.11     0.34 44.55

Subgroup 26     0.59     1.08    0.09    1.23     0.34 44.89

NB1-j_Undefined5     1.33     1.66    0.09    1.07     0.34 45.23

Schekmanbacteria_Undefined2     1.39     1.25    0.09    1.09     0.34 45.57

Latescibacterota_Undefined53     0.96     0.85    0.09    1.21     0.34 45.91

NKB15_Undefined3     1.16     1.29    0.09    1.11     0.34 46.25

MBNT15_Undefined6     0.93     0.56    0.09    1.14     0.34 46.59

NB1-j_Undefined14     0.41     0.83    0.09    1.04     0.34 46.93

Schekmanbacteria_Undefined5     1.19     1.17    0.09    1.05     0.34 47.27

Zixibacteria_Undefined18     0.66     0.74    0.09    1.02     0.34 47.60

Sva0485_Undefined27     1.01     0.85    0.09    1.26     0.34 47.94

NB1-j_Undefined17     0.76     1.13    0.09    1.22     0.34 48.28

NB1-j_Undefined10     0.89     1.07    0.09    1.17     0.34 48.61

Zixibacteria_Undefined13     0.35     0.89    0.09    1.12     0.34 48.95

Anaerolineae     6.08     6.73    0.09    1.32     0.34 49.29

Latescibacterota_Undefined46     0.91     0.69    0.09    1.18     0.34 49.62

NB1-j_Undefined18     0.56     0.93    0.09    1.27     0.34 49.96

MBNT15_Undefined2     0.99     0.93    0.09    1.10     0.34 50.29

Table S5: Results of the SIMPER analysis comparing microbial communities at times 1 
and 2. Dissimilarity was 27.44%. In the table are shown the taxa (Class level) that contribute 
cumulatively to the 50% of that dissimilarity.
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 Group 1  Group 3                            

Species Av.Abund Av.Abund Av.Diss Diss/SD Contrib% Cum.%

Desulfovibrionia     0.78     1.56    0.14    1.42     0.54  0.54

Myxococcia     0.82     1.92    0.14    1.40     0.53  1.07

Sva0485_Undefined20     0.48     1.60    0.14    1.63     0.52  1.59

Thermoplasmata     3.88     3.49    0.14    1.35     0.51  2.10

Nanoarchaeia     3.20     2.95    0.14    1.28     0.51  2.61

Latescibacterota_Undefined19     0.56     1.56    0.13    1.37     0.50  3.11

Gammaproteobacteria     8.77     9.97    0.13    1.59     0.50  3.61

Desulfobulbia     6.32     7.49    0.13    1.64     0.49  4.10

Dehalococcoidia     4.42     4.27    0.13    1.27     0.48  4.59

Latescibacterota_Undefined12     1.04     1.21    0.13    1.31     0.48  5.06

Latescibacterota_Undefined7     0.99     2.00    0.13    1.29     0.47  5.54

Bacilli     0.78     1.65    0.12    1.57     0.46  6.00

Schekmanbacteria_Undefined1     1.86     1.32    0.12    1.27     0.46  6.46

Planctomycetes     5.33     6.37    0.12    1.83     0.45  6.90

Fibrobacteria     2.56     2.35    0.12    1.13     0.44  7.35

Actinobacteria     1.92     2.68    0.12    1.24     0.43  7.78

BD7-11     1.27     0.48    0.11    1.31     0.43  8.20

Chlamydiae     1.31     1.20    0.11    1.26     0.42  8.62

JS1     2.75     2.56    0.11    1.33     0.42  9.04

Alphaproteobacteria     5.71     6.72    0.11    1.75     0.42  9.46

Zixibacteria_Undefined3     1.42     1.11    0.11    1.11     0.42  9.88

NB1-j_Undefined4     1.05     2.01    0.11    1.23     0.41 10.29

Zixibacteria_Undefined13     0.35     1.19    0.11    1.36     0.41 10.70

Methanosarcinia     1.48     1.14    0.11    1.13     0.41 11.11

Zixibacteria_Undefined11     0.25     1.14    0.11    1.38     0.41 11.53

Latescibacterota_Undefined45     0.22     1.10    0.11    1.25     0.41 11.94

Sva0485_Undefined13     0.83     1.53    0.11    1.29     0.41 12.34

Bacteroidota_Undefined1     1.60     0.78    0.11    1.37     0.41 12.75

TA06_Undefined3     1.64     1.14    0.11    1.29     0.41 13.16

Schekmanbacteria_Undefined6     1.37     0.77    0.11    1.31     0.41 13.57

NB1-j_Undefined3     1.39     1.49    0.11    1.22     0.40 13.97

Sva0485_Undefined19     0.63     1.04    0.11    1.16     0.40 14.37
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Sva0485_Undefined25     0.62     1.24    0.11    1.28     0.40 14.78

NB1-j_Undefined9     0.67     1.48    0.11    1.29     0.40 15.18

Zixibacteria_Undefined5     1.02     1.58    0.11    1.16     0.40 15.58

Dissulfuribacteria     1.73     1.56    0.11    1.11     0.40 15.98

Schekmanbacteria_Undefined5     1.19     0.79    0.11    1.21     0.40 16.37

Zixibacteria_Undefined6     0.71     1.39    0.11    1.27     0.40 16.77

Phycisphaerae     4.75     4.75    0.11    1.18     0.39 17.16

Zixibacteria_Undefined16     0.46     1.17    0.11    1.30     0.39 17.56

WWE3     1.54     1.11    0.11    1.23     0.39 17.95

Micrarchaeia     1.17     0.87    0.11    1.29     0.39 18.34

Latescibacterota_Undefined9     1.27     1.90    0.11    1.11     0.39 18.73

Latescibacterota_Undefined49     0.55     1.24    0.10    1.33     0.39 19.12

Bacteroidia     8.16     8.63    0.10    1.35     0.39 19.51

Zixibacteria_Undefined10     0.99     0.70    0.10    1.11     0.39 19.89

Schekmanbacteria_Undefined10     0.19     1.00    0.10    1.12     0.39 20.28

LCP-89_Undefined4     1.14     0.60    0.10    1.24     0.38 20.66

DG-56     1.78     1.57    0.10    1.17     0.38 21.04

Latescibacterota_Undefined16     0.84     1.66    0.10    1.22     0.38 21.43

Thermoanaerobaculia     5.23     6.14    0.10    1.54     0.38 21.81

Kapabacteria     0.77     1.47    0.10    1.25     0.38 22.19

NKB15_Undefined1     1.26     1.27    0.10    1.09     0.38 22.57

Latescibacterota_Undefined5     1.89     1.79    0.10    1.09     0.38 22.95

Sva0485_Undefined24     0.75     0.83    0.10    1.12     0.38 23.33

Sva0485_Undefined23     0.44     1.09    0.10    1.24     0.37 23.70

Latescibacterota_Undefined11     1.05     1.48    0.10    1.21     0.37 24.07

Desulfobacterota_Undefined2     0.64     1.26    0.10    1.31     0.37 24.45

Schekmanbacteria_Undefined4     1.28     1.03    0.10    1.19     0.37 24.82

Gracilibacteria     1.03     0.70    0.10    1.14     0.37 25.19

Latescibacterota_Undefined28     0.92     1.20    0.10    1.30     0.37 25.56

Latescibacterota_Undefined8     1.16     1.72    0.10    1.16     0.37 25.93

Schekmanbacteria_Undefined7     1.32     0.88    0.10    1.25     0.37 26.31

Elusimicrobia     1.48     1.26    0.10    1.13     0.37 26.67

NKB15_Undefined2     1.25     1.33    0.10    1.11     0.37 27.04

CK-2C2-2_Undefined2     0.62     1.07    0.10    1.16     0.37 27.41
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Chloroflexi_Undefined1     0.66     0.92    0.10    1.19     0.37 27.78

Zixibacteria_Undefined7     0.85     1.26    0.10    1.17     0.37 28.15

Sumerlaeia     3.12     3.13    0.10    1.18     0.37 28.51

Desulfobacteria     7.54     8.13    0.10    1.28     0.37 28.88

Latescibacterota_Undefined27     0.55     1.09    0.10    1.23     0.37 29.25

Chloroflexia     0.25     0.93    0.10    1.17     0.37 29.62

Latescibacterota_Undefined31     0.79     1.32    0.10    1.27     0.37 29.98

Latescibacterota_Undefined18     0.90     1.72    0.10    1.12     0.37 30.35

Latescibacterota_Undefined47     0.39     1.02    0.10    1.18     0.37 30.71

Latescibacterota_Undefined32     0.76     1.09    0.10    1.11     0.36 31.08

Latescibacterota_Undefined21     0.70     1.14    0.10    1.21     0.36 31.44

P9X2b3D02     0.89     1.66    0.10    1.19     0.36 31.80

Latescibacterota_Undefined50     0.53     1.12    0.10    1.24     0.36 32.17

Latescibacterota_Undefined25     1.10     0.87    0.10    1.22     0.36 32.53

Latescibacterota_Undefined10     0.97     1.58    0.10    1.21     0.36 32.89

Thermococci     0.98     0.71    0.10    1.14     0.36 33.25

Zixibacteria_Undefined14     0.70     0.97    0.10    1.13     0.36 33.61

NB1-j_Undefined12     0.68     0.91    0.10    1.16     0.36 33.97

Sva0485_Undefined15     1.01     1.65    0.10    1.23     0.36 34.32

Omnitrophia     2.41     2.36    0.10    1.08     0.36 34.68

Sva0485_Undefined26     0.47     0.92    0.10    1.17     0.36 35.04

NKB15_Undefined4     1.02     0.36    0.10    1.26     0.36 35.39

Latescibacterota_Undefined41     0.82     1.16    0.10    1.15     0.36 35.75

Latescibacterota_Undefined30     1.01     1.23    0.10    1.21     0.35 36.10

Zixibacteria_Undefined9     0.92     0.92    0.10    1.18     0.35 36.46

Sva0485_Undefined17     1.29     1.19    0.10    1.22     0.35 36.81

NB1-j_Undefined10     0.89     1.23    0.10    1.14     0.35 37.17

Latescibacterota_Undefined34     0.61     1.03    0.10    1.16     0.35 37.52

Zixibacteria_Undefined8     1.06     1.13    0.10    1.08     0.35 37.87

Subgroup 26     0.59     0.90    0.09    1.21     0.35 38.22

LCP-89_Undefined3     0.68     1.23    0.09    1.20     0.35 38.57

Latescibacterota_Undefined35     0.94     0.92    0.09    1.14     0.35 38.92

WCHB1-81     0.98     0.56    0.09    1.18     0.35 39.27

Latescibacterota_Undefined29     1.01     1.03    0.09    1.20     0.35 39.62
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LCP-89_Undefined5     0.88     0.66    0.09    1.10     0.35 39.97

Zixibacteria_Undefined12     0.61     0.78    0.09    1.10     0.35 40.32

Latescibacterota_Undefined33     0.68     1.13    0.09    1.16     0.35 40.67

Zixibacteria_Undefined15     0.68     1.14    0.09    1.17     0.35 41.01

Bathyarchaeia     4.09     4.08    0.09    1.25     0.35 41.36

LCP-89_Undefined6     0.95     0.48    0.09    1.21     0.35 41.71

Lokiarchaeia     3.44     3.24    0.09    1.35     0.34 42.05

Latescibacterota_Undefined22     0.97     0.99    0.09    1.17     0.34 42.39

MBNT15_Undefined1     1.01     1.21    0.09    1.11     0.34 42.74

Sva0485_Undefined27     1.01     0.78    0.09    1.27     0.34 43.08

Sva0485_Undefined30     0.92     0.60    0.09    1.21     0.34 43.42

LCP-89_Undefined1     1.79     1.87    0.09    0.89     0.34 43.77

Babeliae     2.82     2.78    0.09    1.04     0.34 44.11

MBNT15_Undefined6     0.93     0.24    0.09    1.10     0.34 44.45

Desulfobacterota_Undefined3     0.88     1.06    0.09    1.13     0.34 44.79

Latescibacterota_Undefined55     0.28     0.91    0.09    1.11     0.34 45.13

RBG-16-55-12     1.38     1.82    0.09    1.06     0.34 45.47

Latescibacterota_Undefined48     0.68     0.92    0.09    1.10     0.34 45.81

NB1-j_Undefined13     0.57     1.00    0.09    1.16     0.34 46.15

Latescibacterota_Undefined44     0.59     0.85    0.09    1.16     0.34 46.49

Odinarchaeia     0.90     0.84    0.09    1.18     0.34 46.83

Desulfobacterota_Undefined1     0.52     0.80    0.09    0.98     0.34 47.16

Latescibacterota_Undefined26     0.67     0.58    0.09    0.96     0.34 47.50

Latescibacterota_Undefined54     0.86     0.26    0.09    1.01     0.34 47.84

LCP-89_Undefined2     0.90     1.25    0.09    1.14     0.33 48.17

Zixibacteria_Undefined4     1.37     1.75    0.09    1.10     0.33 48.51

Latescibacterota_Undefined39     0.93     1.48    0.09    1.08     0.33 48.84

Latescibacterota_Undefined40     0.70     1.21    0.09    1.21     0.33 49.17

Planctomycetota_Undefined5     0.95     0.52    0.09    1.19     0.33 49.51

Syntrophobacteria     4.87     5.28    0.09    1.13     0.33 49.84

Sva0485_Undefined28     0.81     0.57    0.09    1.07     0.33 50.17

Table S6: Results of the SIMPER analysis comparing microbial communities at times 1 and 
3. Dissimilarity was 26.99%. In the table are shown the taxa (Class level) that contribute 
cumulatively to the 50% of that dissimilarity.
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Main findings, conclusions and future perspectives


The aim of the thesis was to explore the potential effects of hypoxic events, and in particular of 

their repetitive nature and the timing regimes of their occurrence, on the communities of estuarine 

and transitional habitats. The initial focus was on single species and their tolerance different 

temperatures combined with different intensities of hypoxia. It clearly appeared that increasing 

temperatures strongly increased the mortality of both species under conditions of oxygen 

deprivation. This result confirms the tendency of high temperatures to increase the effects of 

hypoxia on organisms suppressing their strategies to cope with oxygen deprivation and increasing 

their oxygen demand (Babarro & De Zwaan, 2008; De Zwaan et al., 2002). 


Coastal lagoons and estuarine habitats tend to present stagnant and shallow waters that can be 

especially susceptible to hypoxia (Diaz & Rosenberg, 1995; Miyamoto, 2009) and, in our warming 

world, both the occurrence and the effects of hypoxic periods can be enhanced causing mass 

mortalities for a variety of species (Nakano et al., 2017; Coma et al., 2009; Lim et al., 2006) with 

limited adaptations to drastic changes in abiotic factors (Conley et al., 2009; Wu, 2002). These 

tendencies suggest the need for a special attention and focused management actions aimed at 

limiting the occurrence of hypoxic events in warming basins whose communities may not be well 

adpated to extreme abiotic conditions. 


Chapter 1: The two species tested in the experiment were the European native Cerastoderma edule 

and the non native Ruditapes philippinarum. The sub-tropical species R. philippinarum displayed a 

significantly higher thermal tolerance than C.edule that results even more apparent under hypoxic 

conditions. Behavioral and physiological adaptations of bivalves to hypoxia and temperature are 

well known (Ansell et al., 1981; Kodama et al., 2018; Beukema & Dekker, 2020) but, despite those, 

C. edule displayed a very high mortality that could determine the ability by R. philippinarum to 
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outcompete the native species in increasingly stressful environments. This tendency by non native 

invasive species to present higher tolerances to hypoxia is not universal (Sorensen & Branstrator, 

2017; Nati et al., 2018) but widespread. Stoffels and colleagues (2017) for example show how 

increasing hypoxia and higher temperatures may give to an invasive fish species a competitive 

advantage over a native one and similar situations present for other species (Lagos et al., 2017; Kim 

et al., 2018). This aspect of the hypoxic stress is important to address in a world where species 

migration and invasion success is already increased by global warming (Walther et al., 2009). 


Chapter 2: Another aspect that is expected to increase in the future about hypoxia is the frequency 

and stochastic nature of its appearance: increasing temperatures, nutrient loading, organic pollution 

and extreme climatic events can enhance the appearance of aperiodic and repeated hypoxic periods 

(Del Giudice et al., 2018; Levin et al., 2009) whose effects may be especially detrimental for 

communities. Repeated events have different effect on organisms based on their duration and 

frequency (Nakano et al., 2017; Dal Bello, 2017): the duration of a stressful event is critical in 

determining its effect, the effect of subsequent disturbances and also the possibility for the 

communities to take advantage of non stressful periods to increase their performances and their 

resilience. A normoxic period following an hypoxic one can in fact help the community and 

increase its tolerance to subsequent events only if the initial hypoxic period is short enough. Our 

results back up those by Nakano et al. (2017) suggesting that whenever in an environment it is 

possible to manage, at least partially, the occurrence of stressful events, the priority should be to 

minimize the duration of each single event preferring, on a short time scale, a series of short events 

to a single long one. 


Chapter 3: The timing of occurrence of hypoxic periods is also key in determining the recovery 

ability of communities. In habitats where hypoxic events appear seasonally, for example, the full 

recovery is interrupted before a complete return to the pre-stress structure and it tends to stabilize at 
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and early successional stage (Boesch & Rabalais, 1991; Diaz, 2001) with short-lived, smaller and 

opportunistic organisms (Pearson & Rosenberg, 1978; van Colen et al., 2010). An hypoxic period 

particularly close to the previous one could, on the other hand, be almost irrelevant if it happens 

before the recovery process from the previous one has even started (Lim et al., 2006; Mumby et al., 

2011) and only delay, more then directly impact, the recovery. The ability and the time required for 

a community to return to a state comparable to that before the disturbance is linked to multiple 

factors such as the extent (spatial and temporal) of the disturbance itself, the initial structure of the 

of the community, its tolerance and adaptations and eventual overlapping stressors. We can expect 

communities from historically hypoxic habitats to resist hypoxic periods well and to recover 

quickly but, in a world where the amount of basins interested by hypoxia is expected to widely 

increase in the next years, the emergence of such a devastating pressure in new habitats may lead to 

severe and potentially irreversible damages.


These results may be an important step forward in understanding, predicting and planning the 

effects of repeated hypoxic events and open up a plethora of additional questions and future  

research perspectives: the study of the interaction between multiple stressors is already one of the 

hot topics in ecology and adding to it the temporal component appears to be a pressing issue for the 

future. A deeper understanding of the long term effects of repeated hypoxic events in shaping the 

tolerance and resilience of communities for the future is also a question that sparks from the 

findings of this work together with a more thorough knowledge about the short and mid-term 

recovery dynamics after repeated and aperiodic disturbances. #
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	Coastal and estuarine lagoons are enclosed water bodies, with limited connection to the sea. They are often very shallow, highly productive, and extremely variable in terms of temperature, salinity, suspended organic matter and dissolved oxygen concentrations (from now on [DO]) (Sarà, 2009; Del Giudice et al., 2018). Coastal lagoons constitute highly diversified habitats characterized by a great biodiversity and represent an important carbon sink (Duarte et al., 2005; Sanders et al., 2007; Donato et al., 2011; McLeod et al., 2011). Coastal habitats, lagoons and estuaries also provide a significant amount of ecosystem goods and services (Costanza et al., 1997, Harley et al., 2006) representing a valuable and large service-providing environment. Coastal areas, in fact, host a high (>60%) and increasing percentage of the global human population (EEA 1999a; Airoldi & Beck, 2007) and are consequently subjected to a variety of impacts such as pollution, habitat modification, over-exploitation and fragmentation (Mc Garigall & Mc Comb, 1999; Thrush et al., 2008; Levin, 2009).
	Transitional habitats such as lagoons and salt marshes,  shaped by the blurring edges of land and sea and often surrounded by urban areas, are particularly affected by direct human impacts and are also vulnerable to the effects of climate change due to their physical and hydrological characteristics such as shallow and stagnant waters (Huges et al., 2011). In these waters excessive nutrient inputs from surrounding urban or rural areas (Wong et al., 2015), together with frequent heat waves and insufficient mixing can have deep effects on [DO] levels (Santana et al., 2017; Rabalais et al., 2009).
	Dissolved oxygen, one of the most important ecological variables, has changed drastically over the past decade in coastal waters (Lafolley & Baxter, 2019). The number of the coastal sites where  hypoxia has been reported, is progressively increasing with a consistent exponential growth (Vaquer-Sunyer and Duarte 2008). Hypoxia is often defined as a condition where [DO] drops below 2 mg/l but the susceptibility of species to this threshold is not general since the sensitivity to oxygen depletion greatly varies among taxa (Diaz & Rosenberg, 1995; Diaz, 2001; Breitburg et al., 2019). Based on frequency, duration and intensity the effects of hypoxic events on communities can range from small community shifts to the emergence of dead zones (Diaz et al., 2001; Vaquer-Sunyer & Duarte, 2008). In general, benthic communities in hypoxic environments present low biodiversity and are dominated by the few species presenting physiological or behavioral adaptations to oxygen deprivation (Bajer & Sorensen, 2009) and by opportunistic organisms (Kanaya et al., 2015) with short life cycles that make them able to re-inhabit habitats after stressful periods.
	The emergence of hypoxic events are multiple and complex and often linked to anthropogenic impacts such as the impact of local warming or excessive eutrophication. The increase of water temperatures, for example, provokes a decrease of oxygen solubility facilitating the insurgence of hypoxia (Diaz & Breitburg, 2009; Del Giudice et al., 2018); higher temperatures also aggravate the effects of hypoxia on benthic organisms (Sturdivant et al., 2015; Comandini et al., 2022) making global warming one of the main phenomena related to the spread of hypoxic zones. Similarly, anthropogenic eutrophication contributes to the insurgence of environmental oxygen deprivation (Caballero-Alfonso et al., 2015; Del Giudice et al., 2018) since high levels of nutrients (mainly Phosphorus and Nitrogen) when released in the environment increase the primary production with a consequent cascade effect on decomposition and oxygen depletion (Correll, 1998; Diaz & Rosenberg, 2008). Hence, urban water treatment and discharge, the use of fertilizers in agriculture and other sources of pollution from heavily anthropized areas have deep impacts on the [DO] in many transitional and lagoon areas (Howarth; 1996; Diaz, 2001; Wong et al., 2015; Breitburg et al., 2019).
	Due to this number of interacting factors and causes involved in its development, hypoxia is a complex phenomenon that can occur in multiple ways since its magnitude is highly dynamic and can vary in duration, intensity and frequency (Friedrich et al., 2014). Hypoxia, from a temporal standpoint, can occur in a cyclic or stochastic ways. Diel hypoxia is a common form of cyclic hypoxia where [DO] decreases during the night reaching a minimum in early morning and increases again during the day due to the photosynthetic activity of plants and microorganisms (Tyler et al., 2009). The second cyclic regime in which hypoxia occurs is seasonal: in this case [DO] is low during the warmer season, with a minimum in late summer or early autumn (Peterson et al., 2013; Porter et al., 2016). Other than these two main temporal pulses, hypoxic events can have a stochastic nature and due to the complexity of the interactions of the causing factors these events may occur in an unpredictable way. Often experimental studies on groups of organisms have focused on the effects of a single hypoxic event. The effects of the different temporal regimes of hypoxia on the benthic community, on the other hand, have not been studied exhaustively (Benedetti-Cecchi al., 2006) even though the general consensus is that, after an impactful hypoxic event, the resilience of the ecosystems against subsequent hypoxic periods might be eroded (Conley et al., 2009).
	Other kinds of stressors have been studied in light of their repetitive nature and the results have shown a tendency of clustered events to have a less detrimental effect than randomly distributed ones (Benedetti-Cecchi et al., 2006; Mumby et al., 2011; Wolff et al., 2016).
	In light of this, duration, frequency and temporal distribution are factors that can tune the impact of hypoxia on ecosystems in different and complex directions. For example, the mass mortality of the ark clam Anadara kagoshimensis (Tokunaga, 1906) is caused by the duration of hypoxia but not by its frequency: 6 hour cycles of normoxic and hypoxic periods did not cause mortality as much as a continuous hypoxic period did (Nakano et al., 2017).
	In transitional environments and lagoons hypoxia is influenced by climate, nutrients discharge and freshwater inputs. These factors make the appearance of hypoxia often stochastic and unpredictable. Therefore, understanding the effects of different temporal regimes of hypoxia represents a key factor to forecast the resilience of the benthic communities and plan management strategies. In the present work we aimed at studying the effects of different timing regimes of hypoxia on the benthic community of a coastal lagoon. Thus, we performed two parallel field experiments: the first to assess the effect of single hypoxic events of increasing durations and the second to quantify the impact of repeated disturbances separated by different normoxic pauses.
	2 Materials and methods
	2.1 Study site
	The experiments were conducted in Pialassa Baiona (Italy): a brackish lagoon located along the northern Adriatic Italian coasts between the Ravenna harbor and Lamone river. It is an eutrophic microtidal lagoon with a surface of 11,8 km2 (Ponti et al., 2004).
	Pialassa Baiona is a transitional habitat characterized by mixing regimes; the external part is dominated by the tide, while the internal part is dominated by the river action. Tidal range can exceptionally exceed 1 m.
	The lagoon has large areas of muddy bottoms with variable clay/silt proportion and organic matter contents. Sediments vary from sandy to muddy (sand range from 12.1% to 89.5% in weight) according to the occurrence of active sedimentation processes or relict sand dunes. (Ponti et al., 2005). It is affected by anthropogenic eutrophication, which causes extensive growth of seaweeds and phytoplankton blooms that are responsible for the events of anoxia that occasionally occur in summer (Ponti et al., 2011).
	The small lake receives freshwater and nutrient inputs from five channels, some of them from urban and agricultural areas. Furthermore, the lagoon receives freshwater from treatment implants of urban and industrial wastewater and saltwater. The southern area of the lagoon receives wastewater from urban and industrial sewage treatment plants, and from two thermal power stations (Ponti et al., 2005). Therefore, Pialassa Baiona is one of the most anthropogenically disturbed coastal lagoons in the Mediterranean Sea, due to its proximity to important urban, industrial and harbor areas. (Ponti et al.,  2009)
	The coastline zone, where the experiment was performed, was chosen as homogeneous as possible.
	Our experiment was conducted on a shallow subtidal mudflat in the northern part of the lagoon, which is the further north from the urban water discharges.
	2.2 Field work
	The experiments were performed from 8 to 29 July 2019. Experimental units consisted of 15,5 cm diameter plastic tubes covered with a 0,5 mm mesh plastic net to eliminate the potential source of variability due to predation and organism’s loss, both controls and treatments were continuously covered with the net to reduce any possible confounding effect as much as possible.
	In the lagoon, pots were positioned at about five meters from the shore at low tide, completely submerged on two parallel rows. Tubes were buried 15 cm into the sediment around 50 cm apart and marked with sticks with colored labels that allowed the operator to recognize them even with low visibility and poor weather condition.
	All experimental units were placed and sampled avoiding disturbance and trampling as much as possible on the surrounding sediment in order not to affect the community.
	Hypoxic conditions were imposed by covering the treated pots with a black plastic bag fixed with two thick rubber bands that allowed the pot to be covered and uncovered easily even with high tide.
	The controls were left covered by the plastic mesh in order to avoid the possible confounding factor due to migration in and out of the tubes. At the end of each treatment tubes were removed and their whole content was sieved through a 0,5 mm net and washed to remove as much sediment as possible before being fixated in alcohol on the field.
	Temperature, salinity and concentration of oxygen (% and mg/l) were measured in three separate sites within the experimental area at the end of each sampling.
	2.3 Experiment 1: Experimental design
	The first experiment focused on assessing the effect of increasing durations of hypoxia on the benthic community. Four replicate tubes were sampled before the beginning of the experiment
	(Time 0) to have a base-line community and after 2, 4 and 8 days (Fig.1a). The four control replicates sampled after 6 days were also included into the experiment to increase the definition of  our data. The factors that composed the design were Time (five factors: 0, 2, 4, 6 and 8 days) and Treatment (two factors: Hypoxic Treatment and Normoxic Control). The design is not balanced because levels 0 and 6 of factor Time do not present both levels of factor Treatment. We addressed this potential problem choosing statistical analyses suitable for unbalanced designs.
	2.4 Experiment 2: Experimental design
	The second experiment aimed at assessing the effects of two hypoxic periods separated by normoxic pauses of different durations (Fig.1b). The design included two factors: Duration of hypoxia (2 levels: 2 days and 4 days) and Duration of the normoxic Pause (3 levels: Absent, Long and Short). With an Absent pause the two hypoxic periods were consecutive, with a Short Pause they were separated by a normoxic period as long as the hypoxic one and with the Long Pause the normoxic period was three times as long as the normoxic one (Fig. 1b).
	2.5 Laboratory analyses
	The whole content of each experimental unit was analyzed as a sample. All the samples were moved into the Bologna University laboratories in Ravenna where they were sieved through a 4000, a 2800 and a 500 µm mesh sieve stacked.
	The content of the pots sieved through the 4000 µm mesh was analyzed with a magnifier while the portions that were retained at 2800 and 500 µm were analyzed with a stereoscope (Fig.7).
	The smaller size class (500 µm) was stained with Rose Bengal, a stain that reacts with cytoplasm and tissues (Bernhard et al, 2006), assuming that the organisms that were colored and in a intact in laboratory, were alive at the moment of the sampling in Pialassa Baiona.
	The organisms were extracted from the sample and subsequently identified to the lowest taxonomic level and counted.
	2.6 Statistical analyses
	Individual taxa abundances were standardized as the percentage of the highest abundance in which that taxon appeared in a sample. This transformation allowed to compare abundances reducing the impact of abundant species. Species considered too rare were excluded from the analysis. To show the trends in abundances we performed piece-wise regressions on the transformed data. This technique allowed to visualize eventual break-points and relate them with changes in oxygen conditions. All the regressions were performed on SigmaPlot Version 14.5.
	Diversity indices were calculated and analyzed through one and two ways ANOVAs and visualized
	through box plots. Univariate analyses were performed on RStudio Version 1.2.5042.
	The abundances of single taxa were then fourth root transformed, compared through a Bray-Curtis   similarity matrix and visualized with a non-metric Multi Dimensional Scaling (nMDS). PERMANOVA analyses with pair-wise comparisons were performed on the transformed abundances to test the significance of the factors of the two experiments and their interactions.
	The influences of the single taxa in determining the diversities between groups of treatments were analyzed through a SIMPER analysis. All multi-variate analyses were performed on PRIMER7&PERMANOVA (Anderson et al, 2008).
	Abundances tended to decrease over time both in controls and in hypoxic treatments (Fig.2). The treatments, however, showed a significantly faster decline in abundance (from 759±353 to 128±72) than the controls (from 759±353 to 392±147 individuals) over the 8 days as confirmed by the analysis of variances that showed a significant effect of both time (p=0,00641) and treatment (p=0,02228).
	Regressions show the trends over time and the normalization applied to the data allowed to treat all the species simultaneously. The piecewise regression (Fig.2) showed a steeper decline in the community abundance in the treatments during the first two days of hypoxia compared to the controls. After the first two days the curve of the treatments presents a clear breakpoint and assumes a slope comparable to that of the controls. Some of the species such as Abra alba (Wood, 1802) and Cerastoderma edule, when analyzed separately, display a tendency that reflects that of the whole community, with a significant difference between treatments and controls after the first two to four hypoxic days. Other species, such as the gastropod Ecrobia spp. and the polychaete Capitella capitata (Fabricius, 1780) did not display significant differences between treatments and controls (Fig. 3).
	3.1.2 Diversity indices
	Both species richness (S) and the diversity index N1 declined over time in the anoxic treatments but not in the controls displaying a significant interaction between Time and Treatment (p=0.027). The linear regressions (fig. 4) displayed a significant decreasing trend over time in the hypoxic treatments (p=0.0127) for species richness but no significant changes in the controls (p = 0.583). The diversity, on the contrary, showed a significant increase in the controls (p=0,00071) but no changes in the treatments.
	3.1.3 Multivariate analyses
	The PCO (Fig. 5) performed to explore the structure of the whole community showed a clear separation between the hypoxic treatments (shades of blue in the plot) and the controls (shades of red in the plot) and different trajectories over time. These differences are confirmed by the PERMANOVA analysis that showed a significant effect of both Time and Treatment on the structure of the community.
	Pairwise comparisons showed significant differences between control and treatments at 4 and 8 days. Within the hypoxic treatments the community after 4 and 8 days differed significantly from the initial one and that after 2 days days resulted significantly different from the one after 4. Globally the community became increasingly poor, less diverse and its structure changed deeply over time. The Control and the Treatment after 4 days showed a 29,44% dissimilarity constituted for the 42,73% by Amphipods, the bivalve C. glaucum and the annelid Capitella capitata cumulatively.
	After 8 days the Treatment and the Control displayed a 33.29% dissimilarity to which Capitella capitata, C. edule and Naididae sp. contributed cumulatively for the 44.70%.
	Hypoxic treatments after 4 days differed from the initial community for the 28.49% constituted for the 44.88% by Amphipods, the bivalves Abra alba and Cerastoderma edule.
	After 8 days of hypoxia the dissimilarity with the initial community was the 39.71% constituted for the 39.94% by Amphipods, the gastropod Ecrobia and Abra alba.
	Hypoxic treatments after 2 and 4 days displayed the 19.86% dissimilarity and Cerastoderma, Abra alba and the annelid Capitella capitata contributed to it for the 40.00% cumulatively.
	3.2 Experiment 2
	3.2.1 Abundances
	Linear regressions indicate that in the treatments with 2 days hypoxic periods (Fig. 6a) the presence of a longer pause resulted beneficial for the benthic community while with 4 days hypoxic periods (Fig. 6b) there was no difference in the slope of the regressions from the treatments with a Long and a Short pause.
	With a two days hypoxic period the only significant difference in the slope of the regression resulted with the Long Pause, where the decrease in overall abundance was slower than in the other two treatments,  while with a 4 days hypoxia both the Long and the Short Pause treatments displayed a significant difference in slope: the Absent Pause treatment displayed a steeper decline than that with a Short Pause (ANCOVA p<0,001) and a Long Pause (ANCOVA p<0,001); the Short Pause and The Long Pause treatments also displayed a significant difference in slope (ANCOVA p=0,019).
	3.2.2 Multivariate analyses
	PCOs (Fig. 7) also show different trends between the 2 days treatment and the 4 days treatment: with 2 days of hypoxia the treatment with the Short Pause separated clearly from the others while with 4 days of hypoxia the samples from the treatment with a Short Pause were closer to those with Absent Pause while those with a Long Pause separated clearly.
	PERMANOVAS (Table S1, Supplementary Materials) confirmed the significant interactions of Duration of Hypoxia and Duration of the Pause. Pairwise comparisons show a significant difference between all the treatments with 2 days of hypoxia while within the treatments with 4 days of hypoxia the treatment with the Absent Pause and that with the Short Pause did not differ significantly. The difference between treatments with a Long Pause with 2 and 4 days of hypoxia resulted significant.
	The SIMPER analysis allowed to explore how the single taxa contributed to the dissimilarity between the pairs of treatments. Similarly to what happened in the first experiment the majority of the dissimilarity between the treatments were constituted by different taxa. Among those, Amphipods, Isopods, bivalve Cerastoderma edule were recurring as the most influential ones (Table S2, S3 and S4. Supplementary Materials).
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