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FutureMARES Project 
FutureMARES - Climate Change and Future Marine Ecosystem Services and Biodiversity is an 

EU-funded research project examining the relations between climate change, marine biodiversity 

and ecosystem services. Our activities are designed around two Nature-based Solutions (NBS) 

and Nature-inclusive Harvesting (NIH): 

 

Effective Restoration (NBS1)  

Effective Conservation (NBS2) 

Nature-inclusive (sustainable) Harvesting 

(NIH) 

 

We are conducting our research and cooperating with marine organisations and the 

public in Case Study Regions across Europe and Central and South America. Our goal is to 

provide science-based policy advice on how best to use NBS and NIH to protect future biodiversity 

and ecosystem services in a future climate. 

FutureMARES provides socially and economically viable actions and strategies in support of NBS 

for climate change adaptation and mitigation. We develop these solutions to safeguard future 

biodiversity and ecosystem functions to maximise natural capital and its delivery of services from 

marine and transitional ecosystems. To achieve this, the objectives of FutureMARES defined 

following goals: 
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List of symbols, abbreviations and a glossary 
please include explanations in an alphabetical order for symbols (if used), abbreviations and a 
glossary if needed 

AIC  Akaike’s Information Criterion 

ALAN  Artificial Light at Night 

CC  Climate change  

CTMAX Critical Thermal Maximum 

DO Dissolved oxygen 

DoA Description of Action, a part of the project Grant Agreement describing the 
project work plan 

EC  European Commission 

EC GA European Commission Grant Agreement – a contract between the 
European Commission and FutureMARES consortium  

GA  Grant Agreement  

MO2  Oxygen consumption rate 

MPAs  Marine Protected Areas 

NBS  Nature-based Solutions 

TA  Total alkalinity 

Tn.x Task – a sub-component of a work package where “n” is a number of the work 
package and “x” is a number of the task within this work package 

TPC  Thermal Performance Curve 

WP   Work Package 
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Executive Summary 
The overall objective of Task 3.1 was to fill important ecological knowledge gaps  on how human-
driven biodiversity change may affect ecosystem functions, and the sensitivity of key species to 
climate change (CC) impacts together with local stressors. Activities included field, laboratory and 
mesocosm experiments. The work was designed to support downstream Workpackages (WPs) 
regarding, for example, the assessment of climate risks and ecological projection modelling. We 
specifically focused on 1) comparing the ecosystem functioning of relatively healthy vs. degraded, 
changed (for example by alien species domination) or restored coastal benthic communities in 
the context of several key Storylines using similar protocols and approaches, and 2) improving 
our understanding of how CC and other local stressors act independently or together to impact 
on species performance, biodiversity and ecosystem functions (and their inter-relations), again, 
in the context of some of our Storylines.  

Field experiments using metabolic (incubation) chambers across ecoregions and Storylines in the 
Mediterranean Sea demonstrated that in the fast-warming and highly invaded southeast Levant 
region, some alien macroalgal species may support similar functions as habitat providers and 
alternative “Blue Carbon potential” to thermally-sensitive forest-forming native species that are in 
serious decline. Similarly, in the Tyrrhenian Sea to the north, non-canopy forming macroalgal 
meadows on urbanized coastlines were shown to have similar functions as those provided by 
canopy forests on pristine islands in the Tuscany Archipelago. Finally, in the Balearic Islands, 
restoring canopy-forming forests can regain their habitat and metabolic functions to levels similar 
to those of heathy forests.    

Laboratory and mesocosm experiments examined the impact of single and multiple stressors 
related to both global and local pressures. The complexity of responses to multiple stressors was 
demonstrated in experiments examining the growth and physiological functioning of habitat-
forming coastal plant and animal species, as well as community structure, of Atlantic ecosystems 
of rockweed and kelp. For example, in Portugal, where coastal upwelling is expected to weaken 
due to CC, the projected increase of temperature and decrease in nutrient levels is expected to 
have strong impacts on the growth and metabolic functioning of kelp species. In the UK, research 
identified how artificial light at night (ALAN) can surprisingly ameliorate the negative effect of a 
heatwave on important kelp species. In Norway, intertidal canopy-forming seaweeds and their 
communities were shown to be sensitive to coastal darkening and increased nutrient supply. 

On the one hand, the results of fieldwork provide hope that, if local conditions are right, successful 
restoration of canopy-forming Fucales forests is possible and can provide functions similar to 
those of a healthy, existing forests. On the other hand, the results from Italy and Israel also 
indicate that some alternative/altered (non-Fucales dominated) benthic communities can provide 
similar functions as the original Fucales forests. However, work indicates that fully degraded, turf-
barren communities provide very poor habitat for associated species and reduced metabolic 
functions. From a management perspective, protecting altered but highly functional communities 
can be viewed as alternative NBS if restoration of native species and communities is not possible. 
Our laboratory and mesocosm experiments underscore the importance of examining multiple 
stressors. The complexity of interactions among local and global stressors and their combined 
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impacts are essential to capture if we hope to advance the predictive capacity of models projecting 
the impacts of scenarios of climate change and conservation interventions. 

    

1. Introduction  

1.1. Impacts of climate change on species performance, community structure 
and ecosystem functioning  

Considering global, regional and local impacts of climate change in conservation planning such 
as the development of NBS is a major societal and scientific challenge that was only fully 
recognized in the first decade of this millennium due to the mounting evidence of anthropogenic 
climate change impacts (e.g., Root and Schneider 2006, Pressey et al. 2007, Heller and Zavaleta 
2009). Climate change represents a fast-moving target for marine conservation and requires 
flexible thinking on how to measure conservation success under rapidly shifting conditions and 
biodiversity (Rilov et al. 2020a). Climate change should also be considered in marine spatial 
planning (Santos et al. 2020), but adaptive conservation planning actions should be supported by 
extensive and relevant, science that is based on sound physiological, genetic and ecological 
studies (Rilov et al. 2019). 

1.2. Conceptual framework 
The concept of ecosystem functions is very broad and complex, and can include almost all biotic 
and abiotic processes occurring within an ecosystem (see extensive discussion in, Solan et al., 
2012). Ecosystem functions are typically accepted as a general term that refers to the sum of all 
the processes occurring that transfer energy and mass within and among ecosystems or 
reservoirs. These include processes such as primary production, respiration, calcification and 
CaCO3 dissolution that determine the accretion and loss of carbon from the organic carbon and 
inorganic carbon reservoirs of the ecosystem (Loreau et al. 2003, Naeem et al. 2009, Gravel et 
al. 2010), a reef being a good example. Some empirical studies suggested a positive relationship 
between diversity and functions (e.g. primary production), but the shape of the relationship 
(Naeem 2012) and the mechanisms behind it have been debated; does higher diversity simply 
increase the probability of inclusion of dominant species with particular traits (e.g. highly 
productive ones) in the local assemblage, or is it increasing the complementarity among species 
with different traits that improves the efficiency of resource utilization and ecosystem functions 
(Loreau et al. 2001). In reality, both mechanisms probably occur and their relative importance 
likely depends on the system, and may vary in space and time.  

There is a general consensus that more species are needed to ensure a stable supply of 
ecosystem goods and services as spatial and temporal variability increases, and that certain 
combinations of species are complementary in their patterns of resource use and can increase 
the average rates of productivity and nutrient retention (Loreau et al. 2001, Hooper et al. 2005). 
As abiotic conditions can greatly influence that complementarity, climate change may play a 
pivotal role in altering ecosystem functions. At the same time, bio-invasions can reshuffle species 
compositions and interactions, and, in doing so, may considerably alter ecosystem functions as 
well.  
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1.3. Experimental approach 
All Storylines that have measured in-situ ecosystem functioning of benthic communities have 
used an almost uniform experimental approach employing benthic metabolic chambers set on 
either macroalgae-dominated shallow reefs, seagrass or intertidal oyster reefs on mudflats. Most 
partners that tested macroalgae-dominated reefs used the method developed by IOLR (see, 
Peleg et al. 2020). 

Mesocosm experiments on local benthic species assemblages were performed by some partners 
addressing climate change-related stressors relevant to the region. At least in terrestrial 
ecosystems it has been proven that the results of biodiversity-ecosystem functioning experiments 
are realistic (Gonzalez et al. 2020).Some partners also used laboratory experiments to test the 
thermal performance curves of key species of interest. 

 

2. Storyline work 
Eight partners and Storylines (four Mediterranean and four North Atlantic) were involved in the 
implementation of the objectives and activities organized in T3.1 (Fig 1). This section is sub-
divided by the location where work was conducted. 

 
Figure 1 Map of participating storylines, ecosystems investigated and type of work done. 
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2.1 Israel: Present and future global risks and ecosystem functioning 
of macroalgae-dominated reefs in the Southeastern 
Mediterranean – a hotspot of ocean warming and bioinvasions 
(SL#34) 

2.1.1 Introduction 
The southeast Mediterranean Sea (SEM) or the Levantine Basin (Levant) represents the warm 
edge of most native Atlantic-Mediterranean species and is also a hotspot of invasions of 
thermophilic species coming mostly from the Indopacific through the Suez Canal (Rilov and Galil 
2009). It is also a launching pad for the spread of many of these alien species throughout the 
Mediterranean Sea. The SEM is one of the hottest hotspots of the tropicalization process (Vergés 
et al. 2014a) as it is gaining tropical species through invasions but is also losing native species, 
presumably mostly those that are thermally sensitive due to ocean warming at the edge of their 
distribution (Yeruham et al. 2015, Rilov 2016, Albano et al. 2021). This two-pronged process leads 
to an extensive re-shuffling of the coastal communities (Edelist et al. 2013, Rilov et al. 2018) and, 
in some cases, to the creation of de-facto novel ecosystems. Linking reduced performance of 
native species and increased performance of alien tropical species to ocean warming requires 
experimental evidence. So does the assessment of the impacts of these shifts on ecosystem 
functions and services. For a handful of the alien species in the region, the ecological impacts 
have been well studied using controlled experiments. For example, caging and other experiments 
demonstrated that the tropical invasive rabbitfish, Siganus rivulatus and S. luridus can decimate 
macroalgal beds down to turf barrens (Sala et al. 2011, Vergés et al. 2014b). For most alien 
species, however, there is no such information and the impact of those species is mostly assumed 
either from observations, expert opinion, or via pure speculation.  

Recent ecological studies from the Israeli coast have shown that the populations of the native sea 
urchin, Paracentrotus lividus, have collapsed to the point that this species has become extremely 
rare and ecologically extinct (Rilov 2016).  Experiments have shown that this extinction was most 
probably driven by the fast-warming of the ocean and competition for food with rabbitfish 
(Yeruham et al. 2015, Yeruham et al. 2020). Other work has shown that native species 
(macroalgae and invertebrates) that are still abundant are at risk due to further ocean warming 
and ocean acidification (Guy‐Haim et al. 2016, Guy-Haim et al. 2020, Amsalem and Rilov 2021) 
and that tropical alien species are more resilient to warming than their native counterparts (Rilov 
et al. 2022). Further, the entire community of the unique, biogenic ecosystem of vermetid reefs, 
and its functions are at risk from sea level rise (Rilov et al. 2021). 

The focus of our Storyline 34 is on shallow reef communities on the Israeli coast that are currently 
overfished and highly dominated by alien species (Rilov et al. 2018). We specifically study 
macrophyte communities now dominated by turf due to overgrazing by the rabbitfish and where 
forests of native canopy-forming species from the Cystoseira sensu-lato (Fucales, 
Phaeophyceae) genera are now rare. One specific species that is more abundant, Gongolaria 
rayssiae is considered endemic only to Lebanon and Israel (Mulas et al. 2020) and forms the 
largest shallow water forests near IOLR in Haifa. There are also 86 known alien macroalgae in 
the Levant region (Israel and Einav 2017), some of them, such as the red, calcifying tropical 
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“shrub”, Galaxaura rugosa, were documented to form large patches on the reefs (Rilov et al. 
2018).   

Macroalgal forests are globally recognized for their fundamental role as providers of ecosystem 
functions and services (Krause-Jensen and Duarte 2016, Macreadie et al. 2021, Duarte et al. 
2022). These systems are important primary producers (Duarte et al. 2018, Duarte et al. 2022) 
involved in nutrient cycling (Human et al. 2015), energy flow (Queirós et al. 2023) and Blue Carbon 
production and sequestration (Krause-Jensen and Duarte 2016). They also provide refuge, 
nursery, foraging and breeding areas for many other species and, therefore, maintain a high 
biodiversity (Cheminée et al. 2013, Vergés et al. 2016, Teagle et al. 2017). To date, however, our 
knowledge on seasonal dynamics, thermal vulnerability and ecological role of both native and 
alien macrophytes is minimal in the fast-changing Levant basin.   

In a recent study, an IOLR team was the first to use benthic incubation chambers on macroalgae 
in the Mediterranean Sea and to compare the biodiversity and metabolic functioning of endemic 
Gongolaria, alien Galaxaura and turf barrens communities during the spring season (Peleg et al. 
2020). That work indicated that turf had the lowest diversity while that of the community associated 
with the native and alien shrub and similar species richness, but different structures and the alien- 
dominated community had a net autotrophic balance. This suggested that the alien species may 
provide high habitat provisioning functions but low carbon uptake functions, at least in the spring. 
Clearly, in most habitat-forming species, growth, biomass and ecosystem functions (e.g., habitat 
provisioning, carbon uptake) are not static, and seasonal and inter-annual variability in abundance 
and biomass can considerably alter the magnitude of those functions. This is especially true for 
seaweeds where strong seasonal changes are reported in both temperate and tropical areas 
(Ngan and Price 1980, Price 1989). In the Levant rocky intertidal, macroalgal seasonality was 
recently shown to be very strong (Rilov et al. 2020b), but very little is known on the seasonal 
dynamics of subtidal seaweeds. It is reasonable to assume that the alien seaweeds would have 
different seasonal dynamics compared to the native temperate to subtropical species, which can 
affect the annual carbon budget of the reef as a whole.  

We also studied the thermal performance of the animals that are currently the major grazers of 
macroalgae on the shallow SE Levant reefs. This included the small native herbivorous crab that 
inhabit the algae, Acanthonyx lunulatus, and the invasive rabbitfish, Siganus rivulatus. After 
FutureMARES was organized, a new threat to the macroalgal communities was evolving in the 
SEM, that of the invasion of the large Red Sea urchin, Diadema setosum. This species invaded 
the Turkish and Greek coasts about two decades ago and has advanced south and east to Cyprus 
and Lebanon. In the last few years, the Red Sea urchin appeared on the Israeli and north African 
coasts (Zirler et al. 2023). In the past three years, the Red Sea urchin has shown signs of rapid 
increase in abundance on the Israeli coast and, as part of FutureMARES, efforts were started to 
i) monitor its presence, ii) investigate how different temperatures could influences the further 
spread of this species north and west and its potential viability under future, warmer, temperatures 
in the Levant, and iii) test the impact of this urchin on the reef community and functioning.     

Our work was set to determine the current and future vulnerability of native and alien 
macrophytes, and the alien urchin, to climate change and test the macroalgal metabolic 
functioning as well as the functioning of their communities to determine whether the alien 
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macroalgae can offset some of the functions that could be lost by the loss of native canopy-
forming algae due to both warming and overgrazing by the invasive rabbitfish as well as to 
determine the possible impact of the alien urchin on the reef community.   

For that, we investigated (1) the seasonality of key native and alien macroalgal species focusing 
on both cover and biomass, (2) tested the thermal vulnerability of key native and alien macroalgae 
and some of their key grazers, (3) assessed the seasonal metabolic rates of those species to 
calculate their annual carbon budget, (4) measured the habitat and metabolic functioning of native 
vs. alien vs. turf dominated communities in different seasons, and (5) assessed the structure and 
functioning of the native canopy-forming Gongolaria community under different climate change 
scenarios.  

Our approach was to (1) use ongoing monitoring work supplemented by targeted long-term 
surveys to document seasonal and interannual dynamics of native and alien macroalgal as well 
as the abundance of the invasive sea urchin, (2) use laboratory experiments to determine thermal 
vulnerability and metabolic rates of the target species, (3) use field incubations to assess 
community metabolism in different seasons, and (4) use mesocosm experiments to test the 
functioning of the native forest-forming species under simulated future ocean conditions.  

  

2.1.2 Methods 
2.1.2.1 Study area and target species 

The shallow Mediterranean coast of Israel is generally characterized by relatively warm (14-32 
°C), high salinity (38-40), low nutrient conditions (NO3- = 0-2 µM; PO4-3 = 0-0.1 µM). As a result 
of global warming processes, this region is undergoing fast warming and salinization at  a rate of 
0.5-1 °C/decade and +0.06-0.1 PSU/decade (Ozer et al. 2016, Ozer et al. 2022). Rocky reefs 
dominate most of the northern coast of Israel. At the shoreline, it is mainly characterized by 
vermetids reefs and the subtidal zone is dominated by bedrock and sandstone or limestone 
ridges. 

An area of several km2 near Haifa where sites that are part of the National Monitoring Program of 
the Mediterranean Sea run by IOLR (Fig. 2) was where we studied the target seaweed species 
(Fig. 3) and their associated assemblages: (1) Gongolaria rayssiae in its largest known forest 
near Tel Shikmona - site name SK-1 (~ 2m bottom depth); (2) The Atlantic newcomer brown algae 
Lobophora schneideri (Vieira et al. 2019) in the largest known patch on the Carmel Head Plateau 
– RD-1 (7m bottom depth); (3) The Lessepsian red seaweed Galaxaura rugosa (Hoffman et al. 
2008), which is widely spread on shallow reefs in northern Israel (Rilov et al 2018), in a large 
meadow on the Shikmona ridge – SK-2 (12m bottom depth). 
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We also report on another canopy 
forming algae, Sargassum vulgare, 
that is quite rare along the Israeli 
coast but can still form small, 
discrete, patches in different areas 
on northern reefs at depths from 1-
10 m. A patch was identified near 
RD-1 and started monitoring it in 
2019 that we named RD-1-Sarg. 
This species thermal vulnerability 
was also assessed in the lab. Other 
sites that are monitored are SP-1 at 
20 m (characterized mostly by turf 
algae) and SK-3 close to SK-2 that 
is also dominated by G. rugosa. At 
the community level, for logistical 
reasons, the community 
measurements of G. rugosa could 
not be executed at SK-2, thus we 
partly relied on previous work in a 
shallower site (Peleg et al 2020) for 
the discussion, and we included 
turf areas near SK1 for 
comparison.   

Figure 2 SL34 study area and sites (yellow pins on a GOOGLE EARTH 
inset) near Haifa. Bathymetric map was produced from data from 
multibeam acoustic surveys conducted by IOLR. 
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2.1.2.2 Seasonal cover, biomass and community structure 

We used two sources of data to assess seasonal dynamics of the target species. The seasonal 
cover of native and alien macroalgae has been assessed since 2013 by the Rilov lab as part of 
the National Monitoring Program run by IOLR. Cover is assessed along 30 m transects along 
which 15 random 50x50 photoquadrats are taken to assess benthic cover. These photos are later 
analysed for cover assessment using the online platform CORALNET. 

Beyond that, for this specific study, during 2020 and 2021, we seasonally followed the seaweed 
percent cover and biomass using 5 random 25x25cm2 quadrats positioned along a 30 m transect, 
except for fall and spring for L. schnederi and turf, for which the data were collected during the in-
situ benthic chambers incubation experiment (0.126 m2 surface area, see below). Percent cover 
was assessed by photoquadrats, while all the associated communities were collected in 250 µm 
mesh-bags and transferred to the lab. For G. rugosa, we sampled only the tetrasporophyte, and 
we excluded the gametophytes (for more information about the phenology of the species see 
Garval 2015). Once transferred to the lab, we proceeded with the sorting, separating the target 
seaweed species from the other organisms (the associated assemblage). All the organisms were 

Figure 3 Study species and communities. Gongolaria rayssiae forest, plant and cauloid 
(a,b,c), Galaxaura rugosa patch and plant (d,e), Lobophora schneideri patch and plant 
(f,g) and a turf barren reef area (h). 
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identified to the lowest possible taxonomic level, and then collapsed into three main groups: 
dominant algae, other macroalgae and invertebrates. Coarse taxonomic resolution simplified 
biomass estimations. These were photographed, and fresh-weighted (wet weight, hereafter WW). 
Subsequently, samples were oven-dried at 60 °C for at least 48h or until the weight stabilized to 
measure the dry weight (DW), and finally burned at 500 °C for 4h to obtain the ash-weight (AW) 
and finally the ash-free dry weight (AFDW), which is the difference between DW and AW and 
represents the organic component of the algae. Gongolaria percent cover was also followed 
monthly with 50x50 m quadrats from January 2018 to May 2020 in the shallow SK-1 site to assess 
the growth season in more detail. During summer months (when only cauloids were present) 
sampling was often skipped due to wavy conditions in this wave-exposed shallow site.  

2.1.2.3 Thermal vulnerability (thermal performance curves) 

To assess the thermal vulnerability and optimum among native and alien macroalgal species, we 
measured their functioning under a wide range of temperatures to determine their Thermal 
Performance Curves (TPC) considering the gross oxygen production as response variable. For 
macroalgae and small invertebrates, we used the same ex-situ outdoor (allowing natural light 
conditions) incubation microcosm system (Fig. 4) described in detail in Guy-Haim et al. (2016) for 
macroalgae and also in Amsalem and Rilov (2021) and Rilov et al (2022) for invertebrates. The 
system consists of 11 thermobaths where temperature can be set between 8-40 °C. In our 
experiment, the temperature range 
was 15-35 °C or 17-37 °C with 2 °C 
intervals between treatment 
temperatures.  

Fresh specimens were collected 
from the field and transferred to the 
lab within a couple of hours. After 
rinsing and cleaning of epiphytes, we 
selected specimens with similar 
weight and size for the experiments. 
Each individual was photographed, 
weighed, inserted into 0.75-L glass 
jars and assigned to a specific treatment temperature (n = 3-6). We left the specimens to 
acclimate at ambient temperature for 5-7 days. Every 36-48h we manually replaced the seawater 
inside the jars with seawater that was warmed or cooled beforehand to the temperature set in the 
thermobath to reduce the amount of stress to the specimens. Water motion and stable 
temperatures were ensured by submerged pumps and aerators. After the acclimation period, we 
increased or decreased the temperatures by 0.5 °C every 12 hours, reaching the target values 
within 5 days. Subsequently, the seaweeds were kept at the target conditions for a further 5 days 
and then incubated. Photosynthesis and respiration rates for each specimen were measured by 
short incubations of 1-2 hours during daytime (at the solar noon) and nighttime (one hour after 
sunset), respectively. Dissolved oxygen (DO) was recorded at the onset and end of the incubation 
in each of the jars with a hand-held optode, WTW 3420 (mg O2/L) and the difference between the 
initial and final concentrations were used to calculate the net photosynthesis and respiration. 
Finally, the gross primary production was calculated as the sum of daytime net photosynthesis 

Figure 4 IOLR outdoor microcosm system. 
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and nighttime respiration and divided by the wet weight biomass. In the native Acanthonyx crab, 
and the alien sea urchin, Diadema setosum, defecation rate was measured as an indication of 
feeding rate performance by counting the number of fecal pellets (crabs) or weighing the pellets 
(urchins) each day. 

The measured and calculated rates were plotted against temperature and the best model 
characterizing the species was fitted to the data. We tested among different models allowing for 
negative values at both cold and warm extremes, and the best fitting one was chosen ranking by 
the lowest Akaike’s Information Criterion (AIC). The optimal performance temperature (TOPT) and 
the maximum critical temperature (CTMAX) were calculated from the models using ‘rTPC’ package 
(Padfield et al. 2021). Derived TPC parameters were calculated from high resolution prediction 
(0.001 °C intervals) of the fitted model, such as activation (E) and deactivation energies (Eh). 
These latter values express the slope or rate of change in the rise and falling phases of a thermal 
performance curve before and after achieving the optimal temperature (Roth et al. 2019). To 
visualize the uncertainties and produce confidence intervals of estimated parameters, 
bootstrapping weighted non-linear least squares was applied to calculate 95% confidence 
intervals (CIs) (Padfield et al. 2021).  

To examine the thermal performance of the invasive rabbitfish, Siganus rivulatus, we performed 
two long -term mesocosm experiments in the outdoor, flow-through system at IOLR (Fig. 5; see 
a more detailed description in section 2.1.2.6) during the winter and summer of 2017. Fish 
collection and acclimation: prior to each experiment, 170 specimens of S. rivulatus were collected 
manually from Shikmona coast and transferred immediately to the experimental tanks with 
running seawater. The acclimation was 
conducted in two stages: first - 
acclimation to the tank for two weeks. 
Second – gradual change in water 
temperature (according to each 
treatment) at a rate of 0.5°C a day. The 
fish will remain undisturbed for one week 
after target temperature was obtained for 
all tanks. 

 

 

 

 

 

Experimental setup: the fish were divided into 5 treatments with different temperature regimes:  

AMBIENT+2 AMBIENT+4AMBIENAMBIENT-AMBIENT-

Figure 5 IOLR outdoor flow-through mesocosm system. 
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Three replicates for each treatment, with a total of 15 tanks. Ten fish were placed in each tank. 
Prior to the beginning of the experiment the fish weighed and a sample of 20 specimens was 
dissected in order to measure the relative size of the gonad, intestine and liver. During the 
experiment, the fish fed with pellets composed of 95% grinded Ulva spp. and 5% corn flour.  The 
experiments lasted 3 months. At the beginning, middle and end of each experiment, nine fish from 
each treatment (3 from each repeat) were randomly selected to undergo a series of tests as 
follows: 

Respiration: fish were individually placed in a temperature-controlled respirometer (volume of 5 
L) and incubated for 1 hour. The respirometers were rinsed with acid prior to the incubation and 
filled with filtered sea water, in order to reduce oxygen consumption by microorganisms. Oxygen 
level was measured before and after the incubation using an oxygen optode (Oxi3315, WTW). 
Adequate water mixing inside the chamber was ensured using an inner pump. All the data is 
standardized to the blank control measurements, test duration, water volume and the individual 
weight. 

The thermal performance of the invasive sea urchin, Diadema setosum, was tested in a flow-
through indoor mesocosm facility. This facility is generally similar to the outdoor mesocosm 
system but with only six units and artificial LED lights (Fig. 6).  

 

 

 

 

 

 

 

 

 

2.1.2.4 Seasonal metabolic productivity of the algae  

To compare seasonal dynamics in metabolic rates at the species level, in 2020-21 we collected 
five specimens from each of the study seaweed species in every season. All the individuals were 
transferred to an outdoor flow-through seawater water table within an hour from collection 
(seawater is filtered and coming from ca. 1-meter depth near SK-1). Within 5 hours from collection, 
we cleaned the individuals from epiphytes, and positioned them in labelled open 0.75L glass jars 
under running seawater after weighing and photographing them. Temperature was not controlled 
(i.e., ambient temperatures, as this was a flow-through system) and was measured at the 
beginning and at the end of each incubation. In order to maintain a constant temperature in the 
incubation jars during the incubation period, these were positioned within a plastic transparent 
bath receiving continuous fresh running seawater with high exchange rates.  

Figure 6 IOLR indoor mesocosm system and the invasive sea urchin in the system. 
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After ca. 8-10 hours of acclimation, we initiated the incubations using a closed bottle respirometry 
technique (Biscéré et al. 2019). The specimens were incubated for ~ 1-2 hours, between 6:30 - 
11 PM at night (at least one hour after the sunset) and between 11 AM and 2 PM of the following 
day within 24 hours of collection. DO and temperature (T) were measured at the beginning and 
end of each incubation, and we collected three water samples per jar after syringe filtration (0.45 
μm GFF), for later measurements of dissolved inorganic carbon (DIC) (60 mL), pH, and total 
alkalinity (TA) (120 mL each). In both daytime and nighttime incubations, seawater controls 
(without algae) were included (n=3). Boundary layer effects at the beginning and end of the 
incubations were avoided by stirring the water in the jar with the oxygen probe until the readings 
stabilized, before recording the measurements. Water samples for lab analysis were taken after 
the oxygen measurements were recorded. 

2.1.2.5 In-situ incubations 

Metabolic rates of benthic algal communities (the native Gongolaria, the alien Lobophora and turf) 
were measured during the fall and spring except for Lobophora, which was measured during 
winter as well. It was not possible to conduct these measurements during the summertime due to 
wavy sea conditions. All the incubations were performed by SCUBA on days with clear skies, 
calm sea, and good visibility in five replicates in the shallow reef at SK-1 (~2m bottom depth) on 
turf and G. rayssiae communities in spring (April 2018) and fall (October 2017 and November 
2020), and at RD-1 (~7m bottom depth) on L. schneideri community in winter (December 2017), 
spring (May 2019) and fall (October 2020). This part of the study did not include G. rugosa 
community, which was previously studied by Peleg et al. (2020) in a shallower site in the spring. 
However, turf barrens that represent a baseline for a fully degraded community (Connell et al. 
2014, Rilov et al. 2018) were included. The incubation followed a protocol similar to the one 
described in detail in Peleg et al. (2020). Briefly, in-situ benthic incubations were performed using 
closed benthic custom-made dome-shaped (40cm diameter) chambers. Water circulation in the 
domes was maintained using submerged pumps that mimic the natural flow and reduce the risk 
for the formation of a boundary layer within the dome.  

In each field campaign, we first conducted dark incubations under blackened domes (early 
morning) followed by light incubations inside clear domes during peak solar irradiance (between 
11 AM-2 PM according to the season). After positioning the domes on the selected surface areas, 
we weighed them down by custom-made sleeve-like Lycra sandbags that also sealed their 
perimeters to prevent water exchange and dilution of the signal in the dome during the incubation. 
Following the dome deployment, water samples were collected from outside of the domes for 
initial ambient conditions (t0) using three 100 mL syringes. At the end of the dark incubations that 
lasted between 1-2 hours, water samples were taken from inside and outside the domes (t1). 
After water samples collection, the plots were left uncovered for approximately 10 minutes to re-
acclimate the community to the ambient conditions, and then they were covered with clear domes 
and again sealed with the sandbags for the beginning of the light incubations. At the end of the 
light incubations, water was sampled again from inside and outside the dome with three 100 mL 
syringes (t2). Finally, the domes were removed, and the incubated biomass was collected into 
0.250 µm mesh bags by scraping and using a manually operated suction sampler (MANOSS) 
(Chatzigeorgiou et al. 2013). The biomass bags were kept in water buckets and, within a few 
hours, transferred to the lab for sorting. 
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Immediately after sampling, the syringes with the water that was collected in t0, t1 and t2, were 
brought to the boat during deeper incubations, or to the beach during shallow incubations, to be 
dispensed into vials or bottles for analysis of T, DO, pH, DIC, TA and nutrients. Samples for pH, 
DIC, TA and nutrients were filtered through a 0.45 μm GFF into appropriate storage containers 
for later analysis in the lab. Throughout each field campaign, measurements of Photosynthetically 
Active Radiation (PAR) were recorded with an ECO-PAR Seabird Electronics PAR-sensor or with 
a Hobo-Pendant light-temperature data logger.  

2.1.2.6 Community mesocosm experiments 

This part of the work started before FutureMARES but some of the analysis was done during the 
project, it was never published and contributes relevant information to the Storyline. The metabolic 
functioning of the native, endemic forest-forming macroalgae Gongolaria rayssiae community 
under past, present and future conditions of ocean warming and acidification conditions was 
tested in the outdoor, flowthrough mesocosm system at IOLR ('benthocosms', hereafter), on the 
shore of the Mediterranean Sea. The conceptual design of the benthocosm facility followed that 
of the Kiel Outdoor Benthocosms ('KOB', Wahl et al. 2015), but included several variations and 
adjustments necessary because of the distinct conditions of the Israeli Mediterranean shore, and 
their difference from the Baltic Sea conditions. The facility consists of 16 tanks, made of two-layer 
UV-resistant polyethylene (Dolav Plastic Products, Israel). The net water volume of each tank is 
1500 L. A 4 cm layer of Polyurethane foam was applied to the outer tank surfaces, to increase 
insulation and limit heat conduction. Each tank is independently-controlled and serves as an 
independent experimental unit. The benthocosm facility, including the experimental tanks, 
controllers and equipment further detailed below, is set within a greenhouse with foldable walls, 
to prevent an artificial accumulation of rainwater, and to maximize insulation during the seldom 
occasions of wind storms. Under benign conditions the sides are rolled up for better ventilation. 
The greenhouse roof and walls are made of transparent UV-resistant 150µm polyethylene cover 
sheets, with maximal light penetration in the visible spectrum.  

The benthocosm facility performs as an open, flow-through system. All tanks are constantly 
supplied with unfiltered seawater from the Mediterranean Sea. Seawater is pumped from a 
location found 100m offshore (1 m depth) to a 6000 L storage tank located on the IOLR roof. From 
there the seawater falls by gravity to the benthocosm facility. The flow rate was adjusted to 3000 
L∙day-1∙tank-1 resulting in a residence time of approximately 12 hours, to allow continuous 
manipulation of temperature and pH levels and build-up of signals in chemical composition of 
seawater. Manipulation and monitoring of environmental parameters are computer controlled by 
an aquarium controlling system (two units of Profilux-3Nex and three units of Expansion Box, GHL 
Advanced Technology, Germany). Seawater from each tank is continuously pumped into a 
dedicated measurement cell (16 cells, GHL, Germany), where temperature, pH and salinity are 
continuously measured by sensors (platinum electrode PT1000, gel-electrolyte filled electrode, 
and conductivity electrode, respectively, from GHL, Germany). 

The inlet flow rate is continuously measured by flow-sensor (GHL, Germany). Real-time 
temperature, pH and salinity of the ambient Mediterranean water are measured in an additional 
measurement cell. Ten Powerbar (Powerbar 6D-D, GHL, Germany) allow switchable power 
sockets for the different system components. All controllers are connected serially using the 
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Profilux Aquatic Bus (PAB, GHL, Germany). The PAB enables communication between the 
individual units, enabling the setup of the dynamic nominal value. The dynamic nominal value is 
a measured value from a specified sensor (e.g., the sensor measuring ambient temperature) 
transmitted to the other controllers, which then use it as a reference value for the delta treatment, 
i.e. relative to which a tank is warmed or cooled to a pre-set offset. This allows “treating” the 
system while admitting the stochastic, diel or seasonal fluctuations of the Eastern Mediterranean 
shallow subtidal water. The dynamic setting feature was specifically designed for the Kiel Outdoor 
Benthocosms (Wahl et al. 2015a).  

Heating of each benthocosm tank was achieved by a 2000-Watt titanium heater (Titan-2000, 
Aqua-Medic, Germany), and cooling by a powerful customized chiller (14000 BTU, Tecumseh, 
France), both controlled by the aforementioned GHL controlling components. Seasonal, daily or 
convection-caused temperature fluctuations at natural frequencies and amplitudes are admitted 
to the tanks whether they run at the present-day or future temperature regime. pH was 
manipulated in the benthocosms by pumping the tank water (41 Watt, OPT-3000, Reef Octopus, 
China) to a tank-CO2 Reactor (OR-150, Reef Octopus, China) supplied with pure CO2 gas. Within 
each tank, a circulation pump (130 Watt, HY-10000W, Reef Octopus, China) produces currents 
to mimic water movements as close as possible to natural conditions and to distribute heat and 
acidified seawater homogeneously. Temperature, pH, salinity, oxygen and total alkalinity were 
measured throughout the tanks, and no gradients were observed. Temperature, pH and salinity 
were continuously measured in each tank and recorded at 10-minute intervals with a GHL Control 
Center software log. Temperature, pH and flow rate thresholds were set in the control software, 
and any deviations resulted in an alarm via SMS or e-mail notification. 

To track sensor drift, discrete pH measurements were conducted daily inside the containers using 
a hand-held multi-probe (WTW MultiLine IDS 3420). Daily monitoring of DO (dissolved oxygen) 
was conducted using an oxygen optode with the WTW multi-probe. These daily measurements 
were carried out consistently around 12:00PM. The MultiLine sensors were calibrated using 
technical buffer solutions (WTW, Germany). GHL continuous measurements were compared to 
the discrete measurements, and calibrated daily accordingly, using GHL calibration fluids. 

Experimental design: Two successive benthocosm experiments were performed during 2014-
2015: from October 26 2014 to 1 April 2015 (Autumn-Winter), and from April 24 2015 to August 
3 2015 (Spring-Summer), for durations of 155 and 100 days, respectively. The experimental 
design (Fig. 7) included five treatments: seawater with ambient temperature and ambient pH 
(AM), warming by 3ºC (ocean warming, OW), cooling by -2ºC (ocean cooling, OC, to reconstruct 
the cooler temperature regime during the 1970-80s, before the rapid warming of the 1990-2000s), 
acidification by -0.4 pH units (ocean acidification, OA), and combined warming by 3ºC and 
acidification by -0.4 pH units (ocean warming and acidification, OWA). Each treatment included 
three replications (5X3 treatments). An additional tank where no biota was added served as a 
procedural control.   
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At the onset of each experiment, 
dominant representatives of the 
Eastern Mediterranean rocky reef 
community were collected from a 
shallow subtidal reef (2-5 m depth) 
near the Israel Oceanographic and 
Limnological Research Institute, Haifa 
(32°49'32"N 34°57'26"E). These 
included the canopy-forming brown 
algae, Gongolaria rayssiae, the alien 
corticated calcareous red algae, 
Galaxaura rugosa, the herbivorous, mostly epiphytic, crab, Acanthonyx lunulatus, a carnivorous 
gastropod, Collumbella rustica, and a carnivorous (mostly invertivorous) fish, the ornamented 
wrasse, Thalassoma pavo. Large biogenic rocks were also collected from the natural substrate 
of the subtidal reef and placed in the experimental tanks as well to better simulate a reef 
environment. We used G. rayssiae as a foundation species in our experiments. The crab A. 
lunulatus feeds on Gongolaria, and resides between its branches. C. rustica is commonly found 
within the Gongolaria understory. The ornamented wrasse, T.  pavo, predates on small 
gastropods and crustaceans, such as A. lunulatus and C. rustica. Both invertebrates and fish 
were collected from a Gongolaria forest. The invertebrates and rocks were manually collected 
using SCUBA, and the fish were collected using a seine net. 

At the beginning of each experiment, all organisms were sorted, counted, fresh-weighed (g FW), 
photographed, and equally distributed between the 15 populated benthocosm tanks. Each tank 
included 12 plants (thalli) of G. rayssiae and 6 plants (thalli) of G. rugosa, clipped at their basal 
disk to upside down standing reusable plastic crates at 60 cm depth, 5 individuals of A. lunulatus, 
5 individuals of C. rustica, and 2 individuals of T. pavo (only in the spring-summer experiment), 
roughly mimicking their natural relative abundances at the sampling site. For every species, all 
individuals were of the same size class. The macroalgae plants were individually tagged for 
monitoring their growth and function. The rocks were tagged, weighed and their surface area was 
calculated using photographic analyses by 123D software (Autodesk, USA). Continuous flow of 
non-filtered coastal waters supplied larvae allowing the arrival of new species into the benthocosm 
tanks throughout the experiments. The extra, 16th tank was used as a procedural control to 
compare the abundance and diversity of plankton and detritus, pumped into the tanks and 
naturally accumulating inside, and contained no pre-transplanted biota. Periphyton and fouling 
biota were allowed to grow on the tank walls, and were considered as an integral part of the 
community during the experiments. 

Abundance, biomass and size. At the experimental endpoint, the supply of fresh seawater into 
the benthocosms was halted, and a thorough census was performed in each of the tanks. Motile 
organisms were captured using hand-nets. Periphyton and fouling organisms were gently 
scrapped off the algal branches, crates, tank bottom and walls. All organisms were sorted, 

Figure 7  Experimental design diagram – a combination of 
temperature and pH treatments. ΔT and ΔpH are the ambient 
temperature and pH amplitudes, respectively. The replication level 
is presented in brackets. 
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identified, counted, fresh-weighed (g FW), photographed, and stored at -80°C pending further 
analysis. The photos were later used to measure individual length using the image processing 
software ImageJ version 1.47t (https://imagej.nih.gov/ij/). To obtain algal length, the longest 
branch was measured from the holdfast. Crustacean size was measured by carapace width, and 
gastropod size was obtained by measuring shell length. The seawater within the tanks was filtered 
via a 125 µm mesh, and the feed was resuspended in 30 L filtered seawater and subsampled 
(100 ml) for a manual count of meroplankton using a stereoscope. Over the experimental period, 
sediment and detritus piled up at the bottom of the tanks. At the end of each experiment, after all 
organisms were removed, the sediment and detritus were siphoned from all 16 tanks, and their 
fresh weight (g FW), dry weight (g DW) and organic content (g AFDW) were measured for detritus 
biomass assessment. Where enough data was obtained, species-specific size class distribution 
was calculated. 

Diversity indices, species origin and trait assignment. All organisms were identified to the lowest 
attainable taxonomical level. To estimate diversity indices, Richness (S), Evenness (J'), and 
Shannon-Weaver diversity index (H') were calculated using the taxa biomass. Established 
databases (AlgaeBase: http://www.algaebase.org/, WoRMS: http://www.marinespecies.org/) 
were searched to assign species origin (Mediterranean, Indo-Pacific, Other). Trophic levels, 
feeding habits, and structure (calcareous, non-calcareous) were assigned by searching EMODnet 
trait database (http://www.marinespecies.org/traits/) and relevant literature. Detritus and 
detritivores were assigned to trophic levels one and two, respectively, in parallel to the primary 
producers and primary consumers, after Odum and Heald (1975). 

The ratio RFW of a trait or functional groups was calculated as follows: 

𝑅𝑅𝐹𝐹𝐹𝐹 = 𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔1/𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔2 

where 𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔1, 𝐹𝐹𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔1 are the total fresh weight of all taxa carrying a specific trait (e.g., 
calcareous vs. non- calcareous structure, indigenous vs. non-indigenous), or belonging to a 
specific functional group (e.g., basiphytes vs. epiphytes). Similarly, the ratio between taxa 
richness of functional group was calculated as follows: 

𝑅𝑅𝑆𝑆 = 𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔1/𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔2 

Ecosystem functions. To asses whole community ecosystem functions at the treatment (tank) 
level benthocosm fluxes were assessed over one diurnal cycle (24 hours), 12-20 weeks into the 
experiment, on March 9-10 2015 and 6-7 July 2015 (Autumn-Winter and Spring-Summer 
experiment, respectively). In addition to the continuous recording of temperature, pH and salinity, 
discrete water samples were taken every two hours from the inlet (ambient seawater), the 
procedural control (lacking pre-set biota), and from one tank of every treatment (AM, C, W, A, 
WA). The samples were taken for analysis of DO, DIC, AT, nutrients (NO2

-, NO2
-+NO3

-, NH4
+, PO4

-

3, Si(OH)4) and Chlorophyll a. 

Rates of net photosynthesis (𝑃𝑃𝑛𝑛, in O2 or CO2), calcification (𝐺𝐺) and biological processes affecting 
Chl. a content in the water column (𝐹𝐹) were calculated using the following first order box model 
equations: 

https://imagej.nih.gov/ij/
http://www.algaebase.org/
http://www.marinespecies.org/
http://www.marinespecies.org/traits/
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𝑑𝑑𝐴𝐴𝑇𝑇
2𝑑𝑑𝑑𝑑

=
𝑄𝑄
2
∙ 𝜌𝜌𝑠𝑠𝑠𝑠 ∙ �𝐴𝐴𝑇𝑇𝑖𝑖𝑖𝑖 − 𝐴𝐴𝑇𝑇𝑡𝑡� + 𝐺𝐺 

𝑉𝑉 ∙
𝑑𝑑𝑑𝑑ℎ𝑙𝑙
𝑑𝑑𝑑𝑑

= 𝑄𝑄 ∙ (𝐶𝐶ℎ𝑙𝑙𝑖𝑖𝑖𝑖 − 𝐶𝐶ℎ𝑙𝑙𝑡𝑡) − 𝐹𝐹 

where, 𝑉𝑉 is the benthocosm tank volume (1500 L), 𝑑𝑑𝑑𝑑𝑑𝑑, 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, 𝑑𝑑𝐴𝐴𝑇𝑇 and 𝑑𝑑𝑑𝑑ℎ𝑙𝑙 are the differences 
in dissolved oxygen (µmol·L-1), dissolved inorganic carbon (µmol·L-1), total-alkalinity (µmol∙kg-1) 
and Chl. a (µg·L-1) concentrations between two consecutive measurements, 𝑑𝑑𝑑𝑑 (hours) is the time 
interval between measurements, 𝜌𝜌𝑠𝑠𝑠𝑠 is the density of seawater (kg·L-1), 𝑄𝑄 is the flux of seawater 
at the tank inlet (L∙h-1), which is assumed to be equal to the flow rate at the tank outlet,  𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖, 
𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖, 𝐴𝐴𝑇𝑇𝑖𝑖𝑖𝑖 and 𝐶𝐶ℎ𝑙𝑙𝑖𝑖𝑖𝑖 are the concentrations at the inlet (equal to the ambient seawater), 𝐷𝐷𝐷𝐷𝑡𝑡, 
𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡, 𝐴𝐴𝑇𝑇𝑡𝑡  and 𝐶𝐶ℎ𝑙𝑙𝑡𝑡  are the concentrations in the tanks (and hence, tank outlet) at time t, 𝑎𝑎 is the 
horizontal surface area of the benthocosm tank,  𝐾𝐾𝑝𝑝𝑂𝑂2 and  𝐾𝐾𝑝𝑝𝐶𝐶𝐶𝐶2 are the piston velocities of O2 
and CO2 in seawater (following Wanninkhof 2014), 𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠 and 𝑃𝑃CO2𝑠𝑠𝑠𝑠𝑠𝑠 are O2 and CO2 saturation 
levels at the measured temperature and salinity, and 𝑃𝑃CO2𝑡𝑡 is the partial pressure of CO2 in the 
atmosphere. The possible biological processes affecting the Chl. a content in the water column 
(F) are light adaptation, grazing and filtration, mortality, and proliferation.  

To evaluate a diel budget, the metabolic rates were integrated over daytime and night-time to 
calculate diel net photosynthesis (𝑃𝑃𝑛𝑛𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑂𝑂2), 𝑃𝑃𝑛𝑛𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐶𝐶𝐶𝐶2)), night-time respiration (𝑅𝑅𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  (𝑂𝑂2),  
𝑅𝑅𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑   (𝐶𝐶𝑂𝑂2)), daytime and night-time calcification (𝐺𝐺𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,  𝐺𝐺𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) and filtration (𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑): 

 𝑃𝑃𝑛𝑛𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑂𝑂2) =  ∫ 𝑃𝑃𝑛𝑛(𝑡𝑡)𝑑𝑑𝑑𝑑𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  ,  𝑃𝑃𝑛𝑛𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐶𝐶𝐶𝐶2) =  ∫ 𝑃𝑃𝑛𝑛(𝑡𝑡)𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑 

𝑅𝑅𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  (𝑂𝑂2) =  � 𝑅𝑅𝑁𝑁(𝑡𝑡)𝑑𝑑𝑑𝑑
𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 ,𝑅𝑅𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  (𝐶𝐶𝐶𝐶2) =  � 𝑅𝑅𝑁𝑁(𝑡𝑡)𝑑𝑑𝑑𝑑

𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 

 𝐺𝐺𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  ∫ 𝐺𝐺(𝑡𝑡)𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑 , 𝐺𝐺𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  ∫ 𝐺𝐺(𝑡𝑡)𝑑𝑑𝑑𝑑𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠   

𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  ∫ 𝐹𝐹(𝑡𝑡)𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑 , 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  ∫ 𝐹𝐹(𝑡𝑡)𝑑𝑑𝑑𝑑𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡=𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  

 

Diel carbon sequestration (organic and inorganic) was calculated as follows: 

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑃𝑃𝑛𝑛𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐶𝐶𝐶𝐶2)  +   𝑅𝑅𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  (𝐶𝐶𝐶𝐶2)  +  𝐺𝐺𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐶𝐶𝐶𝐶2)  +  𝐺𝐺𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐶𝐶𝐶𝐶2)   

where 𝐺𝐺𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐶𝐶𝐶𝐶2) and 𝐺𝐺𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝐶𝐶𝐶𝐶2) are the additive inverse of 𝐺𝐺𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 𝐺𝐺𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑. 
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Error bars for Pn, RN, GD and GN were calculated for each data point using the first differential 
method with the analytical errors of all measurements involved in making these metabolic rate 
estimates (Topping 1972). 

Water chemistry analysis. Water samples for 𝐴𝐴𝑇𝑇 and DIC analysis were taken from the 
benthocosm inlet and outlet into 60 mL brown glass bottles with screw caps and stored at 4°C 
until analysis. Prior to refrigeration, DIC samples were poisoned with 30 μL (0.05% v/v) saturated 
HgCl2 solution. 𝐴𝐴𝑇𝑇 was determined by potentiometric Gran titration of ~22g subsamples, filtered 
through Sartorius 0.45 µm syringe filters using a Metrohm Titrino 785 Titrameter with a 
temperature corrected pH probe. 𝐴𝐴𝑇𝑇 calculation employed the method described by Sass & Ben-
Yaakov (1977). Measurements were calibrated using seawater CRMs from A. Dickson’s lab 
(Scripps Institution of Oceanography, USA). The precision of these measurements was ±2 
µmol∙kg-1 (2 measurements per sample). DIC was extracted from the samples by acidifying them 
with phosphoric acid (H3PO4, 10%) using a custom, automated CO2 extractor and delivery system 
(AERICA by MARIANDA) and high grade N2 (99.999%) as a carrier gas connected on line with a 
LiCor 6252 IR CO2 gas analyzer. Measurements were calibrated using seawater CRMs from A. 
Dickson’s lab. The repeatability (mean±SD) of the measurements was 2.1±2.0 μmol∙kg-1. 

Samples for Chlorophyll a were collected in 3 L plastic bottles that were immediately filtered onto 
Whatman GF/F glass fiber filters (25 mm), which were immediately wrapped folded in aluminum 
foil, frozen, and stored at -20°C for later extraction and measurement. Samples were extracted 
overnight in 5 mL of 90% acetone at 4°C in the dark. Chl. a concentrations were determined using 
a Luminescence Trilogy Spectrofluorometer with a 436 nm excitation filter and a 680 nm emission 
filter (Holm-Hansen et al. 1965). Samples for nutrient analysis were collected in 15 mL acid-
washed plastic scintillation vials and placed immediately in a -20°C freezer pending analysis. 
Nutrient content was determined from 1–2 plastic scintillation vials using the segmented flow Seal 
Analytical AA-3 system described by Krom et al. (1991) within 3–6 months of collection. The limits 
of detection (twice the standard deviation of the blank) were 0.08 μM for nitrate + nitrite, 0.008 
μM for phosphate, and 0.05 μM for silicic acid. 

  

2.1.3 Results 
2.1.3.1 Seasonal cover, biomass and community structure 

The canopy-forming species Sargassum vulgare and Gongolaria rayssiae showed a very clear 
seasonal pattern with highest abundance (cover) in the winter and spring and a sharp drop in the 
warmer seasons (Fig. 8). They were only found in one of the five monitory sites at a time (Fig. 8). 
Gongolaria had very low cover in the deeper sites: RD-1 initially and SK-2 later on, but showed 
higher percentage in the cold months in the shallow forest site, SK-1. Growth, indicated as the 
formation and growth of branches from the base cauloid, initiated in February-March while 
branches were lost in early summer around June when temperatures went above 26 °C (Fig. 8) 
(Mulas et al. 2022).  Galaxaura showed high, but fluctuating, cover in two sites SK-2, SK-3 with 
some indications in reduced cover during the colder months. Between 2013-2018 Lobophora 
have become dominant at the RD-1 site that was initially highly diverse in macroalgae species, 
and from there on showed extensive fluctuations in cover, that were partly biased by overgrowth 
by epiphytic species.   
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Mean cover values from the 
seasonal surveys of the 
three main study 
communities show again 
the highest values for 
Gongolaria in the spring 
while the two other species 
had high cover year-round 
except for Galaxaura in the 
spring (Fig. 9a).  

Biomass of these dominant 
algae showed generally 
similar trends to percent 
cover (Fig. 9b), except for 
the low biomass of 
Lobophora in the autumn 
when cover was high (but 
thallus was flatter with less 
volume). Biomass of other 
macroalgae was much 
lower in the alien 
macroalgae patches vs. 
that of Gongolaria but was 
relatively high in spring in 
the Galaxaura patch when 
that of the Galaxaura itself 
was low. The biomass of 
other associated algae was 
high in Gongolaria plots 
(37% of the biomass in the 
spring) but lower in the alien 
macroalgae plots. 
Associated invertebrate assemblage biomass had very high variability among replicates,  and was 
high in the colder months (24%) in the Gongolaria forest and lowest in winter in Lobophora (14%) 
while it was higher in the fall (20%) in this alien species.     

  

Figure 8 Seasonal dynamics in percent cover of the study species in the five main 
long-term monitoring sites (a) and the shallow Gongolaria forest site that was 
monitored monthly for more than two years  
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Finally, when comparing 
the community structure 
of the three communities 
based on the biomass of 
the associated taxa 
expressed as grams of 
wet weight per square 
meter, the nMDS and 
PERMANOVA analysis 
indicates a clear 
separation in structure 
among them 
(PERMANOVA, 
p(perm)=0.001; Fig. 10). 
The G. rayssiae 
community was the only 
one with a clear 
separation between the 
assemblages in the cold 
and warm seasons.  

a 

b 

Figure 9 Seasonal means in cover (panel a) and biomass (panel b) of the main study 
species. The mean organic biomass, expressed as grams of AFDW per m2, of the 
dominant seaweed, associated invertebrates and associated macroalgae species in 
each of the communities is shown (in b). 
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Figure 10 nMDS ordination of community similarity based on Bray-Curtis similarity square root transformed wet weight 
per square meter data of the four communities collected from 0.25x0.25 m2. 
Regarding taxa richness of each community, overall the L. schneideri community had the highest 
richness with the highest values in spring (11±1 taxa (±SD)) and fall (9±2 taxa (±SD)), while 
differences within the same community were found only in G. rayssiae between spring vs. fall 
(One-way ANOVA, p < 0.001) (Fig. 11).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 Taxa Richness per 0.25 m2 calculated from the wet weight per square meter data 
matrix of the four communities collected from the quadrats. Data related to the turf and L. 
schneideri’s communities in fall and spring were collected in 0.126 m2.  
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2.1.3.2 Thermal vulnerability (thermal performance curves) 

The thermal optimum for photosynthesis of the two native macroalgae, Gongolaria and 
Sargassum, was much lower than (below 25 °C) that of the two alien species (above 30 °C) (Fig. 
12). Their critical maximum on the other hand was much closer to the optimum temperature in 
the alien macroalgae as compared to the two native species. The optimum temperature of the 
native herbivorous crab, Acanthonyx lunulatus, that lives within the macroalgae patches, was just 
below 30 °C (Fig. 13a), that of the Red Sea rabbitfish, Siganus rivulatus, was somewhere between 
28-31 °C (Fig. 13c, d), while the feeding reduced considerably in the invasive urchin, Diadema 
setosum, only above 32 °C (Fig. 13b).  

 

 
Figure 12 The thermal performance curve of gross photosynthesis (per gram wet or dry weight, depending 
on the species) for the four study macroalgae. 
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2.1.3.3 Seasonal productivity  

Overall, the Atlantic newcomer L. schneideri had the highest net photosynthetic production in 
terms of DO (NPDO) (around 55 µmol O2·g dw-1·h-1), among all species, except for spring (25±14 
µmol O2·g dw-1·h-1) (Two-way ANOVA, p<0.001; Fig. 14 A, D, G). The Indo-Pacific invader, G. 
rugosa had relatively stable values between 20-40 µmol O2·g dw-1·h-1 in all seasons, while the 
native G. rayssiae was highly productive (39±14 µmol O2·g dw-1·h-1) only in spring (Fig. 14 A, B). 
Respiration rates as measured with DO (RDO) were relatively similar among species, except for 
slightly higher values in L. schneideri in summer and fall when it was almost three-fold the other 
two seaweed’s rates. Net carbon production (NPDIC) and respiration (RDIC), showed overall 
similar trends when compared to the DO-based rates, except for G. rugosa (Three-way ANOVA, 
p<0.01) and L. schneideri which showed higher C uptake (One-way ANOVA, p < 0.01) and 
release in spring (Fig. 14 E) and summer (Fig. 14 H), respectively (Kruskal-Wallis test, p < 0.01).  

 

Figure 13 The thermal performance curve of native and alien macroalgae consumers. The native crab, 
Acanthonyx  lunulatus (a) and the alien urchin Diadema setosum (b) where performance was measured by the 
production of fecal pellets, and the alien rabbitfish, Siganus rivulatus,based on respiration (c) and food 
consumption (d). 
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Figure 14 Ex-Situ single species incubations average metabolic rates measured in G. rayssiae, G. rugosa and L. 
schneideri seaweeds under day and nighttime conditions: Net Production (NP) and respiration (R) are measured as 
changes in (A) DO and (B) DIC adjusted f 

Total alkalinity (TA) analysis (Fig. 14 C,F,I) indicated that: (1) In the non-calcifying G. rayssiae, 
alkalinity uptake/production rates were low with more production than uptake in most seasons 
except during spring (the growing season) when in both daytime and nighttime TA uptake was 
observed; (2) In the calcifying invader, G. rugosa we recorded high TA uptake during the daytime 
and low TA production during the nighttime, likely indicating calcification and CaCO3 dissolution, 
respectively, with an overall net calcification; (3) In the non-calcifying newcomer L. schneideri, TA 
uptake dominated the daytime measurements as well as low rates of TA production during the 
nighttime, with particularly high values in winter. It should be noted that since both G. rayssiae 
and L. schneideri are non-calcifying, it is not clear what these recorded changes in TA signify, 
albeit that their rates are similar or greater in some seasons to those exhibited by G. rugosa.  It is 
possible that calcifying organisms, such as foraminifera, remained attached to the thalli after our 
thorough cleansing of the seaweeds. Furthermore, CaCO3 may have deposited chemically on the 
surface of the algae or intracellularly during light incubation, while during dark incubations, CaCO3 
may have been dissolved due to increase levels of CO2 and reduced pH near the surface of the 
algae and intracellularly.  
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When considering gross primary production (GPPDO) rates, L. schneideri showed the highest 
values among the three seaweeds. Significant differences were recorded in winter and summer 
between G. rugosa vs. L. schneideri and with the latter vs. G. rayssiae, while in fall among G. 
rayssiae vs. the other two (One-way ANOVA, p<0.0001; Fig. 14 A, D, G). In contrast, a different 
trend was obtained when we considered the GPPDIC, where L. schneideri differed from both G. 
rugosa and G. rayssiae in summer, in spring we recorded statistical differences among L. 
schneideri vs. G. rugosa, and finally in fall L. schneideri vs.  G. rayssiae (Two-way ANOVA, 
p<0.01).  

Based on these data, we calculated the seasonal diel fluctuations of oxygen and carbon 
production and uptake rates for the three seaweed species (Table 1). G. rayssiae showed similar 
trends using both DO and DIC, with the highest rates recorded in spring (Two-way ANOVA, 
p<0.001). G. rugosa did not show significant seasonal fluctuations in terms of DO, while in terms 
of DIC, spring was different from winter (Two-way ANOVA, p<0.01). In L. schneideri, the lowest 
rate of diel O2 production was recorded in spring, which was significantly different from summer 
(Two-way ANOVA, p < 0.05), but no differences were found in the DIC based rates. Considering 
primary productivity per area (Fig. 15), the overall highest levels were recorded in summer in L. 
schneideri (9±4 g O2·m-2· d-1 (±SD) and -2±1 g C·m-2·d-1 (±SD)). When comparing the species in 
each season based on DO, during winter the highest rate was recorded in G. rugosa (2.75 ± 0.29 
g O2·m-2·d-1 (±SD)) and the lowest in G. rayssiae (0.41 ± 0.13 g O2·m-2·d-1 (±SD)). There was no 
difference in spring, while in summer and fall G. rayssiae was significantly lower than the other 
two (One-way ANOVA, p < 0.001). When comparing each species by seasons, G. rayssiae 
showed the highest photosynthetic rate in spring, which differed from fall (Kruskal-Wallis, p <0.01); 
G. rugosa productivity was higher in summer when compared to spring (One-way ANOVA, p < 
0.0001), and L. schneideri’s was significantly higher in summer compared to all the rest (One-way 
ANOVA, p < 0.01) (Fig. 15 A). In terms of DIC, seasonal differences within the same species were 
generally subtler and not significant, except that in L. schneideri where summer rates were the 
highest and significantly different only compared to the winter ones (Two-way ANOVA, p < 0.001; 
Fig. 15 B). From species comparison, G. rayssiae showed a significant lower C uptake in summer 
than L. schneideri. Finally, we used these data to estimate the annual primary productivity of the 
three seaweeds in terms of O2 production and C sequestration as shown in Table 1. 

 

Table 1 Seasonal and annual oxygen production and C sequestration of the tested seaweeds. Net diel photosynthetic 
rates (NPP) are given as µmol O2 and C per grams of dry weight per day and per annum and biomass expressed as 
grams of dry weight per square meters 

 
Value 

 
Units 

 
Season 

Species 
G. rayssiae G. rugosa L. schneideri 

 
 
NPP O2 

 
 
µmol O2 g dw-1 
d-1 

Winter 
Spring 
Summer 
Fall 

124 ± 39 
562 ± 206 
89 ± 47  
33 ± 32 

319 ± 33 
553 ± 118 
423 ± 88 
533 ± 212 

690 ± 90 
344 ± 212 
730 ± 304 
629 ± 260 

mmol O2 g dw-1 
y-1 

Annual 26 69 79 
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NPP C 

 
 
µmol C g dw-1 
d-1 

Winter 
Spring 
Summer 
Fall 

-93 ± 44 
-594 ± 157 
-249 ± 134 
-72 ± 26 

-296 ± 207 
-717 ± 121 
-303 ± 99 
-310 ± 297 

-840 ± 183 
-502 ± 220 
-471 ± 236 
-655 ± 201 

mmol C g dw-1 
y-1 

Annual -28 -63 -33 

 
 
Biomass 

 
 
g dw-1 m-2 

Winter 
Spring 
Summer 
Fall 

101.9 ± 40.8  
211.8 ± 89.3  
 127.1 ± 67.8  
 106.3 ± 76.0  

269.8 ± 61.1  
93.2 ± 33.5  
414.1 ± 
187.6  
204.6 ± 
119.5 

56.7 ± 7.2  
241.9 ± 34.5  
 415.6 ± 
78.9  
126.5 ± 31.6  

 

 Figure 15 Seasonal diel metabolic rates of the three dominant Levantine basin seaweeds measured as changes 
in (A) DO and (B) DIC. Error bars represent standard deviations. The letters in the graphs represent significant 
differences between the same species at diff 



 

2.1.3.4 In-situ incubations 

The seasonal net production and dark respiration rates show that the G. rayssiae community 
varied between highly autotrophic (NP>R) during spring and trophic balance (NP~R) in fall 
(Fig. 16). In contrast, the L. schneideri community shifted between autotrophy in winter, trophic 
balance in spring and heterotrophy (NP<R) in fall, while turf showed a low autotrophy balance 
in spring to then switch towards a low heterotrophy in fall. Both G. rayssiae and L. schneideri 
communities are sources of total alkalinity during both daytime and nighttime with the highest 
rate exhibited by the L. schneideri community during winter and the next highest by G. rayssiae 
community during fall, while within the turf we recorded a high variability tending towards 
calcification in spring and dissolution in fall.  

 

Gross primary productivity based on 
Oxygen change (GPPDO) was calculated 
by adding the values from the light 
(NPDO) and dark incubation (RDO) (Fig. 
16). Production was much higher in 
spring compared to fall in the G. 
rayssiae’s community, and in L. 
schneideri’s was positive in winter and 
spring and negative (heterotrophic) in 
fall. Among communities, in spring G. 
rayssiae’s was much more productive 
than the other two, while in fall the only 
differences were between turf and the 
other two (One-way ANOVA, p < 0.01). 
Production indicated by carbon (GPPDIC) 
showed a matching (opposite) trend. 
NPDIC showed significant seasonal 
differences between spring and fall in all 
the three communities and additionally 
between fall and winter for L. schneideri. 
Finally, during light and dark incubations, 
all three communities showed a net 
CaCO3 precipitation (calcification) in the 
different seasons, except for some minor 
dissolution in fall in L. schneideri and a 
higher one in turf-barrens in spring, 
under dark conditions.  

 
Daily rates of community metabolism 
were calculated from the integration of 
GPP, R and G along the diurnal cycle 
(considering the cycle of illumination). 
Overall, the G. rayssiae community was 
significantly more productive than the other two communities in spring, while in fall, although 
almost 6 times less efficient, it was the only community among the three to show positive 
diurnal rate values (149.53 ± 35.30 (±SD) and 27.27 ± 40.42 (±SD) mmol O2 m-2 d-1, 
respectively) (Two-way ANOVA, p < 0.05) (Fig. 17 A). The carbon uptake/release data showed 
similar trends. L. schneideri showed autotrophic balance in spring and winter, while in fall 

Figure 16 Seasonal metabolic rates of G. rayssiae, L. schneideri 
and turf communities measured at SK1 (G. rayssiae and turf) and 
RD1. (A) NP in terms of dissolved oxygen (DO), (B) NP in terms 
of dissolved inorganic carbon (DIC), (C) Total Alkalinity flux (TA). 
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oxygen consumption and C production were recorded, meaning heterotrophic balance. Finally, 
during spring, the turf community exhibited net oxygen production and DIC uptake, while in fall 
there was a net oxygen consumption with almost 10-fold C intake (Fig. 17 A, B).   

 

 

 

2.1.3.5 Mesocosm experiments  

We are showing here only a fraction of the results stemming from this large experiment that 
are most relevant to the Storyline. Because the benthocosm is an open system which allows 
recruitment of algal propagules and larval recruitment, the experiments ended with many more 
species in the community (around 30 on average, Table 2) than at the start of the experiments 
(5). Many of these species were aliens. However, the community diversity indices indicated 
that taxa richness (S), evenness (J') and Shannon-Wiener diversity (H') were higher in the 
summer than in the winter (Table 2, 2-way ANOVA, p<0.01) but did not differ significantly 
between treatments (2-way ANOVA, p>0.05). 

Table 2 Taxa richness (S), Evenness (J’) and Shannon-Weiner diversity index (H’) in the benthocosm treatments 
at the experimental endpoint, in the winter and summer (values represent averages ± SD, n=3). 

 
Autumn-Winter Spring-Summer 

Treatme
nt S J' H'(loge) S J' H'(loge) 

AM 29.3±1.5 0.54±0.15 1.80±0.52 34.7±2.1 0.72±0.05 2.55±0.22 

OC 31.0±2.0 0.43±0.04 1.47±0.15 33.3±1.2 0.71±0.05 2.47±0.17 

OW 33.0±4.4 0.60±0.01 2.09±0.09 32.7±3.5 0.69±0.05 2.41±0.23 

OA 30.3±1.2 0.47±0.14 1.59±0.47 32.0±1.0 0.74±0.04 2.57±0.12 

Figure 17 Seasonal diel metabolic rates of G. rayssiae, L. schneideri and turf communities 
measured at SK1 (G. rayssiae and turf) and RD1.  (A) Diel NP in terms of dissolved oxygen 
(DO), and (B) dissolved inorganic carbon (DIC). Error bars represent standard deviations. 
Significant differences within the same community are reported with letters (p < 0.05). Note: 
the y-axes are different. 
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OWA 34.7±1.2 0.56±0.11 1.99±0.41 34.3±4.2 0.67±0.13 2.38±0.50 

 

 

The majority of the biomass of the basiphytic algae in the benthocosm experiments stemmed 
from the algae that were transplanted in the benthocosms at the beginning of the experiment 
(G. rayssiae, G. rugosa), while all the epiphytic biomass settled independently within the 
benthocosms throughout the experiments (e.g., Dictyota spp, Polysiphonia sp., Fig. 18). 
Three-way ANOVA on the effect of algal growth form (basiphyte vs. epiphyte), season and 
treatment, revealed a significant effect of the growth form, season, and their combinations. The 
highest relative growth of epiphytic algae was obtained under the combined treatment of 
warming and acidification during the winter, where non-calcifying epiphytes heavily settled on 
G. rayssiae and G. rugosa (Fig. 18). 

The total biomass of calcareous 
and non-calcareous taxa was 
significantly different between 
seasons (Fig. 19, 2-way 
ANOVA, p<0.05). The ratio 
between calcareous and non-
calcareous taxa (Table 2) 
differed significantly between 
seasons and treatments (2-way 
ANOVA, p<0.05). In the winter 
(Fig. 20 A), the average ratio was 
<1 under all treatments except 
warming, where it was even. In 
the summer (Fig. 20 B), this ratio 
was >1 in all treatments apart 
from the cooling treatment. The post-
hoc Tukey HSD test revealed 
significantly higher calcareous: non-
calcareous ratio in the warming vs. cooling treatments. The acidified treatments had the lowest 
ratio in the winter, and the highest in the summer (Table 3). 

 

Figure 18 A. Epiphytic Dictyota spp. completely covered the basiphyte G. rayssiae under combined warming and 
acidification, whereas under cooling (B) macroepiphytes were scarce. 

Figure 19 Average total algal biomass of basiphytes and 
macroepiphytes (g FW) per benthocosm tank under five 
treatments. A. winter 2015, B. summer 2015. Error bars denote 
standard deviation (n=3). 
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Table 3 The ratio between the total biomass of calcareous and non-calcareous taxa in the benthocosm treatments 
(values represent averages ± SD, n=3). 

Treatment Autumn-Winter Spring-Summer 

AM 0.48±0.07 1.42±0.92 

OC 0.40±0.02 0.94±0.28 

OW 1.01±0.32 2.26±0.76 

OA 0.34±0.15 2.49±0.65 

OWA 0.79±0.49 1.71±0.54 

 

Ecosystem functions. In the winter, the most productive system was the warmed benthocosm 
(Fig. 21A, C), whereas in the summer, the acidified benthocosm was the most productive in 
terms of oxygen production (Fig. 21 B), and the cooled benthocosm was the most productive 
in terms of dissolved inorganic carbon uptake (Fig. 21 D). In the winter, all treatments except 
the combined warming and acidification, had a positive oxygen budget (Fig. 21 A) and negative 
inorganic carbon budget (Fig. 21 C), indicating that these systems were autotrophic, whereas 
under combined warming and acidification the system was heterotrophic. In the summer, the 
calculated oxygen budget indicates that under warming the system was heterotrophic (Fig. 21 
B), whereas the inorganic carbon budget indicates that only under combined warming and 
acidification the system was heterotrophic (Fig. 21 D).  

Figure 20 Average total biomass of 
calcareous and non-calcareous taxa (g FW) 
per benthocosm tank under five treatments. 
A. Winter 2015, B. Summer 2015. Error bars 
denote standard deviation (n=3). 
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Diel net calcification 
(Fig. 22 ) was 
positive in all 
treatments and 
seasons, except a 
slightly negative diel 
budget in the 
summer under the 
combined warming 
and acidification 
(Fig. 22 B). 
Nighttime dissolution 
was observed under 
all treatments except 
the cooling 
treatment in the 
winter, where 
nighttime 
calcification was 
measured (Fig. 22  
A). In both winter and 
summer, the highest 
net diel calcification 
rates were measured in 
the cooling treatment. 

 

  

In both winter and 
summer, the total diel 
sequestered carbon 
(Fig. 23) was 
negative, indicating a 
carbon sink, under all 
treatments except the 
combined warming 
and acidification, 
where a positive 
budget was measured 
- indicating a carbon 
source. 

 

Figure 21 Diel net production (Pn) and night-time respiration (RN) as a function of 
dissolved oxygen (A, B) and dissolved inorganic carbon (C, D) in the benthocosms, in 
winter 2015 (A, C) and summer 2015 (B, D). The diel budgets of oxygen and carbon 
are noted in the numbers below the bars: autotrophic budget is marked in black, 
heterotrophic budget is marked in red. 

Figure 22 Daytime calcification (GD) and night-time calcification (GN) in the benthocosms, 
in winter 2015 (A) and summer 2015 (B). The diel budgets are noted in the numbers below 
the bars: net calcification is marked in black, net dissolution is marked in red. 
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2.1.4 Discussion 
 

Seasonality 
Our results from the field sampling indicated a very strong seasonality of the native canopy-
forming algae (i.e., Gongolaria rayssiae and Sargassum vulgare) which have a very short 
growth season (growing and branching). Growth occurs from late winter to spring or early 
summer after which most (Gongolaria, left only the cauloid) or all (Sargassum) of their biomass 
has disappeared. This is in contrast to the tropical alien species invading from the Indopacific 
(Galaxaura rugosa) and Atlantic (Lobophora schneideri), which varied much less in cover and 
biomass along the year. Specifically, we demonstrated that, 
 at high temperatures, the two non-indigenous species, G. rugosa and L. schneideri, attained 
their peak biomass during the summer, when temperatures can reach up to 32°C, while the 
endemic foundation species, G. rayssiae, reached its peak biomass in spring (SST~21°C), and 
similar trends were consistent when considering the percent cover. The lowest value for G. 
rugosa was in spring, following the coldest months of the year as was also previously shown 
by Garval (2015). These seasonal trends fit well with the thermal performance of the species. 
Perhaps not surprisingly, the two Mediterranean native canopy-forming macroalgal species 
had much lower optimal (photosynthetic rates) temperatures, below 25 °C, than that of the two 
tropical aliens with an optimum above 30 °C. Based on their TPC and the fact that the Israeli 
coastal water already warmed by about 3°C in the past few decades (Rilov 2016, Ozer et al. 
2022) we can also assume that the tested canopy-forming, native, brown seaweeds’ growth 
season has already shrunk considerably compared to the past.    
Furthermore, these results suggest an adaptation of the invasive species to the low nutrient 
conditions that prevail in Israeli coastal waters (Rahav et al. 2018, Rahav et al. 2020), 
especially during the summertime, when the alien algae attain the highest biomass, while the 
endemic species have their peak in spring. Nutrient levels in the southeastern Levant coastal 
waters are generally higher during the spring and much lower during the summer. This may 
be the result of reduced nutrient loads from submarine groundwater discharge during the 
summer directly onto the shallow reefs in northern Israel compared to spring (Rahav et al. 
2020, Kolker et al. 2021). 
Our calculations show that, under present conditions, the annual standing stock (Blue Carbon 
potential) of the two invaders seems to be 1.5-1.8 times higher than the that of the endemic G. 
rayssiae. Furthermore, the associated invertebrate biomass was highest in winter and spring 
in G. rayssiae, and during summer and fall in L. schneideri. This difference could be attributed 

Figure 23 Total sequestered dissolved inorganic carbon, as a result of photosynthesis, 
respiration, calcification, and dissolution in the benthocosms, in winter 2015 (A) and 
summer 2015 (B). Negative values indicate carbon sink, positive values indicate carbon 
source. 
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to the different peak cover and biomass of the two seaweeds: when at its branchless stage 
between summer and early winter, G. rayssiae offers less surface and complexity to hide within 
or under, while the rosette shape of L. schneideri creates a flat canopy under which other 
organisms can hide all year round. 

 
From the consumers’ side, the native grazer crab, Acanthonyx lunulatus, had a slightly lower 
optimum temperature for feeding (near 29 °C) compared to the two invasive Red Sea grazers: 
the former invader, the rabbitfish Siganus rivulatus, and the much more recent invader, the 
urchin, Diadema setosum. This suggests that the native species already is a less effective 
consumer during the peak summer season when temperatures reach between 31-32°C 
(compared to 29 °C, several decades ago). The alien species, however, can handle these 
summer temperatures but may be stressed under future temperatures that, according to the 
downscaling models for the region developed in WP2, are projected to be close to 4 degrees 
higher than today under the SPP5-8.5 scenario (Fig. 24).  

 
 

Functionality  

According to Littler (1980), 
the morphology and 
functionality of macroalgae 
co-evolved. Based on 
conventional morphological 
groups, the main investigated 
species have very different 
morphologies: the native 
endemic G. rayssiae belongs 
to the “thick blades and 
branches” form, G. rugosa to 
the “articulated” form and L. 
schneideri to “sheet/blade-
like” form. The “thick 
blades and branches” 
group allocates a greater 
proportion of energy to 
structural vs. photosynthetic tissues, exhibiting lower metabolic rates and lower net production 
per g dry weight (Littler 1980, Ho et al. 2021). A similar trend has been identified for the 
“articulated” form, while the “sheet/blade-like” shape minimizes the shading, their thinner-
walled cells produce less shade of the photosynthetic apparatus so that together with a larger 
exposed surface area they are a more photosynthetically efficient group (Littler 1980). This 
might explain the highest efficiency of L. schneideri among the three studied species, both in 
the hourly measurements and in the calculated daily rates. In fact, overall L. schneideri showed 
the highest primary productivity in terms of DO except in spring, when its hourly rates were 
two-fold lower than the other two species. When assessing the functions in terms of carbon, 
we obtained similar patterns, with significant differences only in summer between L. schneideri 
and G. rayssiae. 

The very different morphologies of the three study species probably also explain the very 
different community structure associated with these species. Our data indicated that species 
richness was comparable among species (and even higher within the alien species) but the 

Figure 24 Mean temperature for the Israeli Mediterranean territorial waters under 
the different SPP scenarios as predicted by the downscaling models developed in 
WP2 for the end of the century. 
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identity of the species and/or their relative abundance/biomass was considerably different. In 
that sense, all three species support rich albeit different assemblages when fully grown. This 
indicates that the alien species does not offer the same habitat functionality as the native 
habitat-forming species but still support a rich community compared to a turf community that 
dominates the reef today, a finding similar to what was show in the spring season by Peleg et 
al. (2020).  

Single species annual metabolic rates were converted into unit of surface area where rates for 
L. schneideri, G. rugosa and the native G. rayssiae reached 83, 186 and 46 g C·m-2·y-1, 
respectively. These results were comparable with rates obtained from other studies conducted 
on Cystoseira s.l. species in the Mediterranean Sea stressing the importance of studying and 
quantifying the rates of these dominant macroalgae in different locations (Ballesteros, 1990a, 
1990b, 1992). The results also suggest that, in isolation, the alien species could potentially 
compensate, or over-compensate for the productivity and carbon uptake of the native species 
that is at risk of collapse due to further ocean warming, a collapse that may seriously 
compromise the viability of the local populations. A collapse in Gongolaria may mean a global 
extinction as it is endemic only to the coast of Lebanon and Israel (Mulas et al. 2020).  

Compared to the ex-situ metabolic functions measured in the laboratory for the different algal 
species, in-situ, the final net production or C uptake (sequestration) in the seaweed community 
was expected to be different because it is the result of the metabolism of the entire assemblage 
The assemblage can include the simultaneous metabolic rates of many different associated 
species, including consumers, in different abundances within the community under natural 
environmental conditions (i.e., not in a jar in the lab). Diel rates of the G. rayssiae community 
measured in-situ in spring were ca. 5 time greater than its autumn rate, when only the cauloid 
is present, which is consistent with the single-species lab incubations. Interestingly, the 
invasive L. schneideri community exhibited positive net production (autotrophic balance) in 
spring and winter, similar to the turf community net production in spring. In the autumn, 
however, both communities were in heterotrophic balance. In contrast, the diel primary 
productivity of the same Atlantic invader measured in species-level laboratory incubations, did 
not differ between winter, autumn and spring. Thus, the heterotrophic balance obtained from 
the community incubations in the autumn could be explained by its relatively lower biomass 
compared to the higher abundance of invertebrates, which was greater compared to winter 
and spring (20% vs. 14% and 12%, respectively). Despite this, it is interesting to note that the 
net production recorded in-situ in winter (34±17 mmol O2·m-2·d-1) was similar to the calculated 
single species ex-situ results for that season (ca. 36.7 mmol O2·m-2·d-1) suggesting that the 
combined in-situ algal community productivity was sufficiently large to offset the respiration of 
the heterotrophic components of the community. The results of this study confirmed the finding 
of Peleg et al. (2020) that the current dominating low-laying turf barren community (Rilov et al. 
2018), formed mainly by rabbitfish overgrazing (Sala et al. 2011, Yeruham et al. 2020), has 
very low habitat and metabolic functionality compared to both native and alien macrophyte-
dominated communities in the SEM.  

The future of native forests under climate change 

Shifting traits under future conditions. Our mesocosm experiment showed that the native, 
endemic, forest-forming macroalgae and its associated assemblage will be strongly affected 
by future ocean conditions of warming and acidification in both their dominant traits and 
metabolic functioning. Although the univariate diversity indices did not indicate any significant 
change, species composition in terms of origin and functional groups differed considerably 
between treatments. Thus, the evident parity in the diversity indices is the outcome of a 
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balance between the loss and gain of species, rather than a genuine stasis in the species 
diversity. This finding also implies that the univariate species-based indicators are not good 
indicators of a change in dynamic ecosystems. The gap between species-based indices (i.e., 
richness and biodiversity) and trait-based indices lays in the basic assumptions behind them. 
The null assumption in using species-based indices as ecosystem indicators is that the 
functional differences between species are unimportant and, thus, the overall numerical or 
biomass abundance of organisms in a community might be better predictors than any of the 
measures that incorporate traits (Gagic et al. 2015). Alternatively, the null assumption using 
trait-based indices is that the complementarity of different traits in the community may be 
important for the functioning of the ecosystem (Garnier et al. 2004, Vile et al. 2006) and, thus, 
the abundance of different trait levels or their richness in the community is the best predictor 
of its functionality (Schumacher and Roscher 2009, Mouillot et al. 2011). Similar to Gagic et al. 
(2015), the univariate species-based indices in the benthocosm experiments were non-
informative, whereas the trait-based information, detailed below, provided a better mechanistic 
description of the processes structuring the communities. 

Both seasonal and experimental warming enhanced the abundance of calcareous species 
(and the ratio between calcareous and non-calcareous species). Calcification is a temperature-
enhanced metabolic process (Silverman et al. 2007), typically increasing with warming. 
However, negative calcification responses (i.e. decreased calcification rates or dissolution) to 
warming were recorded in various marine calcifiers, e.g. corals (Silverman et al. 2007), 
molluscs (Talmage and Gobler 2011), and macroalgae (Guy‐Haim et al. 2016). These declines 
in calcification can be attributed to warming beyond the species-specific physiological tipping 
point (beyond Topt), following general metabolic breakdown. In the benthocosm experiments, 
warming had positive effects on both autotrophic and heterotrophic calcifiers in the winter, 
whereas, in the summer, negative effects were measured only in the autotrophic calcifiers. The 
main autotrophic calcifier in the experimental community was G. rugosa, that rapidly 
deteriorated in the summer (with noticeable signs of bleaching and decay) in all treatments 
except ambient. As ambient temperature reached 32 °C, right above the Topt determined by 
the TPC, and beyond which there is a sharp decline in functioning, this may have biased the 
summer results. The growth of other autotrophic calcifiers, e.g. CCA, was enhanced with 
warming, but did not contribute much to the community biomass because of their low biomass. 
An overall positive effect of the calcifying heterotrophic species to warming can be associated 
with both increased metabolic rates and the increase in the dominance of NIS, further 
discussed below. 

The increase in heterotrophic calcifiers under OA treatments in the summer was intriguing and 
may be related to both direct and indirect positive effects of this treatment on this group. 
Calcifying species are generally considered more susceptible to OA than non-calcifying 
species as acidification can impair their capacity to produce calcified skeletons (Kroeker et al. 
2010). However, while most calcifiers are affected adversely by OA, the production and growth 
of non-calcifying autotrophic species (e.g., algae) may be facilitated by CO2 enrichment 
(Connell and Russell 2010). Indeed, in the benthocosm experiments, the total biomass of non-
calcifying autotrophs increased with acidification, mainly in the winter. The main non-calcifying 
autotroph, the foundation species G. rayssiae, had higher growth rates in the winter and 
presented slower deterioration in the summer under OA. Although counter-intuitive (as 
calcifying species are overall more susceptible), the increase in heterotrophic calcifiers during 
summer can, therefore, be explained by the provision of food and habitat facilitated by OA. 
Recently, it was found that the abundance of a calcifying herbivorous gastropod, vulnerable to 
low pH levels, is 134% greater in a CO2 vent site under near-future pH levels (Connell et al. 
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2017). In the benthocosm experiments, both herbivores and detritivores, largely being 
calcifiers, potentially benefitted from the increasing autotrophic biomass (in the winter), or its 
shedding (in the summer), as a source for food and/or due to its pH buffering capacity (in the 
winter), thus becoming more abundant under OA. Clearly, when tested within a community 
(and not by themselves as has been done in most OA experiments), species that might be 
sensitive to low pH can actually benefit from it. Hence, both the benthocosm results described 
here and the recent CO2-vents evidence, emphasize the need to understand the ecological 
processes, apart from population-specific adaptation (see Deliverable 3.2) that buffer the 
negative effects of environmental change. 

Synergistic interactions between warming and acidification, in which the response to the 
combined stressors was stronger than to the individual stressors, were found in different 
organisms (e.g., Talmage and Gobler 2011). Meta-analyses revealed that the combined OWA 
caused significant negative effects on calcification, reproduction, and survival, and a significant 
positive effect on photosynthesis (Kroeker et al. 2013). Nevertheless, these synergistic OWA 
responses were recorded in single-species experiments that excluded species interactions, 
potentially buffering OWA impacts. In the benthocosm settings, where OWA was tested for the 
first time on benthic communities and their biodiversity, OWA did not demonstrate negative 
synergistic effects. Rather, the results imply complex indirect effects, resulting from species 
interactions under the OWA treatment, where acidification facilitated the growth of non-
calcifying autotrophs and warming enhanced metabolic rates, resulting in an overall 
significantly positive effect on calcifying heterotrophs. Here, again, species interactions are 
proven to be more influential than single-species responses to climate change in determining 
community responses. 

OWA effects on ecosystem functioning. Over the past decades, the ecological discourse has 
shifted its focus from the structural to the functional role of biodiversity in ecosystems, as 
society might be more likely to take action to preserve biodiversity if it could be shown that 
there was some direct economic gain by doing so (Costanza et al. 1997, Worm et al. 2006). 
Subsequently, climate change research is rapidly moving into investigating ecosystem 
functioning and services (Mooney et al. 2009). The majority of community studies has utilized 
trophic or functional groups as indicators for ecosystem functioning, assuming various BEF 
connections (e.g., Edwards and Richardson 2004, Parmesan 2006, Kroeker et al. 2011). Yet, 
some of these relationships are not well-established, especially under multiple-stressor 
conditions. Our study has assessed OWA effects on both benthic biodiversity and ecosystem 
functions, and not just by assessing change in traits but by directly measuring biogeochemical 
fluxes. 

In the winter, all treatments, except the combined warming and acidification, had a positive 
oxygen budget and a negative inorganic carbon budget, indicating an autotrophic balance, 
whereas the system was heterotrophic under combined warming and acidification. In the 
summer, the calculated oxygen budget indicates that under warming the system was 
heterotrophic, whereas the inorganic carbon budget indicates that only under combined 
warming and acidification the system was heterotrophic. These overall ecosystem fluxes were 
fully reflected in the functional (trophic) traits of species in the transformed communities, where 
heterotrophic versus autotrophic biomass increased under the combined warming and 
acidification. Such shift to heterotrophic balance was also observed in pelagic ecosystems 
under warming, mainly due to increased bacterial activity, as their metabolic processes show 
higher temperature sensitivity than autotrophic processes causing population acceleration with 
warming (Vázquez‐Domínguez et al. 2007, Riebesell et al. 2009). The in-situ incubations also 
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show the shift to a less autotrophic or even a heterotrophic functioning at the warmer months 
(autumn in our experiments) of the native (Gongolaria) and alien (Lobophora) communities, 
respectively. These two lines of evidence indicate that warming leads to a functional shift 
towards a heterotrophic balance by altering metabolic rates and by facilitating NIS. The 
ecosystem-level implications of this shift are considerable and are discussed in detail below.  

Diel net calcification was positive in all treatments and seasons, except a slightly negative diel 
budget in the summer under the combined warming and acidification. Night-time dissolution 
was observed under all treatments except the cooling treatment in the winter, where night-time 
calcification was measured. In both winter and summer, the highest net diel calcification rates 
were measured under cooling treatment. These lines of evidence suggest that biogeochemical 
cycles in the system have already shifted considerably in the past few decades. The diel net 
dissolution measured under OWA, albeit small, is of major concern as it implies the 
deterioration of SEM biogenic reefs in the near-future. Similar concern was raised for coral 
reefs by Silverman et al. (2009). 

During both winter and summer, the total diel carbon uptake (sequestered) was negative, 
indicating carbon sink in all benthocosm treatments except the combined warming and 
acidification where a positive budget was measured - indicating a carbon source. Overall, these 
findings indicate that under OWA, coastal reef communities in the SEM may experience 
considerable shifts in their functions (and derived services).  

In terrestrial ecosystems, Gagic et al. (2015) tested how well diversity indices and a trait-based 
approach predicted ecosystem functioning using datasets of bees, beetles and worms. They 
found that trait-based indices consistently provided greater explanatory power than species 
richness or abundance. Similarly, the experimental benthocosm findings described here 
suggest that the common, univariate diversity indices are not appropriate as indicators for 
ecosystem functioning, especially in invaded systems, and under climate change. Instead, 
both functional traits and direct biogeochemical measurements of system fluxes should be 
used in future studies as ecological indicators of the well-being of coastal marine ecosystems.  

Conclusions and NBS perspectives  
The observational and experimental work presented here demonstrates that native forest-
forming Fucales species on coastal reef macrophyte communities on SEM reefs are strongly 
seasonal. They have a very short growth season of 3-5 months from late winter to early 
summer, when they have high cover, biomass, productivity and functionally as both habitat 
providers and contributors to the carbon cycling. The seasonality of many studied western 
Mediterranean Cystoseira s.l. species show that branches shed in these species at the end of 
summer or in in winter, for example in Ericaria (=Cystoseira) zosteroides (Ballesteros 1990) or 
Gongolaria (=Treptacantha) barbata (Falace and Bressan 2006), suggesting that summer is 
not a stressful season yet in this colder part of the Mediterranean basin. By contrast, on the 
SEM reefs, the alien, NIS, macroalgae are present in high cover and biomass through much 
of the year, and they are highly productive year-round, and at least individually can maintain 
high carbon uptake capacity in the warmest months. We have also shown that both the native 
produces and consumers have much higher vulnerability to high temperatures than the tropical 
alien producers and consumers and that the native macroalgae, which explain their success 
in this fast-warming region. These results raise a great concern for the future viability of the 
habitat-forming Gongolaria rayssiae endemic, which, based on its current phenology, thermal 
performance and the mesocosm experiment, probably already have a shrunken growth season 
compared to the period before the warming, and this season will shrink more and increase the 
risk for the existence of these species even further.  The latest addition to this community is 
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the invasive sea urchin, Diadema setosum, which, as our experiments demonstrated, can 
eastly cope with current and future summer temperatures and may, thus, pose great risk to the 
macrophyte community on these reefs. Finally, the fact that the alien algae are present and 
highly productive year-round, and provide habitat for a rich associated community should 
provide some reassurance for the future productivity of the shallow reefs in this region under 
the accelerating climate crisis. Can some tropical NIS macroalgae even be viewed as 
benefactors to the ecosystem in a region where thermally-sensitive native species with 
important functions are in danger or lost together with their services due to warming? Can 
protecting these NIS habitats be viewed as an NBS in a climate change hotspots where much 
of the native biodiversity is lost due to warming?  

 
This perspective is promising but should be viewed with caution at this stage. Our in-situ 
measurements of the entire community showed that the net balance of the alien Galaxaura 
rugosa community (measure only in the Spring by Peleg et al. 2020) and at that of Lobophora 
schneideri in the fall (summer was not assessed) can be net heterotrophic, probably due to the 
presence of many invertebrates that increase overall respiration rates and can thus tip the 
community metabolic balance. Such measurements should be monitored further in different 
locations, seasons and over several years to get a fuller picture of the present and future 
capacity of the reefs to provide habitat for other species and also serve as carbon sink and 
thus a support for Blue Carbon potential.   
 
Our findings are highly relevant to a broad range of coastal systems beyond the Israeli coast, 
as the SEM can be viewed as the “canary-in-the-coal-mine” for what will occur in the rest of 
the Mediterranean in the coming decades. This is because the temperatures experienced now 
on the Israel coast in summer  will soon be prevalent in numerous other Mediterranean regions, 
and many of the invaders present on this coast today will continue to rapidly spread west and 
north. It is highly likely that the novel, highly transformed, ecosystems currently present in the 
SEM will become established elsewhere in the basin.  
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2.2 Italy: Carbon metabolism of benthic assemblages on pristine 
and urban rocky shores of the Tuscan Archipelago (SL#28)  

2.2.1 Introduction 
Marine forests formed by brown macroalgae, such as Laminariales and Fucales, have long 
being recognized to play a key role as habitat formers, sustaining biodiversity and ecosystem 
functioning (Steneck et al. 2002, Pessarrodona et al. 2022) and providing important ecosystem 
services, including coastal protection, nutrient cycling and nursey (Steneck et al. 2002, 
Beaumont et al. 2008, Bertocci et al. 2015). More recently, kelp forests have been also 
identified as potential Blue Carbon habitats (Filbee-Dexter and Wernberg 2020) and their 
conservation and restoration envisioned as NBS to climate change. However, canopy-forming 
macroalgae are highly sensitive to extreme climatic events (e.g., marine heatwaves, storms) 
and anthropogenic disturbances (e.g., enhanced sediment and nutrient loading) and collapse 
of their populations have been documented globally (Benedetti-Cecchi et al. 2001, Smale and 
Wernberg 2013, Wernberg et al. 2013, Strain et al. 2014, Krumhansl et al. 2016). 

Brown algae belonging to the complex Cystoseira sensu lato (genera Cystoseira C. Agardh, 
Ericaria Stackhouse and Gongolaria Boehmer) form intertidal and shallow subtidal forests 
along Mediterranean rocky shores (Benedetti-Cecchi et al. 2001, Bulleri et al. 2002, 
Tamburello et al. 2012, Illa‐López et al. 2023b). Nonetheless, these communities are declining 
throughout the basin as a consequence of human alteration of environmental conditions and 
species interactions. In particular, excessive grazing by herbivores such as sea urchins and 
the native fish, Sarpa salpa, in the western Mediterranean can cause the shift from macroalgal 
forests to encrusting coralline macroalgae (i.e., marine deserts) (Benedetti-Cecchi et al. 1998, 
Bulleri et al. 2018a, Illa‐López et al. 2023a). Furthermore, excessive nutrient loading can 
promote the dominance of algal turf (Gorman et al. 2009, Strain et al. 2014). 

Such decline in brown algal forests has promoted conservation strategies such as the 
establishment of Marine Protected Areas (MPAs), but, due to the low dispersal of zygotes of 
most Cystoseira s.l. species (i.e., over a few tens of cm) (Riquet et al. 2021), natural recovery 
is difficult in areas far from extant populations. This has raised interest towards active 
restoration strategies (Susini et al. 2007, Falace et al. 2018, Verdura et al. 2018). Nonetheless, 
positive feedbacks may stabilize these alternative states, making the reverse shift to the 
macroalgal forest very unlikely (Elsherbini et al. 2023). Under these circumstances, 
understanding the ecological value of alternative habitats, generally regarded as degraded, is 
paramount in order to plan sound conservation strategies.  

In the NW Mediterranean, marine forests are present along most of the islands of the Tuscan 
Archipelago while they have been replaced by algal turfs on the mainland coast of Tuscany 
(Tamburello et al. 2012). Here, we compared the functioning of macroalgal forests composed 
of Ericaria brachycarpa at Capraia Island with that of assemblages dominated by algal turfs 
and by the red alga, Halopithys incurva along the coast of Livorno. In particular, given the 
current interest in macroalgal forests as potential carbon sinks (Filbee-Dexter & Wernberg 
2020), we assessed productivity and carbon turnover between macroalgal assemblages at 
pristine versus urban rocky reefs. 
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2.2.2 Methods 
Capraia Island is located about 30 miles off the mainland coast of Tuscany, in the Northern 
Tyrrhenian Sea. This island is included in the Tuscan Archipelago National Park and can be 
considered pristine due to very limited urban development and lack of industrial activities 
(Tamburello et al. 2012). Rocky reefs around the island are characterized by the dominance 
of macroalgal canopies formed by Ericaria brachycarpa, at 1-15 m depths (Fig. 25). Reefs 
along the coastline of the city of Livorno are exposed to inputs of sediments, nutrients, organic 
and inorganic pollutants (Tamburello et al. 2012) and characterized by the presence of 
Halopithys incurva and by turf-forming macroalgae, including filamentous (e.g., Ceramium sp., 
Sphacelaria spp.), articulated coralline (e.g., Ellissolandia elongata, Jania rubens) and 
coarsely branched species (e.g., Chondria spp e Laurencia spp.) (Tamburello et al. 2012, 
Ravaglioli et al. 2021b) (Fig. 25). 

 

In July 2021, two sites were selected, 2-4 km apart, at Capraia Island (43° 03ʹ 57ʹʹ N, 9° 48ʹ 
56ʹʹ E; 43° 01ʹ 34ʹʹ N, 9° 50ʹ 23ʹʹ E) and along the coast of Livorno (43° 31ʹ 08ʹʹ N, 10° 18ʹ 34ʹʹ 
E; 43° 30ʹ 41ʹʹ N, 10° 18ʹ 41ʹʹ E). The productivity and carbon metabolism of benthic 
communities were estimated using the benthic incubation method developed by Peleg et al. 
(2020). This consists of dome-shaped chambers (~17 L; 0.4 m in diameter; area of 0.126 m2), 
made of either transparent or dark Plexiglass (2 mm thick) for light and dark treatments, 
respectively (Fig. 26a, b). Domes were deployed on the bottom at a depth of 3-5 m. Sleeve-
shaped Lycra bags filled in with sand were positioned all along the circumference of the dome 
to sealing it to the bottom and, hence, to reduce water exchange with the surrounding 
seawater. Aquarium pumps, powered by 12V batteries and activated by a magnetic switch, 
were used for enhancing recirculation of water inside the domes, thus minimizing the formation 
of a boundary layer and mimicking natural water flow. Pumps were connected to domes with 
plastic tubes. Temperature (°C) and light (lumens/ft2) were measured using loggers (HOBO® 
Pendant, Onset Computer Corporation) applied to the top of the batteries (Fig. 26).  

Figure 25 Macroalgal assemblages dominated by Ericaria brachycarpa at Capraia Island (left) and algal turfs/Halopithys 
incurva at Livorno (right). 
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To assess possible seasonal shifts in functioning, measurements were carried out at each of 
the two sites selected along the island and urban coasts in July 2021 and February 2022, but 
at only one site for each condition in April 2022. Three plots were incubated at each site for 
each sampling event. Domes were positioned over plots characterized by a ~ 100% cover of 
the bottom by either E. brachycarpa or turf/H. incurva. Measurements were performed between 
10.00 am and 14.00 pm and each of the light and dark incubation of the plot lasted ~1 hour. 
Oxygen concentration and pH within domes were recorded on site using HOBO Dissolved 
Oxygen (U26-001) and pH Loggers. Water samples for analysis of total alkalinity (TA), 
dissolved inorganic carbon (DIC) and nutrients (100 ml each) were taken before and at the end 
of each light/dark incubation period using plastic syringes. Water analyses were conducted at 
the Institute for Oceanographic and Limnological Research (IOLR) in Haifa (Israel), following 
the protocol described in Peleg et al. (2020). In addition, a total of 10 ml of 0.16 g fluorescein 
L SW−1 was injected into each dome at the beginning of each incubation to assess the level of 
water exchange in the case the domes were not completely sealed to the bottom. 
Metabolic rates were calculated using the difference between the initial and final 
concentrations of DO, DIC and TA. Data from the light incubations were used to estimate net 
community production (NCP) and those obtained under dark conditions to estimate community 
respiration (CR). Gross primary production (GPP) was calculated from NCP and CR 
measurements. When NCP and CR were estimated from DIC measurements, the contribution 
of calcification and CaCO3 dissolution (G) to the differences in total DIC was accounted for by 
subtracting the change in total alkalinity divided by two. G was calculated for both light and 
dark separately, where positive and negative values indicate calcification and dissolution, 
respectively. The net trophic state of the two habitats was compared in terms of their diel 
carbon balance. To this end, we calculated the diel GPP, CR and G rates, assuming that the 
GPP and Glight vary sinusoidally with light during the daytime (12 hr photoperiod) and that CR 
and Gdark are constant throughout the diurnal cycle (Marsh Jr 1970, Yates and Halley 2006).  
For the summer sampling event, after each incubation, all the macroscopic organisms present 
inside the domes were collected using a paint scraper, inserted into a plastic bag and 
transported to the laboratory for analysis of species composition and abundance. Samples 
were immediately transported to the laboratory, where a 0.85 M solution of MgCl2 was added 
to each bag for 10 min in order to facilitate the detachment of animals from the macroalgae. 
Specimens were then rinsed in seawater onto an 80-μm sieve and fauna transferred to a 70% 
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Figure 26 Transparent (left) and dark (right) domes deployed on rocky bottoms. 
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alcohol solution for preservation, until identification. Mobile invertebrates were then identified 
to the lowest possible taxonomical level and individually counted.  
Apart from the main habitat-formers (e.g. E. brachycarpa at Capraia Island and, when present, 
H. incurva at Livorno), macroalgae were classified into broad morphological groups, including: 
filamentous, foliose, and articulated corallines. After blotting with paper, their wet weight was 
measured with a precision scale. The dry weight of each species or morphological group was 
measured after samples were kept in oven muffle at 60 °C for 24 hours.  
 
Statistical analyses 
Data were analyzed separately for each season, using linear mixed models with the lmer 
package, v. 1.1-26. The habitat (pristine versus urban) was treated as a fixed effect, while the 
site was included in the random part of the model. Since only one pristine site was sampled in 
spring, the model for this season included the habitat as a fixed effect, but only the replicates 
in the random part. Type III Analysis of Variance with the Satterthwaite's method was used to 
test for fixed effects included in the model by means of the ‘anova’ function. Model assumptions 
were visually checked by means of Q-Q and fitted versus residual plots. All analyses were 
performed in R studio v. 2022.07.2. 
 

2.2.3 Results 
Diel O2 fluxes were higher in benthic assemblages at pristine than urban sites in winter, while 
there were no differences in summer and spring, although there was a tendency for urban sites 
to have slightly higher fluxes in those warmer months (Table 4; Fig. 27). 

Total DIC fluxes did not differ between 
habitats consistently among seasons and 
they were always negative because of a 
prevalence of production over respiration, 
indicating an autotrophic metabolism (Table 
4; Fig. 28). Calcification was always prevailing 
over CaCO3 dissolution and, despite low 
fluxes, it was higher at the urban than at the 
island site in spring (Table 4, Fig. 28).  

 

 

 

 

Figure 27 Diel O2 fluxes on island and urban rocky 
reefs in summer 2021, winter and spring 2022 
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Table 4 Summary of Type III ANOVA on the effects of habitat on diel O2 and total DIC fluxes, production/respiration 
and calcification/dissolution 

O2 flux Summer 2021 Winter 2021/2022 Spring 2022 
Source of 
variation df MS F P MS F P MS F P 

Habitat 1 33.720 2.11 0.283 555.84 38.788 <0.001 11.327 1.647 0.264 
Total DIC flux Summer 2021 Winter 2021/2022 Spring 2022 
Source of 
variation df MS F P MS F P MS F P 

Habitat 1 70.215 0.914 0.358 43.128 2.410 0.152 15.93 1.394 0.289 

Production/Respiration Summer 2021 Winter 2021/2022 Spring 2022 
Source of 
variation df MS F P MS F P MS F P 

Habitat  76.494 0.899 0.362 35.203 1.695 0.222 18.317 1.584 0.262 
Calcification/Dissolution Summer 2021 Winter 2021/2022 Spring 2022 
Source of 
variation df MS F P MS F P MS F P 

Habitat 1 0.051 0.270 0.630 0.402 0.821 0.383 0.080 22.431 <0.01 
 

There were no significant differences between pristine and urban habitats in the total number 
of individuals or in the species richness of Anellids, Molluscs, Crustaceans and other taxa 
found in incubated plots in summer (Table 5, Fig. 29). There was a trendency for the total 

Figure 28 Total DIC fluxes and relative contribution of production/respiration and calcification/dissolution on island and 
urban rocky reefs in summer 2021, winter and spring 2022 
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number of individuals belonging to other taxa to be higher in pristine than urban habitats (Fig. 
29).  

 

 

 

 

 

 

 

 

 

 

 

 

Table 5 Summary of Type III ANOVA on the effects of habitat on the total number of individuals and species richness 
of Anellids, Molluscs, Crustaceans and other taxa 

Anellids Total ind. number Species richness 
Source of 
variation df MS F P MS F P 

Habitat 1 932.72 0.977 0.379 35.349 0.777 0.428 
Molluscs Total ind. number Species richness 
Source of 
variation df MS F P MS F P 

Habitat 1 9.814 0.189 0.686 0.538 0.049 0.835 

Crustaceans Total ind. number Species richness 
Source of 
variation df MS F P MS F P 

Habitat 1 5043 0.712 0.419 82.029 1.268 0.323 
Other taxa Total ind. number Species richness 
Source of 
variation df MS F P MS F P 

Habitat 1 588.00 3.552 0.084 2.083 0.691 0.422 
 

2.2.4 Discussion 
Diel fluxes of total DIC, as well as the contribution of production/respiration and 
calcification/dissolution, of benthic communities formed by the red seaweed, H. incurva and 
algal turfs along an urbanized stretch of the coast of Tuscany did not differ from that of 
communities associated with the canopy-forming fucoid, E. brachycarpa, along the coast of 
Capraia Island in the Tuscan Archipelago. This lack of difference was consistently observed 
among times of sampling. Only in winter was there a greater O2 production by benthic 

Figure 29 Number of individuals of Anellids, Crustaceans, Molluscs and Other taxa on island and urban 
rocky reefs in summer 2021, winter and spring 2022 
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communities at pristine compared to urban sites. Similarly, there were no remarkable 
differences in the structure of associated invertebrate assemblages in terms of species 
richness and total abundance of individuals in plots that were incubated at pristine versus 
urban sites in summer. 

To the best of our knowledge, this is the first study showing that Cystoseira s.l. communities 
are actually autotrophic and, hence, represent a carbon sink. Indeed, although species 
belonging to this genus are included in the European Red List of Habitats and protected under 
several legal frameworks, including the European Habitats Directive 1992 EU Regulation 
1967/2006 and the Barcelona Convention (1976), there is little information on their functioning. 
Thus, our findings strengthen arguments for their protection. 

Our study also indicates that communities at both pristine and urban sites, beyond differences 
in species identity, have a similar structure and functioning. In particular, they are both 
characterized by an autotrophic metabolism and, hence, function as carbon sinks. A previous 
study carried out along the Mediterranean coast of Israel found that communities formed by 
the native Gongolaria (=Cystoseira) rayssiae were autotrophic, while those formed by algal 
turfs and expanding tropical shrubs dominated by red calcifying alga, Galaxaura rugosa, were 
heterotrophic (Peleg et al. 2020). In our study, benthic assemblages at urban sites were 
dominated by a mix of turf-forming species and Halopithys incurva, a species able to develop 
large thalli (up to about 20 cm in size) which are generally overgrown by another red alga, 
Jania rubens (Ravaglioli et al. 2021a). Due to the large biomass and architectural complexity 
of the thallus and to the presence of the epiphyte, H. incurva appears to provide a habitat 
comparable to that formed by C. brachycarpa, sustaining a diverse assemblage of 
invertebrates. 

Under these circumstances, urban benthic assemblages appear to be functionally equivalent 
to those found at pristine sites. Thus, our results suggest that, despite being commonly 
regarded as not worthy of conservation, benthic assemblages at urban areas which are not 
degraded up to an extent where they are composed exclusively by turf-forming species, can 
play an important role in sustaining biodiversity and ecosystem functioning. This has several 
important implications in terms of both our fundamental understanding of the biodiversity and 
functioning of temperate rocky reefs and policies for their conservation and restoration.  

First, we should likely move from the concept of a sharp dichotomy between marine forests 
and algal turfs. Our study suggests that, despite that these two states could represent 
alternative basins of attraction of the system, benthic communities in rocky reefs can be 
present along a gradient that goes from the pristine (i.e., the forest) to the extremely degraded 
state (i.e., algal turfs).  

Second, in the case in which the main Mediterranean canopy-forming macroalgae belonging 
to genus Cystoseira s.l. are replaced by other architecturally complex species, the 
consequence for the biodiversity and functioning of the whole community could be minor. Thus, 
these communities, also by virtue of their large spatial extent and functioning as carbon sinks, 
could be worth protection to prevent further degradation.  

Third, plans to restore Cystoseira at relatively degraded sites might not produce large 
improvements in the diversity of the whole community, as well as in their functioning. This does 
not imply, by any mean, that practices for the conservation and restoration of marine forests 
formed by Cystoseira s.l. should be weakened, but rather that their benefits and costs should 
be fully evaluated against the status quo. 
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2.3 Italy: Seagrass meadows as refugia for sea urchin larvae under 
ocean acidification (SL#28) 

2.3.1 Introduction 
Global climate changes, due to rising anthropogenic CO2 emissions, are causing 
unprecedented alterations to marine ecosystems (Doney et al. 2009, Kroeker et al. 2013). 
Ecological impacts of climate changes are generally the result of an interplay between 
physiological impairment and altered species interactions (Gilman et al. 2010, Kroeker et al. 
2017, Sunday et al. 2017, Bulleri et al. 2018b). Many coastal communities are organized by 
hierarchical interactions in which facilitation by foundation species, such as corals, salt marsh 
plants, mangroves seagrasses and kelp, are of primary importance. Thus, understanding their 
role in regulating the response of associated species to climate changes is paramount to 
devise sounded conservation and restoration strategies. 

Anthropogenic ocean acidification (OA) has been widely demonstrated to negatively affect 
calcifying organisms by impairing their capacity to maintain carbonate structures and altering 
acid-base regulation (Kroeker et al. 2010). Sea urchins are considered to be particularly 
vulnerable to OA because they calcify in both their planktonic larval stage and benthic adult 
life (Byrne et al. 2013, Dworjanyn and Byrne 2018, Byrne and Hernández 2020). Similarly to 
other calcifying taxa, their early development stages appear to be more sensitive to OA 
compared to adults, likely representing a major bottleneck for sea urchin populations under 
future climate scenarios (Lamare et al. 2016). Previous laboratory studies reported reduced 
growth, delayed development and increased body abnormality of larvae exposed to constant 
low pH conditions, likely due a trade-off between the maintenance of core activity (acid-base 
regulation) and skeletal integrity and growth (reviewed by Byrne & Hernández, 2020). On the 
other hand, sea urchin larvae inhabiting natural fluctuating pH environments, such as upwelling 
regions, intertidal pools and CO2 vents, appear to be more tolerant to future OA, as a result of 
a complex interplay of biotic (e.g., parental acclimation, phenotypic plasticity) and abiotic (e.g., 
food availability) factors at play (Uthicke et al. 2016, Byrne and Hernández 2020, Karelitz et al. 
2020). Within this context, understanding how the responses of sensitive species to OA could 
be influenced by local environmental variability is key to identify climate refugia and devising 
sound mitigation strategies (Kapsenberg and Cyronak 2019). 

Coastal areas are generally characterized by diel fluctuations in seawater carbonate chemistry, 
mainly driven by metabolic activities of primary producers (Falkenberg et al. 2021). In 
particular, habitat-forming species, such as seagrass meadows and macroalgal forests, can 
generate marked daily fluctuations in pH, with increases up to a full unit during the day 
(Hendriks et al. 2014, Pacella et al. 2018, Pfister et al. 2019, Ricart et al. 2021). Hence, 
vegetated habitats may represent a climatic refugia for resident calcifying organisms, by either 
enhancing their adaptive capacity to fluctuating environment or temporally reducing exposure 
to low pH (Falkenberg et al. 2021). In addition, these habitat-forming species have been widely 
shown to benefit or, at least, to be unaffected by enhanced CO2 concentration predicted by the 
end of the century (Koch et al. 2013), having thus the ability to persist and continue to deliver 
benefits under future climate conditions (Bulleri et al. 2018b).  

The evaluation of the role of vegetated habitats as refugia under OA has generated contrasting 
results (Kapsenberg and Cyronak 2019). Available research shows that biogenic fluctuations 
of seawater chemistry could be beneficial to calcifiers if the benefit at daytime, when the 
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photosynthetic activity of macrophytes decreases CO2 concentration and increases pH, 
outweighs enhanced stress conditions during the night, driven by community respiration 
(Cornwall et al. 2013, Camp et al. 2016, Wahl et al. 2018b, Young et al. 2022). Therefore, it 
has been argued that vegetated habitats could mitigate the impacts of OA on stress-sensitive 
species if they sustain significant and prolonged higher pH conditions compared to surrounding 
areas (Krause-Jensen et al. 2016, Kapsenberg and Cyronak 2019). Although the idea of 
macrophytes acting as OA refugia has recently garnered considerable attention within the 
scientific community, little is known about the effects of biogenic pH fluctuations on the early 
development stages of calcifying organisms. A few recent studies on bivalve larvae still 
reported inconsistent outcome among species, with the majority of biological processes 
unresponsive to fluctuating seawater chemistry (Frieder et al. 2014, Clark and Gobler 2016, 
Kapsenberg et al. 2018). In these studies, however, pH change was chemically induced and, 
thus, it remains unclear how realistic, gradual fluctuations of seawater pH and carbonate 
chemistry imposed by biological processes could influence the early development stages of 
vulnerable species under future climates. 

Here, we performed a mesocosm study to assess whether the seagrass, Posidonia oceanica, 
through its metabolic activity, could mitigate the negative effects of OA on larval development 
and growth of the calcifying sea urchin, Paracentrotus lividus. Sea urchin larvae were exposed 
to ambient and low pH conditions, either in tanks with P. Oceanica plants or without plants. 
Early development stage and total body length were assessed on pluteus (72 h post-
fertilization) and echinopluteus (~3 weeks after fertilization) larvae, respectively, under different 
experimental conditions. Specifically, we hypothesized that i) plants of P. oceanica that are 
expected to be unaffected by OA (Hall-Spencer et al. 2008) would temporally increase 
seawater pH and shift its carbonate chemistry, through their photosynthetic activity (Hendriks 
et al. 2014), at both ambient and low pH conditions and ii) these biological fluctuations of 
carbonate system would decrease and increase the percentage of larval abnormal 
development and their total body length, respectively, under OA scenarios. 

2.3.2 Materials and methods 

2.3.2.1 Sea urchin and plant collection and preparation 
To test for temporal generality, the experiment was run twice over two spawning periods of the 
sea urchin, Paracentrotus lividus, in May and November 2021 (adults are mature from October 
to June). Unfortunately, for the second run, most of the larvae were lost before their 
development to echinopluteus phase due to issues during laboratory procedure and, thus, the 
total body length of echinoplutei was assessed only in the first run. Specimen of P. lividus were 
collected at depths of ~ 2-3 m south of Livorno (Antignano, Italy, 43°29′17.39″N, 
10°19′33.17″E), on 30th May and 17th November 2021. The urchins were rapidly transferred 
to the aquarium of Livorno and kept in a large holding tank with filtered seawater until the start 
of the experiment. 

Large rhizome fragments of Posidonia oceanica were sampled by divers from well-preserved 
meadows at a depth of ~ 5 m, located off the coast of Livorno (43° 28’ 45.005’’ N, 10° 17’ 
30.001’’ E), on 28th May and on 17th November 2021. Plant fragments, bearing a number of 
vertical shoots, were rapidly transported in coolers to the mesocosm facility located at the 
aquarium of Livorno. Plant fragments of similar size and shoot number were carefully selected 
and attached to the bottom of four plastic cages filled with small cobbles. Two cages were then 
randomly placed in two large (500 L) and independent tanks, filled with filtered fresh seawater 
from a nearby area. Two other independent tanks were filled with fresh seawater and 
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maintained without P. oceanica plants. Each tank was then assigned to each of the four 
combinations of pH (ambient vs. low pH) and P. oceanica plants (present vs. absent). Each 
tank with and without P. oceanica plants was illuminated by three (two Silvermoon Reef Blu 
895 and one Silvermoon Marine 895) and two (one Silvermoon Reef Blu 895 and one 
Silvermoon Marine 895) LED lamps, respectively, which allow the simulation of light diel 
fluctuation. Irradiance level was ~ 100 μmol photons m-2 s-1 both within the canopy and in 
tanks without plants. Seawater temperature was independently controlled in each tank by a 
chiller (Teco TK 500) and maintained at a constant temperature of ~ 19.5°C and ~ 17.5 °C for 
the first and second experimental runs, respectively, in line with temperatures recorded in the 
field at the time of plant collection. Plants were allowed to acclimatize to laboratory conditions 
for ~ ten days during both experiments. CO2 was bubbled into the sumps of tanks assigned to 
low pH, controlled by an automatic CO2 injection and pH-controlled feedback system. The low 
pH treatment simulated values expected by the end of the century under the RCP 8.5 scenario. 
During the first experimental run (June), pHNBS was monitored several times a day during the 
experiment, using a portable pH meter (Hach HQ2100). The average values (± SE) at ambient 
pH were 8.270 ± 0.003 and 8.17 ± 0.007 with or without P. oceanica plants, respectively. At 
low pH, the average values were 7.79 ± 0.008 and 7.75 ± 0.013 with or without P. oceanica 
plants, respectively (Fig. 30a). For the second experimental run (November), pHNBS was 
continuously monitored with HOBO data loggers along the course of the experiment. The 
average values (± SE) at ambient pH were 8.15 ± 0.001 and 8.08 ± 0.003 with or without P. 
oceanica plants, respectively. At low pH, the average values were 7.84 ± 0.001 and 7.61 ± 
0.002 with or without P. oceanica plants, respectively (Fig. 30b). For the first experimental run, 
salinity was measured weekly using a conductivity meter and total alkalinity samples were 
collected weekly from each aquarium and measured using an automated potentiometric 
titration with a Methrom 848 Titrino plus system and applying the Gran method. For the second 
experimental run, which lasted only four days, salinity was measured every two days and total 
alkalinity samples were collected once during the experiment. Carbonate system variables 
were then calculated from measured pH, total alkalinity, temperature and salinity values using 
the seacarb R package (Table 6). 
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Table 6 Carbonate chemistry variables (mean  SE) measured in each tank exposed to different experimental 
conditions (T1= Run1, T2= Run2; ApH = ambient pH, LpH = low pH; +P =with P. oceanica, -P = without P. oceanica). 
AT: total alkalinity; pH; Temp: temperature; Sal: salinity; pCO2: the partial pressure of CO2 in seawater; Ωcalc: the 
saturation state of seawater for calcite; Ωarag: the saturation state of seawater for aragonite; HCO3-: the 
bicarbonate ion concentration; CO32-: the carbonate ion concentration. 

Treatment AT 

(µmol kg-1) pH Temp (°C) Sal (PSU) pCO2 (µatm) 

T1, ApH, +P 2676 ± 7 8.30 ± 0.01 19.33 ± 0.09 36.7 ± 0.1 214 ± 5 
T1, LpH, +P 2742 ± 5 7.87± 0.01 19.48 ± 0.10 36.9 ± 0.1 729 ± 16 
T1, ApH, -P 2774 ± 5 8.17 ± 0.01 19.6 ± 0.12 36.7 ± 0.1 327 ± 7 
T1, LpH, -P 2847.5± 9 7.75 ± 0.01 19.42 ± 0.15 37 ± 0.1 1048 ± 36 

Treatment Ωcalc Ωarag 
HCO3

- (µmol 
kg-1) 

CO3
2- (µmol 

kg-1) 
 

T1, ApH, +P 8.16 ± 0.1 5.31 ± 0.06 1840 ± 10 346 ± 4  
T1, LpH, +P 3.91 ± 0.1 2.55 ± 0.04 2343 ± 8 166 ± 3  
T1, ApH, -P 6.86 ± 0.1 4.46 ± 0.05 2075 ± 12 290 ± 4  
T1, LpH, -P 3.17 ± 0.1 2.07 ± 0.10 2525 ± 11 134 ± 4  
Treatment AT 

(µmol kg-1) pH Temp (°C) Sal (PSU) pCO2 (µatm) 

T2, ApH, +P 2669 8.17 37 17.3 317.1 
T2, LpH, +P 2731.5 7.82 37 17.5 837.5 
T2, ApH, -P 2769.5 8.12 37 17.7 376.6 
T2, LpH, -P 2837 7.61 17.5 37 1478.4 
Treatment Ωcalc Ωarag 

HCO3
- (µmol 

kg-1) 
CO3

2- (µmol 
kg-1)  

T2, ApH, +P 6.2 4.0 2034.1 262.3  
T2, LpH, +P 3.3 2.1 2396.5 139.1  
T2, ApH, -P 6.0 3.9 2150.9 256.5  
T2, LpH, -P 2.2 1.4 2610.7 94.5  
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Figure 30 Time series of (A) daily seawater pH values for different combinations of pH (ambient and low) and 
Posidonia oceanica (+P and -P), measured during the first run (June 2021), and (B) hourly seawater pH for different 
combinations of pH (ambient and low) and Posidonia oceanica (+P and -P), measured during the first run (June 
2021), and (B) hourly seawater pH for different combinations of pH (ambient and low) and Posidonia oceanica (+P 
and -P), measured during the second experimental run (November 2021). pH measurements were obtained by 
using three high-resolution HOBO data loggers, two of which were deployed in the two tanks exposed to low pH 
treatments (solid lines) throughout the experiment, while the third sensor was alternated between tanks with and 
without P. oceanica plants maintained at ambient pH (dotted lines). 

2.3.2.2 Spawning and fertilization procedure 
Spawning in adults of P. lividus was induced within five days of collection by injecting 0.5 mL 
of 0.5 M KCL. Eggs were collected into beakers of 100 mL with filtered seawater. Sperms were 
collected and stored in 1.5 mL Eppendorf tubes and conserved at 4°C. Gametes were visually 
checked for quality in term of sperm motility and egg shape and colour. Spawned eggs were 
washed with filtered seawater, pooled into a 1L beaker and, then, inseminated by using a final 
sperm concentration of 105 sperm Lm-1. 

To assess the effects of experimental treatments on the abnormal development of pluteus 
larvae, embryos were transferred into 50 mL modified falcon tubes and either suspended within 
P. Oceanica canopies or maintained at the same height in tanks without plants, for 72 hours 
(Fig. 31). The falcon tubes were closed with 0.45 μm mesh caps to restrict loss of embryos but 
allowing maximum water exchange. Six falcon tubes were randomly allocated to each tank. 
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Figure 31 Larvae into falcon tubes either suspended within P. oceanica canopies or maintained at the same height 
in the tanks without plants. 

At the end of the experiment (72 h), tubes were retrieved from the tanks and transported to the 
laboratory. Larvae were filtered out of the tubes, transferred to 1.5 mL Eppendorf tubes and 
fixed with 4% buffered paraformaldehyde for later measurements. After 24 h, larvae were 
transferred into petri dishes and observed in an inverted optical microscope. One hundred 
larvae were counted for each replicate tube and developmental abnormalities recorded. In 
particular, larvae at pluteus stage, pyramid-shaped and with fully developed arms were 
considered normal, while abnormal development at the stages of blastula, gastrula or plutei 
were considered malformed larvae (Fig. 32 a, b). 

To evaluate the effects of experimental treatments on the total body length of echinoplutei, 
embryos were kept in 3L aquaria with filtered seawater and maintained at a constant 
temperature of ~ 18°C for ~ 3 weeks. During this period, seawater was changed every 2 – 3 
days and larvae were fed with microalgae twice a week. After 20 days, larvae were transferred 
into 24 falcon tubes and randomly allocated to the four experimental tanks (6 falcon tubes for 
each tank), as described above. Larvae were maintained under different experimental 
conditions for ten days. At the end of the experiment, tubes were retrieved from the tanks, 
transported to the laboratory and fixed in paraformaldehyde as described above. All larvae 
were photographed using a Leica DMi1 microscope fitted with an MC120-HD digital camera. 
The total arm length of larvae was then measured using the free software Image J (Fig. 32 c).  
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Figure 32 Examples of (A) a normal larva with fully developed arms and (B) a malformed larva at pluteus stage 
after 72 h development in experimental tubes; (C) total body length of an echinopluteus larva measured as the total 
length of apical end plus post oral arms. 

2.3.2.3 Statistical analyses 
For the percentage of abnormal development of pluteus larvae, the effects of pH, P. oceanica 
plants and time were analysed using a generalized linear mixed model (GLMM), assuming a 
gaussian distribution. The factor pH (ambient vs. low) and P. oceanica (+P vs. -P) were 
included in the fixed part of the model as predictor variables. In addition, the factor 
experimental run (run1 vs. run2) was added in the fixed part of the model to test for the 
temporal consistency of experimental runs. The factor tank was added in the random part of 
the model to take into account that replicated tubes were grouped within each tank. The total 
body length of echinopluteus larvae was analysed using a GLMM, including pH and P. 
oceanica as fixed factors and tank as a random effect. The GLMMs were run using glmmTMB 
R package. Post-hoc comparisons were performed with R function emmeans for the significant 
interaction terms. Model assumptions were checked using the R package DHARMa. 

2.3.3 Results 

2.3.3.1 Larval development and growth under experimental conditions 
There was a significant interaction between pH and P. oceanica on the percentage of abnormal 
development of pluteus larvae, regardless of time (Table 7, Fig. 33). At low pH, larvae growing 
within P. oceanica canopies displayed a significant reduction in the percentage of abnormal 
development compared to those growing without plants while, at ambient pH, there were no 
differences in the percentage of abnormal larvae between P. oceanica treatments (Fig. 33). 

Table 7 Results of Generalized Linear Mixed Models (GLMMs) used to assess the effects of pH (ambient = ApH, 
low = LpH), P. oceanica (+P, -P) and Time (Run1, Run2) on the percentage of abnormal larval development. 
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Coefficients and standard errors (SE) for pH, P. oceanica and time are reported for the fixed effects, while estimates 
of variance (2) and standard deviation (SD) per tank are reported for the random effects. *P < 0.05, **P < 0.01, 
***P < 0.001. 

Effect Abnormal 
development 

Fixed effects Estimate (SE) 
Intercept 56.66 (3.03)*** 
+P -4.99 (4.29) 
LpH 24.83 (4.28)*** 
Run2 -11.99 (4.29)** 
+P x LpH -12.66 (6.06)* 
+P x Run2 4.33 (6.06) 
LpH x Run2 2.99 (6.06) 
+P x LpH x Run2 -0.66 (8.57) 
Random effects σ2 (SD) 
Tank 4.7e-08 (0.0002) 
Residual 5.5e+01 (7.4) 
 Post-hoc contrasts 

(Yes x Run2) 
ApH: +P = -P 

LpH: +P < -P*** 
 

 

 

Figure 33 Percentage of abnormal development of pluteus larvae (mean ± SE) growing with or without P. oceanica 
plants under ambient and low pH conditions, for both experimental runs. 

There was also a significant interaction between pH and P. oceanica on the total body length 
of echinopluteus larvae (Table 8, Fig. 34). At low pH, the total body length of larvae growing 
within P. oceanica plants was significant higher compared to those maintained without plants 
while, at ambient pH, there were no differences in the larval body length between P. oceanica 
treatments (Table 8, Fig. 34). 



 
 
 
Deliverable 3.1 - Report on Assessment of key species and community performance and functions in the 
face of global change 
 

Page 61 of 151 

Table 8 Results of Generalized Linear Mixed Models (GLMMs) used to assess the effects of pH (ambient = ApH, 
low = LpH) and P. oceanica (+P, -P) on the total body length of echinopluteus larvae. Coefficients and standard 
errors (SE) for pH and P. Oceanica are reported for the fixed effects, while estimates of variance (±2) and standard 
deviation (SD) per tank are reported for the random effects. *P < 0.05, **P < 0.01, ***P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34 Total 
body length 
(mean ± SE) of 
echinopluteus 
larvae growing 
with or without P. 
oceanica plants 
under ambient 
and low pH 
conditions, for 
the first 
experimental run. 

 

2.3.4 Discussion 
Posidonia oceanica, by altering seawater chemistry through their photosynthetic activity, 
mitigated the negative impacts of ocean acidification on the larval development and total body 
length of the sea urchin, Paracentrotus lividus. At low pH, larvae growing within P. oceanica 
canopies displayed a significant decrease and increase in the percentage of abnormal 
development of plutei and in the total body length of echinoplutei, respectively, compared to 
those developing without plants.  

Ocean acidification has been widely shown to adversely affect different life-cycle stages of sea 
urchins (Byrne et al. 2013, Lamare et al. 2016, Byrne and Hernández 2020), by altering 
physiological processes due to hypercapnia and impairing calcification (Byrne & Hernández, 
2020). In particular, planktonic urchin larvae seem to be the most vulnerable to OA (Byrne et 
al., 2013; Lamare et al., 2016), thereby representing a key life-history stage in determining 

Effect Total body length 
Fixed effects Estimate (SE) 
Intercetta 92.5 (3.9)*** 
+P 2.7 (5.6) 
LpH -29.7 (5.6)*** 
+P x LpH 33.3 (7.9)*** 
Random effects σ2 (SD) 
Tank 6.1e-08 (0.0002) 
Residual 8e+01 (8.932) 
 Post-hoc contrasts 
 (Yes x LpH) 
 ApH: +P = -P 
 LpH: +P > -P 
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future population dynamics and distributions. In our study, larvae growing at low pH without 
plants displayed a significant increase in the percentage of malformed larvae during the first 
three days of development, as well as a decrease in the total body length of echinoplutei during 
the final development stage before to settle (~ three weeks). Our results are in line with 
previous studies, with reduced size and altered body morphology at low pH reported for a wide 
range of sea urchin larvae under controlled laboratory conditions (reviewed by Byrne et al., 
2013; Byrne & Hernández, 2020). Stunted larvae growing at low pH have been suggested to 
depend on energetic constraints associated to impaired digestion, alteration of metabolism and 
disruption of extracellular acid-base regulation as well as reduced availability of seawater 
carbonate minerals under OA scenario (Byrne et al., 2013; Byrne & Hernández, 2020). Since 
arm length and larval skeleton are positively correlated to feeding success and swimming 
ability of larvae (Byrne & Hernández, 2020), the negative impacts of OA on larval size and 
body morphology will lower their performance, likely compromising success of the pelagic life 
stage under future conditions. 

The effects of OA on stress-sensitive species can be, however, influenced by local 
environmental conditions upon which climate change manifests (Kapsenberg et al. 2018, 
Kapsenberg and Cyronak 2019). Recent studies have shown that calcifying organisms (mainly 
sea urchins), inhabiting fluctuating pH environments, such as upwelling regions, tidal pools 
and CO2 vents, enhanced their physiological tolerance to OA across different life stages, as a 
result of phenotypic plasticity and/or parental acclimation (Kapsenberg and Cyronak 2019, 
Byrne et al. 2020, Karelitz et al. 2020). Therefore, exposure to seawater chemistry variability 
has the potential to modulate calcifiers sensitivity to OA and enhance their adaptive capacity 
(Kapsenberg & Cyronak, 2019). In many coastal areas, vegetated habitats, such as seagrass 
meadows and macroalgal forests, can modify the intensity of OA exposure for resident 
calcifying organisms, through their metabolic activities (i.e., photosynthesis and respiration), 
which can remove and add seawater CO2 concentrations (Falkenberg et al. 2021, Ricart et al. 
2021). For example, the photosynthetic activity of seagrasses, including P. oceanica, has been 
reported to increase pH levels across different spatial and temporal scales compared to non-
vegetated habitats (Hendriks et al. 2014, Pacella et al. 2018, Ricart et al. 2021). This change 
in seawater chemistry could act as OA refugia for stress-sensitive species, by temporally 
reducing exposure to harmful conditions, although this benefit may vary with seasons, 
hydrodynamic conditions and macrophyte density and biomass (Krause-Jensen et al. 2016, 
Falkenberg et al. 2021). 

To date, the biological effects of pH variability on calcifying marine invertebrates remain 
somewhat elusive, with non-generalizable responses among taxa and life stages (Kapsenberg 
& Cyronak, 2019). For example, macrophyte-driven biogenic pH fluctuations have been shown 
to increase calcification of adult mussels under OA scenario, by shifting most of their 
calcification activity during daylight hours of high pH (Wahl et al. 2018a). In contrast, 
experiments on larvae of different bivalve species found that pH fluctuating of ~ 0.3 units 
around ambient and low pH conditions did not mitigate the negative impacts of reduced pH on 
larval development and survival (Frieder et al. 2014, Kapsenberg et al. 2018). Therefore, it has 
been argued that biogenic pH fluctuations could potentially act as OA refugia for stress-
sensitive species if high pH values can be maintained for a period of biological significance 
compared to unvegetated areas (Krause-Jensen et al., 2016; Kapsenberg & Cyronak, 2019). 

Here, in line with our hypotheses, we found that P. oceanica plants increased pH values and 
the carbonate saturation state at both ambient and low pH treatments compared to tanks 
without plants. These changes in seawater chemistry likely provided a temporal refugia for sea 
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urchin larvae exposed to low pH, as the percentage of larval abnormal development and their 
total body length significantly decreased and increased, respectively, in tanks with P. oceanica 
compared to those without plants. In particular, the abnormal development of plutei and the 
total body length of echinoplutei growing at low pH within P. oceanica plants were comparable 
to those recorded at ambient pH. To the best of our knowledge, this is the first study 
experimentally investigated the biological impacts on seawater chemistry fluctuations on 
different development stages of sea urchin larvae. The contrasting results between our work 
and those found in previous experiment with bivalve larvae could be due to variations in OA 
sensitivity among early life stages of calcifying taxa. Alternatively, it could be the result of the 
different methods used to manipulate pH fluctuations as, in the aforementioned studies, pH 
changes were chemically (not biologically) induced (Frieder et al., 2014; Kapsenberg et al., 
2018) and may not be comparable to fluctuations of pH and associated carbonate chemistry 
imposed by biological processes. 

The role of vegetated habitats, such as seagrass meadows and macroalgal forests, in rescuing 
stress-sensitive species from increasingly adverse conditions due to climate change has 
recently garnered considerable attention to identify potential climate refugia and devised 
sounded mitigation strategies, such as restoration or conservation plans (Bulleri et al. 2018b, 
Kapsenberg and Cyronak 2019, Falkenberg et al. 2021). Here, we show that the presence of 
P. oceanica plants, by raising pH and associated carbonate saturation state through their 
metabolic activity, can buffer the negative effects of OA on the calcifying larvae of the sea 
urchin, P. lividus. Thus, the results of our study add to recent evidence that macrophyte-driven 
substantial biogenic fluctuations can be managed as nature-based solution against climate-
driven loss of biodiversity under future climates (Wahl et al., 2018; Falkenberg et al., 2021).  

Importantly, a benefactor species should be able to withstand adverse future conditions, 
without major changes in structural traits, such as morphology or density, that could undermine 
its ability to rescue other species (Bulleri et al., 2018). P. oceanica, like other macrophytes, is 
predicted to benefit, or to be unaffected by chemical changes in seawater driven by enhanced 
CO2 concentrations, having thus the ability to persist and deliver benefits to associated 
organisms under future OA scenario.  
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2.4 Greece: seagrasses and macroalgal meadows, soft/rocky 
bottom (SL#27) 

2.4.1 Introduction 
The Northern Karpathos and Saria MPA is located in the Dodecanese islands (Greece), 
Eastern Mediterranean Sea, and covers an area of about 154 km2. Saria is a small island 
separated from Karpathos by a narrow sea strait less than 100 m wide. The MPA is included 
in the list of Natura2000 sites (GR4210003) and hosts a rich biodiversity and many endemic 
species (flora and fauna, including birds). Populations of several charismatic marine species 
such as the Mediterranean monk seal (Monachus monachus), the dolphin Tursiops truncates 
and the marine turtles Caretta caretta and Chelonia mydas are present in the MPA. Tristomo 
Bay is an enclosed highly productive fishing area in the MPA with extensive Posidonia 
oceanica and Cymodocea nodosa meadows surrounded by hard substrate. The bay hosts 
thriving populations of the bivalves Arca noae and Pinna nobilis. The number of non-native 
species, such as Caulerpa taxifolia and Halophila stipulacea, are increasing in the area; 
however, P. oceanica has been proven so far, a good competitor maintaining the ecosystem 
balance. 

These habitats provide a range of services, such as: a) provisioning services (i.e. dead leaves 
can be used in industry and agriculture); b) regulation and maintaining services (i.e. seawater 
is purified by filtration, the leaves reduce water turbidity, offer shelter and nursing habitat, 
protect the seabed from erosion and support nutrient cycling and oxygenation; and c) cultural 
services (preservation of the underwater cultural heritage, diving tourism, marine 
environmental education). 

The area has a significant archaeological value due to the 7th-10th century AC settlements 
that are present, while the Ephorate of Underwater Antiquities performs field research as there 
are remains which are yet to be studied. The Management Agency of Dodecanese Protected 
Areas (formerly Management Agency of Karpathos-Saria) was established in 2002, and its 
primary objective is the management, protection and conservation of the species and habitats 
of the MPA. 

Climate change may impact in different ways the seagrass meadows and the associated 
benthic assemblages. Firstly, the region is relatively close to the Suez Canal, which is the main 
point of entrance for invasive alien species (IAS) in the Mediterranean (Corsini-Foka et al. 
2015). Thus, the islands of Karpathos and Saria are characterized by the high prevalence of 
marine IAS, which form dense populations. Examples of such IAS are the seaweed Halophila 
stipulacea, the lionfish (Pterois miles) and the invasive long-spined sea urchin (Diadema 
setosum). H. stipulacea does not seem to compete with P. oceanica since the two species are 
ecologically very different; however, the temperature increase poses a potential threat at the 
naturally occurring meadows of P. oceanica which, in turn, could be substituted by H. 
stipulacea, one of the “100 Worst Invasive Alien Species in the Mediterranean” (Lowe et al. 
2000). Despite the capability of P. oceanica plants to acclimate to temperature changes, it has 
been predicted that even under a relatively mild greenhouse-gas emissions scenario, this 
species might face functional extinction by the middle of this century (Winters et al. 2020). In 
addition, changes in the sea currents imposed by climate change may impact the gene flow 
and connectivity of the P. oceanica meadows with other meadows in the Eastern 
Mediterranean, since population connectivity is strongly influenced by environmental factors 
such as oceanic currents, depth profiles, changing water flows and gyres (McMahon et al. 
2018). 



 
 
 
Deliverable 3.1 - Report on Assessment of key species and community performance and functions in the 
face of global change 
 

Page 65 of 151 

Furthermore, Tristomo gulf is a naturally occurring semi-enclosed gulf in the region, protected 
from wave action that may act as a climate refugium in terms of warming for several species; 
it is considered as the most important marine site in Karpathos (Adamantopoulou et al. 2000). 
There is also very limited anthropogenic activity in Tristomo gulf, therefore it can act as a 
hotspot for preservation and conservation of several marine species, from schools of fish to 
the critically endangered noble pen shell (Pinna nobilis) and the Noah's Ark shell (Arca noae).  

The present experiment aims to compare the community structure and functionality a) between 
hard bottom communities and soft bottom macrophyte communities and b) between native and 
invasive macrophyte soft bottom communities. The vegetated hard bottom communities 
included only turf (no macroalgae were present), while the unvegetated hard bottom 
communities were completely bare due to overgrazing. The macrophyte soft bottom 
communities included the native Cymodocea nodosa and the invasive Halophila stipulacea 
seagrasses. Macrophyte meadows have a strong potential as carbon sinks (Marx et al. 2021), 
therefore we assessed community productivity and carbon turnover between communities 
dominated by native versus invasive species.  

2.4.2 Methods 
During the present study, field in situ incubation experiments were performed in the area of 
Mononaftis in northern Crete. This site was selected as a more convenient option for 
performing the experiments and it has the same environmental characteristics with the 
storyline area. Four different benthic habitats were selected (Fig. 35): 1) one soft vegetated 
with the invasive macrophyte Halophila stipulacea, 2) one soft vegetated with the native 
macrophyte Cymodocea nodosa,3) one with vegetated (turf) hard substrate and 4) one with 
non-vegetated (barren) hard substrate. Three replicates per habitat were performed.  

Incubation chambers were constructed as shown in Figure 35 using a plastic bag of known 
volume that was attached on a piece of plastic pipe on the bottom. The chamber was fixed on 
the substrate using either a fast-drying epoxy filler for underwater application (hard substrate) 
or a belt with diving weights attached (soft bottom). The incubation bag was equipped with an 
oxygen and a lux logger attached to a fishing float that also helped maintaining the upper 
position of the plastic bag. The bag had also a tube for collecting water samples during the 
experiment (Fig. 36A).  

The incubation chambers were initially covered with a black bag for about two hours to simulate 
the dark conditions (respiration only) and then uncovered and left during two additional hours 
simulating the light phase (Fig. 37). Water samples were collected at the beginning of the 
experiment, after the dark phase and after the light phase. The water samples were used to 
estimate nutrients (PO4, NH4, NO3, NO2, SiO2), Particulate Organic Carbon (POC), Total 
Inorganic Carbon (TIC) and Total Organic Carbon (TOC). In addition, pH, salinity and alkalinity 
were measured in the water samples. Oxygen, temperature and light intensity (lux) were 
continuously monitored using the loggers. After the end of the experiment macrophytes within 
the soft substrate incubation chambers were collected in order to estimate their biomass as 
wet, dry (70°C for 8 hours) and ash (500°C for 4 hours) weight. Turf biomass was not estimated 
since it was not dense enough to be collected from the hard substrate surface. In addition, 
macrobenthos samples were collected from the experimental chambers (Fig. 37) using a 
manually operated suction sampler (MANOSS) (Chatzigeorgiou et al, 2013) for the vegetated 
hard substrate and plastic corers for the soft substrate, and their abundance and biomass (wet 
weight) were recorded per taxonomic category.  
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After the end of the experiment 5ml of a KH2PO4 solution of known concentration (0.25M) were 
added in the incubation bag and carefully mixed (Apostolaki et al., 2010). Then a sample of 
500 ml was collected and the final PO4 concentration was estimated in order to estimate the 
total volume of water into the incubation bag. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35  The 
different habitats 
used for the 
incubation 
experiments. A) 
hard substrate 
vegetated (turf), B) 
hard substrate non-
vegetated, C) soft 
substrate 
Cymodocea nodosa 
and D) soft 
substrate Halophila 
stipulacea. 

Figure 36 Field 
incubation 
experiments A) 
hard substrate, B) 
soft substrate, C) 
dark phase, D) light 
phase. 
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2.4.3 Results 
 

The concentration of phosphates (PO4) and nitrates (NO3) is higher in the seawater 
surrounding both the vegetated and non-vegetated hard bottom habitats in comparison to soft 
bottom macrophyte habitats (Fig. 38). More specifically, nitrates in vegetated hard substrates 
are significantly higher during the whole experiment (zero, dark, light) than all the other habitats 
(ANOVA - zero: F=4.18, p=0.047; dark F=8.36, p=0.008; light F=18.57, p=0.001). Ammonium 
(NH4) is lower in the soft Cymodocea habitat in comparison to all other habitats, while 
vegetated hard substrates have significantly higher NH4 concentration (Anova F=7.97, 
p=0.009). Seawater from soft bottom substrates with macrophytes is in general poor in 
nutrients, although the invasive Halophila stipulacea has higher concentration of nitrates (NO3) 
and ammonium (NH4) in comparison to the native Cymodocea nodosa. The soft substrate 
macrophytes habitats have constant concentrations in nutrients during the dark and light phase 
of the experiment (ANOVA p>0.05). Phosphates (PO4) in the hard substrate habitats,  
especially in vegetated ones - are gradually reduced during the experiments during both the 
dark and the light phases of the experiment, although differences are not statistically significant 
(ANOVA F=2.18, p=0.194). 

Figure 37 A) collection of water samples, B) collection of macrobenthos samples from 
hard substrate using the MANOSS suction device, C) collection of macrobenthos samples 
from soft substrate using corers. 
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Figure 38 Concentration of nutrients (μΜ) PO4, NH4, NO3, NO2, SiO2 in seawater samples collected during the 
beginning of the experiment (zero), after the dark phase (dark) and after the light phase (light) in the A) non-
vegetated hard substrate, B) vegetated hard substrate, C) soft substrate Cymodocea nodosa and D) soft substrate 
Halophila stipulacea. Error bars represent standard deviation. 

 

 

In hard substrates, both vegetated and not, as well as in the native C. nodosa areas, the 
inorganic carbon is considerably higher and constitutes the most significant proportion of the 
total carbon in seawater (Fig. 39). On the contrary, in the invasive H. stipulacea soft substrates 
the total organic carbon (and therefore the total carbon as well) is significantly higher (almost 

Figure 39 Concentration of carbon as Particulate Organic Carbon (POC), Total Carbon (TC), Inorganic 
Carbon (IC) and Total Organic Carbon (TOC) in seawater samples collected during the beginning of 
the experiment (zero), after the dark phase (dark) and after the light phase (light) in the A) non-
vegetated hard substrate, B) vegetated hard substrate, C) soft substrate Cymodocea nodosa and D) 
soft substrate Halophila stipulacea. 
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5 times) than all the other substrates and remains like that during both the dark and light phases 
(ANOVA zero: F=59.64, p<0.001; dark F=59.10, p<0.001; light F=176.87, P<0.001). 

Oxygen concentration remains constant (reduction rate = 0 mg/l) during the dark phase in non-
vegetated and vegetated hard substrate habitats (ANOVA F=2.46, p=0.137). On the contrary, 
in soft substrates with C. nodosa, oxygen is slightly reduced during the dark phase (reduction 
rate = 0.001 mg/l), and this is more intense (reduction rate = 0.002 mg/l) in the H. stipulacea 
chambers (Fig. 40). During the light phase, oxygen is increased for all habitats. Non-vegetated 
and vegetated hard substrate habitats have a lower rate (increase rate = 0.002 mg/l) and are 
similar between them, in comparison to macrophyte soft substrate habitats. The rate of oxygen 
increase in C. nodosa is double than the hard substrates (increase rate = 0.004 mg/l). H. 
stipulacea has an even higher increase rate (increase rate = 0.005 mg/l), which is significantly 
different from all other habitats (Anova F=9.60, p=0.005).  

  

Community net primary production (NPPO2) based on oxygen fluxes (Fig. 41) is significantly 
higher in both macrophyte communities in comparison to hard substrate communities 
(ANOVA: F=15.80, p<0.001) as it was also confirmed by the Tukey’s pairwise comparisons. 
The hard substrate habitats have similar NPPO2 between them, as is also the case for the two 
soft substrate habitats. Community respiration (CRO2) is significantly higher in the H. stipulacea 
macrophyte communities in comparison to both hard substrate communities (ANOVA: F=7.61, 
p=0.010) as it was also confirmed by the Tukey’s pairwise comparisons. Gross primary 
production (GPPO2) is higher for both macrophyte communities in comparison to hard substrate 
habitats; however, differences were not statistically significant (ANOVA, F= 3.59, p=0.066).  

 
Figure 41 Community metabolic rates in the four habitats (soft substrate Cymodocea nodosa, soft substrate 
Halophila stipulacea, non-vegetated hard substrate and vegetated hard substrate indicated by A) community net 

Figure 40 Oxygen reduction rate (dark) or production rate (light) as monitored during the in-situ experiment in the 
four habitats (non-vegetated hard substrate, vegetated hard substrate, soft substrate Cymodocea nodosa and soft 
substrate Halophila stipulacea). 
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primary production (NPPO2) and community respiration (CRO2) and B) gross primary production (GPPO2) based 
on oxygen fluxes estimated during in situ incubations. Error bars correspond to standard deviation (SD). 

Community fluxes based on DIC showed high variability and therefore differences although 
visible were not statistically significant. Community net primary production based on the DIC 
flux (NPPDIC) (Fig. 42) was higher in the hard-non-vegetated substrate (with positive values), 
however differences with other habitats were not significant (ANOVA F= 0.73, p=0.562). 
NPPDIC values obtained in both macrophyte habitats were negative, indicating a reduction in 
DIC concentration and prevalence of production over respiration in those autotrophic 
communities. By contrast, community respiration based on the DIC flux (CRDIC) was higher in 
the soft substrate Halophila habitat, however differences were as well not statistically 
significant (ANOVA F= 1,00, p= 0,440).  

Macrophyte (seagrass) biomass 
(Fig. 43 A) was found at similar 
levels between the two species, for 
wet weight (ANOVA F=0.08, p= 
0.787), dry weight (ANOVA 
F=0.90, p= 0.396) and ash weight 
(ANOVA F=4.31, p= 0.107). H. 
stipulacea had a slightly lower wet 
weight and a higher ash weight in 
comparison to C. nodosa, however 
differences were not significant.  

 

 

The abundance and the biomass 
of the macrobenthic communities 
were clearly lower in the hard 
vegetated substrate (Fig. 43 B), however due to the increased variability between the replicates 

of the soft substrate differences were not significant (ANOVA F= 1.27, p=0,346). Only 6 out of 
the 14 taxonomic groups were present in hard bottoms with Polychaeta being the most 
abundant group (Fig. 44 A). The non-native H. stipulacea hosts higher abundances and higher 
biomass(Fig 44 B) of macrofauna in most taxonomic categories. Only Gastropoda are more 
abundant in the native C. nodosa communities.  

Figure 43 A) Macrophyte biomass for Cymodocea nodosa and Halophila stipulacea inside the incubation chambers as wet, 
dry and ash (weight). B) Total fauna biomass (wet weigh, g) for soft Halophila stipulacea, soft Cymodocea nodosa and hard 
vegetated substrates inside the incubation chambers. 

Figure 42 Community metabolic rates in the four habitats (soft substrate 
Cymodocea nodosa, soft substrate Halophila stipulacea, non-vegetated 
hard substrate and vegetated hard substrate indicated by community net 
primary production (NPPDIC) and community respiration (CRDIC) 
based on inorganic carbon fluxes estimated during in situ incubations. 
Error bars correspond to standard deviation (SD). 



 
 
 
Deliverable 3.1 - Report on Assessment of key species and community performance and functions in the 
face of global change 
 

Page 71 of 151 

 

 

2.4.4 Discussion  
Seagrass habitats, such as the ones examined in the present study, are characterised as some 
of the most important ecosystems in the biosphere by supporting fisheries production, 
mitigating CC and improving water quality (Boutahar et al. 2022). However, seagrass 
meadows are currently at risk due to human disturbances and CC. Cymodocea meadows such 
as the ones that present in our Storyline area have high productivity and are rich in biodiversity. 
They form important nursery grounds for several species of fish (Verdiell-Cubedo et al. 2007) 
and they are hosting ample invertebrate species such as polychaetes, amphipods, isopods, 
decapods and molluscs (Brito et al. 2005). However, Cymodocea nodosa is usually threatened 
by mechanical disturbance such as trawling, pollution, competition with other seagrass species 
and alien species invasions (Short et al. 2010, Boutahar et al. 2022). Therefore, the aim of this 
study was to examine the productivity and functioning of a native species meadow (C. nodosa) 
in comparison to an alien macrophyte species meadows (Halophila stipulacea), as well as in 
comparison to hard substrate habitats which are characterised by a reduced or complete 
absence of vegetation in this particular region.  

A 

B 

Figure 44 A) Abundance and B) biomass (wet weight, g) of the macrobenthic communities inside the 
incubation chambers of the vegetated hard substrate, the Cymodocea nodosa and the Halophila stipulacea 
soft substrate experiments. 
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Habitats of soft substrates with seagrass appeared to be less rich in seawater nutrients when 
compared to hard substrates with restricted or no vegetation. This is probably due to the fact 
that one of the most important functions of marine macrophytes is the absorption of nutrients 
including phosphorus and nitrogen from seawater, either by direct uptake or though the 
symbiotic bacteria found on their roots (Brix 1997). Similarly, community net primary production 
and gross primary production were higher in both macrophyte communities in comparison to 
hard substrate communities, while Halophila stipulacea had higher community respiration 
(based either on O2 or DIC fluxes) than all habitats. In addition, the non-native H. stipulacea 
hosted the highest abundances and biomass of macrofauna in most taxonomic categories. As 
Winters et al (2020) indicated in their review, Polychaeta, Amphipoda and Decapoda are 
among the most abundant groups in H. stipulacea meadows, and this is in accordance with 
our findings during the present study.  

The work in this Storyline found that hard substrates, both vegetated and non-vegetated, as 
well as the native C. nodosa areas, were richer in inorganic carbon, while the invasive H. 
stipulacea soft substrates had a significantly higher organic carbon content. This is in 
agreement with what Apostolaki et al. (2019) had indicated regarding the considerable storing 
capacity of carbon and nitrogen of the exotic H. stipulacea that reaches a 2-fold higher C stock 
than non-vegetated areas and C. nodosa meadows. Therefore, the introduction of H. 
stipulacea in native ecosystems may actually contribute in the increase of carbon 
sequestration in the Eastern Mediterranean (Apostolaki et al. 2019). 

Oxygen reduction and oxygen increase rates are the highest for H. stipulacea in comparison 
to the native species meadows. Bare and low vegetation sites were even less productive 
regarding oxygen during their photosynthetic period. There is recent evidence that the invasive 
H. stipulacea populations are able to shift their thermal niche, suggesting a rapid adaptation 
towards the lower thermal regimes in the Eastern Mediterranean (Wesselmann et al. 2020). H. 
stipulacea seems to have the capacity to cope with colder thermal conditions by displacing its 
thermal niche downwards, instead of just broadening its amplitude, which is already 
exceptionally broad (Wesselmann et al. 2020). A recent study indicated that under the most 
severe climate change scenario the meadows of C. nodosa could be reduced by 20 - 46%, 
while H. stipulacea seems well adapted under these climate change scenarios in the future 
Mediterranean Sea (Chefaoui et al. 2018). Therefore, climate change might result in a 
significant change regarding the composition of macrophyte communities that thrive in the 
Mediterranean Sea and specifically in the area of Storyline #27.  
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2.5 Spain: macroalgae forest restoration (SL29) 

2.5.1 Introduction 
Marine macrophytes, including seaweeds and seagrasses, are the main drivers of primary 
production in coastal regions (Mann 1973). Specifically, large brown seaweeds have the ability 
to form dense stands over large areas, creating what is commonly known as marine forests 
(Wernberg and Filbee-dexter 2019). These forests underpin entire ecosystems by generating 
large amounts of oxygen and accumulating organic matter via photosynthesis (Pessarrodona 
et al. 2022). These marine forests also provide habitat and shelter for numerous organisms 
(Cheminée et al. 2013, Teagle et al. 2017) and are particularly important for human societies, 
delivering a wealth of ecosystem functions and services (Eger et al. 2023). 

Despite this recognition, human impacts have driven widespread changes and losses of 
marine forests (Krumhansl et al. 2016). A common consequence of impacts is the replacement 
of highly complex and structured marine forests for small, mat-forming algae (Vergés et al. 
2014b). These shifts can cause alterations in some ecosystem functions and processes as, for 
example, modifications in food webs and energy flows (Vergés et al. 2019) (Vergés et al., 
2019) or changes in biodiversity and primary production (Rocha et al. 2015). Several studies 
have demonstrated that several years are needed for the recovery of some marine ecosystems 
(Jones and Schmitz 2009) and, in numerous cases, they cannot recover even after the removal 
of the initial impact. To that end, active restoration actions appear should be considered as a 
good tool capable to reverse the loss and degradation of ecosystems (Suding et al. 2015).  

In terrestrial environments, besides the vegetation structure and species diversity, restoration 
efforts also aim for the rehabilitation of functions and services, to ensure that the ecosystems 
deliver again the benefits and services they previously provided or have the potential to provide 
(Suding et al. 2015). Therefore, from the perspective of ecological restoration we are interested 
to assess the restorations of functions in restored communities, by measuring the metabolism 
of a complete restored community compared to degraded areas and more intact/healthy ones. 
In this study, we aimed to determine the recovery of ecosystem processes such as primary 
production and respiration after the restoration of a marine forest. We evaluated the community 
metabolism of a restored forest using in situ benthic incubations, in spring and autumn. We 
compared the restored forest results with a degraded site and a healthy forest (used as a 
reference site). Estimations of metabolic rates were based on both oxygen and carbon fluxes. 
With all this information, we seek to understand to what extent active marine restorations are 
able to recover parts of the ecosystem functions and services.  

2.5.2 Materials and methods 
1. Study site  

We focused our study on a restoration action that took place in 2011 in the Bay of Maó 
(Menorca, NW Mediterranean Sea), where the reintroduction of a structural and foundation 
species (Gongolaria barbata) led first to the recovery of the population (Verdura et al. 2018, 
Gran et al. 2022) and later to the recovery of the associated macroalgal community and the 
overall functionality (Galobart et al. 2023). We compared the metabolism (i.e. primary 
production and respiration) of the restored forest (39° 52' 47.65'' N, 4° 18' 28.46'' E) with a 
healthy and mature G. barbata forest located ca. 50 km north (40° 2' 4.46'' N, 4° 8' 14.03'' E), 
which represents one of the only two remaining populations of G. barbata in the island and 
was the donor population of the restoration. We also studied the metabolism of a degraded 



 
 
 
Deliverable 3.1 - Report on Assessment of key species and community performance and functions in the 
face of global change 
 

Page 74 of 151 

site located nearby the restored forest (39° 52' 43.78'' N, 4° 18' 33.56'' E), but without the 
presence of the structural or any other canopy forming species.  

Benthic incubations were replicated in two seasons, spring and autumn (April 2022 and 
October 2021; respectively). At each season, we conducted the incubations during three 
consecutive days in a calm and constant weather window that ensured consistent 
environmental conditions. We measured every day the in-situ water temperature, salinity, 
above surface irradiance, pH and dissolved oxygen prior to the incubations to account for any 
sudden change in water and atmosphere conditions that may influence the incubation 
outcomes.  

2. Field setup 

The field setup was followed and adapted from Peleg et al. (2020). The incubation design 
consisted of a dome-shaped chamber (ca. 17.5 L, 0.42 cm in diameter) with a rigid “skirt” of 4 
cm at the base. We used transparent and black, opaque methacrylate chambers for light and 
dark treatments. Light treatments allowed us to estimate community net primary production, 
while dark treatment accounted for community respiration. Chambers were connected to an 
automated external pump that circulated the water at a rate of 240 L h-1. The pump was 
powered by a 12 V battery made waterproof and was operated through a float switch. During 
the incubations, chambers were carefully sealed using Lycra bags (175 x 25 cm) filled with 
sand collected at the surroundings of each site and placed below and above the chamber skirt.  

For each site (i.e. degraded, restored forest and forest), we randomly deployed 6 replicate 
incubation chambers. Light incubations were always conducted around midday, guaranteeing 
a period of much light availability. Prior to the incubations, we placed the chambers over 
communities for a period of 30 minutes to allow all the organisms acclimatise to new light 
conditions. We incubated the communities for 1 h 30 min (averaged time 1h 32 ± 6 min). At 
the beginning and end of each incubation, water from inside the chambers was slowly sampled 
through a tube and a sampling port using 100 mL polyethylene syringes. We sampled a total 
of 200 mL at each chamber for field and laboratory analysis.  

3. Sea water measurements and chemical analysis 

We determined initial and final concentrations of dissolved oxygen, pH and total alkalinity (TA) 
for each incubation. Dissolved oxygen and pH were immediately measured in the field using 
temperature corrected probes (Hach sensION+ DO6 and Hach sensION+ pH1 – 5052T, 
respectively). Oxygen and pH probes were calibrated to 100% of O2 before everyday fieldwork 
and to 4, 7 and 10 calibration fluids, respectively. Water samples for TA were kept in 100 mL 
amber bottles, at 4ºC and in dark conditions until analysis. TA was determined within a 
maximum of four days via potentiometric titration with an automated open cell titrator (665 
Dosimat, Metrohm, Switzerland) using 50 g of sample and 0.1 N HCl. Calibration of TA 
analytical procedure and HCl concentration was done using a 100 µeq kg-1 NaHCO3 solution. 
Last, we calculated TA concentrations following the method in Sass & Ben-Yaakov (1977).  

4. Metabolic rates  
 
4.1 Oxygen flux 

Community net primary production (NCPO2) was estimated by the difference between the final 
and initial dissolved oxygen concentration in light incubations, while community respiration 
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(RO2) was likewise estimated but using the dissolved oxygen concentration from dark 
incubations. Rates were normalised by area, volume and time according to the formula:   

𝑁𝑁𝑃𝑃𝑃𝑃𝑂𝑂2 𝑜𝑜𝑜𝑜 𝑅𝑅𝑂𝑂2 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑂𝑂2 · 𝑚𝑚−2 · ℎ−1) =
([𝑂𝑂2]𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − [𝑂𝑂2]𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) · 𝑉𝑉

(𝐴𝐴 · 𝑡𝑡)
 

Where [O2] is the dissolved oxygen concentration (mmol O2 · L-1), V is the volume of the 
chamber (~17.5 L), A is the area enclosed in the chamber (42 cm in diameter; ~ 0.1384 m2), 
and t is the duration of each incubation (hours). Community gross primary production (GPPO2) 
was then calculated according to the formula:  

𝐺𝐺𝐺𝐺𝐺𝐺𝑂𝑂2 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑂𝑂2 · 𝑚𝑚−2 · ℎ−1) = 𝑁𝑁𝑁𝑁𝑁𝑁𝑂𝑂2 + |𝑅𝑅𝑂𝑂2| 

4.2 Dissolved inorganic carbon flux 

Community net primary production and respiration were also calculated considering the 
dissolved inorganic carbon variations (NPPDIC and RDIC, respectively). Concentrations of 
dissolved inorganic carbon (DIC) at the start and end of each incubation were calculated from 
pH and TA measures, and corrected by in situ temperature and salinity (Dickson et al. 2007) 
using the “seacarb” R package (Gattuso and al 2023). The constants K1 and K2 from Lueker 
et al. (2000) were applied in the calculations. NPPDIC and RDIC rates (light and dark incubations, 
respectively) were calculated following the same formulas as for the oxygen flux but with the 
initial and final DIC concentrations.  

2.5.3 Results 
During the 3-d spring incubations, water temperature was 20.04 ± 2.8 ºC, salinity was 36 ppm, 
surface light irradiance was 22,119 ± 155 µmol photons m-2 s-1, dissolved oxygen was 7.30 ± 
0.50 mg O2 L-1 and pH was 8.23 ± 0.03. During autumn incubations, water temperature was 
23 ± 2.4 ºC, salinity was 40 ppm, surface light irradiance was 18,251 ± 140, dissolved oxygen 
was 6.21 ± 0.46 mg O2 L-1 and pH was 8.24 ± 0.03.  

1. Oxygen flux 

Community net primary production (NPPO2) varied significantly by site and by the interaction 
between site and season (p < 0.0001 and p < 0.0003, respectively), with high NPP O2 values 
found in the forest in spring and in the restored forest in autumn (5.38 ± 1.01 and 5.08 ± 0.43 
mmol O2·m-2·h-1, respectively) (Fig. 45). When comparing sites, NPPO2 of the degraded site 
differed from the ones found in the restored forest and the forest in both seasons, with 
consistently low NPPO2 values (0.87 ± 0.5 and 1 ± 1.03 mmol O2·m-2·h-1 in spring and autumn, 
respectively) (Fig. 45). Contrastingly, community respiration (RO2) did not vary significantly in 
different sites or seasons, nor in the interaction between them (all p > 0.05, Fig. 45).   
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Gross primary production (GPPO2) was also significantly affected by site and the interaction 
between site and season (p < 0.0001 and p = 0.0002, respectively). In particular, GPPO2 of the 
degraded site was significantly different from the values obtained in the forest in spring and 
from the restored forest in autumn (Fig. 46). Despite this, here again, the degraded site was 
the one showing the lower GPPO2 values (3.59 ± 1.19 and 2.81 ± 1.57 mmol O2·m-2·h-1 in spring 
and autumn, respectively) (Fig. 46). The higher GPPO2 were obtained in the forest in spring 
and in the restored forest in autumn (9.89 ± 1.69 and 8.99 ± 1.75 mmol O2·m-2·h-1, 
respectively).  

Figure 45 Community metabolic rates in the three studied sites (degraded, restored forest and forest) 
under light and dark treatments. Community net primary production (NPPO2) and respiration (RO2) was 
estimated in spring and autumn via oxygen evolution in 1 h 30 min incubations. Dissimilar letter under 
plots indicate significant differences (Bonferroni post-hoc pairwise test within 95% confidence intervals). 
Error bars correspond to standard deviation (SD). 
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2. Dissolved inorganic carbon flux  

Results related to the dissolved inorganic carbon (DIC) flux are reported from spring data, 
autumn data are not yet analysed. We found differences between the initial and final pH in all 
sites and in both light and dark incubations (Fig. 47). The pH was significantly augmented in 
the light incubations with a greater increase in restored forest and forest sites compared to 
degraded sites (Fig. 47). In contrast, pH significantly decreased in dark incubations, but 
showed a similar reduction at all sites (Fig. 47). Total alkalinity (TA) did not vary during 
incubations either in light or dark treatments nor at different sites (all p > 0.05, Fig. 47), with 
the exception of TA from dark incubations in the restored forest, which was significant (p = 
0.041).  

Community net primary production based on the DIC flux (NPPDIC) varied between sites (p = 
0.025), with significant differences between the degraded and the forest sites (Fig. 47). NPPDIC 
from the restored forest showed high variability and no differences with the degraded and the 
forest site were found. All 6 NPPDIC values obtained in the forest were negative (corresponding 
to a reduction in DIC concentration), while the restored forest and the degraded site presented 
both positive and negative results (5 out of 6 and 3 out of 5 negative NPPDIC values, 

Figure 46 Community gross primary production (GPPO2) in the three studied sites (degraded, restored 
forest and forest) estimated via oxygen evolution in 1 h 30 min incubations in spring and autumn. 
Dissimilar letter under plots indicate significant differences (Bonferroni post-hoc pairwise test within 95% 
confidence intervals). 
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respectively). Last, community respiration (RDIC) varied in relation to site, but the differences 
were marginally significative (p = 0.049) 

2.5.4 Discussion 
Our results show that, at all sites, gross community primary production (GPP) was higher than 
community respiration (CR), meaning that these sites accomulated organic matter in excess 
and, thereby acted as sinks of inorganic nutrients and CO2 from the surrounding water.  

The evaluation of the functioning of these important habitats, their potential productivity and 
the recovery of the oxygen and carbon cycles will result in a more holistic understanding of the 
restoration success and provide a long-term perspective. The results from the restored forest 
suggest that community net primary production has likely increased after 10 years from the 
restoration action since its production values are similar to those found in healthy and well-
established forests dominated by the same structural species. The net gain of primary 
production after restoration is expected to be transferred to higher trophic levels, thus 
benefiting other associated invertebrate and fish species. 

 

  

Figure 47 Initial and final measures of pH and total alkalinity (TA) during light and dark incubations at the three studied 
sites. Community net primary production (NPPDIC) and respiration (RDIC) was estimated in spring via dissolved 
inorganic carbon (DIC) evolution. Dissimilar letter under plots indicate significant differences (Tukey test within 95% 
confidence intervals). Error bars correspond to standard deviation (SD). 
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2.6 Portugal: Experimental approach to explore the functional 
effects of a weaker upwelling in kelp forests (SL21&23) 

2.6.1 Introduction 
Rocky coastal habitats support extensive and diverse macroalgal communities of structurally 
complex seaweed species with high ecological relevance known as marine forests (Wernberg 
and Filbee-dexter 2019). These communities are characterized by large habitat forming 
seaweeds (Dayton 1975) such as kelps or other species with similar functional properties, e.g. 
subtidal large canopy-forming species of the genus Cystoseira, Fucus, Saccorhiza and 
Sargassum among others (Coleman and Wernberg 2017, Wernberg and Filbee-dexter 2019). 
Marine forests create highly complex 3-dimensional submerged canopies which provide refuge 
for multiple species of mammals, crustaceans, fishes, other seaweeds and epibiota, together 
founding highly diverse assemblages (Mann 1973, Steneck et al. 2002). In addition, these 
communities have important socio-economical value as they create fishing grounds that 
support coastal fishing industries across the world (Smale et al. 2013, Bertocci et al. 2015). 
Besides these ecosystem-supporting and provisioning services, marine forests play an active 
role in mitigating the effects of climate change on a broad scale (Krause-Jensen and Duarte 
2016). Indeed, marine forests, namely those formed by kelps, are thought to be among the 
most productive systems on Earth (Steneck et al. 2002) and fundamental in the carbon fixation 
balance of coastal areas. Marine forests net primary productivity may reach > 3000 g C m−2 
year−1 and the global primary productivity of this biome was projected to be around 1,521 TgC 
y− 1 (Gao and McKinley 1994). 

In the current scenario of climate change, marine forests, especially those characterized by 
cold affinity species like kelps, are facing increasing pressures from climate-driven stressors 
(Harley et al. 2012, Smale 2020). Anthropogenic activities are triggering ocean temperature 
increases (about 1°C on average since pre-industrial time) and the Intergovernmental Panel 
on Climate Change is expecting average global warming of sea surface temperatures (SST) 
between 1.5 and more than 4°C at the end of the century (IPCC 2019). Facing these 
increasingly stressful environments, organisms could physiologically acclimatize or adapt by 
producing more tolerant phenotypes over generations.  Once certain thresholds are 
surpassed, organisms will need to migrate or face local extinction if the timing or speed of the 
stressors does not allow for acclimatization and adaptation (Parmesan 2006). Sessile 
ectothermic species with cold-water affinity like kelps are particularly affected by temperature 
increase which regulates the rate of enzymatic reactions and subsequently metabolic rates 
(Gerard 1997, Allakhverdiev et al. 2008). For instance, the increase in temperature is 
associated with the increase of respiration rates (Larkum et al. 2003) and when the increase 
of temperature is moderate, photosynthetic capacity is also promoted. However, beyond 
certain thresholds, temperature increases may reduce the maximum rate (Vmax) and 
substrate affinity (Km) of key enzymes such as RuBisCO leading to reduce photosynthetic 
capacity (Davison 1991). Moreover, supra-optimal temperatures can lead to protein 
denaturation and impairment of damage-protection systems which irreversibly affect the 
integrity of the photosynthetic apparatus (Takahashi and Murata 2008). Those adverse effects 
on photosynthesis and other metabolic rates ultimately result in reduced growth (Kübler and 
Davison 1995, Biskup et al. 2014) affecting in turn the population dynamic by reducing species 
abundance and overall assemblage productivity as well as eroding the resilience of the 
systems that will be more sensitive to other stressors, such as herbivory 
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In the north of Portugal, the presence of the  Iberian upwelling system creates a sort of “boreal 
refuge”, bringing cold and nutrient-rich seawater inshore and stimulating the occurrence of 
cold-water affinity species at relative low latitude, including highly productive and diverse kelp 
assemblages (Tuya et al. 2012). Although most eastern boundary upwelling systems around 
the world are expected to increase in intensity as the upwelling favorable winds tend to 
increase (Bakun 1990), in the case of the NW Iberian upwelling system, it is predicted that it 
will weaken in the near future due to the intense surface heating leading to higher stratification 
(Sydeman et al. 2014, Sousa et al. 2020).  This will not only lead to an increase in seawater 
temperature but also to a decrease in nutrient input (Sousa et al. 2020). In the last decades, 
growing evidence of species distribution shifts in this area has emerged (Lima et al. 2007, Díez 
et al. 2012, Fernández 2016, Pineiro-Corbeira et al. 2016, Casado-Amezúa et al. 2019). Some 
cold-water affinity seaweed species are retracting their southern distribution ranges, reducing 
abundance or being locally conned to small areas where the conditions are more suitable, 
such as rias (Viejo et al. 2011, Duarte et al. 2013).  Similarly, the southern distribution range of 
kelp is also contracting, and empirical evidence suggests that this phenomenon will continue 
as the intensity of the NW Iberian upwelling system decreases, resulting in warmer water and 
reduced nutrient availability (Tuya et al. 2012, Fernández 2016, Franco et al. 2018, Casado-
Amezúa et al. 2019). Because upwelling dynamics drives the condition of kelp forests in these 
coastlines, it is critical that we gain a greater understanding of how current and future 
environmental will affect not only the structure but also the functioning of these coastal 
assemblages. 

In the context of FutureMARES Task 3.1, we explored the combined effects of seawater 
warning and nutrient depletion on the structure and functioning of seaweed semi-natural 
assemblages.  The individual and combined effects of climate change stressors, as well as 
their consequences on seaweed-dominated ecosystems, are still not well understood and 
highly variable, contingent upon the local environmental context (Wernberg et al. 2012). We 
used a mesocosms experiment to assess single and combined impacts of elevated 
temperature and nutrient depletion on the functioning of semi-natural assemblages, unravelling 
the potential effects of future weak upwelling scenarios. Our experimental units were semi-
synthetic communities created with rock-pool boulders covered with natural algal assemblages 
dominated by perennial species and some canopy species, all collected from the same shore 
and habitat. This approach enables to assess the effects of a combination of environmental 
drivers while working with realistic assemblages of species. Our experimental responses 
included individual and whole assemblage level effects, such as fronds growth, photosynthetic 
performance (using Pulse amplitude modulated (PAM) fluorometer) and primary productivity 
of both individual species and the whole experimental units. By combining individual and 
assemblage level responses we aimed to provide insights on how single species performance 
contributes to community level responses, helping to unravel the underlying mechanism 
behind stress responses (Maxwell and Johnson 2000, Tait et al. 2017). We expected that both 
elevated temperature and nutrient depletion would negatively affect the performance and 
productivity of the species and assemblages. There is some evidence that nutrient 
concentration may affect temperature tolerance in Laminaria species (Gerard 1997, Gao et al. 
2013). Hence our hypothesis is that both drivers (temperature and nutrients) will have 
synergistic effects on the structure and functioning of the communities. 

2.6.2 Methods 
To test for individual and combined effects of nutrient depletion and high temperatures, 
experimental assemblages were exposed to four different treatments consisting of two 
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temperature levels: 15°C & 19°C (hereafter, T15°C and T19°C) and two different nutrient 
concentrations: nutrient depletion & nutrient replacement (hereafter, Nut- and Nut+). 15°C is a 
rounded annual average seawater temperature in the NW Iberia coastal area, and 19°C as an 
average temperature predicted by the IPCC RCP 8.5 scenario “business as usual”. Nutrient 
levels were chosen according to values typically experienced in the area due to the strong 
variability in nutrient concentrations induced by the NW Iberian upwelling system (See details 
on treatment methodology below). 

The experimental setup consisted of 5 replicated assemblages per treatment for a total of 20 
mesocosm units, each holding a volume of seawater of 60 l. Nitrate values were on average 
25.42 mg/l (± 5.36) and phosphate values on average 2.6 (± 0.8) in the nut + treatment. In the 
Nut- treatment, nutrients concentration was kept at 1.6 (± 0.42) for nitrates and 0.032 (± 0.01) 
for phosphates. These concentrations were little lower compared to those used by Franco et 
al (2018) in their experiments with L. ochroleuca but are in line with the natural concentration 
of nutrients in the area of study during summer with and without upwelling conditions (J. Franco 
& F. Arenas per. comm., Brito et al. 2020). The temperature ranged between 14.9 and 15.1 in 
the 15°C treatment and between 18.9 and 19.1 in the 19°C treatment (mean temperatures ± 
SE = 15.02 ± 0.15; 18.9 ± 0.02). 

Fronds of Laminaria ochroleuca and Chondrus crispus were individually tagged at the 
beginning of the experiment using numbered plastic tags attached with cable ties. Individual 
growth was estimated by estimating fresh weight (FW) of each individual frond at the start and 
at the end of the experiment. Growth rates (g FW d−1) were calculated as the difference 
between final and initial fresh weight of each frond divided by the experiment duration in days. 
For the two large and at species used in the experiment (Laminaria ochroleuca and Chondrus 
crispus), in vivo chlorophyll-a fluorescence of photosystem II was also measured using a 
portable pulse amplitude modulated fluorometer (Junior-PAM, Walz®). 
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2.6.3 Results 
 

 
Figure 49 Mean of P-I curves parameters for Chondrus crispus measured at the end of the experiment. Values are 
presented as means ± SD (n=5). P-values from two-way ANOVA (p ≤ 0.05). If interaction was significant, Tukey 
post-hoc test was performed to detect differences between groups. Different letters denote for significant difference 

 

 

Figure 48 Mean of P-I 
curves parameters for 
Laminaria ochroleuca 
measured at the end of the 
experiment. Values are 
presented as means ± SD 
(n=5). P-values from two-
way ANOVA (p ≤ 0.05). If 
interaction was significant, 
Tukey post-hoc test was 
performed to detect 
differences between 
groups. Different letters 
denote for significant 
difference. 
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Figure 50 Mean of P-I curves parameters for the turf measured at the end of the experiment. Values are presented 
as means ± SD (n=5). P-values from two-way ANOVA (p ≤ 0.05). If interaction was significant, Tukey post-hoc test 
was performed to detect differences between groups. Different letters denote for significant difference. 

Regarding GPP (gross primary productivity), values for Laminaria ochroleuca ranged between 
2.44 and 0.26 μmolO2 gDW−1min−1 and were the highest among the components tested in our 
assemblages (Fig. 48). Temperature and nutrient had a significant interactive effect on the kelp 
maximum productivity (ANOVA, F1,16 = 5, p = 0.04). Under high nutrient supply, no differences 
were detected between temperatures (overall mean ± SD = 1.87 ± 0.36 μmolO2 gDW−1min−1). 
However, in the nutrient depletion treatment the temperature had a significant negative effect 
and at 19°C GPP values were lower than those measured at 15°C (mean ± SD = 0.745 ± 0.38, 
and 1.937 ± 0.46 μmolO2  gDW−1min−1 respectively) representing a 60% decrease compared 
to 15°C nutrient enriched treatment (Fig. 48). In the case of Chondrus crispus, GPP was 
negatively affected by nutrient availability with lower values measured in the nut- compared to 
the Nut + treatment. Also, higher temperatures affected the fronds where GPP values were 
significantly higher for plants exposed to 15°C compare to the one exposed to higher 
temperature (mean ± SD = 0.98 ± 0.36 and 0.65 ± 0.20 μmolO2  gDW−1min−1, respectively). 
Values of productivity for the turf significantly decreased with temperature with an average at 
15°C of 0.13 μmolO2  gDW−1min−1 (± 0.08) versus 0.07 μmolO2  gDW−1min−1 (± 0.02) at 19°C 
(Fig. 42). GPP of the communities decreased significantly in the nut- treatment when exposed 
to 19°C compared to the rest of the treatments (Fig. 44), indicating a significant interaction 
between temperature and nutrients (ANOVA, Temp x Nutrient interaction F1,16 = 4.8, p = 
0.043) 

Respiration rate significantly increased with temperature for all the three components 
examined. In the case of Laminaria ochroleuca individuals, respiration rates increased by two 
folds with a mean respiration rate of 0.161 μmolO2  gDW−1min−1 (± 0.061) when exposed to 
15°C and 0.344 μmolO2  gDW−1min−1 (± 0.12) at 19°C. Chondrus crispus respiration rate was 
significantly higher at higher temperature but also higher in the Nut- treatment (Fig. 44). 
Respiration significantly increased when plants were exposed to 19°C (mean ± SD = 0.219 ± 
0.05  gDW−1min−1) compared to those exposed to 15°C (mean ± SD = 0.135 ± 0.05 μmolO2  
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gDW−1min−1). Regarding the nutrient treatment, respiration rates also increased in the nut- 
treatment (mean ± SD = 0.215 ± 0.07 μmolO2  gDW−1min−1) compare to nut+ (mean ± SD = 
0.139 ± 0.05 μmolO2  gDW−1min−1). In the case of the turf, respiration rates were significantly 
higher at 19°C (mean ± SD = 0.075 ± 0.015 μmolO2  gDW−1min−1) compare to the ones 
recorded at 15°C (mean ± SD = 0.044 ± 0.006 μmolO2  gDW−1min−1) (Fig. 45). The 
communities experienced significantly higher respiration rates when exposed to elevated 
temperature (ANOVA, Temperature F1,16 = 4.8, p = 0.042). Respiration of seaweeds exposed 
to 15°C was on average 0.324 μmolO2  gDW−1min−1 (± 0.06) whereas seaweeds exposed to 
19°C displayed average respiration rates of 0.387 μmolO2 gDW− 1min− 1 (± 0.06). No other 
significant effects were detected (Fig. 45).  

Regarding the ability of the different components to use light under limiting conditions (alpha 
in P-E curves), individuals of Laminaria ochroleuca showed a significant decrease in α when 
exposed to low nutrient concentration and elevated temperature (ANOVA, F1,16 = 16.62, p = 
0.001). No significant effects were detected in the case of the turf and of Chondrus crispus for 
the parameter alpha although the interaction was just marginally not significant, and we 
observed were some trends toward significance with a decrease of the values in nut- when 
plants were exposed to high temperature. The values of α (alpha) for the whole community 
didn’t show any significant effects of treatment. 

2.6.4 Discussion 
Growth is a useful response to assess the deleterious effects of environmental stressors 
because it integrates many biochemical and physiological effects and ultimately is linked to 
individual fitness (Pineiro-Corbeira et al. 2019). In the case of the kelp Laminaria ochroleuca, 
results showed that when nutrients were available, temperature treatments did not affect the 
growth rate of this species. Indeed, L. ochroleuca is considered a warm-temperate Lusitanian 
species (Smale et al. 2015) and known as one of the most heat-tolerant species of the genus. 
In fact, the species has its southernmost limit of distribution in Morocco, where the water 
temperature can reach more than 20°C (Izquierdo et al. 2002, Bartsch et al. 2008, Benazzouz 
et al. 2014).  Previous studies have demonstrated that L. ochroleuca is capable of exhibiting 
optimal growth rates when exposed to long-term temperatures as high as 19°C (Franco et al. 
2018). Moreover, the ecotype from north Portugal exhibits positive growth rates after short term 
exposure to 27°C, demonstrating its ability to withstand supra- optimal temperature (Pereira et 
al. 2015). Finally, fronds used in this study were collected in the rockpools from the intertidal 
zone, where they are subject to a high range of physical stress and as a result prone to 
withstand sub-optimal conditions better than the individuals from the subtidal zone (Biskup et 
al. 2014). 

Our observations regarding the growth of the two species measured were mostly in line with 
the results found for the metabolic rates assessment. In particular, for Laminaria ochroleuca, 
the reduction of growth, productivity and alpha indicated a lower fitness when both stressors 
were interacting. These results are consistent with previous studies, which have suggested a 
decrease in eco-physiological performance with decreasing nutrient concentration and 
increasing temperature in Laminaria species and other canopy forming seaweeds (Gerard 
1997, Colvard and Helmuth 2017). Colvard & Helmuth (2017) have demonstrated that Fucus 
vesiculosus growing in nutrient-enriched water had higher Pmax at high temperature than the 
ones lacking nutrients, suggesting that accessibility to nutrients increases thermal tolerance of 
this algae. In fact, nutrient limitation is recognized to negatively affect plants capacity to 
synthesize essential molecules such as chlorophyll, decreasing the PSII density and size 
(Gerard 1997), which ultimately impacts photosynthesis and growth (Wiencke and Bischof 
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2012). The decrease of fitness when combined with high temperature might have resulted from 
increased metabolic rates, leading to higher nitrogen consumption, a requirement that cannot 
be met in a nutrient- deprived environment. Therefore, nutrient-limited plants will show quicker 
signs of alteration of eco-physiological performances as they hardly meet their nutrient 
requirement to maintain the good functioning of their metabolism (Davison 1991; Colvard and 
Helmuth 2017). Furthermore, Gerard (1997) showed that the increase of protein content in 
non-nitrogen limited plants exposed to high temperatures could also be associated with the 
production of heat shock protein, promoting tolerance to high temperatures with increasing 
nutrient availability (Gerard, 1997) and could partly explain the observed tolerance of the 
canopy species to high temperatures when exposed to sufficient nutrient availability. 

As indicated above, assemblage level response followed a similar pattern as the canopy 
species response, with a similar significant decrease of productivity under low nutrient 
concentration and elevated temperatures. The elevated temperature significantly increased 
the respiration rates for all the components of the assemblages and the whole assemblages 
themselves. As the temperature increased within the tolerance range of the species, the rate 
of enzyme-catalyzed reactions increased, resulting in a faster metabolism and ultimately 
higher respiration rates (Davison 1991). Primary productivity did not follow this increase of 
respiration rates, and the negative effects were exacerbated by nutrient depletion. Temperature 
effects had similar results to those observed by Tait et al. (2013) in mesocosms, where naturally 
formed assemblage experienced increasing respiration rates with rising temperatures. Our 
results also show that the increase in respiration rate was not followed by increasing GPP, like 
previously suggested in other marine autotrophs (Koch et al. 2013, Olabarria et al. 2013). 
However, this mismatch of respiration and GPP rates is a consequence of a reduced NPP 
when assemblages are exposed to higher temperature (Tait and Schiel 2013), and in our 
experiment when assemblages experienced high temperatures and low nutrient conditions. 

Kelp species have been reported to be the main contributor to community production, with a 
substantial reduction in the assemblages’ primary productivity when canopy species were 
removed (Schiel and Foster 2006, Davies et al. 2011). Additionally, response of natural 
assemblages to experimental drivers have been shown to be modulated by the nature of the 
canopy forming species, pinpointing the importance of canopy species contribution to 
assemblage response (Olabarria et al. 2013). In accordance with these previous studies, our 
results suggest that the overall effects of environmental changes on community productivity 
are expected to be highly dependent on the kelp fitness rather than other components with 
lower contribution to the productivity of the assemblage. Furthermore, sub-canopy species are 
highly dependent on the amount of shade created by the canopy (Flukes et al. 2014) and could 
be subjected to photodamage if this protection happens to disappear (Figueroa and Korbee 
2010, Beardall et al. 2014), potentially aggravating the putative effects of weak upwelling 
conditions at the community level. The resilience to nutrient depletion of the turfs also suggests 
that species currently with a small  ecological contribution could get  advantage over canopy 
forming species, potentially promoting shifts to turf-dominated assemblages (Filbee-Dexter 
and Wernberg 2018). 

Surface temperature of the oceans has increased globally over the past decades; however, 
this increase is far from being homogenous, and the North Atlantic seems to warm faster than 
other regions (Huang et al. 2017, Chan et al. 2019). In coastal areas influenced by eastern 
boundary upwelling systems (EBUS), those warming rates are partially buffered by cold 
upwelled deep seawater (Seabra et al. 2019). Coastal ecosystems of north Portugal benefit 
from the NW Iberian upwelling system, which brings cold and nutrient-rich waters and reduces 
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nearshore seawater warming (Mackas et al. 2006). Extensive kelp forests thrive in these 
conditions, holding diversity rich and productive communities. However, the warming of the 
upper layer of the ocean is leading to an increase in the thermal stratification of the water 
column and a decrease in upwelling intensity in this region (Sydeman et al. 2014, Sousa et al. 
2020), lessening the efficiency of the upwelling in lifting nutrient-rich deep waters into the photic 
zone. Our understanding of the ecological impacts of changes in upwelling intensity is limited, 
rendering our capacity to foresee the future of these biologically rich and productive 
ecosystems (García-Reyes et al. 2015). Our experiment assessing primary productivity and 
respiration rates using incubations and fluorescence measurements provides valuable insights 
on community response to relevant upwelling associated drivers and allows to identify the 
contribution of each component to the general observed response. 
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2.7 Effects of darkening and eutrophication on macroalgal forests 
in Norway (SL1-3) 

2.7.1 Introduction 
Norwegian coastal macroalgal ecosystems support high biodiversity and provide a wide array 
of ecosystem functions and services, including support of coastal fisheries. They are significant 
carbon sinks and offer opportunities to mitigate and adapt to climate change. However, these 
shallow ecosystems are influenced by both terrestrial and ocean processes, and their high 
productivity, as well as deteriorated state, can in part be attributed to high nutrient run-off from 
land (Nixon 1988, Barbier et al. 2011, Cloern and Jassby 2012). The Skagerrak and North Sea 
have densely populated catchment areas where human activities have resulted in changes in 
water quality and in marine species distribution. Additionally, these regions experience effects 
of climate change, such as ocean warming and species displacements (Perry et al. 2005, 
Beaugrand et al. 2014, Rinde et al. 2017), and ocean darkening (Frigstad et al. 2023).  

Storylines 1-3 examines how the interplay between climate-related stressors and terrestrial 
nutrient control effects macroalgal ecosystems. Perennial macroalgal ecosystems (kelp and 
rockweed beds) are anticipated to be directly sensitive to warming, coastal darkening and 
increased nutrient supply. These processes will directly impact the productivity of the algal 
species and their associated fauna, causing complex, non-intuitive ecosystems responses. 

Ocean darkening and eutrophication are two related but distinct phenomena, and both may be 
intensified by climate change. Ocean darkening refers to the process by which the ocean’s 
surface becomes darker due to the accumulation of suspended particulate matter and 
dissolved organic matter. The concentrations of suspended organic material have increased 
in Skagerrak and the North Sea over the last three decades (Aksnesa and Ohman 2009, 
Dupont and Aksnes 2013, Frigstad et al. 2023) and are associated to increased riverine input 
and run-off from land. Ocean darkening can have negative impact on macroalgae by reducing 
the amount of available light, and thereby affecting the performance of key species through 
impacts on their physiology, growth, survival etc. 

Eutrophication, on the other hand, refers to the process by which excess nutrients, primarily 
nitrogen and phosphorus, enter the water and stimulate the growth of habitat-forming algae 
(rockweed and kelps), as well as opportunistic filamentous algae. Among the multifactorial 
stressors driving the ongoing regime shifts from communities dominated by perennial kelp to 
filamentous algae on the south and west coasts of Norway, eutrophication has been identified 
as one of the most important processes (Christie et al. 2019). 

Exploring the level and direction of the impacts of these stressors individually and combined, 
will provide much-needed knowledge on macroalgal communities performance and functioning 
in the face of CC. 

Our approach was twofold. First, mesocosm experiments were conducted to test the effects of 
two factors, nutrient enrichment and ocean darkening, on the performance and functioning of 
shallow, rocky shore macroalgal communities. Second, field incubations were conducted to 
explore community metabolism of kelp communities with and without epiphytic loading. 

For the mesocosms, our main objective was to study whether nutrient enrichment and 
darkening would have a significant effect on 1) the macroalgal community structure and 
function and 2) the performance and survival of key habitat-forming macroalgal species. Here 
we present a synopsis of the mesocosm study and its results (2.7.2-2.7.4) and provide a (2.7.5) 
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short introduction to a field incubation; the protocol that were used and some preliminary 
results as the full analysis still needs to be completed. 

2.7.2 Mesocosm methods 
The mesocosm experiments were carried out at NIVA’s Marine Research Station 
Solbergstrand (59°37’N, 10°39’E) by the outer Oslofjord (southeastern Norway), using 12 large 
outdoor concrete basins, each containing 12 m3 of seawater (Fig. 51). The surface area of the 
mesocosms is 4.8 x 3.7 m, and the deepest part is 1.3 m deep at high tide. Diverse rocky shore 
macroalgal ecosystems were established 18 days before the experiment started by 
transplanting rocks with rockweeds (two species; Fucus serratus and Fucus vesiculosus) and 
their associated fauna, from the shallow rocky shoreline outside the research station. The 
rockweeds were distributed evenly between and within each of the basins, among four tidal 
levels until full coverage was reached. The tidal levels are formed as stairs in the shoreline 
part of each basin, and F. vesiculosus was placed at the two upper tidal levels, and F. serratus 
at the two lower tidal levels, due to their natural zonation along the tidal gradient. 

 

To analyse the impact of the treatments on the photosynthetic performance of sugar kelp 
(Saccharina latissimi), we introduced 5 individual sugar kelps attached to a rope at the deep 
end of each mesocosm basin in  early May 2021. These plants had been collected by diving 
at a nearby location the same day. We also tested the use of green gravel (seeding sugar kelp 
sporelings onto small rocks) and introduced juvenile sugar kelps into each of the basins, but 
these were unfortunately rapidly lost due to grazing by snails. Similarly, several attempts to 
add Zostera marina plants to small enclosed soft sediment boxes placed at the deepest parts 
of the basins were unsuccessful. All of those plants were rapidly lost due to grazing or 
disturbance by snails/crabs, even when the rhizomes were fastened to BESE-mats (as used 
earlier to facilitate eelgrass restoration in outer Oslofjord, Gagnon et al. 2021).  

The mesocosms receive a continuous flow of 4 m3/hour of seawater from 1 m depth in the 
fjord. Each basin is equipped with a wave machine and tidal regulation mimicking the natural 
tidal cycle, and contained loggers for temperature and salinity. For further description and use 
of the mesocosms, see Bokn et al. (2003), Christie et al. (2020), and Kraufvelin et al. (2020).  

The experiment lasted 132 days and was initiated mid-May (11.5.2021) and ended mid-
September (20.9.2021). The twelve mesocosms were arranged in a fully factorial design where 

Figure 51 Overview of the 12 outdoor mesocosm basins at Solbergstrand, close to Oslo, Norway, including 
information of the design of the allocated treatments in this study, i.e. C-controls, N-nutrients, D-darkening, and the 
combination of darkening and nutrient enrichment (DN). 
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the two factors (nutrients and darkening) could be tested separately and in combination with 
proper (n=3) replication. The four treatments were randomly distributed among the 
mesocosms; three mesocosms did not receive any nutrient enrichment or darkening treatment 
and served as controls (C), three mesocosms were allocated for nutrient enrichment (N), three 
were assigned to darkening treatment (D), and the remaining three mesocosms received 
nutrient enrichment and darkening treatment in combination (ND). The experimental set-up is 
shown in Figure 51. 

2.7.3 Mesocosm treatments 
Nutrient enrichment 

Nutrients were applied to the mesocosms with automatic dosing equipment to achieve 32 μmol 
L−1 nitrogen and 2 μmol L−1 phosphorus above background fjord levels. The nutrients were 
added as a mixture which consisted of 14.3 mol N as NH4NO3 and 0.9 mol P as H3PO4 and a  
N/P mol ratio of 16/1 (Kraufvelin et al. 2006a). The treatment levels correspond to 
concentrations recorded in eutrophic areas locally (Kristiansen and Paasche 1982) and 
globally (Cloern and Jassby 2012), Similar levels have been used in previous mesocosms 
studies (Bokn et al. 2003, Kraufvelin et al. 2006a, Kraufvelin et al. 2006b, Kraufvelin et al. 
2020). Chemical analyses of water samples taken from the basins at the start and towards the 
end of the experiments confirmed that the target treatment levels were achieved. We managed 
to have similar nutrient levels (NH4, PO4, NO2-, NO3- and total P) for the control and 
darkening treatments (∆ µg/l <5). Nutrient enrichment (NH4, PO4, NO2-, NO3-, total N and 
total P) was documented for the combined treatment of darkening and nutrient, as well as for 
nutrient only. The darkening treatment showed elevated levels of total nitrogen. It is unlikely 
that this is due to any nitrogen compounds in the lignin used to mimic darkening. The 
concentration of ammonium, nitrate and nitrite was, however, not elevated, indicating that the 
increased level of nitrogen must have been of low bioavailability. Lignin’s low bioavailability 
makes it a useful biomarker of terrigenous dissolved organic matter (Opsahl and Benner 1997), 
as well as a useful tracer of ocean circulation (Hernes and Benner 2002). Hence, lignin should 
be a good choice to achieve light limitation without adding bioavailable nutrients.  

Darkening  

Lignin is a complex organic polymer found in plant cell walls, helping to provide rigidity and 
support of the plant. Due to its high resistance to degradation and dark color causing light 
absorbance, it’s suitable for simulating ocean darkening. We aimed to double the light 
attenuation (i.e. how quickly the light availability decreases from the surface through the water 
column) in the darkening treatment compared to ambient levels. Lignin was applied with 
automatic dosing equipment (30 mg/L lignin giving approx. 1 (m-1) absorption at a443 nm in 
end-concentration above ambient background levels). Control of the absorption was 
undertaken weekly in each basin to confirm the darkening level (Fig. 52). Additionally, Kd PAR 
(the diffuse attenuation coefficient for photosynthetically active radiation) was determined three 
times during the timeline of the experiment to relate a443 to Kd PAR. 
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Figure 52 Plot showing variation in absorption (mean values) at Abs-443 during the course of the experiment for 
the control (blue line) and darkening treatments with lignin (orange line) and with darkening (lignin) and nutrients 
combined (grey line). Dates when measurements were done are shown on the x-axis. 

 

2.7.4 Mesocosm - Sampling and measurements 
Photosynthetic performance 

The photosynthetic activity in the thalli of F. serratus and S. latissimi was measured in situ with 
a submersible pulse amplitude modulated (PAM) fluorometer. The measurements were 
undertaken on n=3 sporophytes from each species in every mesocosm basin, to assess how 
habitat-forming macroalgal species, living in the lower littoral and upper sublittoral zone, 
respond to the different levels of irradiance and nutrient load. We made the measurements 
continuously and darkened plants in parallel to be able to carry out the measurements under 
as similar lighting conditions as possible. Algal fronds were dark-adapted for 190 sec. using a 
“Dark Leaf Clip Diving L-C” (Walz) to which the fiber optic of the fluorometer was applied and 
maintained to perform each measurement. The initial fluorescence (F0) was first induced by a 
low irradiance of red measuring light, followed by a single saturating light pulse giving the 
maximal fluorescence (Fm). Variable fluorescence (Fv) was calculated as the difference 
between Fm and F0, while the optimal quantum yield was calculated as Fv/Fm. 

Rockweed community changes 

The cover and diversity of macroalgal species was assessed 1 and 3 months after the 
experiment was initiated. The scraped areas were surveyed using one frame (20x20) per tidal 
levels/stair, for all basins, 1 and 3 months after the initiation of the experiment. The unscraped 
areas were surveyed with 2-4 frames per tidal level, per basins at the same time periods.  

Community changes of fauna associated with Fucus serratus 

A branch of rockweed Fucus serratus was sampled from each mesocosm basin and sealed in 
a plastic bag, washed in freshwater, sieved at 250 µm mesh size, and later analyzed under 
magnification in the lab. The individual organisms associated with the seaweed were assessed 
to the lowest possible taxonomic resolution, and the abundance of fauna was related to the 
weight of the sampled rockweed. Furthermore, the grazing level of each rockweed plant was 
assigned to one of the three categories low, moderate, or high, based on signs of grazing as 
illustrated in Fig. 53. 
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Figure 53 The grazing level of each of the rockweed plants was assigned to one of the categories low, moderate, 
and high, as illustrated in these photos showing increasing grazing pressure from left to the right. 

  C:N ratios of macroalgal tissue 

The carbon to nitrogen ratio is an indicator of the nutritional quality of the macroalgae. In 
general, macroalgae with lower C:N ratios are considered to be of higher nutritional quality, as 
they contain more nitrogen per unit of carbon. Access to ample nutrients may lead to lower 
C:N ratios in the algae, as they are able to allocate more resources to nitrogen rich compounds 
such as proteins and amino acids. Similarly, light conditions may also affect the C:N ratios. 
When macroalgae are exposed to high levels of light, they may photosynthesize more, and 
allocate more resources to carbon rich compounds, resulting in higher C:N ratios.  Plant tissue 
were sampled from F. serratus (n=3) and S. latissima (n=3) sporophytes from all basins 
towards the end of the experiment for determination of C and N content.   

Statistical analysis 

To explore similarities and differences of the fauna communities associated to the rockweed 
Fucus serratus between treatments, non-metric multidimensional scaling (NMDS) and 
permutational multivariate analysis of variance (PERMANOVA) were applied (Anderson et al., 
2008).  The analysis was done in R (version 4.2.1, R core team 2022, using the packages 
vegan (Oksanen et al. 2022) and adonis2 respectively (McArdle and Andersen 2001). To 
explore how much of the variance in the structure of the fauna communities could be explained 
by treatment and the level of grazing pressure, we fitted the variables onto the ordination using 
the vegan function envfit. The NMDS was done with the function metaMDS.  We used nested 
ANOVA’s (with basin nested in treatment) to test for any treatment effects on several 
responses such as number of species and number of individuals of the rockweed fauna, 
photosynthetic performance, and snail abundance. Two-way ANOVAs, with and without 
interaction or blocking variable (i.e. basin) was used to test the impact of treatment and the 
individual grazing level of the rockweed plants on abundance of individuals and number of 
species of the fauna community associated with Fucus serratus. 
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2.7.5 Mesocosms - Results 
Rockweed community changes 

There was a rapid response of the rockweed community within one month in unscraped plots, 
i.e. the nature-like rockweed communities. The coverage of rockweeds (F. serratus and F. 
vesiculosus) was lower when exposed to nutrients compared to the controls, but the difference 
was not significant for F. serratus (low tidal zone). There was a significant impact of treatment 
on F. vesiculosus coverage in the high tidal zone. Darkening had no impact on F. serratus 
coverage (Fig. 54). Nutrients promoted the coverage of filamentous algae, and the effect of 
treatment was significant for the upper 
tidal level.  

 

After three months, there continued to 
be more ephemeral filamentous brown 
algae in the scraped plots in the basins 
treated with nutrients (Fig. 55), but the 
impact was not significant when 
including all tidal levels in the analysis 
(p=0.07). In the unscraped plots the 
treatment effects differed between the 
upper and the lower tidal level with 
respect to occurrence of filamentous 
algae (Fig. 56), with increased 
abundance of filamentous algae in the 
treatments including nutrients, only in 
the upper tidal level. There were no 
significant differences in the abundance 
of grazing snails among the basins. 
Fucus serratus recruited, though in low 
numbers, to the scraped plots in all 
basins except for the basins receiving 
nutrients where the was no recruitment 
at all. Hence, nutrients alone seem to 
hamper settlement of F. serratus. 
Looking at only the two deepest tidal 
levels in the basins, F. serratus 
coverage in the scraped plots was 
significantly lower in basins treated with 
nutrients compared to the basins 
treated with darkening alone and 
darkening and nutrients combined (Fig. 57). In the unscraped plots, both of the darkening and 
nutrients alone, caused a decrease in 
coverage of F. serratus, whereas the 
combination of darkening and nutrients 
had no impact (Fig. 57). This indicated 
an antagonistic effect on Fucus 
coverage when the two factors were combined.  

Figure 54 The coverage of Fucus serratus (upper panel), F. 
vesiculosus (middle) and of filamentous algae (lower panel) in 
unscraped plots one month after treatments initiated in the 
mesocosm under four levels of treatments; Control, Nutrients, 
Darkening (Lignin), and the combination of nutrients and darkening. 
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Figure 55 The coverage of filamentous brown algae in scraped plots three months after treatment, in the mesocosm 
under four levels of treatments; Control, Nutrients, Darkening (Lignin), and the combination of nutrients and 
darkening. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56 The coverage of filamentous brown algae in unscraped plots three months after treatment, in upper (left 
panel) and lower (right panel) tidal zone in the mesocosm under four levels of treatments; Control, Nutrients, Darkening 
(Lignin), and the combination of nutrients and darkening. 
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Community changes of fauna associated with F. serratus 

A total number of 11,330 individual animals were found associated with Fucus serratus 
sampled from the mesocosms, encompassing 23 species. We found between 7 and 16 species 

per F. serratus sample. The most abundant species were the isopods Jaera albifrons and 
Idothea granulosa, the snail Littorina obtusata and juvenile mussels. There were also relatively 
many amphipods of the group Stenothoidae and Jassa. Large individuals of Gammarus were 
also common.  

Darkening reduced the number of individual invertebrates as well as the number of species 
associated with F. serratus (Fig. 58). The difference between treatments was significant for 
number of species (p=0.01) but not significant for number of fauna individuals. Adding nutrients 
to basins with darkening treatment caused a further reduction in number of species, but fauna 
abundance was at the same level as with darkening only. Nutrient and control treatments had 
similar number of species and number of individuals. For both biodiversity responses, the two-
way ANOVA without any interaction or blocking variable (i.e. basin) performed best based on 
AIC. Darkening and nutrients combined caused a reduction  by 3.1 in the number of fauna 
species compared to the controls. Darkening alone did not cause a significant reduction in the 
number of species compared to the controls. The combined impact of darkening and nutrients 
had significantly fewer species (-3.4) than when adding nutrients alone, indicating a synergistic 
impact of the stressors. The darkening treatment had fewer species than nutrient treatments, 
but the difference was not significant.  

 

 

 

 

 

 

 

 

Figure 57 The coverage of Fucus serratus in scraped plots (left panel) and unscraped plots (right panel) three months 
after treatment at the two lower tidal levels, in the mesocosm receiving four levels of treatment; Control, Nutrients, 
Darkening (Lignin), and the combination of nutrients and darkening. 
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We found a significant effect of treatment on fauna community associated to F. serratus 
(PERMANOVA, p=0.003, Fig. 59), 3 months after the initiation of the experiment. There was 
also an impact of the grazing level of the individual rockweed plants. However, the latter effect 
was not significant (PERMANOVA, p=0.07). The pattern of dissimilarity between the 
communities receiving the different treatments also indicates a synergistic impact of darkening 
and nutrients. The community established in the basins with the stressors combined was more 
different from the controls than the communities in basins treated with only one of the stressors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 58 Number of fauna individuals (per kg, left panel) and number of species (right panel) associated to Fucus 
serratus sampled from mesocosms under four levels of treatments; Control, Nutrients, Darkening (Lignin), and the 
combination of nutrients and darkening. 

Figure 59 NMDS plot of the fauna community associated with Fucus 
serratus in the mesocosm receiving four levels of treatment; Control, 
Nutrients, Darkening, and the combination of nutrients and darkening. 
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Grazing pressure and photosynthetic performance of rockweed and sugar kelp  

The PAM measurements indicated a positive effect of nutrients on sugar kelp Saccharina 
latissima photosynthetic performance (measured after 70 days). Nutrient enhancement had no 
impact on rockweed photosynthetic performance, although darkening significantly reduced F. 
serratus photosynthetic performance (after 80 days). Hence darkening impacted the 
photosynthetic performance of this species even at the shallow depth levels studied in the 
mesocosms. 

During the course of the experiment, varying grazing pressure from snails were found on the 
kelp fronds, causing heavy reduction of the area of individual fronds or dislodgement of whole 
plants. After 76 days, half of the initial 60 kelps introduced to the basins were heavily grazed 
or dislodged. A higher grazing impact was found in the control basins compared to basins with 
nutrient enrichment or darkening (One-way ANOVA, p<0.005).   

A positive effect of darkening on the grazing resistance was found for S. latissima. In darkened 
basins, 73% of the kelp were still in good health after 76 days compared to 53% healthy kelp 
in basins with nutrient enhancement and darkening combined, and 46% in basins with nutrient 
enrichment. The darkening effect was not significant but could be related to the significantly 
higher C:N ratio of the individuals from the darkening treated basins compared to the basins 
receiving nutrients, and hence a lower nutritional value for the grazers compared to the nutrient 
treatments (Fig. 60).  

 
Figure 60 C:N ratios for Saccharina latissima and Fucus serratus sampled from the mesocosm receiving four levels 
of treatment; Control, Nutrients, Darkening, and the combination of nutrients and darkening. 

  

2.7.6 In situ field incubations 
Photorespirometry experiments were carried out to explore the difference in the function and 
production of sugar kelp beds in good biological condition compared to kelps heavily fouled by 
filamentous algae and encrusting bryozoans (Fig. 61). The experiment was a joint effort 
between NIVA, CIIMAR and IOLR.  
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Figure 61 Suger kelp bed without fouling (left) and with filamentous algae overgrowing the kelp (right) 

  

Two sites at the Skagerrak coast, southern Norway (58°N, 8°E) were selected for conducting 
the incubations. The experiments were undertaken by SCUBA divers over two consecutive 
days in August 2022. Four replicate chambers were deployed at each site at 2-4 m depth. The 
incubation followed a similar light/dark cycle and water sampling protocol as described in Ch. 
2.1.1.4 but with a different chamber design developed by CIIMAR. The customized chambers 
were flexible and had an open bottom. The bottom-frame of the chambers consisted of PVC 
with a foam-covered underlayer and with a strong polyethylene sleeve covering the PVC frame 
and extending well beyond the frame. Heavy sandbags were placed on the frame, providing a 
tight seal against the bedrock, and preventing water exchange with surrounding water bodies.  
Cylindrical, transparent polyethylene bags formed the flexible incubation chambers. After a 
chamber was deployed and the macroalgal community inside was gently organized inside the 
frame, the bag was manually closed at the top. Positive buoys were attached at the top to 
secure an upright position in the water column. The flexibility of the bag allowed the kelp and 
macroalgae inside to move freely as wave energy were transmitted through the soft walls of 
the bag allowing water motion and mixture within the bag.  

To determine whether photosynthetic rates varied due to natural variability in light levels and 
the biological state of the kelp community, photosynthetically active radiation irradiance (PAR) 
was measured during the incubations with a PAR sensor (Odyssey® Waterproof PAR Logger) 
mounted outside the chamber in an upward direction. HOBO® data loggers were used for 
measuring oxygen concentration/fluxes and water temperature, allowing for calculating net 
primary productivity and respiration inside the incubation chambers. The chambers were first 
incubated in the dark for at least an hour followed by a light phase (Fig. 62). The dark phase 
was created artificially by draping a textile cover over the chamber. The volume of the 
incubations bag was estimated by using the fluorescein method and by calculating the volume 
of a cylinder. When incubations terminated, the bedrock within the PVC frame were gently 
scraped and all macroalgae and associated species were carefully collected into a textile bag. 
Samples were frozen until processing at the laboratory. 
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Preliminary results from metabolic calculations indicate a low net community production (NCP) 
for the kelp community characterized by heavy epiphyte loading, however these results are 
based only on calculations from two chambers, and without consumers included. S. latissima 
was the greatest contributor to the algal biomass in both chambers (>50%), followed by the 
typical understory species Corralina officinalis (>13%) and Furcellaria lumbricales (>15%). 
Filamentous algae only made up a small proportion of the biomass (<1%), presumably due to 
their feathery structure. The remaining samples will be analysed and a complete overview of 
the community structure and metabolic rates for the two habitat types will be presented in the 
scientific literature.  

2.7.7 Discussion 
We found a significant impact of nutrient enrichment and darkening on several aspects of the 
habitat-forming macroalgal communities common in Norwegian coastal waters. This includes 
reduced coverage of the habitat-forming rockweeds (Fucus serratus and F. vesiculosus), 
changes of the associated fauna community in the rockweed F. serratus, reduced 
photosynthetic performance of F. serratus (only for darkening) and Saccharina latissima (only 
for nutrients), and survival of Saccharina latissima, a key habitat-forming kelp species. The 
impact on the macroalgae community varied between the upper (the two uppermost stairs 
within the mesocosm basins) and lower tidal levels (the two bottom stairs), and between 

Figure 62 Pictures showing the incubation chambers during dark (upper left) and light (upper right) phase and 
diver preparing for sampling (bottom). 
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treatments. Furthermore, the results indicate both synergistic (species diversity and community 
structure of the fauna associated to F. serratus) and antagonistic effects (coverage of F. 
serratus) on the ecosystem.  

The reduced coverage of rockweeds in basins treated with nutrients could be due to the 
increased levels of nitrogen in the rockweeds tissue and hence a higher nutrition value of the 
algae for the grazers. The C:N levels were significantly reduced in F. serratus plants sampled 
from mesocosms treated with nutrient enhancement. Similar top-down control of macroalgae 
by grazers are well documented for rocky shore communities (e.g. Lubchenco 1978; Menge 
et al. 1997). We could not document any significant differences in the abundance of snails 
between the treatments, but it is challenging to get precise estimates of snail abundance when 
the occurrences of juvenile snails are high, and the individuals are difficult to observe and 
count. Also, the abundance of snails could have differed among basins before we estimated 
their abundance and recorded reduced rockweed coverage. Hence a numerical response of 
the snails could have occurred unnoticed. However, we observed a general increase in the 
abundance of snails in all basins over time, likely because of lack of predators, resulting in 
heavy grazing of the rockweeds in all basins at the end of the experiment. This is in contrast 
with the results from earlier experiments in the mesocosms which included predators and 
maintenance of the rockweeds (Kraufelin et al. 2020).  

Differences in the rockweed ecosystems response between tidal levels, could be due to 
differences in the physiology of the two rockweed species, as well as differences in the 
environmental conditions between the tidal levels. F. vesiculosus is adapted to live in the upper 
tidal and F. serratus in the lower tidal and upper subtidal zones. The two zones experience 
differences in light conditions as well as differences in stressors such as heat, desiccation, 
salinity etc. with more stressful conditions in the upper tidal. Hence, additional stress could 
have more severe impact on the rockweed species inhabiting this level and explain why the 
most severe reduction in rockweed coverage occurred at this level. The reduction in coverage 
of rockweeds in the high tidal level (i.e. F. vesiculosus) in basins treated with nutrients could 
also be related to an increase in abundance of filamentous brown algae. Hence the loss of the 
rockweed could be due to competition with the filamentous algae.  

The impact of stressors on photosynthetic performance differed between the two habitat-
forming species, F. serratus and sugar kelp S. latissima. The different response to darkening 
could be caused by contrasts in the species adaptation to light, as sugar kelp are adapted to 
live in deeper and hence darker environment than the rockweed, which occur in shallow areas. 
Sugar kelp grows mainly in the winter season (January until May/June, Kain 1971). A 
hypothesis that can explain the reduced photosynthetic performance of sugar kelp as a result 
of nutrient enhancement could be that the enrichment causes an increased physiological 
stress for this species.   

Darkening seemed to promote recruitment of F. serratus in the scraped plots in the lower 
intertidal zone, whereas the basins receiving nutrient enhancement tended to have reduced 
rockweed recruitment. In the more natural F. serratus rockweed community (i.e. the unscraped 
plots), the coverage of rockweed was reduced in the darkening treatment and the nutrient 
enhancement treatment but not when the two stressors were combined (similar to controls). 
This antagonistic impact of the combined stressors could be explained by a negative impact 
on faunal abundance and diversity, and reduced grazing pressure on plants. 

Darkening resulted in a reduction in the number of faunal individuals associated with F. 
serratus, whereas darkening and the combined impact of darkening and nutrient enhancement 



 
 
 
Deliverable 3.1 - Report on Assessment of key species and community performance and functions in the 
face of global change 
 

Page 100 of 151 

reduced the number of species associated with this rockweed species. In contrast, nutrient 
enhancement alone had no impact on fauna abundance and species diversity. Darkening and 
nutrient enhancement had a significant impact on the faunal community associated with F. 
serratus, and the pattern of dissimilarity between the assemblages also indicated a synergistic 
impact of the stressors. The negative impact of darkening could be explained by reduced 
photosynthesis and primary production rates of the rockweed, and hence less food for the 
fauna assemblage. The synergistic negative impact could be related to a cumulative impact of 
multiple stressors, crossing some threshold level, and hence increasing the negative impact 
on the ecosystem.   

In conclusion, the mesocosm experiments demonstrate that the rockweed species Fucus 
vesiculosus and Fucus serratus, are both sensitive to coastal darkening and increased nutrient 
supply. Furthermore, the stressors reduce faunal abundance and species diversity of the 
community associated to F. serratus, through synergistic negative impact. The results indicate 
complex, non-intuitive ecosystem responses that cannot be understood without doing 
experimental studies in complex ecosystems as done in this study and made possible by the 
large scale mesocosm facilities. Preliminary results from the incubation study indicate a 
negative impact of filamentous algae on the kelp community production rate. Hence, an 
increasing trend of coastal darkening and nutrient enrichment will further promote the presence 
of filamentous algae as demonstrated in the mesocosm experiments, and thereby contribute 
to regime shifts towards a dominance of filamentous algae or fouled rockweed and kelps.  
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2.8 Assessment of ecosystem functioning of Pacific oyster reefs 
and determining thermal requirements of flat oysters early 
life stages used for ecosystem restoration in Dutch waters 
(SL 10) 

2.8.1 Introduction 
The restoration of habitat-forming species is a Nature-based Solution (NBS) that is being 
applied throughout the world’s oceans to halt the loss of biodiversity, combat climate change 
and help sustain the provision of ecosystem services (Steven et al. 2020). Native flat oyster 
(Ostrea edulis) beds, once a major component of the North Sea covering > 25,000 km2, largely 
disappeared from the region in the late 19th century due to a combination of overfishing, habitat 
degradation, introduction of invasive species and appearance of parasitic organisms. In the 
late 20th century, commercial farming of the Pacific oyster (Crassostrea gigas) began in the 
Wadden Sea from where the species spread and has by now established large populations 
throughout the region (Diedrich et al. 2005).  

Habitats created by oyster beds support biodiversity by providing natural refugia, substrate and 
feeding grounds for many co-existing species. Moreover, by filtering phytoplankton, oysters 
play a key role in nutrient cycles of shelf seas and can mitigate poor water quality caused by 
excess nutrients (eutrophication). Also, deposition of suspended particulate matter from the 
water column is relevant, especially when increased storminess can elevate suspended 
particulate matter. Oyster reefs along coasts can also function as wave barriers that grow with 
sea level rise and reduce coastal erosion which will help with adapting to sea level rise and 
weather extremes. Finally, the shell formation and silt capture of oysters may contribute to 
carbon sequestration (Blue carbon). These important roles of oyster beds have long been 
recognised and large-scale restoration efforts are now underway to help safeguard future 
biodiversity and various provisioning, supporting, regulating and cultural ecosystem services 
for humans. 

Effects of climate change in the North Sea region are sea level rise, coastal erosion, general 
temperature increases, changes in stratification patterns and hence in timing and amount of 
primary production, and more weather extremes such as heat waves and severe storms in 
summer. Changes in primary production will impact the carrying capacity of the North Sea for 
extensive shellfish beds. Changes in the timing of the spring bloom (generally linked to the 
timing of onset of stratification) can interfere with food availability at times of spawning. Oysters 
have specific tolerance ranges for temperature. If temperatures shift substantially the habitats 
with suitable temperatures are likely to shift. These changes will not only affect the sessile 
juveniles and adults but also impact the survival and settlement success of the pelagic larvae 
to bottom habitats. 

 

Objective 
The objective of this work was to determine in-situ habitat provisioning (support for biodiversity) 
and carbon cycling (respiration, net calcification, nutrient fluxes and carbon uptake capacity, 
Fig. 63) for introduced Pacific oyster reefs in the intertidal zone compared to nearby mudflats.  
This work (1) performed incubations in the field and in the laboratory to determine calcification 
and oxygen consumption rates, (2) quantified organic matter in the sediment at different 
distances from a reef and (3) measured biodiversity on artificial and natural oyster reefs. 
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Futhermore, work in SL10 aimed to quantify vital rates and thermal performance curves (TPCs) 
of larval O. edulis to better understand the impacts of temperature on the potential recruitment 
success in ecosystem restoration sites within the North Sea. For this, larvae were reared at 
two fluctuating temperature regimes (low 20–21°C, versus high 20–24°C) and growth, 
development, survival and settlement success were measured. In addition, TPCs (oxygen 
consumption rates (MO2) and swimming behaviour) of all three larval life-stages (D-shape, 
umbo and pediveligers) were measured and their acute thermal preference range was 
determined.  

The first larval study revealed that the larval thermal preference was between 25 and 30°C 
which corresponded with optimum temperatures for MO2 and locomotion. Based on the large 
difference between these optimum temperatures and naturally occurring summer 
temperatures of the North Sea (16–22°C), O. edulis larvae were also reared at unnaturally high 
stable temperatures, i.e. 25 and 29°C and their vital rates were assessed. This was done in an 
attempt to optimize hatchery protocols to improve yields for a growing demand of hatchery-
reared spat used in ecological restoration within the North Sea.  

 

 
Figure 63 Carbon sequestration potential = shell formation + tissue production + feces production – biogenic 
calcification – respiration – mineralized feces 

 

2.8.2 Methods 
2.8.2.1. Assessment of Pacific oyster reefs 

In-situ incubations for carbon cycling 
To determine if oyster reefs are either a carbon sink or source, in-situ incubations experiments 
were performed at night on natural reefs of Pacific oyster (Crassostrea gigas) in the 
Oosterschelde estuary (The Netherlands) in the summer (June/July) and autumn (September) 
of 2021 and 2022. Respiration and calcification rates were calculated based on measured 
changes in oxygen, alkalinity, DIC and nutrients using benthic incubation chambers 
(henceforth called CUBEs in reference to their cubical design) designed by the Royal 
Netherlands Institute for Sea Research (Stratmann et al. 2018). CUBES were deployed on 
patches of oysters (n=14) and bare sediment (n=7, Fig. 64). The CUBEs had a volume of 125 
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L and were equipped with a stirring plate to ensured homogeneous mixing of the water. 
Furthermore, a rosette with six 35-mL sampling syringes on top of the CUBEs allowed water 
samples to be taken at set intervals. Oxygen was measured continuously whereas water 
samples were taken at 5 time periods during the experiment (0, 100, 200, 300 and 491 ± 20 
min (mean ± sd)). The first and the last sampling was taken by hand whereas the other three 
times were sampled automatically. To obtain enough water for all measurements, two syringes 
were lanced simultaneously. The final sampling time differed depending on the moment the 
CUBE emerged from of the water due to the ebb tide. All water samples were filtered through 
a 0.2 µm syringe filter. Samples for DIC concentration analysis were stored in 5ml headspace 
vial and preserved by adding 5 µL 0.24 mol L-1 HgCl2. For alkalinity analysis, 45 ml water was 
preserved by adding 45 µL 0.24 mol L-1 HgCl2. For nutrient analysis, 1 ml was stored by placing 
it in a -20°C freezer. At the end of the incubation, all oysters were removed and the sediment 
sieved over a 1 mm sieve. The benthic macrofauna was stored in formalin. To determine the 
biomass of the oysters, the live top layer was separated from the dead layer under the 
sediment and both were stored in a -20°C freezer. Biomass was determined by removing all 
oyster flesh, dry it at 70 °C till weight constantly and combusted it at 450 °C to determine their 
ash-free dry weight in grams.  
In 2022, lab incubations were also performed to correct field observations for fluxes from the 
sediment. In total eight incubations chambers were used to measure oxygen continuously and 
take water samples at set intervals, as done in the field. Three chambers received 1 oyster 
each. Three chambers were filled with sediment from the field and  two chambers contained 
water only.  

 

 

Figure 64 Overview of in-situ incubation locations at a natural Pacific Oyster reef in front of the Royal Netherlands 
Institute for Sea Research in Yerseke (The Netherlands). 
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Biocalcification 
Net calcification (G in µmol CaCO3 h-1) can be estimated using the alkalinity anomaly technique 
(Smith and Key 1975) based on the fact that total alkalinity (TA) decreases by 2 equivalents 
for each mole of CaCO3 precipitated, using the following equation: 

𝐺𝐺 = −
(∆𝑇𝑇𝑇𝑇 ∗ 𝑣𝑣)
(2 ∗ ∆𝑡𝑡)

  

Where ∆𝑇𝑇𝑇𝑇 is the variation of total alkalinity during incubation (µmol L-1), 𝑣𝑣 is the net chamber 
volume (l), and ∆𝑡𝑡 is the incubation time (h). Excretion of ammonium by the oysters during the 
incubation causes an increase in TA by 1 mol TA per mole of ammonium excreted, leading to 
an underestimation of calcification fluxes. Total alkalinity is however also impacted by other 
processes. Assuming that (1) the assimilation and remineralization of 1 mol of NH4

+ (ΔNH4
+) 

respectively leads to a decrease and an increase of 1 mol of TA, (2) the assimilation and 
remineralization of 1 mol of NO3

- + NO2
- (Δ(NO3

- + NO2
-)=ΔNOx) respectively lead to an 

increase and a decrease of 1 mol of TA, and (3) the assimilation and remineralization of 1 mol 
of PO4

3- (Δ PO4
3-) respectively lead to an increase and a decrease of 1 mol of TA, calcification 

rate (G* in µmol CaCO3 L-1) can be estimated using the following equation (Gazeau et al. 2015): 

𝐺𝐺∗ =
∆𝑁𝑁𝑁𝑁4+ −  ∆𝑇𝑇𝑇𝑇 −  ∆𝑁𝑁𝑂𝑂𝑥𝑥 − ∆𝑃𝑃𝑂𝑂43−

2
 

But to get net calcification we need to correct for time and volume. The equation can be 
modified as follow to get G in µmol CaCO3 h-1: 

𝐺𝐺∗ =
(∆𝑁𝑁𝑁𝑁4+ −  ∆𝑇𝑇𝑇𝑇 −  ∆𝑁𝑁𝑂𝑂𝑥𝑥 − ∆𝑃𝑃𝑂𝑂43−) ∗ 𝑣𝑣

2 ∗ ∆𝑡𝑡 
 

 Respiration 
Underwater respiration (R, µmol DIC h-1) in each incubation chamber was calculated according 
to the following equation: 

𝑅𝑅 =  −  
(∆𝐷𝐷𝐷𝐷𝐷𝐷 ∗ 𝑣𝑣)
∆𝑡𝑡 ∗ 103

− 𝐺𝐺∗ 

Where G* is the net CaCO3 flux in the incubation chamber (µmol CaCO3 h-1), is the net chamber 
volume (l), is the incubation time (h), and is the change in the total inorganic carbon 
concentration (µmol DIC L-1), background respiration values from “control” chambers without 
oysters where subtracted prior to reporting this value. 
 Biodeposition 
Oysters are filterfeeders which can bring carbon rich phytoplankton towards the sediment 
through excretion of feaces and pseudofeaces (Fig. 65).  When this is buried it can act as 
carbon storage. We measured the amount of organic matter stored at different depths in the 
sediment (0-5, 10-15, 20-25, 30-35, 40-45 cm) and at differenct distances from oyster reefs (1, 
2, 4, 6 and 10m). This was done by taking sediment cores around reefs up to 45cm depth and 
slicing them in 5-cm segments before storage in a jar. Organic matter was determined by 
freeze drying the sediment and combusting at 450 °C to determine loss on ignition (LOI). Five 
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samples were used to determine the amount of organic carbon and total nitrogen using a CHN-
analyser (Flash EA 1112 Series).    
 

Biodiversity  
Ten years ago, artificial oyster reefs were placed 
in the Oosterschelde estuary (Walles et al. 2016). 
To determine the development of the artificial 
reefs biodiversity, Magellana gigas was 
measured on artificial and natural reefs in winter 
2020 using catch-per-unit-effort in a fixed quadrat 
of 50 by 50cm. This method did not work for 
mobile species such as crabs  that were able to 
escape the quadrat, resulting in an 
underestimation of the species richness and 
abundance. Therefore, we switched to the use of 
eDNA. Water, sediment and epifaunal samples 
were taken on and at different distances from 
artifical and natural reefs (Fig. 66). Two transects were sampled per reef type. At each location, 
1-L water samples were collected in triplicates and subsequently filtered over a 1.2µm 
nitrocellulose membrane. The filters were stored in DNA/RNA shield and stored at -20°C until 
processing in the lab. Samples were thawed on ice and DNA was extracted using the Qiagen 
Blood&Tissue kit following the tissue protocol. PCR and sequencing has been done for the 
samples collected in tidal pools from artificial and natural reefs. The 313bp Folmer region of 
the COI barcode was amplified using primers designed by Leray et al. (2013) in a thermocycler 
with the following settings: 98°C for 3 min, 35 cycles of 98°C for 8s, 56°C for 8s, 72°C for 15s 
and finally 72°C for 3 min. Amplified samples were prepared for sequecing using the LSK-
SQK113 kit by Oxford Nanopore Technologies.  
Furthermore, sediment samples were collected in combination with benthic sediment cores. 
The sediment samples are used for eDNA analysis, whereas the benthic cores are meant to 
groundtrough the eDNA sampling, by checking which species can be found and if they are also 
found in the eDNA analysis. The benthic cores were 10cm in diameter. Samples were taken 
up to 30cm depth. The sediment was then flushed over a 1 mm sieve and all residual 
organisms were stored in a jar. In the lab, these jars were fixed with ethanol. All species were 
named and counted after which they were pooled and mixed to a substance from which an 
DNA sample could be taken.  

Figure 65 schematic overview of biodeposition 
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Figure 66 Overview of eDNA sampling around natural and artificial reefs. Two transects were sampled per reef 
type. 

 

2.8.2.2. Thermal performance of flat oyster larvae 

Broodstock conditioning and larval release 

Broodstock (n = 38) were from the NIOZ in-house O. edulis population, which was collected 
on the east coast of the island of Texel (Jacobs et al. 2020). Temperature of seawater for 
broodstock was increased from 12 to 20°C within 4 weeks to induce gonad ripening and 
spawning. A sieve with a 100 µm mesh size was fitted below the outflow of the broodstock 
container. Released larvae were transported with the waterflow and collected in the sieve and 
then used for experiments.  

 

Rearing of the experimental larval batch 

Larvae were reared (initial density 10 larvae/ml) in conical flow-through seawater tanks (50 L, 
n = 6) with constant aeration at 28 PSU and at a low fluctuating temperature (n = 3) between 
20 and 21°C (mean: 20.6 ± 0.1°C; SCHEGO titanium heater, Germany) and a high fluctuating 
temperature (n = 3) between 20 and 24°C (mean: 21.4 ± 0.1°C; IKS Aquastar Industrial, 
Germany). In the low fluctuating treatment, temperature change was not time-controlled while 
in the high fluctuating treatment, temperatures were 20 and 24°C during the night and day, 
respectively. Larvae were fed with an algae mixture (Stichting Zeeschelp, the Netherlands) at 
a cell concentration of 40.000 algal cells/ml. Subsamples from each larval tank were taken and 
larvae were counted and measured to determine survival, development into competent 
pediveligers for settlement, and growth. Larval length (n = 25) was averaged for each replicate 
tank and time point. Pediveligers were classified as competent for settlement when both the 
foot and eyespot were visible. Alive larvae that had not developed into competent pediveligers 
were transferred to a clean rearing tank at their respective treatment condition and a 
subsample of the competent pediveligers was used to determine settlement success (see 
below). The remaining competent pediveligers were pooled and transferred to larger 
settlement tanks without further inspection for this study.  
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Settlement success and post-settlement size 

Competent pediveligers for settlement were transferred to a 200 µm sieve which was hung in 
a separate rearing tank (n = 3) at the respective temperature treatment. The inflowing water 
and food supply was placed above the sieve. Grind-up oyster shells (300 µm, microbrisure, 
Entre Mer et Terre, France) were placed in the sieve as settling material. The tanks were 
shaded and left undisturbed for 10 days after which larvae were counted and their behavior 
was assessed. Larvae were categorized either as settled, crawling, swimming or dead which 
corresponded to individuals that i) had attached firmly to the oyster shells, ii) had not yet 
attached firmly to the oyster shells, iii) were predominantly swimming, or iv) had an open shell 
and were not moving, respectively. The length of settled larvae was measured (n = 7–20 per 
replicate tank) under a microscope and averaged for each replicate tank.  

 

Thermal coping ranges 

Thermal preference, swimming speed and mean directional change rate 

A horizontal thermal gradient was used to determine acute thermal preference range and 
thermal influence on swimming behavior of D-shape, umbo and pediveligers (Wiggins and 
Frappell 2000). The gradient consisted of a glass tube (40.1 ml volume, 51 cm length, 1 cm Ø) 
embedded in a water bath within an u-shaped aluminium block with LED lighting along the left 
and right horizonal planes. The ends of the aluminum block were connected to a Peltier device 
or a heating unit. Temperatures were set using a custom-built electronic controller and the 
linear gradient between 16 and 30°C established within 30 min. Larval position within the 
gradient could be viewed through the opening on the top of the aluminium block. A camera 
(Galaxy S8, Samsung) was installed above the gradient that took images of the gradient at a 
rate of one per hour throughout each experimental run. In addition, after 1 hour, 1-min videos 
were taken at 5 locations along the gradient which corresponded to 17, 20, 24, 27 and 30°C. 
Individuals of D-shape, umbo and pediveligers were evenly distributed throughout the glass 
tube using a syringe connected to aquarium tubing (n = 3 per life-stage). Larvae were left to 
move throughout the gradient for three hours after which the temperature was measured every 
2 cm along the gradient using a digital thermocouple thermometer. Control runs (n = 2 per life-
stage) with a uniform temperature (20°C) throughout the thermal gradient were conducted to 
test whether the design of the gradient apparatus had an influence on the larval distribution. 
Subsamples of larvae were taken at the end of each experimental day to confirm 
developmental stage and measure larval length (n = 25) under a microscope. 

Images captured at the start (0 h) and end (3 h) of each experimental run were used to 
determine the acute thermal preference range of larvae by counting the number of larvae in 2 
cm-sections along the gradient. Numbers of larvae in consecutive sections were summed to 
determine the temperature range where 50% of the test-population occurred after the 3 h-
exposure (Alter et al. 2017). The average of this temperature range was used to test for 
differences in the temperature range between treatments and life-stages. Videos taken 1 hour 
after the larvae were introduced into the gradient were used to determine swimming speed and 
swimming directionality. The 1-min videos were analyzed by automatedly tracking the distance 
traveled by larvae between every frame (0.03 s) using the plugin TrackMate for Image J (FIJI) 
(Ershov et al. 2021). The median swimming speed (µm*sec-1) was corrected for larval size by 
dividing it by larval length (body length (BL)*sec-1). The mean directional change rate is the 
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angle between two links of the swimming path in succeeding frames averaged across the entire 
track length (Meijering et al. 2012). This value was inverted and the lowest inverted directional 
change rate was added to each data point and termed swimming directionality in order to 
achieve positive values to which performance curve models could be fit. Median swimming 
speeds and swimming directionality of larvae (n = 12–39) of each life-stage were averaged for 
each temperature (n = 5). 

 

Oxygen consumption rate 

Oxygen consumption rate was measured in D-shape, umbo and pediveligers (n = 5–9). 
Subsamples of larvae were taken at the commencement of each experiment to confirm 
developmental stage and measure larval length (n = 25) under a microscope. Oxygen 
consumption rate trials were conducted in a temperature-controlled room at 17, 20, 24, 27, 30 
and 33°C. Two temperatures were tested at the same time and four temperatures were tested 
in one day. Hence, trials with all six temperatures were accomplished over a period of two 
days. Pre-experiments showed that ṀO2 did not change significantly within two days of 
development. Ultra-pure seawater was preconditioned to each of the six temperatures and an 
unknown number of individuals were transferred from the rearing tanks to the respiration 
chambers, providing an acute exposure of the individuals to the new temperature. Trials 
commenced immediately after respiration chambers were hermetically sealed under water. 
Respiration chambers were 2-ml glass vials with screw caps (PreSens, Germany) that were 
placed on a sensor dish reader (PreSens, Germany). The sensor dish reader measured the 
oxygen content within each chamber at a rate of four readings per minute. Larvae swim 
frequently and stirred the water such that a mechanical stirring mechanism was considered 
unnecessary. Lights were switched on during trials and all experiments were conducted during 
the day. Percentage air saturation (O2sat) was measured until oxygen dropped below 70% 
O2sat which took approx. 3–5 h. Pre-experiments had shown that critical oxygen levels were 
below 25% O2sat for all veliger life-stages. After the experiments, individuals were preserved 
in 4% formalin and subsequently counted (density = 308 ± 13 ind/ml). Pre-experiments had 
shown that these densities did not influence individual ṀO2. Sensors were calibrated in air 
saturated seawater for 100% O2sat and in sodium sulfite-saturated seawater for 0% O2sat. 
Three chambers without larvae served as blanks to account for background respiration. 
Oxygen consumption rates (in pmol*h-1*ind-1) were calculated from the linear decrease in % 
O2sat in each respiration chamber according to:  

Ṁ𝑂𝑂2 =
𝐹𝐹𝐹𝐹2
𝑡𝑡

× (𝑃𝑃𝐵𝐵 − 𝑃𝑃𝑆𝑆) × 𝛽𝛽𝑂𝑂2 × 𝑉𝑉𝑉𝑉𝑉𝑉 × 0.2093 

where FO2 is the change in fractional oxygen concentration over time, t (sec), PB is the 
barometric pressure (kPa), PS is the saturation vapor pressure of water (kPa), βO2 is the 
capacitance of water for oxygen, Vol is the chamber volume minus the larvae volume (L, 
assuming 1 g wet mass equals 1 ml) and 0.2093 is the fractional concentration of oxygen in 
water (Alter et al. 2017). Individual weights were estimated from measured larval length 
according to Labarta et al. (1999). 

 

Predicting performance and statistical analysis 
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We fitted exponential curves to data on larval lengths across developmental time of O. edulis. 
For larval lengths from each rearing tank we fitted the model 

𝑦𝑦𝑦𝑦 = 𝑎𝑎 × 𝑒𝑒𝑒𝑒𝑒𝑒𝑘𝑘×𝑡𝑡 

where yt is the larval length (µm) at time t, t is the number of days since larval release, a is the 
larval length at t = 0, and k is the growth constant. 

For data on swimming speed, swimming directionality and ṀO2, TPCs were fitted to predict 
the thermal optima for each parameter. First, data from all three replicate tanks were averaged. 
Then, TPCs were fitted (rTPC, nls.multstart) using nonlinear least squares (NLSS) regression 
according to Padfield et al. 2021. In brief, out of 24 different TPC models, five models were 
selected (“Gaussian_1987”, “Joehnk_2008”, “Oneill_1972”, “Pawar_2018”, “Weibull_1995”) 
and fitted to data. These five models were chosen because we were interested in the optimum 
temperature and those models included that parameter in their formulation. Subsequently, the 
five models were weighted based on the smallest Akaike information criterion correcting for 
small sample size and the temperature at which swimming speed, swimming directionality and 
ṀO2 was maximal was estimated using the weighted model (Padfield et al. 2021).  

Differences in larval sizes between larval release dates were tested with a non-parametric one-
way analysis of variances (ANOVA) (ARTool) because homogeneity of variances (Levene’s 
test) was significant. A two-way repeated measures ANOVA was used to test for differences 
in larval length of the three life-stages at time points of experimental runs. Kaplan-Meier 
analysis was conducted for data on O. edulis cumulative survival and development of 
competent pediveligers. Larvae that survived and larvae that developed into competent 
pediveligers were treated as right-censored observations. A two-way ANOVA was used to test 
if proportions of larvae were statistically different in settlement behaviors between the two 
rearing temperatures and a two-way repeated measures ANOVA was used to test if rearing 
temperature and time affected post-settlement larval length. 

Differences between the distributions of larvae with and without being exposed to a thermal 
gradient were tested using Chi-square tests. This was followed by examining the differences 
in average acute thermal preference range between life-stages and treatments using a two-
way ANOVA. The influence of life-stage, treatment and exposure temperature on swimming 
speed, swimming directionality and ṀO2 data (ln-transformed) was tested with three-way 
ANOVAs.  

Curve fitting and statistical analyses were conducted using R (version 4.2.0). Normality and 
homogeneity of variances were assessed using the Shapiro-Wilkinson test and Levene’s test, 
respectively. A probability of less than 0.05 was considered as significant. Bonferroni host-hoc 
tests were used to detect significant differences between the levels of the variables when 
independent variables were significant.  

 

2.8.2.3. Hatchery rearing of flat oyster larvae and spat 

The methods are published in Alter et al. (2023). In brief, broodstock conditioning, release and 
rearing of larvae and spat of O. edulis was performed according to standard hatchery practices 
at the hatchery Stichting Zeeschelp, Kamperland, the Netherlands in August 2022. Boodstock 
(n = 70) were housed in one flow through tank containing a sieve at the outflow to collect 
released larvae that were transported with the water flow. The seawater was heated to 25.3 ± 
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0.1°C at a salinity of 30 ± 1 PSU and constantly aerated. Released larvae were collected from 
the sieve each day and larvae from one day were used for experiments.  

Larval phase  

Larvae (5 ± 1 ind/ml) were reared in conical flow through tanks (180 L capacity, 20 
renewals/day, n = 6). Seawater was filtered (0.02 μm), had a salinity of 30 ± 1 PSU and was 
heated to the treatment temperatures of 25°C (25.3 ± 0.1°C, range 24.6–25.7°C, n = 3 tanks) 
and 29°C (28.5 ± 0.0°C, range 28.3–28.6°C, n = 3 tanks). The live micro-algae diet for rearing 
the larvae consisted of C. neogracile (40%), I. galbana (25%), P. lutheri (25%), and R. lens 
(10%) and was held constant at an excess density of 40,000 cells/ml. Larvae were transferred 
to new tanks every other day, whereby they were sieved over a mesh size of 150 μm, 180 μm 
and 250 μm on day 2, 6 and 9, respectively. Larvae that fell through the mesh size were 
discarded. A subsample of larvae which remained on the mesh was counted and their anterior-
posterior length was measured (n = 12 larvae per tank for 6 tanks, subsequently averaged per 
tank) under a microscope (Olympus CKX41) to determine growth and development into 
competent larvae for settlement which was considered as larval survival. Individual larvae were 
considered suitable for settlement (‘competent’) when eye spots and the foot were present, 
and they had reached a minimum size of 300 μm.  

Spat phase 

On day 9 post release (dpr), competent larvae were harvested for determination of spat 
survival and growth. On that day, a batch of larvae was taken from each tank, divided into two 
groups and transferred into 12 settlement tanks in total. A group reared at a particular 
temperature as larvae was further maintained at that temperature (n = 3) while the second 
group (n = 3) was transferred to the other temperature, i.e. 25°C when larvae were reared at 
29°C and vice versa. Different amounts of larvae were taken from the larval tanks because 
different amounts of competent larvae were available on 9 dpr. This resulted in different 
stocking densities among replicates within the settlement tanks. A total of 50,000 competent 
larvae was taken from each of two out of the three larval tanks at both temperatures resulting 
in a stocking density of 8 ind/ml in the settlement tank. From the third larval tank only 44,500 
competent larvae at 25°C and 29,500 competent larvae at 29°C were taken which resulted in 
stocking densities in the settlement tanks of 7 and 5 ind/ml, respectively. Settlement tanks 
consisted of PVC pipes (20 cm Ø) with a mesh bottom (200 μm) hung into a flow through tank 
in which the inflowing water and food supply was placed above the sieve. The food ration 
during the early benthic phase was similar as used for the larvae, but was increased to a 
density of 60,000 algae/ml. Grind-up oyster shells (200–400 μm, microbrisure, Entre Mer et 
Terre) were placed in the sieve as settling material. Sieves were cleaned with seawater every 
day. After two weeks, subsamples (n = 10) of the spat from each tank were counted and their 
anterior-posterior length and dorsal-ventral height were measured (n = 20) under a stereo 
microscope (Leica MZFLIII) to determine survival and growth. Sizes of spat were averaged for 
each replicate tank (n = 3).  

Statistical analysis  

Repeated measures two-way analysis of variances (ANOVA) was used to detect differences 
in larval size between rearing temperatures during the larval phase. A t-test was used to test 
for differences in larval survival as well as amount of larvae reaching competence on 9 dpr 
between rearing temperatures. Two-way ANOVAs were used to test for differences in spat 
size and spat survival with larvae and spat rearing temperatures as explaining variables. 
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Statistical analyses were conducted using R (version 4.2.0). Normality and homogeneity of 
variances were assessed using the Shapiro-Wilkinson test and Levene's test, respectively. A 
probability of <0.05 was considered as significant. Bonferroni host-hoc tests were used to 
detect significant differences between the levels of the variables when independent variables 
were significant.  

 

2.8.3 Results and discussion 
2.8.3.1 Assessment of Pacific oyster reefs 

In-situ incubations for carbon cycling 
The oxygen profiles indicate a gradual decline in DO of less than 20% over a ~8-hour 
incubation period for bare sediment (control) whereas incubated oyster patches displayed an 
oxygen depletion of ~50-100% depending on the oyster biomass (Fig. 67). In summer oxygen 
depletion occurred rapidly  whereas DO depletion was linear and occurred more slowly in 
autumn. Due to oxygen depletion, calcification declined during the incubation (Fig. 68). When 
only looking at all autumn measurements in 2021 and 2022, calcification was in the range of 
5-10 mmol CaCO3 CUBE-1 h-1 m-2. Respiration was in the range of ~15 mmol DIC CUBE-1 h-1.  

 
Figure 67 Oxygen depletion of 21 incubations. Two oyster incubations where leaking. Sampling intervals are 
indicated with the vertical dashed lines. 
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Biodeposition 

The top sediment layer is mobile due to sediment deposition, resuspension and sediment 
transport, whereas the deeper layers reflect the long-term storage of carbon into the sediment. 
Overall the percentage of organic matter increased with depth. There was not a clear change 
with distances (Fig. 69). Organic matter still needs to be converted to the amount of organic 
carbon. 

 
Figure 69 Overview of sediment sampling (left) and percentage organic matter of the sediment at different depths 
in the sediment and different distances from the reef (right). 

  

Biodiversity 

Biodiversity on artificial and natural oyster reefs was compared through metabarcoding of 
eDNA from water samples collected in tidal pools. Sequencing results show a slight difference 
in relative abundance of species-specific reads between samples from artificial and natural 
reefs. The difference in community composition was mainly caused by the relatively high 

Figure 68 Calcification (left) and respiration (right) for all incubations performed in autumn (2021 and 2022 
combined), 100, 200, 300 and 500 minutes after the start of the incubation. 
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abundance of the snail Peringia ulvae and the worm Nephtys hombergii on the artificial reefs, 
which are developing species and the sponge Halichondria panicea on the natural reefs which 
grows much more slowly.  

Some mobile species such as Carcinas maenas and Hemigrapsus takanoi can be detected 
with the current experimental pipeline, but the setup needs optimization to improve the results. 
For example, primers specifically designed for mobile target taxa can help to identify these 
particular animals. Also, a different barcode region may result in better detection of mobile 
species. This is ongoing work.   

Water samples from other locations along the transects, as well as the sediment samples are 
still being processed.  

 

2.8.3.2. Thermal performance of flat oyster larvae 

Larval batch releases and sizes 

The broodstock first released larvae 44 days after the temperature was increased from 12°C, 
at 19.6°C. Over a total period of 61 days, oysters released larvae on 14 days. Summer 
temperatures of the North Sea are between 16 and 22°C, indicating that the thermal 
environment of the North Sea is sufficient to induce spawning.  

Vital rates 

Developmental time from release to reaching competence for settlement was seven days 
longer at the low compared to the high fluctuating treatment (Fig. 70). Yet, larval length at D-
shape, umbo and pediveliger life-stages were similar between treatments (p > 0.05; Fig. 70). 
Cumulative survival of larvae until settlement was low and was not influenced by rearing 
treatment (p > 0.05, Fig. 71A). The survival was 4.2 ± 2.1 and 8.5 ± 1.5 % at the low and high 
fluctuating temperature treatments, respectively. The percentage of larvae that developed into 
competent pediveligers was 4.2-fold lower in the low versus the high fluctuating treatment (p 
< 0.001, Fig. 71B). After 10 days in the settlement tank, length of spat was similar between 
treatments (p > 0.05, Fig. 72A). Yet, 5.5-fold more larvae (p < 0.001) had settled and 0.8-fold 
fewer larvae were dead (p < 0.001) in the high fluctuating treatment compared to the low 
fluctuating treatment (Fig. 72B).  

In the wild, it has been estimated that approx. 2.5 and 10% of O. edulis larvae survive until 
settlement at 18 and 22°C, respectively, and of those that survive approx. 1% successfully 
settle to benthic habitats (Korringa 1946). Our results showed that for larvae developing in 
temperatures representing the lower end of their thermal performance curve (20–21°C) for 
locomotion and MO2, a slight increase in mean temperature (0.9°C increase) or an increased 
magnitude of temperature fluctuation (3°C) resulted in a more than 5-fold higher settlement 
success. Hence, in order to better estimate the recruitment potential within the restoration site 
in a present and future climate it is important to monitor and thus gain information of the local 
thermal variability to date to project it for the future as not only magnitude but also duration 
and periodicity of the thermal variability can influence vital rates (Vasseur et al. 2014). Climate 
driven intensification of temperature fluctuation would most likely increase growth and survival 
in O. edulis population but the impacts of these changes in thermal environment on later life 
stages remains to be tested (c.f. Xing et al. 2014). 

 



 
 
 
Deliverable 3.1 - Report on Assessment of key species and community performance and functions in the 
face of global change 
 

Page 114 of 151 

 
Figure 70 Ostrea edulis larval length (µm) during pelagic development (days post release (dpr)) when reared at low 
(20–21°C, dark grey symbols) and high (20–24°C, light grey symbols) fluctuating treatments. The arrows indicate 
timepoints at which experiments with the three life-stages were conducted. Note that these are offset on the x-axis 
for each life-stage between treatments because of longer developmental times in the low fluctuating treatment. 
Different lowercase letters indicate significant differences in larval length between life-stages. 

 

 
Figure 71 Ostrea edulis cumulative survival (%) during larval development (A) and cumulative development of 
competent pediveligers (% survivors, B) over time (days post release (dpr)) at low fluctuating (dark grey symbol, 
20–21°C) and high fluctuating (light grey symbol, 20–24°C) temperatures. Different lowercase letters indicate 
significant differences between rearing treatments. The mean (solid lines) ± 95% confidence interval (shaded) is 
shown, n = 3. 
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Figure 72 Shell length (µm) (A) and behavior (B) of proportion (%) of Ostrea edulis pediveliger test population (B) 
after 10 days within settlement tanks (dps). Pediveligers were reared at low (20–21°C, grey bars) and high (20–
24°C, open bars) fluctuating temperatures. In A, different capital letters indicate significant different larval sizes 
across time. In B, different capital and lowercase letters indicate significant differences between behaviors within 
the high and low fluctuating treatments, respectively. Asterisk indicates significant differences between treatments 
for both settled and dead larvae. Values are mean ± SE, n = 3. 
 

Acute thermal preference range and TPCs 

The mean temperature of the acute thermal preference range was higher in pediveligers reared 
in the high fluctuating treatment compared to D-shape veligers in that treatment (p < 0.05) as 
well as pediveligers at the low fluctuating treatment (p < 0.05, Table 9). 

 

At each life-stage, swimming speeds were similar between treatments (p > 0.05) and at the 
high fluctuating treatment, swimming speeds were also similar between life-stages (p > 0.05). 
At the low fluctuating treatment, however, swimming speed across exposure temperatures 
decreased from D-shape to pediveligers (p < 0.01; Fig. 73A-C). Based on TPCs, swimming 
speed was predicted to be highest at ≥ 30°C for D-shape and umbo veligers at both treatments 
and 29.9°C and 28.4°C for pediveligers in the low and high fluctuating treatments, respectively 
(Fig. 73A-C). Swimming directionality was influenced by the interaction between treatment and 
life-stage as well as life-stage and exposure temperature (p < 0.05; Fig. 73D-F). Directionality 
was predicted to be highest at 27.2 and 25.2°C in D-shape veligers, 26.8 and 29.3°C in umbo 
veligers, and 28.4 and 29.5°C in pediveligers in the low and high fluctuating treatments, 
respectively (Fig. 73D-F). ṀO2 increased with life stage and were significantly higher in larvae 
reared in high compared to the low fluctuating treatment in all life-stages across all exposure 
temperatures (p < 0.05, Fig. 74). TPCs predicted maximal ṀO2 for umbo veligers at or above 
33°C and pediveligers at 29.2°C for both thermal rearing treatments. For D-shape veligers, 
ṀO2 was predicted to be maximal at 28.9 and 32.8°C for larvae reared at low and high 
fluctuating temperature, respectively (Fig. 74). 
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These high thermal optima for swimming performance and ṀO2 suggest that growth rates, 
survival and settlement success of O. edulis larvae will potentially further increase when larvae 
are reared at temperatures higher than 20–24°C. In addition, when given a choice of 
temperatures, larvae preferred 26 to 30°C (note that higher temperatures were not tested). In 
agreement, when reared at stable temperatures in 5°C increments between 15 and 30°C, size 
at settlement, settlement success and food intake were highest at 30°C (Robert et al. 2017). 
Yet, while food intake was linearly correlated with temperature, increments in size at settlement 
and settlement success were smaller between 25 and 30°C in comparison to increments 
between lower temperatures (Robert et al. 2017). This suggests that larvae were approaching 
their thermal optimum between 25 and 30°C which agrees with TPCs from the present study.  

Table 9 Average, minimum, maximum and the width (mean ± SE) of the temperature range where 50% of the total 
test-population (individuals) of D-shape, umbo and pediveliger of Ostrea edulis gathered after three hours when 
exposed to temperatures between 16 and 30°C within a thermal gradient. Larvae were reared at a low (20–21°C) 
and high (20–24°C) fluctuating temperature treatment. Different lowercase letters indicate significant differences 
between life-stages within the high fluctuating treatment. Asterisk indicates significant differences between 
treatments for pediveligers. 

  Temperature range (°C) 

 

Number 

of runs (n) 

Individuals 

(ind/n) 

  average minimum maximum width   

Low fluctuating       

 D-shape veliger 28.7 ± 0.3 27.2 ± 0.5 30.0 ± 0.0 2.8 ± 0.5 2 703 – 798 

Umbo veliger 28.3 ± 0.7 26.6 ± 1.3 30.0 ± 0.0 3.4 ± 1.3 3 543 – 760 

Pediveliger 27.9 ± 0.1* 25.7 ± 0.2 30.0 ± 0.0 4.3 ± 0.2 3 222 – 399 

High fluctuating       

 D-shape veliger 27.8 ± 0.3a 25.6 ± 0.6 30.0 ± 0.0 4.4 ± 0.6 3 467 – 662 

Umbo veliger 28.6 ± 0.1ab 27.1 ± 0.3 30.0 ± 0.0 2.9 ± 0.3 3 165 – 918 

Pediveliger 29.4 ± 0.0a* 28.8 ± 0.0 30.0 ± 0.0 1.2 ± 0.0 3 228 – 537 
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Figure 73 Median swimming speed (body length (BL) sec-1, A-C) and swimming directionality (D-F) of D-shape 
veliger (A, D), umbo veliger (B, E) and pediveliger (C, F) of Ostrea edulis across different exposure temperatures 
(°C). Larvae were reared at low fluctuating 20–21°C, black symbols) and high fluctuating (20–24°C, grey symbols) 
temperatures. Different capital letters indicate significant differences between exposure temperatures. Asterisks 
indicate significant differences between treatments. Thermal performance curve models were fitted to data. Values 
are mean ± SE, n = 3. 
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Figure 74 Oxygen consumption rate (pmol O2*ind-1*h-1) (ṀO2) of D-shape veliger (A), umbo veliger (B) and 
pediveliger (C) of Ostrea edulis at different exposure temperatures (°C). Larvae were reared at low (20–21°C, black 
symbols) and high fluctuating (20–24°C, grey symbols) temperatures. Within each panel (A-C), different lowercase 
and capital letters indicate significant differences in ṀO2 between exposure temperatures within the low and high 
fluctuating temperature treatment, respectively. Asterisks indicate significant differences between rearing 
treatments at a given exposure temperature. Note the difference in y-axis scale between panel A-C. Thermal 
performance curve models were fitted to data. Values are mean ± SE, n = 3. 

 

2.8.3.3. Hatchery rearing of flat oyster larvae and spat 

Detailed results and discussion can be found in Alter et al. (2023). For clarity, temperature 
conditions during the larval and spat phase are stated as a fraction. For example, 25/29°C 
refers to 25°C during the larval phase and 29°C during settlement, metamorphosis and the 
spat phase.  

Larval and spat survival and sizes 

Larval survival was similar between 25 and 29°C (p > 0.05, Table 1, Fig. 75A). The highest 
percentage of larval settlement competence was 28.4 ± 4.4% at 25°C and 25.6 ± 2.7% at 29°C, 
which occurred at 10 dpr at both temperatures. Spat survival was neither influenced by larvae 
nor spat rearing temperature (p > 0.05, Fig. 75B). Averaged across all temperature treatments, 
spat survival of competent larvae was 38.3 ± 4.8%. Although the mean survival of spat was 
not significantly different between treatments, the 29/25°C treatment showed a high range in 
the percentage values of spat that survived the first 14 days after settlement (37–85%) 
compared to those for the other three temperature treatments (30–40% for 25/25°C, 22–40% 
for 25/29°C, and 25–44% for 29/29°C; Fig. 75B). Larval length was similar (p > 0.05) between 
temperature treatments until 10 dpr, at which time point larvae reared at 29°C were 3% larger 
compared to those reared at 25°C (p < 0.01, Fig. 76). The average growth rate of larvae during 
the pelagic phase at 25 and 29°C was 10.4 ± 1.4 μm/day and 12.3 ± 1.2 μm/day, respectively. 
After two weeks in the settlement tanks, spat length was influenced by larval temperature (p < 
0.05) and spat temperature (p < 0.001). Spat length was largest in treatment 25/ 29°C and 
spat from treatment 29/ 29°C and 25/25°C were significantly smaller (p < 0.05 for both, Fig. 



 
 
 
Deliverable 3.1 - Report on Assessment of key species and community performance and functions in the 
face of global change 
 

Page 119 of 151 

77A). Spat height was influenced by spat temperature only (p < 0.01). For this measure, spat 
from treatment 25/29°C was 22% larger than spat from treatment 25/25°C (p < 0.01, Fig. 77B).  

 

 

Figure 75 (A) Percentage (%) of larvae that survived the first 14 days post release from the broodstock and 
(B) percentage (%) of spat that survived the first 14 days post settlement, when reared at 25◦C (grey 
box) and 29◦C (black box). Differences between survival were not significant. 
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Figure 76 Larval length (μm) during the pelagic phase when reared at 25◦C (grey box) and 29◦C (black box). 
Different lower-case (25◦C) and upper-case (29◦C) characters indicate significant differences between the various 
ages (days post release) for each of the two treatments separately. Asterisk (*) indicates a significant difference 
between the two temperature treatments at ten days post release from the broodstock. 

 

 
Figure 77 Larval sizes as (A) length (mm) and (B) height (mm) of spat after being reared at 25◦C and 29◦C for 14 
days, preceded by rearing during the pelagic larval phase at 25◦C (grey box) and 29◦C (black box). Different lower 
case (25◦C) and upper case (29◦C) characters indicate significant differences in spat size for each larval 



 
 
 
Deliverable 3.1 - Report on Assessment of key species and community performance and functions in the 
face of global change 
 

Page 121 of 151 

temperature treatment separately. Asterisk (*) indicates a significant difference in spat size within the given spat 
temperature. 

When O. edulis experienced the lower temperature (25°C) during the larval phase, spat grew 
faster at the higher temperature (29°C) compared to stable temperatures throughout the two 
life-stages. For species with complex life-stages, larval experiences can influence post-
metamorphic fitness, such as growth and survival of juveniles and adults (reviewed in Pechenik 
2006). The effects are usually investigated with regards to nutritional stress during critical 
periods before metamorphosis, yet other environmental stressors are rarely investigated 
(Pechenik, 2006). Bivalve larvae often grow best at temperatures well above those which they 
would experience in nature and those between 25 and 32°C have been stated as optimal for 
larvae of the oysters O. edulis, Crassostrea rhizophorae and Magellana gigas (Helm et al. 
2004, Rico-Villa et al. 2008, Robert et al, 2017). These studies, however, did not investigate 
carry-over effects on the benthic life-stage performance. It may be that larval exposure to 29°C 
was energetically suboptimal compared with exposure to 25°C so that, once transferred to 
29°C at settlement, large larval energy reserves coupled with a more rapid passing through 
metamorphosis and a higher food intake post-metamorphosis may have boosted rapid early 
spat growth resulting in largest spat within this treatment group. Metamorphosis is an 
energetically costly process during which larvae deplete their energy storage of as much as 
65% (Rodriguez et al. 1990, Videla et al. 1998, Whyte et al. 1992). After morphological and 
physiological changes occurred, spat commence feeding again but its rate may not 
immediately be sufficient for early post-metamorphic growth, resulting in further dependence 
on stored energy (Whyte et al. 1992). Food intake is positively correlated with temperature in 
both life stages, yet early spat (determined until 4 days post-metamorphosis) ingested 30% 
more algae whereas larvae ingested only 10% more algae at 30°C than at 25°C (Robert et al., 
2017). In addition, experiments with 4 mm spat showed that upon transfer to a 6°C increase, 
metabolic costs of spat did not change, and filtration rates increased continuously throughout 
the three-week experimental period, while a transfer to a 6°C decrease resulted in reduced 
metabolic costs but also reduced filtration rates which in the long term were partly 
compensated (Beiras et al. 1995). Hence, upon transfer from the lower to the higher 
temperature, competent larvae in the present study might have had a metabolic advantage 
during the short-term exposure over those that were reared continuously at the higher 
temperature. Our results show that after rearing O. edulis larvae at a temperature commonly 
used for other oyster species within hatcheries (25°C) and a transfer of competent larvae to 
29°C results in rapid early spat growth which yields a market sized product (2–4 mm) within 
the next two weeks (Utting and Spencer 1991, Helm et al. 2004). It is noteworthy, however, 
that exposure to temperatures as high as 29°C become disadvantageous for feeding and thus 
growth in adult O. edulis (Eymann et al. 2020). This time point, when further rearing at high 
temperatures results in reduced instead of enhanced growth of juvenile oysters, still needs to 
be determined. In addition, it further remains to be tested if early spat experiences to high 
temperatures during the first two weeks post settlement influence later life stages just as it was 
seen for larval experiences on spat in the present study.  

 

Conclusion 

Based on the results obtained so far, we cannot answer the question if oyster reefs are a sink 
or source of carbon as some data still need to be processed. The percentage of organic matter 
increased with depth suggesting burial of organic matter, however, an effect of the reef was 
not observed as there was no clear change with distance from the reef. We found a difference 
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in community composition between artificial and natural reefs. This difference was mainly 
caused by the relatively high abundance of fast-developing species on the artificial reefs and 
slow-growing animals on the natural reefs. This indicates that, after 10 years, the succession 
has not reached its climax state at the artificial reefs.  

A major bottleneck to creating self-sustaining oyster beds is the successful development and 
settlement of larvae to bottom habitats, processes largely governed by temperature. In 
aquaculture, bivalve larvae, including those of O. edulis, are reared and grow best at 
temperatures well above those which they would experience in nature (Helm et al. 2004). 
Across ecologically relevant temperatures, however, a mechanistic understanding of larval 
performance is lacking. To better understand how temperature fluctuations in the field could 
impact the success of oyster restoration, we reared oyster larvae at two thermal regimes that 
overlapped, yet differed in thermal variability by 3°C but only by 0.9°C in their mean 
temperature. The small difference in temperature resulted in significant and relevant impacts 
on vital rates, as well as TPCs, especially in the last larval life-stage. The results suggest that 
O. edulis benefitted from the periodically high temperatures by increasing metabolism and 
swimming performance which translated into more rapid development and higher settlement 
success. 

Previous research showed that increasing the temperature from the commonly used hatchery 
temperature for O. edulis of 22 to 25°C yields much higher larval survival and settlement 
success (Robert et al. 2017). By further adjusting the temperature at settlement, these 
parameters can be further optimized. Calculations are necessary to determine which 
temperature combination, i.e. larval phase at 25°C with a spat phase of 29°C which resulted 
in larger spat, or a larval phase at 29°C with a spat phase at 25°C which may lead to increased 
survival when stocking densities are low, is most cost effective for hatcheries. Either 
temperature combination yielded an oyster size at which they are suitable for release into 
restoration sites within two weeks, resulting in a hatchery period of as little as three weeks. 
These optimized hatchery protocols contribute to a more predictable and efficient production 
of flat oyster spat. 
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2.9 Impact of marine heatwaves (MHW) and artificial light at 
night (ALAN) on kelp in Hoe Bay, UK (SL#10/11)  

2.9.1 Introduction 
In addition to a long-term progressive increase in the ocean’s temperature, more intense 
localized warming events have also been increasingly recorded, named Marine Heatwaves 
(MHWs) (Frölicher et al., 2018, Oliver et al., 2018, 2019). MHW are described as discrete and 
prolonged irregularly warm water local events, resulting from different temporal and spatial 
scale processes (Hobday et al., 2016). With an increase in their occurrence, frequency and 
intensity (Russo et al., 2014, Straub et al., 2019, Filbee-Dexter et al., 2020), such events have 
also caused great impacts on several marine communities (Smale et al. 2019), including high 
conservation value ecosystems, such as Kelp forests.  

Kelp forests play an important ecological role, being one of the photosynthetic marine 
organisms with the highest rates of primary production and thus important blue carbon sinks, 
and acting as ecosystem engineers by serving as shelter for a huge diversity of marine 
organisms in varied coastal zones (Teagle et al. 2017, Wernberg et al. 2019). Several effects 
of MHWs have already been recorded on these organisms, from physiological levels (e.g. 
Pessarrodona et al. 2018, Fernández et al. 2021); to greater scale changes (reviewed in Smale 
2020), and widespread declines in their abundance (Krumhansl et al. 2016). Studies using 
simulated heatwave scenarios have also been conducted, with equally negative effects 
observed (e.g. Nepper-Davidsen et al. 2019, Sánchez‐Barredo et al. 2020, Britton et al. 2020, 
Umanzor et al. 2021). 

Besides temperature, the physiology, and consequently the distribution of these organisms is 
also dependent on other environmental factors, such as inorganic carbon and light (Steneck 
et al. 2002). The combined effect of temperature and inorganic carbon, in the form of CO2, has 
been widely addressed, in studies of ocean warming and ocean acidification (Brown et al. 
2014, Iñiguez et al. 2016, Provost et al. 2016, Qiu et al. 2019, Fernández et al. 2021), though 
less frequently assessing MHWs scenarios (Britton et al. 2020). For all cases, it has been 
observed, that, the increase of dissolved CO2, instead of working as an additional negative 
pressure, increased the resistance of the organisms to the thermal stress.  

Another aspect of growing interest is the effect of artificial light effects combined with the 
thermal stress. From the beginning of the 20th century, the use of artificial light sources and 
use of outdoor artificial lighting at night has increased greatly around the globe. Consequently, 
light pollution has started to affect the natural daily and seasonal existing light cycles (Cinzano 
et al. 2001). Yet no study has yet addressed this potential local stressor on marine 
photosynthetic organisms, such as Kelps. 

Here, the isolated effect of heatwaves (+3ºC) and heatwaves combined with Artificial Light at 
Night (ALAN, 24h light-0h dark), were tested on photosynthetic parameters, growth and 
respiration rates (R) and C/N ratio in the tissues of the kelp species Laminaria digitata. The 
effects of MHW period were tested for a ~14 day simulated event, followed by a recovery 
period of ~10 days, simulating conditions in short term mesocosm experiments at the Plymouth 
Marine Laboratory (“PML”, UK).  
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2.9.2 Materials and Methods 

2.9.2.1 Sampling and laboratory conditions 
Individuals of Laminaria digitata were collected from the Plymouth Hoe coastal area (50.3640 
N, 4.1459 W), in March 2022. After sampling, they were immediately transferred to PML’s 
mesocosm laboratory, kept at the bottom of the tanks.   

Each tank was maintained in a closed recirculating system, with mean salinity value of 35.24± 
0.452, control temperature of 13.27± 1.124, and light system consisting of the mesocosm room 
light (with a 12h photoperiod) and individual LED lights placed at each tank (environmental 
photoperiod variation) with an intensity of 10,000-14,000 lux (Fig. 78). All organisms were set 
in these conditions during the acclimation.  

 
Figure 78 Mesocosm tanks where kelp organisms were maintained during the experiment, with white cold LED 
lights placed at the top. 

2.9.2.2 Experimental setup 
The experimental design was defined as a "collapsed factorial design", as mentioned in 
previous studies to decrease the number of treatments and increase the replicates in multi-
factor studies (Boyd et al. 2018), for multiple drivers experiments. Water Temperature was 
defined as the main factor and Light Availability nested within Water Temperature as the 
secondary one. The experiment consisted of an initial acclimation period of 7 days (T1), 
followed by a simulated 14-day heatwave (T3), and lastly by a 10-day recovery period (end of 
heatwave) (T4). In total 3 treatments were defined: controls “C” (baseline temperature 
exposures + ~12hr light-dark photoperiod), Marine Heatwave “MHW” (+3ºC temperature 
increase + ~12hr light-dark photoperiod) and Marine Heatwave combined with ALAN 
“MHW+ALAN” (+3ºC temperature increase + 24hr light exposure), where the ALAN exposure 
was set simultaneously to the heatwave period lasting until the end of the recovery period. For 
each treatment 4 replicates were used.  

2.9.2.3 Response variables measured 
Photosynthetic parameters: Photosynthetic variables were measured using the Junior PAM 
device (WALZ). Measurements were taken at the meristem of the organisms, observing the 
values of: maximum photochemical quantum yield of PSII (photosystem II) (Fv/Fm), quantum 
efficiency α, and maximum Electron Transport Rate (ETRm). 

Growth rates: Growth rates were measured by the hole-punching method, on the meristem of 
all organisms at T1, and their migration and perforation area measured during the course of 
experiments (T3 and T4).  
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Respiration (R) rates: Incubations for R were performed outside of the mesocosm tanks, in 
incubation chambers, using an optic oxygen sensor (OxyMini), with the rates being calculated 
as the difference in the final oxygen concentrations per the initial ones.  

Carbon and Nitrogen tissue content: As the last part of the experiment, meristem samples of 
each organism were collected to measure their Carbon and Nitrogen content and C/N. 

2.9.2.4 Statistical analysis 
All statistical testes were done using the statistical software R, version 4.0.3. To identify the 
significance of the independent variables tested (Sea water Temperature and Artificial Light 
availability), nested Linear Models (LM) and PERMANOVA analyses were performed.  When 
significant effects of the tested factors were observed (p-value < 0.05), Tukey's Honestly 
Significant Different (THSD) post hoc tests were performed to identify any significant groupings 
within the tested treatment levels (C, MHW, MHW+ALAN). 

2.9.3 Results 
For Fv/Fm, after the heatwave (T3), the MHW had the highest values compared to controls 
and MHW+ALAN, while for α the lowest value corresponded to the MHW+ALAN treatment. No 
significant differences were found for either parameter after recovery (Fig. 79). For the growth 
rate measures, both in area increase rates and perforation migration rates, MHW had the 
lowest values and MHW+ALAN the highest (Fig 80), a pattern also found for the 
Carbon/Nitrogen ratio, at recovery (Fig 81). Regarding respiration rates, there was a high 
degree of variability and no significant differences were statistically found, nevertheless, during 
recovery, in the MHW treatment higher O2 consumption values were still observed (Fig. 82). 

 

 

 

Figure 79 Quantum efficiency (right) and maximum quantum yield (left) values after heatwave period (T3) and recovery 
(T4). 
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Figure 80 
Perforation 
migration and 
area increase 
rates after 
heatwave period 
(T3) and 
recovery (T4). 

 

 

 

 

 

 

Figure 81 Carbon/Nitrogen meristem 
tissue ratios after recovery period 
(T4). 

  

 

 

 

 

 

 

2.9.4 Discussion 
This study tests, for the 
first time, the combined 
effect of MHWs and ALAN 
on the physiology of the 
species L. digitata. It was 
found that increased light 
availability helped 
organisms to better respond to the MHW, when compared to those exposed to MHW alone. 
The combined effect of MHW and ALAN resulted in generally positive responses, in 
comparison to the other tested conditions, with the ALAN effect compensating the negative 
effects caused by increased temperature.  

Figure 82 Respiration rates 
after heatwave period (T3) and 
recovery (T4). 



 
 
 
Deliverable 3.1 - Report on Assessment of key species and community performance and functions in the 
face of global change 
 

Page 127 of 151 

After the MHW, two different patterns were observed for the photosynthetic and growth rate 
parameters. By being exposed to increased light conditions, a down regulation of the light used 
by the organisms was observed, resulting in a decrease in their quantum efficiency. On the 
other hand, an increase in the maximum quantum yield was found when exposing organisms 
to MHW alone, being hypothesised that the thermal stress implied may not have negatively 
affected the PSII of the studied species, that was seen to present higher photoprotection 
mechanisms in previous studies (Burdett et al. 2019). For growth rate and C/N ratio, both the 
MHW and MHW+ALAN treatments were found as significantly different from control groups, 
presenting the lowest and highest’s values, respectively. This might result from an energetic 
trade off, where energy normally directed to photosynthesis is in turn used in thermal protection 
mechanisms (Hurd et al. 2014, Britton et al. 2020). The increased light exposure of the Kelp 
showed general positive effects on growth and C/N, counteracting the effects caused by high 
temperature. By being exposed to extra available light, the organisms increased their 
photosynthetic metabolic rates, and hence, their carbohydrates production (carbon fixation). 
Resulting this way in higher growth and producing the increased amount of energy necessary 
to address the temperature stress and/or increase their thermal optimum (Koch et al. 2013).  

Regarding the respiration rates, contrary to our hypothesis, no significant effects of either factor 
were observed, although these results should be carefully considered. While during the 
heatwave no visible differences were seen among the obtained values of respiration, the 
treatment groups presented a considerable variation among them during recovery. Lower 
respiration, that is less oxygen consumption values, were observed in the control groups and 
slightly higher in the MHW compared to the MHW+ALAN, though no significant different groups 
were found. It should be noted, however, that since net primary production (NPP) rates (i.e. 
oxygen production in the light) were not measured in this study due to experimental difficulties, 
the analysis of the complete oxygen dynamic cycle was not possible.  

2.9.5 Conclusion 
By exposing kelp organisms to ALAN, the additional source of light energy may contribute to 
their greater resilience to heatwave events by increasing their photosynthetic activity and 
carbon fixation, and thus producing the amount of energy needed to withstand the thermal 
pressure. Such discovery can be of great importance, in the context of Kelp ecosystems 
management and restoration programs, as well as for the Kelp farming industry. Even so, 
being, to date, the first study performed on the topic, for a full understanding of the effects of 
ALAN on kelp organisms more studies should be performed, testing its effects on other 
parameters and different simulations. 
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3. General summary  
The work presented here provides diverse experimental evidence for the sensitivity and 
functioning of different benthic species and communities on Mediterranean and northeast 
Atlantic coasts. Here, we summarize the main, general, findings from this extensive and 
diverse work done in many regions with very different environmental settings.  

The functioning of alternative states of Mediterranean shallow reef macroalgal 
communities  

Healthy shallow-water reefs around the Mediterranean are considered highly productive and 
ecologically diverse, and the presence of marine forests of Fucales brown algae, mainly of the 
genius Cystoseira sensu lato, are considered as a clear sign of a healthy reef state (Sala et al. 
2012, Bevilacqua et al. 2020, Bevilacqua et al. 2021). But, in many parts of the Mediterranean, 
shallow reefs are rapidly altering due to varied local and global stressors with both similar and 
different main drivers in the eastern and western basins, and Fucales forests in many places 
are becoming rare. Instead of typical canopy forests, other community dominates and many 
different ecological states are now present on the reefs, and it is assumed that their ecological 
contribution and functioning are inferior to that of the Fucales forests. This assumption, 
however, has rarely been tested. Here, using very similar methods (incubation domes) testing 
the habitat and metabolic functioning of macroalgal-dominated communities on Mediterranean 
shallow reefs we have shown the existence of different reef macrophyte functional states. Our 
results provide evidence that some of those alternate reef states may not be that functionally 
inferior to the pristine Fucales forests and thus provide some hope for relatively persistence 
ecosystem services into the future, even with the rise of novel ecosystems; however, where 
possible, restoration of Cystoseira forests should be attempted, as it evidently can work and 
restore functions as well where conditions allow – i.e., where it was present in the past and 
where local stressors are removed (Fig. 83): 

1) On southeastern shallow reefs most of the reefs today are mainly characterized by 
low-laying, overgrazed (by the invasive rabbitfish), turf barrens that are biologically poor 
and with low productivity. Fucales forests on the other hand are rare (Sala et al. 2011, 
Rilov et al. 2018) and they also have a very short growth season (Mulas et al. 2022). 
But, our work showed that meadows of alien bushy or leafy macroalgae that are 
becoming widespread in the region, are just as biologically diverse, productive and are 
found year-round, and their thermal performance indicate that they can handle better 
resent and future coastal warming. This provides hope that some of the ecosystem 
functioning may be maintained in the system. Some indication of higher cover of 
macroalgal meadows inside a well-functioning MPA (Rilov et al. 2018) suggests that 
protection might aid in the maintenance of higher primary productivity of the reef thus 
sustaining a more intact food web.  

2) On Northern Tyrrhenian Sea reefs that are coastal and urbanized, Fucales are also 
rare, and reefs are now dominated by bushy and “turf” algae (mainly Jania). But these 
alternate communities again were found to be as diverse and productive as healthy 
Cystoseira forests on more pristine reefs in Capraia Island, giving hope that, if 
restoration is not possible, those novel communities are good replacements, at least in 
terms of ecological functioning (habitat provisioning and carbon sinks).  

3) On the Balearic Islands reefs where the Cystoseira forest have been destroyed in 
many areas, our work showed that long-term restoration efforts can indeed be 
successful. Ten years after a forest restoration was initiated, our work showed that the 
area is almost equally diverse and productive as a healthy forest, and is much more 



 
 
 
Deliverable 3.1 - Report on Assessment of key species and community performance and functions in the 
face of global change 
 

Page 129 of 151 

functional than a nearby still-degraded reef.  This suggests that if the driver of the forest 
destruction has been removed, there is a good chance for restoration, given that ocean 
warming will not affect the algae.  

 
Figure 83 Different shifts in community state of macroalgal communities in shallow water reefs in the Mediterranean 
Sea in the different study regions. 

Alternative states were also tested using incubations in healthy and degraded (epiphytised) 
kelp communities in Norway but results are not finalized.  

Threats to Northeast Atlantic rockweed and kelp forests  

The lab and outdoor mesocosm work from Portugal, Norway and the UK showed the potential 
for additive and antagonistic effects of different combinations of drivers to macroalgae forest 
functioning and community structure (Fig. 84).  

In Portugal, the experiments have shown complicated interactions between warming and 
nutrient levels (both influenced by changes in upwelling regime expected due to climate 
change) on two species of kelp as well as turf.  In particular, for Laminaria ochroleuca, the 
reduction of growth, productivity and photosynthetic functioning indicated a lower fitness when 
both stressors (high temperature/low nutrients – simulating a reduction in upwelling) were 
interacting. These results are consistent with previous studies, which have suggested a 
decrease in eco-physiological performance with decreasing nutrient concentration and 
increasing temperature in Laminaria species and other canopy forming seaweeds.  

In Norway, similarly, there were both additive and contradicting impacts of darkening and 
nutrient additions at both the species and community levels. Specifically, the rockweed species 
Fucus vesiculosus and F. serratus, are both sensitive to coastal darkening and increased 
nutrient supply. Furthermore, the stressors reduce faunal abundance and species diversity of 
the community associated with F. serratus, through synergistic negative impact. The results 
indicate complex, not always non-intuitive ecosystem responses that cannot be understood 
without doing experimental studies in complex ecosystems, and made possible by the large 
scale mesocosm facilities used in this project. Preliminary results from the incubation study 
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indicate a negative impact of filamentous algae on the kelp community production rate. Hence, 
an increasing trend of coastal darkening and nutrient enrichment will further promote the 
presence of filamentous algae as demonstrated in the mesocosm experiments, and thereby 
contribute to regime shifts towards a dominance of filamentous algae or fouled rockweed and 
kelps.   

In the UK experiments, we have shown complex interactions between the impacts of artificial 
light at night (ALAN) and the exposure to a marine heatwave, with some evidence that ALAN 
can counteract the negative impact of heatwaves on growth and metabolic functioning of the 
kelp.  

 

In Italy, a lab experiment has also shown that seagrass has the capacity to mitigate the 
impacts of ocean acidification on sea urchin larvae demonstrating the interactive effect of biotic 
and abiotic factors, as was also shown with the ameliorating impact of epiphytes on calcareous 
algae exposed to ocean acidification (Guy-Haim et al. 2020). Specifically, Posidonia oceanica, 
by altering seawater chemistry through their photosynthetic activity, mitigated the negative 
impacts of ocean acidification on the larval development and total body length of the sea 
urchin, Paracentrotus lividus, thus providing future biotic OA refugia for the most sensitive 
stage in the life of the urchin. 

Finally, in the Netherlands, pioneering work on intertidal oyster reef metabolic functioning 
testing if they are a sink or a source of carbon, have showed some interesting results but, as 
some data still needs to be further processed, the question cannot yet be answered if oyster 
reefs are a sink or source and will facilitate carbon sequestration. The percentage of organic 
matter increased with depth suggesting burial of organic matter, However, an effect of the reef 
was not observed as there was no clear change with distance from the reef. Fundamental 
understanding of the physiological constraints of climate-driven warming (TPCs) were 
developed for sensitive larval stages to better understand the effects of CC on the survival and 
recruitment mechanisms maintaining reefs in the wild.  

In conclusion: Our field results provide, on the one hand, hope that, if local conditions are right, 
successful restoration of canopy-forming Fucales forests is possible and can provide functions 
similar to those of a healthy forest. On the other hand, the results from Italy and Israel indicate 

Figure 84 The different multiple stressor experiments tested on Kelp in different locations and scenarios. 
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that some alternative/altered (non-Fucales dominated) benthic communities can also provide 
similar functions as the original Fucales forests, but fully degraded turf-barren communities 
indeed offer very poor habitat for associated species and reduced metabolic functions. From 
managerial perspectives, altered but highly functional communities can be viewed as 
“alternative NBS” if restoration is not possible. Our lab experiments demonstrate the great 
value of multiple-stressor experiments because they show the complex interactions among 
tested local and global stressors, which are essential when developing predictive models (e.g. 
in WP4) required for projecting the impacts of CC on coastal habitat-forming species and for 
planning successful restoration (NBS1) and/or conservation (NBS2) interventions.  
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measured during the second experimental run (November 2021). pH measurements were 
obtained by using three high-resolution HOBO data loggers, two of which were deployed in the 
two tanks exposed to low pH treatments (solid lines) throughout the experiment, while the third 
sensor was alternated between tanks with and without P. oceanica plants maintained at 
ambient pH (dotted lines). ....................................................................................................57 
Figure 31 Larvae into falcon tubes either suspended within P. oceanica canopies or maintained 
at the same height in the tanks without plants. .....................................................................58 
Figure 32 Examples of (A) a normal larva with fully developed arms and (B) a malformed larva 
at pluteus stage after 72 h development in experimental tubes; (C) total body length of an 
echinopluteus larva measured as the total length of apical end plus post oral arms. ............59 
Figure 33 Percentage of abnormal development of pluteus larvae (mean ± SE) growing with 
or without P. oceanica plants under ambient and low pH conditions, for both experimental runs.
 .............................................................................................................................................60 
Figure 34 Total body length (mean ± SE) of echinopluteus larvae growing with or without P. 
oceanica plants under ambient and low pH conditions, for the first experimental run. ..........61 
Figure 35  The different habitats used for the incubation experiments. A) hard substrate 
vegetated (turf), B) hard substrate non-vegetated, C) soft substrate Cymodocea nodosa and 
D) soft substrate Halophila stipulacea. .................................................................................66 
Figure 36 Field incubation experiments A) hard substrate, B) soft substrate, C) dark phase, D) 
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Figure 37 A) collection of water samples, B) collection of macrobenthos samples from hard 
substrate using the MANOSS suction device, C) collection of macrobenthos samples from soft 
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Figure 38 Concentration of nutrients (μΜ) PO4, NH4, NO3, NO2, SiO2 in seawater samples 
collected during the beginning of the experiment (zero), after the dark phase (dark) and after 
the light phase (light) in the A) non-vegetated hard substrate, B) vegetated hard substrate, C) 
soft substrate Cymodocea nodosa and D) soft substrate Halophila stipulacea. Error bars 
represent standard deviation. ...............................................................................................68 
Figure 39 Concentration of carbon as Particulate Organic Carbon (POC), Total Carbon (TC), 
Inorganic Carbon (IC) and Total Organic Carbon (TOC) in seawater samples collected during 
the beginning of the experiment (zero), after the dark phase (dark) and after the light phase 
(light) in the A) non-vegetated hard substrate, B) vegetated hard substrate, C) soft substrate 
Cymodocea nodosa and D) soft substrate Halophila stipulacea. ..........................................68 
Figure 40 Oxygen reduction rate (dark) or production rate (light) as monitored during the in-
situ experiment in the four habitats (non-vegetated hard substrate, vegetated hard substrate, 
soft substrate Cymodocea nodosa and soft substrate Halophila stipulacea). ........................69 
Figure 41 Community metabolic rates in the four habitats (soft substrate Cymodocea nodosa, 
soft substrate Halophila stipulacea, non-vegetated hard substrate and vegetated hard 
substrate indicated by A) community net primary production (NPPO2) and community 
respiration (CRO2) and B) gross primary production (GPPO2) based on oxygen fluxes 
estimated during in situ incubations. Error bars correspond to standard deviation (SD). .......69 
Figure 42 Community metabolic rates in the four habitats (soft substrate Cymodocea nodosa, 
soft substrate Halophila stipulacea, non-vegetated hard substrate and vegetated hard 
substrate indicated by community net primary production (NPPDIC) and community respiration 
(CRDIC) based on inorganic carbon fluxes estimated during in situ incubations. Error bars 
correspond to standard deviation (SD). ................................................................................70 
Figure 43 A) Macrophyte biomass for Cymodocea nodosa and Halophila stipulacea inside the 
incubation chambers as wet, dry and ash (weight). B) Total fauna biomass (wet weigh, g) for 
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soft Halophila stipulacea, soft Cymodocea nodosa and hard vegetated substrates inside the 
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Figure 44 A) Abundance and B) biomass (wet weight, g) of the macrobenthic communities 
inside the incubation chambers of the vegetated hard substrate, the Cymodocea nodosa and 
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respiration (RO2) was estimated in spring and autumn via oxygen evolution in 1 h 30 min 
incubations. Dissimilar letter under plots indicate significant differences (Bonferroni post-hoc 
pairwise test within 95% confidence intervals). Error bars correspond to standard deviation 
(SD). .....................................................................................................................................76 
Figure 46 Community gross primary production (GPPO2) in the three studied sites (degraded, 
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pairwise test within 95% confidence intervals). .....................................................................77 
Figure 47 Initial and final measures of pH and total alkalinity (TA) during light and dark 
incubations at the three studied sites. Community net primary production (NPPDIC) and 
respiration (RDIC) was estimated in spring via dissolved inorganic carbon (DIC) evolution. 
Dissimilar letter under plots indicate significant differences (Tukey test within 95% confidence 
intervals). Error bars correspond to standard deviation (SD). ...............................................78 
Figure 48 Mean of P-I curves parameters for Laminaria ochroleuca measured at the end of the 
experiment. Values are presented as means ± SD (n=5). P-values from two-way ANOVA (p ≤ 
0.05). If interaction was significant, Tukey post-hoc test was performed to detect differences 
between groups. Different letters denote for significant difference. .......................................82 
Figure 49 Mean of P-I curves parameters for Chondrus crispus measured at the end of the 
experiment. Values are presented as means ± SD (n=5). P-values from two-way ANOVA (p ≤ 
0.05). If interaction was significant, Tukey post-hoc test was performed to detect differences 
between groups. Different letters denote for significant difference ........................................82 
Figure 50 Mean of P-I curves parameters for the turf measured at the end of the experiment. 
Values are presented as means ± SD (n=5). P-values from two-way ANOVA (p ≤ 0.05). If 
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groups. Different letters denote for significant difference. .....................................................83 
Figure 51 Overview of the 12 outdoor mesocosm basins at Solbergstrand, close to Oslo, 
Norway, including information of the design of the allocated treatments in this study, i.e. C-
controls, N-nutrients, D-darkening, and the combination of darkening and nutrient enrichment 
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Figure 52 Plot showing variation in absorption (mean values) at Abs-443 during the course of 
the experiment for the control (blue line) and darkening treatments with lignin (orange line) and 
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Figure 53 The grazing level of each of the rockweed plants was assigned to one of the 
categories low, moderate, and high, as illustrated in these photos showing increasing grazing 
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Figure 54 The coverage of Fucus serratus (upper panel), F. vesiculosus (middle) and of 
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