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H I G H L I G H T S

• Multiple Extreme Climate Events
(MECEs) are increasing due to climate
change.

• MECEs mechanisms bringing to the loss
of biodiversity are poorly described.

• Near-term ecological forecasting sensor
networks support MECEs early detec-
tion.

• Mixed manipulative and observational
studies allow disentangling MECEs
effects.

• Foundation species drives habitat func-
tioning, its lost impair the whole
system.
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Climate change is evolving so fast that the related adverse effects on the environment are becoming noticeable.
Thus, there is an urgent need to explore and understand the effects generated by multiple extreme climatic
events (MECEs) on marine ecosystem functioning and the services provided. Accordingly, we combined long-
term in-situ empirical observations in the Mediterranean Sea with a mesocosm manipulation to investigate
the concurrence of increasing temperature and hypoxia events. By focussing on a foundation mussel species,
we were able to detect several cascade events triggered by a mass mortality event caused by stressful tempera-
ture and oxygen conditions, and resulting in a loss of ecosystem services. The measured rates of chlorophyll-a,
carbohydrates, proteins and lipids - in both particulate and sedimentary organic matter - were used as proxies
of ecosystem functioning during pre- and post- disturbance events (MECEs). In the past, MECEs were crucial
for individual performance, mussel population dynamics and biomass. Their effect propagated along the ecolog-
ical hierarchy negatively affecting the associated community and ecosystem. Our results suggest that the protec-
tion and/or restoration of coastal areas requires careful consideration of ecosystem functioning.
Significance statement: Our decadal time-series recorded by a near-term ecological forecasting network of ther-
mal sensor allowed us to record and monitor multiple extreme climatic events (MECEs; heat wave and hypoxia
events), warning on the environmental change recorded on a pond system. By integrating observational andma-
nipulative approaches, we showed how a MECE triggered cascade events, from individual-based impaired
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functioning up to biodiversity loss (community composition and structure changes). Our results emphasize the
key role played by a foundation species in driving ecosystem functioning, and the synergistic effects of climatic
drivers acting simultaneously.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Climate change has triggered complex and, sometimes, catastrophic
ecological responses due to the increasing frequency of multiple extreme
climatic events (MECEs). This phenomenon calls for a comprehensive un-
derstanding of “how” and “when” climate-induced regime shifts modify
the ecosystem's state and the relationship between ecosystem function-
ing and biodiversity; the aim being to design anticipatory integrated
tools (Redmond et al., 2019). The superimposition of natural climate var-
iability and decadal warming trends is increasing the probability of driv-
ing ecological systems towards their functioning limits, and unexpected
changes in their ecological status. The increasing frequency and intensity
of MECEs, and their effects on weather (Smith, 2011), such as drought,
wildfires, hypoxic events and heat waves cause rapid cascade events
characterised by responses transversally propagating along the ecological
hierarchy. The effect always triggers from the lower level of the ecological
hierarchy, i.e. the functional level as defined by the hierarchical perfor-
mance paradigm (Violle et al., 2007; Wong et al., 2019).

By definition, MECEs are multifaceted. For instance, incidences of
hypoxia in seas, partly symptomatic of coastal eutrophication, have in-
creased exponentially over the past decades and are strengthened by
rising temperatures (Stewart et al., 2013), often further exacerbating
the natural functional balance of marine ecosystems. A mass mortality
event (Seuront et al., 2019) is usually the first visible catastrophic
step, with detrimental repercussions at population level, due to the al-
teration of natality and mortality rates. Such event in turn, lead to
changes in the composition and structure of ecological communities
(Cerrano and Bavestrello, 2009; Garrabou et al., 2009). The last visible
step is biodiversity loss (Cloern et al., 2011), which undermines the pro-
vision of ecosystem services (Worm et al., 2006).

The pressure exerted on ecosystem functioning by climatic events,
interacting with natural variability, often increases when more than
one stressor is considered, i.e. if the temporal relationships between dif-
ferent environmental drivers are “in” or “out of phase” (Gunderson
et al., 2016). Similarly, when a foundation species (Grime, 1987;
Hughes, 1994; Avolio et al., 2019) is involved in the process, its loss im-
plies a weaker or declining linear/exponential relationship between
biodiversity and ecosystem functioning (Naeem, 2002; Cardinale et al.,
2012; Strong et al., 2015; Thrush et al., 2017; Daam et al., 2019). In
such cases, the severity of the cascade effects increases the speed at
which the effects manifest and propagate, from functional alterations -
at individual level - to changes in community equilibria through loss
of biodiversity and ecosystem functioning (Lohbeck et al., 2015). The
first step of this cascade, i.e. mass mortality events, has been widely re-
ported during the last two decades (Hughes, 1994; Seuront et al., 2019).
Moreover, the final step, i.e. loss of biodiversity and associated ecosys-
tem services (Worm et al., 2006; Hooper et al., 2012; Şekercioğlu
et al., 2019) is well-discussed in the literature. In contrast, empirical,
step-by-step reports on a set of sequential events driving the system
from an extreme climatic event to the final loss of biodiversity and func-
tioning at ecosystem level, is still poorly explored.

Most experimental studies are manipulative and have the advantage
of controlling all possible factors affecting species loss (Smith et al.,
2019) although sometimes the outcomes are unrealistic due toflawed as-
sumptions (Korell et al., 2019). In contrast, most of the evidence available
in the literature originates from observational studies, even though they
are often criticised due to lack of replicability, among other aspects
(sensu Smith et al., 2019). Thus, it seems that the full sequence of a cas-
cade, due to and triggered by stressors, is often more conceptualized

(e.g. Burrows et al., 2011; Cloern et al., 2016; Windsor et al., 2018) than
experimentally measured under natural conditions (sensu Ettinger
et al., 2019). Currently, the mechanisms remain unclear due to a lack of
the biological and ecological outcomes needed to improve the anticipa-
tory frameworks. Moreover, the datasets required to parameterize the
causal relationships between the effects of climate drivers are also scant
(Riedel et al., 2014). Nonetheless, the knowledge of themechanisms trig-
gering the shift of functioning is crucial for stakeholders and policy-
makers to make informed decisions when managing natural resources
under extreme climatic events (sensu Mangel and Levin, 2005).

Thanks to our near-term ecological forecasting network of thermal
sensors maintained in the field for more than a decade, we were able to
detect the environmental change trigger that drove the ecological shift of
a shallow pond from one status to another. The alien mussel Brachidontes
pharaonis (Fischer P., 1870) (Bivalvia, Mytilidae), whose rapid spreading
power has been modelled and validated across the Mediterranean (Sarà
et al., 2018) was used as model species. By studying a metabolic proxy of
functioning, namely oxygen consumption, we testedwhether the concur-
rent increasing temperature and hypoxia events, experienced by themus-
sel, was behind the cascade of events beginningwithmassmortality of the
foundation species and culminating in functioning losses.

Our observations support the idea that an ecological system re-
sponds according to a hierarchal sequence of steps (sensu Smith et al.,
2009, Smith, 2011) and that the loss of a foundation species produces ef-
fects that are oftenmore significant than the potential effects due to the
loss of related species. The observational information gathered during
the case study will be crucial for validating the current theories about
the relationship between biodiversity and functioning (e.g. Mulder
et al., 2012;Wang et al., 2019), and inform the development of an antic-
ipatory suite of tools to inform environmental managers and thus help
them react promptly to extreme climatic events.

2. Materials and methods

2.1. The study area

The study was based on a twenty-year monitoring plan focused on
the “Stagnone di Marsala”, the largest lagoon in Sicily (~2500 ha, Site
of Community Importance since 1995 - ITA010026 EU Habitat Directive
92/43/EEC; Pusceddu et al., 2003, Sarà, 2006) and the adjacent systemof
man-made ponds (~1500 ha; Bellino et al., 2019) (Fig. 1). Created in the
15th century for salt production, the pond system is connected to the
sea through channels, with salinity values similar to, or slightly higher,
than seawater (Mannino and Sarà, 2006). The lagoon-pond system is
characterised by sand/muddy bottoms largely covered by the seagrass
Cymodocea nodosa (Ucria) Asch., while the macroalgal community on
rocky substrata is mainly characterised by species belonging to the
Chaetomorpha, Cladophora, and Ulva genera, Acetabularia acetabulum
(Linnaeus) P.C. Silva and Chondria capillaris (Hudson) M.J. Wynne. The
average depth across the lagoon-pond system is ~0.8–1.0 m. The alien
mussel Brachidontes pharaonis represented the foundation and domi-
nant species in “Ettore” pond (Sarà et al., 2000, 2003, 2008, 2018).
Ettore pond (~ 7.5 ha) is separated from the lagoon by an artificial
wall (~1.5 m width).

2.2. Temperature and dissolved oxygen data logging

Since 2007, the temperature in both the ponds and the lagoon is
monitored using temperature data loggers (model: iButton G1, prec.
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±1 °C, res. ±0.5 °C, http://www.alphamach.com) set at a 1 h frequency.
With only few data points missing from the decadal dataset, the long-
term data series was crucial for detecting thermal anomalies due to
the heat waves that started in June 2017 (data stored at the Laboratory
of Ecology, University of Palermo). In addition, dissolved oxygen loggers
set at 1 h frequency (HOBOU26 Dissolved Oxygen Data Logger; https://
www.onsetcomp.com/products/data-loggers/u26-001, sampling fre-
quency at 1 h) were deployed at Ettore pond from autumn 2016 to
early July 2017. Data from both sensors were used to build the relation-
ship between in situ temperature and dissolved oxygen. Unfortunately,
the oxygen sensors did not completely cover the temperature time se-
ries monitored, and thus part of July, August and September were not
monitored. Nevertheless, the HOBO sensors recorded a large dataset
covering over 6000 h, i.e. a dataset that highlighted the negative rela-
tionship between temperature and dissolved oxygen; this dataset was
used to set up the mesocosm experiment. This relationship supported
the hypothesis tested in the study area, namely, that the juxtaposition
between increasing temperature and hypoxia events triggered the cas-
cade events beginning with the mass mortality of the foundation spe-
cies and culminating in loss of ecosystem services.

2.3. Density of foundation species and associated biodiversity

During the last decade, both the density of mussels and of the asso-
ciated macrofaunal communities were routinely sampled (yearly) and
analysed at Ettore pond. Themonitoring plan included 9 hard substrata
sites inside the pond, of which 3 haphazardly chosen plots were sur-
veyed using quadrats (27 quadrats of 400 cm2 [20 cm × 20 cm]). The

surface delimited by the quadrats was scraped to collect the specimens
(Bellan-Santini, 1969). The samples were transferred to the laboratory,
and both live and dead B. pharaonismussels were counted; live mussels
were individually measured (valve length, and total and somatic
weight; Sarà et al., 2013), and species richness of the associated benthic
macrofauna was calculated (see Bellino et al., 2019 for a more exhaus-
tive presentation of seasonal diversity trends). The trophic type of the
associatedmacrofaunawas also analysed as a proxy of community func-
tioning, with the final aim being to detect changes due to the MECEs. In
addition, the densities of the most abundant seagrasses, Cymodocea
nodosa and Ruppia maritima, were recorded and reported (percentage
coverage). Here we specifically refer to a comparison between year
2016 (when B. pharaonis dominated the communities all across the
monitoring sites) and year 2017 data (sampling performed a week
after the heat wave).

2.4. MECE mesocosm experiment

After having analysed the temperature dataset of summer 2017, an
experiment was set up, to replicate the two concurring stressors acting
in the system using a multiple stressor theoretical framework (Crain
et al., 2008; Piggott et al., 2015; Gunderson et al., 2016), and the observa-
tions of B. pharaonismassmortality in Ettore pond (end of July 2017). The
juxtaposition of stressors is blamed as one of themost important causes of
the deviation of ecological processes from common natural patterns in
natural ecosystems (Gunderson et al., 2016). Starting from this hypothe-
sis, and supported by our in situ observations, wemimicked the combina-
tion of increasing temperature and hypoxia under controlled conditions

Fig. 1. The study area, the “Stagnone diMarsala” (Site of Community Importance ITA010026 EUHabitat Directive 92/43/EEC, black polygon) and the neighbouring pond systems (Western
Sicily, Italy), the black circle indicates the “model” pond named Ettore.
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at the laboratory in order to investigate “if” and “how” the functional
thresholds and mortality of the foundation species could be affected by
multiple stressors, as recorded in the field. Specifically, three experiments
were designed to mimick the recorded MECEs, to test how single and
multiple stressors can: i) affect the functional traits of the foundation spe-
cies Brachidontes pharaonis in the pond, and ii) induce over 50%mortality
of the local population. The first experiment investigated the effect of
temperature using a 9 h thermal gradient, starting from 26 °C and gradu-
ally increasing to 35 °C, and then decreasing again to 26 °C in order to re-
produce the 2017 heatwave event. The second experiment examined the
effect of hypoxia as a single stressor, at constant temperature (26 °C) and
oxygen concentration at 2mg l−1. Finally, the third experiment tested the
combined effect of both stressors. In all cases, the highest temperatures,
hypoxia and their combinationweremaintained for five increasing expo-
sure times (2 h, 4 h, 6 h, 8 h, 12 h) during five different independent ex-
periments. The first measure at 26 °C and normoxic conditions was used
as a control measurement for each experiment (sensu Gunderson et al.,
2016). Thus, wemeasured themetabolic rates (as expressed by the respi-
ration rate, Sarà et al., 2013) and mortality (in terms of median lethal
time, LT50;Duffus, 2009). AGeneralized LinearMixedModel (GLMM)ap-
proach was used to test the effect of single stressors, “Hypoxia” and
“Heatwave” respectively, while a Generalized Linear Model (GLM) was
used to test the effect of multiple stressors (“Hypoxia + Heatwave”) on
oxygen consumption. Oxygen consumption recorded before starting the
thermal increase was used as a baseline for each model run (GLM and
GLMM), as away for themodel to detect the effect of a stressor before ex-
posure (MECE). A Generalized LinearModel (GLM) approachwas used to
test the oxygen consumption measured before and up to exposure (26°
and 29 °C) and after exposure (29 °C and 26 °C, the latter measurement
was not considered a recovery phase due to its short length); the “be-
fore-after” effect was a categorical 3-level variable (before, stressor,
after). Details about the experimental design, associated statistics and
outcomes are set out in the Supporting Information section.

2.5. Trophic and environmental variables

According to the literature, one of the most important roles of bi-
valves is their capacity to trap food otherwise available to thewhole tro-
phic web (e.g. Sarà, 2006). The filtration pressure exerted by bivalves
significantly affects the N and C organic cycles, as observed in many
shallow water bodies at the same latitude (Manganaro et al., 2009).
Mass mortality of these organisms may affect water transparency, par-
ticulate (POM) and sedimentary (SOM) organic matter, with clear re-
percussions on ecosystem functioning. POM and SOM have been
routinely sampled and measured during the twenty-year monitoring
plan designed for the lagoon-pond system (Sarà et al., 2000; Pusceddu
et al., 2003; Sarà, 2006, 2009; Bellino et al., 2019). Specifically, water
was collected using Niskin bottles and sediments were collected by
scuba diving using hand corers. Chlorophyll-a (CHL-a), carbohydrates
(CHO), proteins (PRT) and lipids (LIP) were measured in both water
(POM) and sedimentary (SOM) organic matters. CHL-a was measured
according to De Jonge (1980), CHO, PRT and LIP were converted into
C-equivalents using 0.40, 0.49, and 0.75 g C g−1 conversion factors, re-
spectively, and normalized according to Pusceddu et al. (2003). The
sum of gross PRT, CHO and LIP is usually considered as an estimate of
bioavailable fractions in POMand SOM. The sum in C-equivalents repre-
sented the biopolymeric organic carbon (BPC), which is usually used as
an estimate of the labile fraction of organic C in the water column and
sediments, and a reliable proxy (together with the total amount of
CHL-a in POM and SOM) of ecosystem functioning.

2.6. Statistical analysis

Data from our network of near-term ecological forecasting thermal
sensors were analysed to explore temperature thresholds and identify
heatwaves according toHobdayet al. (2016). Thedefinitionwas, literally:

“a marine heatwave is defined at locations where an upper locally deter-
mined threshold (90th percentile relative to the local long-term climatology)
is exceeded for at least a five-day period, with no more than two below-
threshold days”. A heat wave can be considered as ended once a tempera-
ture under the 90th percentile threshold is recorded on at least three con-
secutive days (sensu Hobday et al., 2018). To test the differences
generated by MECEs at the different levels of the ecological hierarchy,
we adopted different methodologies. To test the effect of single (“Hyp-
oxia”, “Heatwave”) and multiple stressors (“Hypoxia + Heatwave”) dur-
ing the oxygen consumption experiments conducted on B. pharaonis, we
used a Generalized Linear (GLM) and Mixed Model (GLMM) approach.
Four different models were selected through a forward-backward step-
wise procedure taking into account the AIC and BIC of different models
(see Supporting Information, Tables 2 and 3), one for each experiment
and one for the data as a whole, considering all stressors together. Since
the Shapiro-Wilk test rejected the normality hypothesis, a gamma distri-
butionwas assumed tomodel the response variables using Log as the link
transformation function. Exposure timewas used both as a random effect
but also explored and tested as a fixed effect. Inter-individual variability
within exposure time groups was taken into account as nested random
effect (different – independent individuals were used each time, i.e. 9 in-
dividuals for 5 exposure times= 45, multiplied by 3 experiments = 135
individuals over a total of 150 sampled individuals). Random slopes were
also tested. In order to compare the experiments, the differences in terms
of response between the twomeasures (oxygen consumption) before the
thermal increase (26 °C and 29 °C, treatment) and between the twomea-
sures after the thermal increase (29 °C and 26 °C, treatment) were tested
as control baseline for each Generalized Linear Model (GLM) run. Since
there were no significant differences, the measurements were averaged
and pooled respectively into before treatment (hereafter: “Before”) and
after treatment (hereafter: “After”) to allow themodel to detect the effect
of the stressor (i.e. thermal increase) before and after exposure. The
before-after tested effect represents a categorical variable (with 3 levels:
before, stressor, after). Despite the high number of variable levels and
the relative complexity of the models, the latter were also tested and
we observed that no singularity issues arose (checked through the
is_singular() function in R). The Kaplan-Meier analysis was used to esti-
mate survival and to plot the three survival functions. The Peto and Peto
(1972) modification of the Gehan-Wilcoxon test was used to test differ-
ences between them. All statistical analyses were performed using R sta-
tistical software (R Core Team, 2019), and the “glmmADMB”, “lme4”,
“survival”, “survminer”, and “ggplot2” packages. An ANOVA approach
(Underwood, 1997) allowed to test for differences between before and
after the MECEs, while assessing the density of bivalves in the field, the
quality and quantity of organic matter, or the diversity of associated fau-
nal components. Regression analysis allowed testing the relationship be-
tween temperature and dissolved oxygen measured in the field.

3. Results

3.1. Environmental monitoring to disentangle MECEs

The thermal temporal sequence showed a clear stationarity in both
the lagoon and Ettore pond (Fig. 2a). A deviation from the commonmea-
suredpatternswas recorded in the summer of 2017, from June 1st to Sep-
tember 17th (Fig. 2). The heat-wave analysis sensu Hobday et al. (2016)
showed that the rough decadal 90th percentile was 28.5 °C, while the
smoothed value was 28.4 °C (Fig. 2b). Accordingly, at least five heat
wave events were recorded in the summer of 2017, resulting in 68 days
of exposure to temperatures ranging from 28.50 to 32.79 °C for the mus-
sels living in the pond (about 120 days of the summermonths; Fig. 2, see
Supporting Information, Table S1, for more details). The mussels experi-
enced 259 h of temperatures in the sub-lethal range (between ~30 °C
and ~32 °C; Sarà et al., 2013) and 141 h of temperatures above the lethal
threshold (32.5–32.7 °C, up to 34.5–35.0 °C; Fig. 2b, see Supporting Infor-
mation, Table S1, for more details). Due to logger data storage issues, we
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did not measure the relationship between temperature and oxygen
(Fig. 2c) during the entire study period; in fact, the oxygen dataset was
not available after the beginning of July. However, we used the available
Hobo series to validate and infer the relationship between temperature
and dissolved oxygen. A strong negative relationship between these
two variables was found and used to design the mesocosm experiments.
Our recorded dissolved oxygen series suggested that increasing temper-
ature was associated with an increasing probability of hypoxia events
(r = 0.5936 p < 0.0001). This allowed conceptualisation of the idea

that, under pond conditions, some temperature spikes may overlap
with hypoxia events.

3.2. Experimental evidence of MECE effects at individual and
population level

3.2.1. Heat wave single stressor
Oxygen consumption measured before the thermal increase

(“Before”) was used as a baseline for each GLMM run. Estimation

Fig. 2. A) [upper] Decadal chronosequence of water temperature as recorded by thermologger clusters in the study pond (Ettore pond in black) and in the adjacent Lagoon (Stagnone di
marsala in red) sites; B) [middle] defined heatwaves following Hobday et al. (2016); C) [lower] the relationship between temperature and dissolved oxygen in thewaters of Ettore pond.
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of the heat wave treatment as “single stressor” was significant and
positive (Fig. 3a; 0.2108, p = 0.00172), suggesting that the heat
wave treatment as “single stressor” positively affected oxygen
consumption. Oxygen consumption in the “After” case was not
significant. Given the interaction plot (Fig. 3g), random slopes for
treatment were investigated as well. Standard deviation differences
in intercepts and slopes were explained by clustered structure of
exposure time (Fig. 3g). Intra-cluster individual heterogeneity was
captured by nested random effect estimates (intercept standard
deviation = 0.312). The results of the heat wave experiment are
summarized in the Supporting Information, Table S2.

3.2.2. Hypoxia single stressor
The treatment showed a negative and significant value (−1.0572;

p < 0.0001), which indicates that the hypoxia treatment as “single
stressor” reduced oxygen consumption (Fig. 3b). The significant value
(0.2468; p = 0.0337) of oxygen consumption in the “After” case indi-
cated full recovery (Fig. 3b). The exposure time (Fig. 3e) was not signif-
icant (p > 0.05) and was excluded from the model as a fixed effect.
When considering exposure time as a random effect for the intercept,
the standard deviation was ±0.04, which explained part of the
structural differences between exposure time groups (Fig. 3h). A near-
to-zero standard deviation (i.e. 0.0003) of the nested random effect

Fig. 3. - Oxygen consumption (mg l−1 dw−1) of B. pharaonis across the experimental time relative to Heatwave (left panels, a, d, g) and Hypoxia (central panels, b, e, h) as single stressor
treatments respectively and “Hypoxia + Heatwave” treatment (right panels, c, f, i).

G. Sarà, C. Giommi, A. Giacoletti et al. Science of the Total Environment 770 (2021) 144749

6



indicated that there were no significant differences between individ-
uals. The results of the final model for the hypoxia experiment are sum-
marized in the Supporting Information, Table S3.

3.2.3. Heatwave + hypoxia multiple stressors
The treatment value was not significant, while a positive and signif-

icant recovery value (0.3093; p < 0.0001) was observed (Fig. 3c). As
regards exposure time, it was tested both as a fixed and a random effect
in the final model. This allowed to measure the overall treatment effect
(through the considered categories: before, stressor and after) and as a
random effect to study if that effect varied among individuals, nested in
time exposure groups, and among time exposure groups. The estimates
were negative with respect to 2 h exposure with the strongest effect,
and significant for 12 h exposure (−0.3906; p = 0.0049) (Fig. 3f). Dif-
ferences between exposure time clusters were detected by slopes
from control to treatment (standard deviation = 0.3115). Higher
intra-cluster heterogeneity between individuals was detected (inter-
cept standard deviation = 0.2274; slope standard deviation = 0.4391;
Fig. 3i). The results of the heatwave+ hypoxia experiment are summa-
rized in the Supporting Information, Table S4.

3.2.4. Survival analysis
No mortality was detected in mussels until day 3; the “Hypoxia”,

“Heatwave” and “Hypoxia+Heatwave” treatment curves did not inter-
sect (Fig. 4). Heatwave alone did not affect survival; LT50 - correspond-
ing to survival probability (=0.50) - was reached after 6 days of
exposure to the Hypoxia+Heatwave treatment, showing that multiple
stressor treatment was effective in addressing mortality. All the differ-
ences between curves were significant (p < 0.0001); the control was
not visualized because it overlapped with the Heatwave curve. Such
findings corroborated our main hypothesis, i.e. that a multiple stressor
condition significantly affected the foundation bivalve in Ettore pond,
inducing higher mortality than under single stressor conditions. A pos-
sible consequence of this finding under mesocosm conditions, when
translated in the field, was that the density of the foundation species re-
corded before the MECEs was significantly higher than after the Sum-
mer 2017 events (Fig. 5a).

3.3. Consequences at community and ecosystem level

The abundance and species richness of the associatedmacrobenthos
significantly changed when the density of mussels decreased, as de-
scribed by the relationship estimated before the MECEs (r = 0.76;
n=36; p< 0.0001) compared to after theMECEs (Fig. 5b; see Table S5,
Supporting Information, for comprehensive species inventories; data
from both before and after the MECE event recorded in Summer
2017). Thus, in line with the well-known density-species relationship,
which is typical of many other species-area studies (e.g. the positive

curvilinear relationship between the number of macroinvertebrate spe-
cies inhabiting clumps of mussels; Peake and Quinn, 1993 and refer-
ences therein), we observed a decrease in both taxonomic and
functional richness. Interestingly, the pattern was confirmed by the re-
sponse of mussel density to a MECE event, Species richness
(S) decreased once B. pharaonis density collapsed (Fig. 5c). The change

Fig. 4. Kaplan Meier survival functions of B. pharaonis across the exposure time of
Heatwave, Hypoxia and Hypoxia + Heatwave treatment.

Fig. 5. A) Density (Ind. per m2) of foundation species (the invasive bivalve Brachidontes
pharaonis) live individuals before (dark grey) and after (light grey) Summer 2017
MECEs; B) the relationship between density (before and after) and diversity of
associated macrofauna, and C) species richness (S) before and after the MECEs.
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in the pond's trophic asset caused a functional reordering of the pond's
community, both in terms of structure (i.e. due to the absence of the
foundation species substratum caused bymassmortality) and function-
ing (i.e. the trophic role and feeding behaviour of the associatedmacro-
faunal community changed between before and after the MECEs; see
Table S4, Supporting Information, for more details). Before the MECEs,
the macrofaunal community associated with B. pharaonis in Ettore
pond displayed five main feeding behaviour types/roles: carnivorous
(19 species, 9692 individuals), deposit feeders (14 species, 450 individ-
uals), microalgal grazers (6 species, 408 individuals), suspension
feeders (2 species, 44 individuals), grazers (1 species, 1 individual).
After the MECEs, the number of feeding behaviour types dropped to
only two: carnivorous (2 species, 57 individuals) and deposit feeders
(2 species, 25 individuals). This finding shows that the presence of the
bivalve was the main driving factor influencing biodiversity (and re-
lated functioning) associated with the foundation species. Once the
density of the foundation species collapsed (i.e. biomass removal due
to the mass mortality event), trophic control of pond's ecosystem col-
lapsed due to the decline of the mussel filtration machinery. While
suspended material (CHL-POM) and sediment (CHL-SOM) before the
MECEs were similar in Ettore pond and the adjacent lagoon, mass mor-
tality of B. pharaonis caused a loss of trophic control in the pond. Thus,
CHL-POM and CHL-SOM tended to reach the typical values of other ad-
jacent pondswhere the foundation species was not recorded during the
twenty-year monitoring period (Fig. 6a–b). BPC values after the MECEs
were equal to those of the adjacent lagoon, while before the MECEs
higher values were recorded in Ettore pond compared to the adjacent
ponds (Fig. 6). Before the summer 2017 MECEs, percentage coverage
of the most abundant seagrasses in the pond, Cymodocea nodosa and
Ruppia maritima, was constant over time (~60% coverage in Ettore
pond) but subsequently collapsed and disappeared.

3.4. The relationship between biodiversity and ecosystem functioning

In this study, ecosystem functioning is described using descriptors of
organic matter available to secondary consumers. Thus, we used CHL-
POM and BPC to show the relationship between biodiversity and eco-
system functioning (BEF), a relationship that changed significantly
after the MECEs (Fig. 7). Biodiversity loss due to the MECEs and the
loss of the foundation species caused accumulation of suspended
chlorophyll-a (CHL-POM) in the system. Chlorophyll-a concentration
was about 7 times higher than before the extreme 2017 climatic event
while a significant reduction of BPC (biopolymeric carbon is a reliable
proxy of benthic feeding) was noted in sedimentary organic matter
(SOM). Such an opposite relationship shows that the trophic control
exerted by the suspension feeding foundation species collapsed after
the climatic-driven cascade induced by the MECE. Thus, the collapse of
filter feeders resulted in the following: i) accumulation of fresh
suspended organic matter of pelagic origin and ii) significant reduction
of the benthic component in the sedimentary organic matter, caused by
the interruption of continuous provision of egested pseudofaecal or-
ganic matter produced by the foundation bivalve; before the MECEs,
the foundation bivalve was the main source of organic matter for the
benthic system,when the foundation species had reached itsmaximum
density (Sarà, 2006, 2007).

4. Discussion

This observational study offered the opportunity to depict the mag-
nitude of the loss of a foundation species; it affected functioning and
propagation along the ecological hierarchy. As pointed out by Smith
(2011), as regards information on environmentally-driven effects of
species loss, opportunistic studies are subject to many limitations (e.g.
lack of replication; no control of type, timing, magnitude of climate ex-
tremes; no check for other covarying factors such as disturbance re-
gimes, pest outbreaks etc.; Smith, 2011) compared to experimental

(manipulative) studies (e.g. random vs. non-random species loss;
Smith et al., 2019). Nevertheless, this opportunistic observational
study has an advantage; it displays the succession of events triggered
by the loss of a foundation species. Although the information gathered
within the framework of this study cannot be experimentally controlled
as in the case ofmanipulative experiments, observational studies signif-
icantly increase our understanding of how natural ecosystems respond
toMECEs and the temporal unfolding of (expected) consequences. Such
information represents an added value if used as a validation measure
for data obtained from manipulative experiments. Hence, we suggest
an integration of observational and manipulative outcomes in order to
obtain robust and validated frameworks for mechanistically

Fig. 6. The indirect effect at ecosystem level through alteration of the concentration of
some trophic components before and after the MECEs; A) suspended chlorophyll-a from
POM; B) chlorophyll-a from SOM; C) the amount of biopolymeric carbon in the
sediments (as sum of carbon fractions of proteins, lipids and carbohydrates, BPC).
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disentangling the responses of natural systems to anthropogenic
pressure.

4.1. Top-down effect due to climate drivers and the interplay with bottom-
up effects

Our research deeper into the effects of how a climate extreme can
cause a loss of species through displacement of a functional trait of the
most abundant species in a pond. Indeed, the dominant species in the
pond (an invasivemarine bivalve) is a primary filtering consumer, feed-
ing on bacteria, protozoa, phytoplankton and zooplankton and relying
mainly on detrital organicmatter of autotrophic and eterotrophic origin
(Sarà, 2006). Besides, it does not only provide nutrients to autotrophs,
mainly seagrasses, but also offers shelter (crevices) tomany other asso-
ciated species (Burge et al., 2016). These functions, which sustain the
entire food web in the pond, were changed by an interaction between
environmental stressors. Specifically, heat waves and hypoxia altered
the traits of the foundation species and thus the Eltonian trophic equi-
libria, thus triggering cascading events across trophic levels. Although

a primary consumer, bivalves are known to exert strong top-down con-
trol due to their large biomass (e.g. Schmitz et al., 2008). In our case
study, the biophysical conditions in the pond were also influenced, as
was the amount and quality of organic matter entering the detrital
pool; as testified by the remarkable amount of deposit feeders among
the associated macrofauna. High water temperatures - within physio-
logical tolerable ranges - typically increase the filtration rates of such bi-
valves (Gosling, 2003, Burge et al. 2019).When the bivalvewas lost due
to mass mortality events, the top-down effect was also lost as observed
in other environmental contexts of marine mass mortalities (e.g.
Garrabou et al., 2009, Seuront et al., 2019).

This had a strong influence, which transversally involved all ecosys-
tem components (Fig. 7) such as: i) light availability to primary pro-
ducers (a lower bivalve filtration rate causes water turbidity), ii) the
quality and quantity of particles for other associated consumers (reduc-
tion of ejected and egested organic matter) and iii) loss of habitat com-
plexity (reduction/loss of spatial and microclimate refuges for the
associated macrofauna). Such a set of effects supports the idea that
climate-driven environmental change can produce effects on commu-
nity structure and ecosystem functioning (Rosenblatt and Schmitz,
2016), confirming previous studies that show the extent to which
aquatic invertebrate bioturbation/feeding traits can actually mediate
detritus processing, redox chemistry and bacterial assemblages
(Hunting et al., 2012). While we did not gather direct evidence, we
can infer that these bivalves indirectly controlled the rates of microbial
conversion of organic matter as well, thus exerting additional bottom-
up control on ecosystem functioning (sensu Schmitz, 2013). Thus, this
invasive bivalve controlled time, space and resources available to most
organisms in the pond, suggesting a key role in maintaining species
richness (Stachowicz, 2001) and playing a positive role of ecosystem
engineer (Ellison et al., 2005). The sequence of hierarchical responses
explored here started with a change in bivalve homeostatic responses
to heatwaves that likely worsened because of the hypoxia events. Tem-
perature was the main factor causing changes in the quality and quan-
tity of resources available for other consumers belonging to the same
food web. According to the Arrhenius Break Point of this foundation
species, estimated at ~30 °C, a mass mortality of 50% of the population
- as evidenced by our mesocosm experiment - would have meant that
several millions of bivalves that normally filtered water and particulate
organic matter were no longer able to ensure water transparency and
continuous provision of organic matter to sediments through egestion.
The collapse of the bivalve filtering machine due to the observed
MECEs triggered cascading events resulting with species loss and col-
lapse of ecosystem functioning. Accordingly, when the density of this
foundation decreased, species richness and abundance of the associated
community also decreased. The results are even more relevant consid-
ering that other bivalves, such as Mytilus species, have a very strong
compensatory capacity to mitigate negative effects caused by changes
in temperature and chlorophyll-a (Telesca et al., 2019).

4.2. A support to hierarchical response framework and the mass ratio
hypothesis

Even if jeopardised, studies on the relationship between the density
and biodiversity of foundation species in marine ecosystems, provide
crucial evidence to inform management actions and plans in a context
of predictive science. Indeed, density is themost important variable de-
scribing the role of a species in a community, given that ecological rela-
tionships are usually driven by the density of involved actors (Gotelli,
2008). The consequences of the bivalve mass mortality event were vis-
ible in the short term (only a few weeks) at ecosystem level as the col-
lapse of the filtering machine affected water transparency, impairing
the ecological function of photosynthesis in the seagrasses colonising
the pond (Cymodocea nodosa and Ruppia maritima; Mannino and Sarà,
2006), which disappeared.

Fig. 7. A) The biodiversity-ecosystem functioning BEF relationship as extrapolated by the
relationship between the associated biodiversity to the foundation species and suspended
chlorophyll-a (CHL-a from SOM) in the sediments and the amount of biopolymeric carbon
(BPC) in the sediments, both proxys of ecosystem functioning; B) conceptual
chronosequence of hierarchical responses as observed in our model ecosystem (Ettore
pond) representing the role of extreme events (MECEs red arrow) in eliciting the
regime shift cascade through the impairment of the functional traits of a foundation
species (sensu Dayton, 1972) that, recording the stress at individual (functional) level
(e.g. effect on the metabolic machinery), translates in terms of population (e.g.
mortality), community (i.e. biodiversity loss) and ecosystem effects (e.g. sudden
collapse with loss of ecosystem services delivery).
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The cascade of events triggered by the displacement of the func-
tional trait of the pond's foundation species is in agreement with the
mechanistic hierarchical sequence of responses described by Smith
et al. (2009) and Smith (2011), when dealing with ecosystems under
pulsing pressure (climate extremes). Our study shows that effects
caused by climate extremes, and propagating hierarchically across an
ecosystem, are influenced by the biomass of the foundation species.
This dominant species was pushed towards the edge of its physiological
tolerance limits and triggered a series of cascading events, from individ-
uals through populations up to communities, thus affecting ecosystem
functioning. Such results are in accordancewith theMass Ratio Hypoth-
esis (MRH; Grime, 1998,Mokany et al., 2008, Vaughn, 2010, Smith et al.,
2019). The MRH suggests that ecosystem processes and stability, and
the rates of ecosystem functioning are mostly determined by the iden-
tity and traits of dominant species (Avolio et al., 2019). There are
many examples of MRH in the current literature but most of them
deal with the role played by autotrophs (e.g. Vile et al., 2006, Smith
et al., 2009, Bílá et al., 2014, Sonkoly et al., 2019). Instead, the current
case study can help in solving conflicts regarding the generality of the
MRH in heterotrophs, given that a large part of the effect on species
loss in our natural system is indirect, via mass ratio effects (Grime,
1998), which may alter species richness through cascading (Smith
et al., 2019). Indeed, there is little evidence against the generality of
the MHR in invertebrates. For instance, Tsafack et al. (2019) who stud-
ied insects (carabids), showed a significant negative correlation be-
tween the relative abundance of the most dominant species and the
corresponding stability, which counteracts the MRH (Valone and
Balaban-Feld, 2018).

Furthermore, our work suggests that when a foundation species is
involved in the provision of materials and energy, and in the processes
involving time and space, the community depending on these functions
is undermined as a consequence of the loss of ecological functions sup-
ported by the physiological traits of the foundation species (Suding
et al., 2008; Vaughn, 2010). Collectively, these findings corroborate
the idea that ecological changes are universally and substantially de-
pendent on a species-identity effect (Crowl et al., 2001; Bjelke and
Herrmann, 2005; Taylor et al., 2006; Vaughn et al., 2007; Wojdak and
Mittelbach, 2007; McIntyre et al., 2007; Smith et al., 2009). As a main
consequence, given that in most natural communities only few species
dominate (Whittaker, 1965) and that when they are lost a series of cat-
astrophic events may occur (Ellison et al., 2005), we suggest strength-
ening the integrated view of how natural ecosystems actually work.
This is critical for increasing our predictive understanding of the nature
and pace of ecosystem change under both anthropogenic pressing and
pulsing drivers.

Indeed, species responses manifest throughmodifications of biolog-
ical traits such as body size, fecundity, dispersal ability, thermal toler-
ances, etc. (Payne et al., 2016; Heilpern et al., 2018). Unfortunately,
despite ample scientific consensus on the mechanisms underpinning
the link between species processes, biodiversity and ecosystem func-
tioning, most biodiversity-ecosystem functioning experiments rarely
explore the causes andmechanisms of themodifications in species rich-
ness rather than fluxes of nutrients through the communities of an eco-
system (Heilpern et al., 2018). Actually, environmental drivers (of any
origin, from biotic to abiotic, such as physical, chemical, climatic, etc.)
remain “imprinted” in the community traits, even after disturbance,
the so called ecological memory (Ogle et al., 2015 and reference
therein). If the environmental change is so strong as to push most indi-
viduals of a population close to the edge of biological (functional) toler-
ance, and affect individual fecundity and survival, and natality and
mortality rates, there will be a measurable effect on local density and
consequent implications at ecosystem functioning level. Thus, depend-
ing on: i) species abundance at local level, i.e. if the species is important
species (dominant, foundation) or rare, uncommon or subordinate
(sensu Avolio et al., 2019) and/or ii) whether response and effect traits
covary positively or negatively (Heilpern et al., 2018), ecologists will

measure - at the end - a differentmagnitude of effects in response to on-
going environmental change/biodiversity loss; the higher the functional
role and/or the larger the biomass, the greater the effect involvingmore
functions (Grime, 1998; Suding et al., 2008; Cardinale et al., 2012).

On the one hand, after an environmental change generating biodi-
versity loss altered the functional traits of foundation species also, mus-
sel beds and other self-organized communities are likely to be able to
compensate for species loss (sensu Suding et al., 2008, Heilpern et al.,
2018). On the other hand, given that foundation species are known to
contribute to connectedness and energy storage, these species facilitate
the propagation of disturbances (Massé Jodoin and Guichard, 2019).
Furthermore, foundation species, such as bivalve, not only aggregate
and offer many habitats to other species but also influence many
(micro)organisms through their passive feeding behaviours (Gosling,
2003; Burge et al., 2016; Telesca et al., 2019). In all these cases, founda-
tion species are essential for the delivery of ecosystem services and eco-
system functioning.

4.3. Implications for the development of an anticipatory science

Developing a systemic ability to follow the temporal sequence of
events in most ecosystems - especially when they are under anthropo-
genic pressure - is a real challenge. It can be time-consuming and ex-
pensive, but it is what scientists and managers should strive for. Our
case study shows that a near-term ecological forecasting network of
thermal sensors in the field, coupled with a voluntary twenty-year
monitoring plan, represents a winning strategy. The information col-
lected disentangled the propagation of induced disturbance caused by
the MECEs across all the levels of the ecological hierarchy. Moreover,
it may prove useful for proactively detecting environmental changes,
at temporal scale, in terms of detecting functional trait alterations (re-
sponse trait) and providing effective early warning management mea-
sures, and thus reducing the propagation of negative effects to the
upper ecological levels (effect traits; Lavorel et al., 2013, Mulder et al.,
2012). Such information constitutes an added value when developing
an anticipatory science – i.e. using scientific evidence to inform early
warning systems - to inform resources management actions (Bradford
et al., 2018).

In this perspective, conservation science should address research ef-
forts to identify dominant species in every ecosystem, from algae to vas-
cular plants and animals, or species showing traits responsible for
sustaining/maintaining functions that support biodiversity and ecosys-
tem functioning. Nonetheless,most conservation plans, for theMediter-
ranean Sea in particular, do not focus on the dominant species that
support the ecosystemas awhole, but on charismatic/iconic species. Ac-
cording to the current well-known ecological theories and given the
empirical evidence to support them, conservation plans should inte-
grate knowledge on foundation species, by adding ad hoc monitoring
plans that should be crossborder as in the case of invasive species
(Sarà et al., 2018), coupledwith experimentalmonitoring plans tomea-
sure the functioning of individuals and identify the breaking points of
crucial associated functions (early warning system). The implementa-
tion of local monitoring plans at relevant temporal and spatial resolu-
tion is necessary to detect potential deviations from natural patterns
(both temporal and spatial). Thus, targetedmonitoring of the functional
traits of dominant species will be crucial to develop anticipatory tools to
prevent biodiversity loss. The management and/or restoration of func-
tionally important species rather than the collection of information on
the number of species and community evennesswill ensure themainte-
nance of ecosystem functioning and services in view of global environ-
mental change (Smith et al., 2019).

CRediT authorship contribution statement

GS together with CG and MCM designed the study. GS drafted the
ms. and provided lab and field funds to support surveys and

G. Sarà, C. Giommi, A. Giacoletti et al. Science of the Total Environment 770 (2021) 144749

10



experiments. AG contributed to themaintenance of the sensor network
in the field, and performed themesocosm experiment togetherwith CG.
All co-authors critically revised the later versions of the ms.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

We are grateful to the students and collaborators of the Ecology Lab
at the University of Palermo for their assistance in the field and the lab-
oratory, and Giuseppe D. Lucido for the statistical analysis. We warmly
thanks the Dalì family, the owner of the pond saltworks, who ensured
access to the ponds and facilities (e.g. assistance in the maintenance of
the network of temperature sensors) during the twenty-year
monitoring plan.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.144749.

References

Avolio, M.L., Forrestel, E.J., Chang, C.C., La Pierre, K.J., Burghardt, K.T., Smith, M.D., 2019.
Demystifying dominant species. New Phytol. 223 (3), 1106–1126.

Bellan-Santini, D., 1969. Contribution à l’étude des peuplements infralittoraux sur
substrat rocheux (étude qualitative et quantitative de la frange supérieure). Recueil
des Travaux de la Station Marine d’Endoume-Marseille 47 (63), 1–294.

Bellino, A., Mangano, M.C., Baldantoni, D., Russell, B.D., Mannino, A.M., Mazzola, A.,
Vizzini, S., Sarà, G., 2019. Seasonal patterns of biodiversity in Mediterranean coastal
lagoons. Divers. Distrib. 25 (10), 1512–1526.

Bílá, K., Moretti, M., de Bello, F., Dias, A.T., Pezzatti, G.B., Van Oosten, A.R., Berg, M.P., 2014.
Disentangling community functional components in a litter-macrodetritivore model
system reveals the predominance of themass ratio hypothesis. Ecology and Evolution
4 (4), 408–416.

Bjelke, U., Herrmann, J., 2005. Processing of two detritus types by lake-dwelling shred-
ders: species-specific impacts and effects of species richness. J. Anim. Ecol. 74, 92–98.

Bradford, J.B., Betancourt, J.L., Butterfield, B.J., Munson, S.M., Wood, T.E., 2018. Anticipatory
natural resource science and management for a changing future. Front. Ecol. Environ.
16 (5), 295–303.

Burge, C.A., Closek, C.J., Friedman, C.S., Groner, M.L., Jenkins, C.M., Shore-Maggio, A.,
Welsh, J.E., 2016. The use of filter-feeders to manage disease in a changing world.
Integr. Comp. Biol. 56, 573–587.

Burrows, M.T., Schoeman, D.S., Buckley, L.B., Moore, P., Poloczanska, E.S., Brander, K.M.,
Brown, C., Bruno, J.F., Duarte, C.M., Halpern, B.S., Holding, J., Kappel, C.V., Kiessling,
W., O'Connor, M.I., Pandolfi, J.M., Parmesan, C., Schwing, F.B., Sydeman, W.J.,
Richardson, A.J., 2011. The pace of shifting climate in marine and terrestrial ecosys-
tems. Science 334, 652–655.

Cardinale, B.J., Duffy, J.E., Gonzalez, A., Hooper, D.U., Perrings, C., Venail, P., Narwani, A.,
Mace, G.M., Tilman, D., Wardle, D.A., Kinzig, A.P., Daily, G.C., Loreau, M., Grace, J.B.,
Larigauderue, A., Srivastava, D.S., Naeem, S., 2012. Biodiversity loss and its impact
on humanity. Nature 486, 59–67.

Cerrano, C., & Bavestrello, G. 2009. Mass mortalities and extinctions. In Marine hard bot-
tom communities (pp. 295-307). Springer, Berlin, Heidelberg.

Cloern, J.E., Knowles, N., Brown, L.R., Cayan, D., Dettinger, M.D., Morgan, T.L.,
Schoellhamer, D.H., Stacey, M.T., van der Wegen, M., Wagner, R.W., & Jassby, A.D.
2011. Projected evolution of California's San Francisco Bay-Delta-River system in a
century of climate change. PloS one, 6(9), doi.org/10.1371/journal.pone.0024465.

Cloern, J.E., Abreu, P.C., Carstensen, J., Chauvaud, L., Elmgren, R., Grall, J., Greening, H.,
Johansson, J.O.R., Kahru, M., Sherwood, E.T., Xu, J., Yin, K., 2016. Human activities
and climate variability drive fast-paced change across the world’s estuarine–coastal
ecosystems. Glob. Chang. Biol. 22, 513–529.

Crain, C.M., Kroeker, K., Halpern, B.S., 2008. Interactive and cumulative effects of multiple
human stressors in marine systems. Ecol. Lett. 11 (12), 1304–1315.

Crowl, T.A., McDowell, W.H., Covich, A.P., Johnson, S.L., 2001. Freshwater shrimp effects
on detrital processing and nutrients in a tropical headwater stream. Ecology 82 (3),
775–783.

Daam, M.A., Teixeira, H., Lillebø, A.I., Nogueira, A.J., 2019. Establishing causal links be-
tween aquatic biodiversity and ecosystem functioning: status and research needs.
Sci. Total Environ. 656, 1145–1156.

Dayton, P.K., 1972. Toward an understanding of community resilience and the potential
effects of enrichment to the benthos at McMurdo Sound, Antarctica. Proceedings of
the Colloquium on Conservation Problems in Antarctica, edited by BC Parker. Allen
Press, Lawrence, Kansas.

De Jonge, V.N., 1980. Fluctuations in the organic carbon to chlorophyll a ratios for estua-
rine benthic diatom populations. Mar. Ecol. Prog. Ser. 2, 345–353.

Duffus, J., 2009. Glossary for chemists of terms used in toxicology (IUPAC recommenda-
tions 1993). Pure Appl. Chem. 65, 2003–2122.

Ellison, A.M., Bank, M.S., Clinton, B.D., Colburn, E.A., Elliott, K., Ford, C.R., Foster, D.R.,
Kloeppel, B.D., Knoepp, J.D., Lovett, G.M., Mohan, J., Orwig, C.R., Rodenhouse, N.L.,
Sobczak, W.V., Stinson, K.A., Stone, J.K., Swan, C.M., Thompson, J., Von Holle, B.,
Webster, J.R., 2005. Loss of foundation species: consequences for the structure and
dynamics of forested ecosystems. Front. Ecol. Environ. 3, 479–486.

Ettinger, A.K., Chuine, I., Cook, B.I., Dukes, J.S., Ellison, A.M., Johnston, M.R., Panetta, A.M.,
Rollinson, C.R., Vitasse, Y., Wolkovich, E.M., 2019. How do climate change experi-
ments alter plot-scale climate? Ecol. Lett. 22, 748–763.

Garrabou, J., Coma, R., Bensoussan, N., Bally, M., Chevaldonné, P., Cigliano, M., Diaz, D.,
Harmelin, J.G., Gambi, M.C., Kersting, D.K., Ledoux, J.B., Lejeusne, C., Linares, C.,
Marschal, C., Perez, T., Ribes, M., Romano, J.C., Serrano, E., Teixido, N., Torrents, M.,
Zabala, M., Zuberer, F., Cerrano, C., 2009. Mass mortality in Northwestern Mediterra-
nean rocky benthic communities: effects of the 2003 heat wave. Glob. Chang. Biol. 15
(5), 1090–1103.

Gosling, E., 2003. Bivalve Molluscs Biology. Blackwell Publishing Ltd., Oxford, UK.
Gotelli, N.J., 2008. A Primer of Ecology (No. 577.88 G6). Sinauer Associates, Sunderland,

Massachusetts, USA.
Grime, J.P., 1987. Dominant and Subordinate Components of Plant Communities: Implica-

tions for Succession, Stability and Diversity (In Symposium of the British Ecological
Society).

Grime, J.P., 1998. Benefits of plant diversity to ecosystems: immediate, filter and founder
effects. J. Ecol. 86 (6), 902–910.

Gunderson, A.R., Armstrong, E.J., Stillman, J.H., 2016. Multiple stressors in a changing
world: the need for an improved perspective on physiological responses to the dy-
namic marine environment. Annu. Rev. Mar. Sci. 8, 357–378.

Heilpern, S.A., Weeks, B.C., Naeem, S., 2018. Predicting ecosystem vulnerability to biodi-
versity loss from community composition. Ecology 99 (5), 1099–1107.

Hobday, A.J., Alexander, L.V., Perkins, S.E., Smale, D.A., Straub, S.C., Oliver, E.C., Benthuysen,
J.A., Burrows, M.T., Donat, M.G., Feng, M., Holbrook, N.J., Moore, P.J., Scannell, H.A.,
Gupta, A.S., Wenberg, T., 2016. A hierarchical approach to definingmarine heatwaves.
Prog. Oceanogr. 141, 227–238.

Hobday, A.J., Oliver, E.C., Gupta, A.S., Benthuysen, J.A., Burrows, M.T., Donat, M.G.,
Holbrook, N.J., Moore, P.J., Thomsen, M.S., Wernberg, T., Smale, D.A., 2018. Categoriz-
ing and naming marine heatwaves. Oceanography 31 (2), 162–173.

Hooper, D.U., Adair, E.C., Cardinale, B.J., Byrnes, J.E., Hungate, B.A., Matulich, K.L., Gonzalez,
A., Duffy, J.E., Gamfeldt, L., O’Connor, M.I., 2012. A global synthesis reveals biodiversity
loss as a major driver of ecosystem change. Nature 486, 105–108.

Hughes, T.P., 1994. Catastrophes, phase shifts, and large-scale degradation of a Caribbean
coral reef. Science 265, 1547–1551.

Hunting, E.R., Whatley, M.H., Van Der Geest, H.G., Mulder, C., Kraak, M.H.S., Breure, A.M.,
Admiraal, W., 2012. Invertebrate footprints on detritus processing, bacterial commu-
nity structure, and spatiotemporal redox profiles. Freshwater Science 31, 724–732.

Korell, L., Auge, H., Chase, J.M., Harpole, S., Knight, T.M., 2019. We need more realistic cli-
mate change experiments for understanding ecosystems of the future. Global Change
Biology 26, 325–327.

Lavorel, S., Storkey, J., Bardgett, R.D., De Bello, F., Berg, M.P., Le Roux, X., Moretti, M.,
Mulder, C., Pakeman, R.J., Díaz, S., Harrington, R., 2013. A novel framework for linking
functional diversity of plants with other trophic levels for the quantification of eco-
system services. J. Veg. Sci. 24, 942–948.

Lohbeck, M., Lebrija-Trejos, E., Martínez-Ramos, M., Meave, J.A., Poorter, L., & Bongers, F.
2015. Functional trait strategies of trees in dry and wet tropical forests are similar
but differ in their consequences for succession. PLOS one, 10(4), doi.org/10.1371/
journal.pone.0123741.

Manganaro, A., Pulicano, G., Reale, A., Sanfilippo, M., Sarà, G., 2009. Filtration pressure by
bivalves affects the trophic conditions in Mediterranean shallow ecosystems. Chem.
Ecol. 25 (6), 467–478.

Mangel, M., Levin, P.S., 2005. Regime, phase and paradigm shifts: making community
ecology the basic science for fisheries. Philosophical Transactions of the Royal Society
B: Biological Sciences 360 (1453), 95–105.

Mannino, A.M., Sarà, G., 2006. The effect of Ruppia cirrhosa features on macroalgae and
suspended matter in a Mediterranean shallow system. Mar. Ecol. 27 (4), 350–360.

Massé Jodoin, J., Guichard, F., 2019. Non-resource effects of foundation species on meta-
ecosystem stability and function. Oikos 128 (11), 1613–1632.

McIntyre, P.B., Jones, L.E., Flecker, A.S., Vanni, M.J., 2007. Fish extinctions alter nutrient
recycling in tropical freshwaters. Proceedings of the National Academy of Sciences
(USA) 104, 4461–4466.

Mokany, K., Ash, J., Roxburgh, S., 2008. Functional identity is more important than diver-
sity in influencing ecosystem processes in a temperate native grassland. J. Ecol. 96
(5), 884–893.

Mulder, C., Boit, A., Mori, S., Vonk, J.A., Dyer, S.D., Faggiano, L., Geisen, S., González, A.L.,
Kaspari, M., Lavorel, S., Marquet, P.A., Rossberg, A.G., Sterner, R.W., Voigt, W., Wall,
D.H., 2012. Distributional (in)congruence of biodiversity-ecosystem functioning.
Adv. Ecol. Res. 46, 1–88.

Naeem, S., 2002. Ecosystem consequences of biodiversity loss: the evolution of a para-
digm. Ecology 83 (6), 1537–1552.

Ogle, K., Barber, J.J., Barron-Gafford, G.A., Bentley, L.P., Young, J.M., Huxman, T.E., ... Tissue,
D.T., 2015. Quantifying ecological memory in plant and ecosystem processes. Ecology
letters 18 (3), 221–235.

Payne, J.L., Bush, A.M., Heim, N.A., Knope, M.L., McCauley, D.J., 2016. Ecological selectivity
of the emerging mass extinction in the oceans. Science 353, 1284–1286.

Peake, A.J., Quinn, G.P., 1993. Temporal variation in species‐area curves for invertebrates
in clumps of an intertidal mussel. Ecography 16 (3), 269–277.

G. Sarà, C. Giommi, A. Giacoletti et al. Science of the Total Environment 770 (2021) 144749

11



Peto, R., Peto, J., 1972. Asymptotically efficient rank invariant procedures. Journal of the
Royal Statistical Society A 135, 185–207.

Piggott, J.J., Townsend, C.R., Matthaei, C.D., 2015. Reconceptualizing synergism and antag-
onism among multiple stressors. Ecol. Evol. 5 (7), 1538–1547.

Pusceddu, A., Dell'Anno, A., Danovaro, R., Manini, E., Sarà, G., Fabiano, M., 2003. Enzymat-
ically hydrolyzable protein and carbohydrate sedimentary pools as indicators of the
trophic state of detritus sink systems: a case study in a Mediterranean coastal lagoon.
Estuaries 26 (3), 641–650.

R Core Team, 2019. R: A language and environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria URL https://www.R-project.org/.

Redmond,M.D., Law, D.J., Field, J.P., Meneses, N., Carroll, C.J.W.,Wion, A.P., Breshears, D.D.,
Cobb, N.S., Dietze, M.C., Gallery, R.E., 2019. Targeting extreme events: complementing
near-term ecological forecasting with rapid experiments and regional surveys. Fron-
tiers in Environmental Science 7, 183.

Riedel, B., Pados, T., Pretterebner, K., Schiemer, L., Steckbauer, A., Haselmair, A., Zuschin,
M., Stachowitsch, M., 2014. Effect of hypoxia and anoxia on invertebrate behaviour:
ecological perspectives from species to community level. Biogeosciences 11 (6),
1491–1518.

Rosenblatt, A.E., Schmitz, O.J., 2016. Climate change, nutrition, and bottom-up and top-
down food web processes. Trends Ecol. Evol. 31 (12), 965–975.

Sarà, G., 2006. Hydrodynamic effects on the origin and quality of organic matter for bi-
valves: an integrated isotopic, biochemical and transplant study. Mar. Ecol. Prog.
Ser. 328, 65–73.

Sarà, G., 2007. Sedimentary and POM: mixed sources for Cerastoderma glaucum in a Med-
iterranean shallow pond. Aquat. Living Resour. 20, 271–277.

Sarà, G., 2009. Variation of suspended and sedimentary organic matter with depth in shal-
low coastal waters. Wetlands 29 (4), 1234–1242.

Sarà, G., Romano, C., Caruso, M., Mazzola, A., 2000. The new Lessepsian entry Brachidontes
pharaonis (Fischer P., 1870) (Bivalvia, Mytilidae) in the western Mediterranean: a
physiological analysis under varying natural conditions. J. Shellfish Res. 19, 967–977.

Sarà, G., Vizzini, S., Mazzola, A., 2003. Sources of carbon and dietary habits of new
Lessepsian entry Brachidontes pharaonis (Bivalvia, Mytilidae) in the western Mediter-
ranean. Mar. Biol. 143 (4), 713–722.

Sarà, G., Romano, C., Widdows, J., Staff, F. J, 2008. Effect of salinity and temperature on
feeding physiology and scope for growth of an invasive species (Brachidontes
pharaonis-Mollusca: Bivalvia) within the Mediterranean Sea. J. Exp. Mar. Biol. Ecol.
363, 130–136.

Sarà, G., Palmeri, V., Montalto, V., Rinaldi, A., Widdows, J., 2013. Parameterisation of bi-
valve functional traits for mechanistic eco-physiological Dynamic Energy Budget
(DEB) models. Mar. Ecol. Prog. Ser. 480, 99–117.

Sarà, G., Porporato, E.M.D., Mangano, M.C., Mieszkowska, N., 2018. Multiple stressors facil-
itate the spread of a non-indigenous bivalve in theMediterranean Sea. J. Biogeogr. 45,
1090–1103.

Schmitz, O.J., 2013. Global climate change and the evolutionary ecology of ecosystem
functioning. Ann. N. Y. Acad. Sci. 1297, 61–72.

Schmitz, O.J., Grabowski, J.H., Peckarsky, B.L., Preisser, E.L., Trussell, G.C., Vonesh, J.R., 2008.
From individuals to ecosystem function: toward an integration of evolutionary and
ecosystem ecology. Ecology 89 (9), 2436–2445.

Şekercioğlu, Ç.H., Mendenhall, C.D., Oviedo-Brenes, F., Horns, J.J., Ehrlich, P.R., & Daily, G.C.
2019. Long-term declines in bird populations in tropical agricultural countryside. Pro-
ceedings of the National Academy of Sciences (USA), 116, 9903-9912.

Seuront, L., Nicastro, K.R., Zardi, G.I., Goberville, E., 2019. Decreased thermal tolerance
under recurrent heat stress conditions explains summer mass mortality of the blue
mussel Mytilus edulis. Sci. Rep. 9, 1–14.

Smith, M.D., 2011. An ecological perspective on extreme climatic events: a synthetic def-
inition and framework to guide future research. J. Ecol. 99, 656–663.

Smith, M.D., Knapp, A.K., Collins, S.L., 2009. A framework for assessing ecosystem dynam-
ics in response to chronic resource alterations induced by global change. Ecology 90,
3279–3289.

Smith, M.D., Koerner, S.E., Knapp, A.K., Avolio, M.L., Chaves, F.A., Denton, E.M., Dietrich, J.,
Gibson, D.J., Gray, J., Hoffman, A.M., Hoover, D.L., Komatsu, K.J., Silletti, A., Wilcox, K.R.,
Yu, Q., Blair, J.M., 2019. Mass ratio effects underlie ecosystem responses to environ-
mental change. J. Ecol. 108, 855–864.

Sonkoly, J., Kelemen, A., Valkó, O., Deák, B., Kiss, R., Tóth, K., Miglecz, T., Tothmeresz, B.,
Török, P., 2019. Both mass ratio effects and community diversity drive biomass pro-
duction in a grassland experiment. Sci. Rep. 9, 1–10.

Stachowicz, J.J., 2001. Mutualism, facilitation, and the structure of ecological communi-
ties: positive interactions play a critical, but underappreciated, role in ecological com-
munities by reducing physical or biotic stresses in existing habitats and by creating
new habitats on which many species depend. Bioscience 51 (3), 235–246.

Stewart, R.I., Dossena,M., Bohan, D.A., Jeppesen, E., Kordas, R.L., Ledger, M.E., Meerhoff, M.,
Moss, B., Mulder, C., Shurin, J.B., Suttle, B., Thompson, R., Trimmer, M., Woodward, G.,
2013. Mesocosm experiments as a tool for ecological climate-change research. Adv.
Ecol. Res. 48, 71–181.

Strong, J.A., Andonegi, E., Bizsel, K.C., Danovaro, R., Elliott, M., Franco, A., Garces, E., Little,
S., Mazik, K., Moncheva, S., Papadopoulou, N., Patrício, J., Queirós, A.M., Smith, C.,
Stefanova, K., Solaun, O., Papadopoulou, N., 2015. Marine biodiversity and ecosystem
function relationships: the potential for practical monitoring applications. Estuar.
Coast. Shelf Sci. 161, 46–64.

Suding, K.N., Lavorel, S., Chapin III, F.S., Cornelissen, J.H., Diaz, S., Garnier, E., Goldberg, D.,
Hooper, D.U., Jackson, S.T., Navas, M.L., 2008. Scaling environmental change through
the community-level: a trait-based response-and-effect framework for plants. Glob.
Chang. Biol. 14, 1125–1140.

Taylor, B.W., Flecker, A.S., Hall, R.O., 2006. Loss of a harvested fish species disrupts carbon
flow in a diverse tropical river. Science 313, 833–836.

Telesca, L., Peck, L.S., Sanders, T., Thyrring, J., Sejr, M.K., Harper, E.M., 2019. Biomineraliza-
tion plasticity and environmental heterogeneity predict geographical resilience pat-
terns of foundation species to future change. Glob. Chang. Biol. 25, 4179–4193.

Thrush, S.F., Hewitt, J.E., Kraan, C., Lohrer, A.M., Pilditch, C.A., Douglas, E., 2017. Changes in
the location of biodiversity–ecosystem function hot spots across the seafloor land-
scape with increasing sediment nutrient loading. Proc. R. Soc. B Biol. Sci. 284,
20162861.

Tsafack, N., Rebaudo, F., Wang, H., Nagy, D.D., Xie, Y., Wang, X., Fattorini, S., 2019. Carabid
community structure in northern China grassland ecosystems: effects of local habitat
on species richness, species composition and functional diversity. PeerJ 6, e6197.

Underwood, A.J., 1997. Experiments in Ecology:Their Logical and Interpretation Using
Analysis of Variance. Cambridge University Press, Cambridge.

Valone, T.J., Balaban-Feld, J., 2018. Impact of exotic invasion on the temporal stability of
natural annual plant communities. Oikos 127 (1), 56–62.

Vaughn, C.C., 2010. Biodiversity losses and ecosystem function in freshwaters: emerging
conclusions and research directions. BioScience 60 (1), 25–35.

Vaughn, C.C., Spooner, D.E., Galbraith, H.S., 2007. Context-dependent species identity ef-
fects within a functional group of filter-feeding bivalves. Ecology 88, 1654–1662.

Vile, D., Shipley, B., Garnier, E., 2006. Ecosystem productivity can be predicted from poten-
tial relative growth rate and species abundance. Ecol. Lett. 9 (9), 1061–1067.

Violle, C., Navas, M.-L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I., Garnier, E., 2007. Let
the concept of trait be functional! Oikos 116, 882–892.

Wang, S.P., Lamy, T., Hallett, L.M., Loreau, M., 2019. Stability and synchrony across ecolog-
ical hierarchies in heterogeneous metacommunities: linking theory to data.
Ecography 42, 1200–1211.

Whittaker, R.H., 1965. Dominance and diversity in land plant communities: numerical re-
lations of species express the importance of competition in community function and
evolution. Science 147, 250–260.

Windsor, F.M., Ormerod, S.J., Tyler, C.R., 2018. Endocrine disruption in aquatic systems:
up-scaling research to address ecological consequences. Biol. Rev. 93 (1), 626–641.

Wojdak, J.M., Mittelbach, G.G., 2007. Consequences of niche overlap for ecosystem func-
tioning: an experimental test with pond grazers. Ecology 88, 2072–2083.

Wong, M.K., Guénard, B., Lewis, O.T., 2019. Trait-based ecology of terrestrial arthropods.
Biol. Rev. 94, 999–1022.

Worm, B., Barbier, E.B., Beaumont, N., Duffy, J.E., Folke, C., Halpern, B.S., Jackson, J.B.C.,
Lotze, H.K., Micheli, F., Palumbi, S.R., Sala, E., Kimberley, A.S., Stachowicz, J.J.,
Watson, R., 2006. Impacts of biodiversity loss on ocean ecosystem services. Science
314, 787–790.

G. Sarà, C. Giommi, A. Giacoletti et al. Science of the Total Environment 770 (2021) 144749

12


