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Abstract

Climate change and anthropogenic activities are producing a range of new selection
pressures, both abiotic and biotic, on marine organisms. While there are numerous
studies that have investigated the response of individual marine organisms to
climate change, few studies have focused on differences in organismal responses
across trophic levels. Such trophic differences in response to climate change may
disrupt ecological interactions and thereby threaten marine ecosystem function. In
addition, predation is known as a strong driver that impacts individuals and
populations. Despite this, we still do not have a comprehensive understanding of
how different trophic levels respond to climate change stressors, predation and their
combined effects in marine ecosystems.

The main focus of this thesis is to identify whether marine trophic levels respond
differently to climatic stressors and predation. To explore these questions, I have
used a combination of traditional mesocosm experiments, together with a statistical
method called meta-analysis. I initiated the research by study the responses of
marine gastropods at two trophic levels to ocean acidification and predation using
long-term mesocosm experiments together with a gastropod-specific meta-analyses.
I focused on the amount of phenotypic plasticity in morphological traits of snails
when exposed to the two stressors. In order to generalise and test these assumptions
among a greater number of marine taxa, I used the meta-analysis approach to
investigate the effects of ocean acidification and warming, as well as their combined
effects on four marine trophic levels. Finally, to study the individual and combined
effects of ocean acidification and predation with respect to inducible defences, 1
again applied a mesocosm experiment and used blue mussels as a model species.

By using long-term mesocosm experiments and the gastropod-specific meta-
analysis on marine gastropods from two trophic levels, I showed that these trophic
levels varied in their responses to both ocean acidification and predation.
Gastropods at lower trophic levels exhibited greater phenotypic plasticity against
predation, while those from higher trophic levels showed stronger tolerance to ocean
acidification. Next, by using a meta-analysis, including a large number of species
and taxa, examining the effects of ocean acidification and warming, I revealed that
top-predators and primary producers were most tolerant to ocean acidification
compared to other trophic levels. Herbivores on the other hand, were the most
vulnerable trophic level against abiotic stress. Again, using the meta-analysis
approach, but this time incorporating only factorial experimental data that included
the interactive effects of ocean acidification and ocean warming, I showed that
higher trophic levels again were the most tolerant trophic level, and herbivores being
most sensitive, with respect to the combined effect of the two stressors. Contrary to
previous discussions in the literature concerning multiple climate-related stressors,
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antagonistic and additive effects occurred most frequently, while synergistic effects
were less common and which decreased with increasing trophic rank. Finally, by
conducting a fully-factorial experiment using blue mussels, I found that mussels
with previous experience contact with predator has developed greater inducible
defences than ones without previous experience. However, levels of ocean
acidification may mask predator cues, or obstruct shell material, and consequently
disrupt blue mussels inducible defence from crab predation.

In summary, marine trophic levels respond differently to both biotic and climatic
stressors. Higher trophic levels, together with primary producers, were often more
robust against abiotic stress and may therefore be better prepared for future oceans
compare species from lower trophic levels. These results may provide vital
information for: implementing effective climate change mitigation, to understand
which stressors to act on, and when and where to intervene for prioritizing
conservation actions.
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Popular science summary

Human activity has been expelling a large amount of carbon dioxide (COy) into the
atmosphere. This rising CO, leads to increased sea surface temperature via the
greenhouse effect, and when CO, enters seawater, it increases dissolved COs,
bicarbonate and hydrogen ions concentrations. The hydrogen ions produced in this
process lower the pH of seawater, and result in a process called ocean acidification.
Ocean acidification can have strong negative impacts on species such as snails,
barnacles, and other calcifying organisms, which may be forced to build thinner and
more brittle shells or exoskeletons under acidic conditions. With less protection
from calcified structures, organisms may become more vulnerable to predation
under climate change. In addition, increasing ocean temperatures is another
consequence of climate change, and particularly extreme temperatures are thought
to be the cause of e.g. coral bleaching that may result in reduced growth rates,
reproductivity, and sometimes death. Such increases in seawater temperature and
acidity can have significant effects on many marine organisms. Thus, in the future
ocean, marine organisms will be challenged by multiple threats coming from both
abiotic (i.e. climatic) and biotic (i.e. predation) stress, which may interact with one
another.

All marine organisms are embedded in food webs that contain different food chains.
Food webs are maintained by the flow of energy from primary producers at the base
of the food web through primary and secondary consumers, all the way up to apex-
predators that reside at the top of the food web. The position of the organisms in the
food web is defined by the trophic level, and in this thesis, I have classified four
trophic levels (primary producers, herbivores, meso-predators, and top-predators).
However, as primary producers use photosynthesis to gain energy, herbivores graze
primary producers, and predators are carnivores, their conditions (eat or be eaten)
and environment are fundamentally different. Thus, trophic levels may respond to
climate change and predation differently due to differences in selection pressure and
evolutionary history, mobility, body size, and the ability to regulate physiological
process. With a rapidly changing climate, the knowledge about how species,
populations, and ecosystems will respond is key for management actions and
effective governance; few studies however have looked into whether marine species
at different trophic levels will respond to stressors similarly or differently.

In my theses, I studied the effects of trophic levels on tolerance to climate-related
stressors by using experiments on various marine species together with a statistical
method called meta-analyses. I focused on marine gastropods because they have
representative species from multiple trophic levels, and are easy to collect and
cultivate in a laboratory environment. For example, some snails are grazers
representing herbivores where the main food source is algae or biofilm growing on
stones and rocks. However, among these herbivore snails, it is common to find their
shells at the shore with small holes on the shell, which are likely from predation
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attacks. These predators are carnivorous snail species representing meso-predators
that are a trophic level above herbivorous. By comparing the morphology and
growth traits of snails after exposing the grazing and carnivore snails to low pH (a
proxy of ocean acidification) and crab cues (mimicking predation) for 120 days, I
found that grazing snails were more responsive to the risk of predation, while
carnivorous snails were more robust to ocean acidification. In combination with
these experiments, I collected data from 247 peer-reviewed articles focused on the
effects of ocean acidification and warming on many different marine species. Using
these data, I ran statistical models, which showed that there are differences in
tolerance to acidification and warming among trophic levels. It turned out that
herbivores are the most vulnerable trophic level in response to ocean acidification,
while higher trophic levels were less sensitive. However, in the natural world,
stressors like ocean acidification and ocean warming are not exposed in isolation
but rather in a combination, affecting marine organisms simultaneously. When data
were analyzed in respect to combined stressors, again using the meta-analysis
approach, I found consistent results, where higher trophic levels demonstrated the
greatest tolerance and herbivores were the most sensitive trophic level. In addition
to these questions, I also focused on the interplay between ocean acidification and
predation and the fact that calcifying species have difficulty building thicker shells
at lower pH levels, and consequently can be more vulnerable to shell crushing
predators. Interestingly however, in southern Sweden, there are geographic
differences in the extent of contact experience between blue mussels and their
predator, the green crab. Blue mussels on the west coast have always been in contact
with the green crab, whereas on the east coast the predatory crab is absent. With
these fortunate conditions, in an experimental point of view, makes blue mussels in
southern Sweden a suitable study organism for investigating the effect of predation
risk and ocean acidification in isolation and combination, and whether the historical
contact to predators can help to develop greater inducible defences. It was shown
that crab cues influenced mussels’ ability to build stronger shells on the west coast,
where mussels have previous experience with crab predation. However, differences
between the west and east coast mussels disappeared when mussels from both
groups where exposed to low pH. This could be because predation cues are less
detectable in a low pH environment, or calcium carbonate is less available for
building material of the shell.

In summary, my thesis shows that different marine trophic levels respond to climate
change and predation differently. Since such trophic differences will fundamentally
alter trophic interactions, there is a risk that future marine communities will be
disrupted by climate change and pose a great risk on marine food webs if not
managed effectively.
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Introduction

Marine ecosystems are maintained by the flow of energy among different trophic
levels from primary producers at the base of food webs to intermediate consumers,
apex predators, pathogens, and finally back again through detrital and
decomposition processes (Lindeman 1942). Consequently, marine communities are
biological networks in which the performance of one species is tightly directly or
indirectly correlated with that of other species via a variety of biological interactions,
such as predation, competition, facilitation, mutualism. The aggregate effect of
these interactions within and among trophic levels constitutes ecosystem function,
which in turn provides ecosystem services that society depends upon, such as
aquaculture and fisheries production, recreation, and water purification.

There is widespread consensus among climate scientists today that climate change
due to growing human pressures are having profound and diverse consequences for
marine ecosystems (Doney et al. 2012, IPCC 2014). In addition, the rates of changes
in recent decades have been rapid and may exceed the potential tolerances of many
marine organisms to adapt, and a common view is that numerous marine organisms
will fail to counteract the rate and magnitude of climate change (Hoffmann and Sgro
2011, Barnosky et al. 2011, Bellard et al. 2012). There is pronounced evidence from
different ecosystems that species respond individualistically to climate change
stressors (Petchey et al. 1999, Parmesan et al. 1999, Thomas et al. 2001, Jellison et
al. 2016). Such differential species responses will inevitably disrupt species
interactions. Moreover, particularly strong disruption to a community is likely if the
average sensitivity of species differs among trophic levels because trophic
interactions will be fundamentally altered (Voigt et al. 2003). Environmental stress
models have hypothesized that trophic levels vary in response to different stressors
including environmental stressors and biotic stressors (e.g. predation and
competition) (Menge and Sutherland 1976, 1987). The relative importance of
different stressors to a specific trophic level is predictable along environmental
stress gradients that range from benign to harsh habitats (Menge and Sutherland
1987). Yet, this trophic differential to abiotic and/or biotic stress has not been
investigated or demonstrated for marine ecosystems, partially due to the great
difficulty and expense of long-term studies of multispecies and trophic groups.

The overarching aim of this thesis is to increase our understanding on whether and
how marine trophic levels respond differently to climatic and biotic stressors.
Before further specifying the research questions, I here give a brief overview of
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environmental changes in the ocean, a general description of strategies used by
organisms to respond to stressors, a general statement of the interactive effects of
multiple stressors, and the overall research progress about trophic level differences
in the marine environment.
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Climatic changes in the ocean and their potential effects
on marine species

The ocean is the largest habitat on Earth. However, rising atmospheric carbon
dioxide (CO;) caused by human activities are rapidly altering the ocean chemistry
and environment at an unprecedented rate (Doney et al. 2012, Poloczanska et al.
2013). Recent assessments of multi-stressor effects show that more than half of the
ocean has been experiencing an increase in cumulative human impact, mainly driven
by increasing climate stressors, such as acidity/pH, temperature, mean sea level, and
polar sea-ice area (Fig 1; Doney et al. 2012, Reusch 2014, Nagelkerken and Connell
2015a, Halpern et al. 2015).
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Figure 1. Changes in global mean sea level (teal line) (Jevrejeva et al. 2008), summer Arctic sea-ice area (yellow line)
(Walsh and Chapman 2001), 0-700-m ocean heat content (orange line) (Levitus et al. 2009), sea-surface temperature
(brown line) (Petit et al. 1999) (Adapted from Doney et al. 2012).
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Ocean acidification

Ocean acidification is a predictable consequence of rising atmospheric carbon
dioxide (Doney et al. 2009). As a direct result of dissolution of CO,, ocean waters
reduce pH and reduce calcium carbonate (CaCOs) saturation (Gattuso and
Buddemeier 2000). Under a “business-as-usual” scenario, this process of ocean
acidification will continue and accelerate with increasing CO» emissions (IPCC
2014). Many marine organisms, from phytoplankton to fish, are sensitive to lower
calcium carbonate and pH (reviewed by Kroeker et al. 2010). However,
experimental evidence has indicated that responses of marine organisms might vary
(Kroeker et al. 2010). For example, primary producers, such as macroalgae,
seagrasses and phytoplankton, might benefit from elevated CO, because CO; could
act as a resource for the photosynthesis process (Riebesell and Tortell 2011, Harley
etal. 2012, Nagelkerken and Connell 2015, Connell et al. 2017). However, the lower
availability of bicarbonate ions along with increasing concentration of carbon
dioxide can reduce growth of calcifying organisms including molluscs, echinoderms,
calcifying macroalgae, reef-building corals, and calcifying unicellular plankton
(reviewed by Kroeker et al. 2010). In addition, changes in ocean acidification likely
led to higher body fluid pCO, in animals, which may result in acid-base balance
disturbances (Miles et al. 2007). High trophic level species with highly mobile and
developed intracellular/extracellular pH regulatory mechanisms may be more
tolerant to ocean acidification (Kroeker et al. 2010). However, Melzner et al. (2009)
argued that larger animals with large volumes have to spend more energy
expenditure to maintain pH gradients, which can lead to reallocation of energy for
other functions, such as growth and reproduction.

Ocean warming

Rising atmospheric greenhouse gas concentrations have increased global average
temperatures by ~0.2 °C per decade over the past 30 years (Hansen et al. 2006).
More than 80% of the heat has been absorbed by the ocean, which will continually
drive global ocean surface temperatures to rise by an average of (+ SD) 3.7+ 0.7 °C
by the end of this century (Poloczanska et al. 2013, Bopp et al. 2013). Warming can
fundamentally impact biological processes simply because molecular kinetic energy
is very sensitive in response to elevated temperature (Hochachka and Somero 2002).
Moderate increases in temperature have direct impact on the metabolic rate of
ectothermic marine organisms, such as molluscs, with consequences for growth,
reproduction, distributions, abundances, as well as phenology (Peck 2002, Portner
2006, Portner et al. 2007, Convey et al. 2009, Poloczanska et al. 2013, Llopiz et al.
2014, Thackeray et al. 2016, Pecl et al. 2017). On the other hand, warmer
temperatures may also raise the respiratory demand, potentially reducing aerobic
scope for activity (e.g. feeding, predator avoidance, digestion), with consequences
allocating less energy for growth and reproduction (Portner and Knust 2007). With
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regarding to moderate temperature increase, organisms tend to acclimate and/or
adapt to local conditions. Yet, beyond species thresholds, acclimatization may fail,
with the consequence of reduced fitness, and with the risk that mortality increases.
In this case, populations would decline and local extinction may occur (Hochachka
and Somero 2002). However, ocean warming may benefit some species or
populations, such as algae and seagrass (Connell et al. 2017), due to greater
availability of food or nutrients (Doney et al. 2012), reduced maintenance costs (e.g.
energy used for respiration, acid-base balance), or reduced competition or predation.
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Organism responses to stressors

In ecological research, the term “stressor” has frequently been expected as
detrimental (Folt et al. 1999). However, what is stressful or detrimental to one
species is likely to be beneficial to another, either directly or via species interaction.
For example, high pCO; that is generally detrimental to calcifying species such as
coral and molluscs (Kroeker et al. 2010) can be, as food resources, beneficial to
primary producers (Connell et al. 2017). Therefore, stressors, in this thesis, are
defined as a variable that, natural or anthropogenic, exceeds its range of normal
variation and affects (whether negatively or positively) individual taxa, community
composition, or ecosystem functioning relative to a reference condition (Crain et al.
2008).

Organisms can respond to climatic stressors in several ways; they can move to new
areas that become available within their threshold, or they can acclimate and/or
adapt their physiology or behaviour to extend their thresholds (Donelson et al. 2019).
However, because spatial gradients in pCO; and temperature are relatively low and
unstructured, most species are less likely to find refuge through migration (Perry et
al. 2005, Kelly and Hofmann 2013). Evolutionary adaptation, therefore, will be a
fundamentally important response to these widespread future changes (Sunday et al.
2014).

Phenotypic plasticity has been identified as a fundamental phenomenon that allows
organisms to maintain confronting with environmental change and give populations
the time to adapt to climate change (Chevin et al. 2010). Phenotypic plasticity is
broadly defined as the adjustment of phenotypic values of genotypes without genetic
changes (Fig 2; Pigliucci 2001). Phenotypic plasticity is thought to be particularly
important for long-lived species, but it is likely to be a critical component of
adaptive responses for most species (Munday et al. 2013). A growing body of work
in a wide range of marine taxa has addressed plasticity in behaviour, morphology,
and/or physiology in response to both biotic and abiotic stressors. For example,
marine gastropods can increase their shell thickness and mass when exposed to
predation cues (Palmer 1990, Trussell and Nicklin 2002, Hollander et al. 2006,
Bourdeau 2009). Similarly, intertidal species can adapt to a highly variable coastal
environment via exhibiting considerable thermal plasticity (Somero 2005).

However, there is a special form of phenotypic plasticity termed phenotypic
buffering (i.e., the maintenance of fitness-related phenotypes in response to
environmental stress; Waddington 1942, Bradshaw 1965), which essentially reflects
the ability of acclimation (Sunday et al. 2014) and is equivalent to environmental
tolerance (Reusch 2014). Classical phenotypic plasticity selects those genotypes
that are favoured and can adaptively adjust their phenotype to rapidly take advantage
of novel conditions, which have a positive slope reaction norm line (Fig. 2). In
contrast, phenotypic buffering selects those genotypes for enhanced tolerance, and
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the reaction norm would essentially be a slightly negative or flat line (Schlichting
and Pigliucci 1998). The flatter the reaction norm, the greater phenotypic buffering
and tolerance. In other words, phenotypic buffering or tolerance is the ability of
organisms to maintain rather than adjust a trait or functioning in response to
stressors. Key examples are the increased expression of shock proteins to maintain
proper cellular metabolism as a response to heat stress (Serensen et al. 2003, Csaszar
et al. 2010, Bergmann et al. 2010). Phenotypic buffering is expected to be employed
by organisms in response to climatic stressors (Reusch 2014).
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Figure 2. A conceptual model describing two types of plasticity by which the functional phenotype might be different or
similar across a stressful environment. (a) Phenotypic plasticity is illustrated with a non-zero slope reaction norms of
the phenotypic value for both underlying and observed traits, and where the magnitude of phenotypic plasticity
determines the steepness of the slope (genotype 1 > genotype 2). (b) Phenotypic buffering, genotype 1 shows no
change in a functional phenotype of interest despite underlying changes in gene expression, metabolic rates, or energy
allocation, while genotype 2 has a negative change (less tolerance). In this case, genotype 1 shows greater phenotypic
buffering compare genotype 2. (Adapted from Reusch 2014).
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The role of previous experience

The ability of species to respond to new environments are dependent of previous
experience (Hollander and Bourdeau 2016, Fox et al. 2019). Previous environments
impose selection, causing the adaptation of populations to the mean and variation in
conditions experienced. It is often thought that species that have experienced
environmental fluctuations will be more likely to have higher capacity to respond
phenotypically to future change. For example, marine snails in the genus Nucella
differed in their magnitude of phenotypic plasticity depending on their distribution
along the shore (Bourdeau 2009). Lower-shore species that exposed to crabs for
longer periods of time exhibited greater increases in shell thickening and growth
than upper-shore species. However, most marine organisms may not have past
experience of climate change induced environments. In this case, reaction norms
should have random and erratic shapes in climatic environments, owing to the
absence of past selection in these environments (Ghalambor et al. 2007). It is,
therefore, difficult to predict in general whether and how much phenotypic plasticity
and/or buffering will be adaptive in novel climatic environments (Bonamour et al.
2019).

21



Multiple stressor interactions

Despite the fact that studies on single-stressor and single-species remain the norm,
organisms never live in an environment in which stressors act separately.
Interactions among multiple stressors, where the effects of one is dependent on the
magnitude of another, are very common across ecosystems (Crain et al. 2008,
Dieleman et al. 2012, Jackson et al. 2021). These interactions may lead to non-
additive responses, where the combined effects are more or less than the addition of
individual effects (synergistic or antagonistic, respectively), which highly limits our
ability to predict interaction outcomes (Crain et al. 2008, Piggott et al. 2015). For
example, ocean acidification may lower species’ upper thermal lethal limits, which
is more likely to lead to detrimental warming effects suggesting a synergistic
interaction between ocean acidification and warming (Walther et al. 2009).
Consequently, multiple stressors can interact in complex ways, amplifying or
dampening the direct effects of stressors on species.

A critical goal of modemn ecology is a quantitative understanding of how multiple
drivers will interact (Harley et al. 2006, Darling and Coté 2008). If stressors interact
synergistically or antagonistically, additive models will underestimate or
overestimate the ecological impacts of multiple stressors. In contrast, if multiple
stressors act individually, predictions based on additive expectations will be suitable
(Sala et al. 2000, Halpern et al. 2015). A few recent highly cited syntheses found
that climatic stressors mostly act synergistically in marine and coastal ecosystems
(Crain et al. 2008, Harvey et al. 2013, Przeslawski et al. 2015). However, other
studies demonstrated that additive effects accounting for the majority of interactions
(Strain et al. 2014, Jin et al. 2019). Disparities between the interaction types among
the above syntheses suggest that interaction types may be specific depending to
stressor types and magnitudes, biological response variables (i.e., traits) and
ecological variables (species, population, ecosystem).

Climatic stressors interact not only within the environmental milieu, but also with
biotic stressors such as predation. For instance, a marine mollusc may suffer from
reduced calcification due to elevated pCO; but may at the same time increase their
calcification rate in response to predation threat (Fitzer et al. 2015a), which would
create an antagonistic interaction effect. On the other hand, ocean acidification may
also induce a rounder and more globular shell shape of mussels, i.e. the same shell
shape expected as an induced defence in response to shell-crushing crabs. Here, the
two stressors would accordingly result in a morphological change in the same
direction and thus increase prey survival rate in the presence of predators (Fitzer et
al. 2015). Thus, climatic stressors and biotic stressors may additively,
synergistically, or antagonistically disturb the same physiological pathways among
individuals with vital consequences for how prey accommodate stressors
(Rosenblatt and Schmitz 2014). Unfortunately, our understanding concerning
multiple-stressor effects between climatic and biotic stressors is currently lacking.
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Trophic differences in response to stressors

Environmental stress models have been influential for decades in marine
community ecology (Menge and Sutherland 1976, 1987). These models suggests
that the relative importance of environmental stressors, competition, and predation
varies predictably with trophic position. For example, predation has less effect on
higher trophic levels than basal levels (Hairston et al. 1960, Menge and Sutherland
1976). In contrast, these models have hypothesized that higher trophic levels may
be more tolerant to environmental stressors, such as high temperature or low salinity
than lower trophic levels (Menge and Sutherland 1987, Menge and Olson 1990).
Further, previous meta-analysis studies suggests that competition and predation
have different magnitude of effects among trophic levels (Gurevitch et al. 2000).
Although all of these models and syntheses suggest that trophic levels may respond
differently to stressors, studies tend to focus on local stressors rather than climatic
stressors such as ocean acidification and warming.

Only a few previous studies have explicitly examined climatic sensitivity of trophic
levels (e.g. Petchey et al. 1999, Voigt et al. 2003, Thackeray et al. 2016). The results
from these studies vary significantly in terms of which trophic level was more
vulnerable to climate change, mainly because these studies focused on dissimilar
ecosystems or taxa. For example, Petchey et al. (1999) found that herbivores and
top-predators in the aquatic microbial communities had the highest extinction risk
in response to warming, while primary producers were positively affected. Voigt et
al. (2003) focused on a grassland ecosystem, and found that trophic sensitivity to
global warming increased by trophic position and that the top trophic level was the
most sensitive. Thackeray et al. (2016) used 10, 003 phenological data sets including
both terrestrial and aquatic species to examine the relative impact of climate change
on species at different trophic levels, and showed that secondary consumers (the
highest trophic level in their classification) showed consistently lower climate
sensitivity than other groups. Previous work has also shown that marine pelagic
trophic levels respond to climate change differently in phenology (Edwards and
Richardson 2004) than in benthic systems. Best et al. (2015) found that warming
had positive effects on the feeding rates and population growth of higher trophic
levels, but no effect on primary producers. Although the direction and magnitude of
climate sensitivity may vary markedly among marine trophic levels, identifying
systematic trophic differences could have substantial socio-ecological implications.
Such knowledge would afford some predictability of future ecological impacts and
help to identify species or trophic levels that can represent effective sentinels of
climate impact, facilitating the progress of indicators and estimates of vulnerability
for conservation and national adaptation programmes (Williams et al. 2008,
Walpole et al. 2009, Butchart et al. 2010).
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Study systems and approaches

In my thesis work, I studied the trophic differences in response to stressors using a
combination of two approaches: 1) long-term mesocosm experiments and 2) meta-
analysis. The mesocosm experiments focused on the marine molluscs (snails and
mussels), which face different stressors including climate change and predation. The
meta-analyses contain large number of marine species at different trophic levels
from primary producers to top-predators for the purpose of generalisation. By using
these approaches, I examine whether marine trophic levels respond differently to
stressors and if there is a systematic pattern.

Marine molluscs used in long-term mesocosm experiments

Gastropods play important roles in the maintenance of ecosystem health and trophic
dynamics in coastal and marine ecosystems from the intertidal to subtidal zones
(Poore et al. 2012). Marine gastropods have previously been demonstrated to show
plastic phenotypic responses to predator cues (e.g. Vermeij and Currey 1980,
Palmer 1990, Trussell and Nicklin 2002, Hollander et al. 2006, Bourdeau 2011), as
well as climatic stressors (e.g. Marshall and McQuaid 2011, Leung et al. 2017).
Predator cues have been shown to increase shell thickness and alter shell shape that
reduce predation susceptibility (Trussell and Nicklin 2002, Hollander et al. 2006).
For climatic stressors, gastropods tend to produce less soluble shells by changing
carbonate polymorphs or regulating the content of magnesium ions in calcite as
strategies to minimize shell dissolution in response to ocean acidification (Leung et
al. 2017). Another study has demonstrated that intertidal snails could respond to
high temperature via phenotypic buffering in metabolism, down-regulating their
metabolic costs by exploiting strategies of metabolic depression (Marshall and
McQuaid 2011). This, together with the fact that marine gastropods have
representative species from multiple trophic levels, make them a suitable group of
organisms for addressing the scientific questions in my thesis.

Similarly, to marine gastropods, marine mussels often show phenotypic plasticity in
their shell morphology, such as thicker and heavier shells by increasing calcification
rate in response to predation risk (Leonard et al. 1999, Manriquez et al. 2021).
Climatic stressors such as ocean acidification can negatively impact shell
calcification and internal shell dissolution in mussels (Fitzer et al. 2015b). Thus, for
calcifying mussels, ocean acidification may interact with the expression of plastic
defence traits against predation and negatively affect survival rate. In this regard,
mussels are a suitable group for examining the interactive effects between predation
and ocean acidification. In addition, in the absence of predation threat, an anti-
predator response may be lost within a few generations (e.g. Blumstein et al. 2004,
Hudson et al. 2017), and conversely, individuals experiencing novel predators may
immediately alter anti-predator behaviour (Hawkins et al. 2008, West et al. 2018).
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Due to differences in salinity tolerance, the geographical distributions of our study
species, blue mussels and green crabs, do not overlap completely. Along the
brackish coast of southern Sweden there is a slight increase in salinity from east to
west and blue mussels are abundant along this entire gradient. However, green crabs
(and other mussel predators such as sea stars) are only present along the west coast.
Thus, there are geographic differences in the extent of contact experience between
blue mussels and green crabs; mussels on the west coast have been in contact with
this crab for centuries, whereas mussels on the east coast have not had such contact.
Such geographic differences allow me to use blue mussels as a model organism to
investigate the role of previous experience (co-evolution) in response to predation
and climate-related stressors.

Meta-analysis

Meta-analysis is the quantitative, scientific synthesis of research findings,
contributing to the development of evidence-based practice and the resolution of
seemingly contradictory research outcomes (Gurevitch et al. 2018). Meta-analysis
is a powerful statistical tool for the summarization of large sets of data, but requires
a consistent measure of effect size for testing general hypotheses. Meta-analysis
provides summary effect sizes with each data set weighted according to some
measure of its importance, with more weight given to large studies with precise
effect estimates and less to small studies with imprecise effect estimates. Generally,
each study is weighted in inverse proportion to the variance of its effect. The effect
size of InRR (natural logarithm of response ratio) characterizes the log proportional
change in the response variable between control and experimental treatment, which
is a more powerful and less biased effect size than other effect size, such as standard
mean difference (SMD or Hedges’ d) and standardized mean difference with
heteroscedasticity (SMDH) (Yang et al. 2022). It can be back-transformed using to
show the proportion changes in the experimental treatment relative to the control.
The criteria for meta-analysis is therefore that the retrieved studies need to have
verified the quantity of change in the studied area, standard deviation and sample
size, with specific control and experimental groups. As meta-analysis uses research
results, there are within- and between-study non-independence that may arise from
multiple response variables from the same group of organisms, multiple
experimental treatments being compared to the same control, or some studies
conducted by the same group of researchers, and so on (Koricheva et al. 2013).
Luckily, those potential non-independency issues can be accommodated by using
random effects models with sampling variance-covariance matrices (Noble et al.
2017).
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Aims of the thesis

In this thesis, I have aimed to investigate whether marine species at different trophic
levels respond to stressors differently. I examined their ecological and physiological
responses to predation cues and climatic stressors (i.e., ocean acidification and
warming). [ have also studied the interactions between predation and ocean
acidification effects on blue mussels, and tested the role of previous experience. 1
also investigated whether marine trophic levels differently respond to combined
effects of ocean acidification and warming. Specifically, I have addressed the
following questions:

(1) Whether marine snails from different trophic levels (i.e., herbivores and
carnivores) exhibit different magnitudes of phenotypic plasticity in response to
ocean acidification and predation? (paper I)

(2) How do ocean acidification and ocean warming individually affect marine
species at different trophic levels (i.e., primary producers, herbivores, meso-
predators, and top-predators)? (paper II)

(3) How do crab cues and ocean acidification affect blue mussels in isolation and
combination; does the historical contact with stressors matter? (paper III)

(4) Do marine trophic levels respond differently to interactive effects between
ocean acidification and ocean warming? (paper 1V)
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Methods

In paper I, I tested whether marine snails from different trophic levels exhibited
different magnitudes of phenotypic plasticity in response to lower pH and crab cues.
I expected that snails from lower trophic levels would show greater phenotypic
plasticity in response to crab cues, while snails from higher trophic levels would
exhibit greater phenotypic buffering (i.e., stronger tolerance) under lower pH (as a
proxy of ocean acidification).

Snails from two trophic level were used for the mesocosm experiments: the grazers
Littorina saxatilis and Littorina fabalis, and a meso-predator Nucella lapillus. Snails
were caught on the coast and then acclimated to laboratory conditions for four weeks
before the start of the experiments. All three species were exposed to either crab
cues, low pH, or a control environment without the two stressors. The lower pH was
maintained by bubbling CO,. During the experiments, crabs and N. lapillus were
fed mussels once a week. L. fabalis were fed macroalgae. The experiments lasted
120 days, from 18 June to 17 October 2018.

After the experiment, I measured a number of morphological variables known to be
associated with susceptibility to crab predation and ocean acidification (Palmer
1990, Trussell and Nicklin 2002, Bourdeau 2009, Duquette et al. 2017). I measured
the total shell length and wet body weight of live snails. Then, I measured the shell
weight after removing the soft body parts. I also calculated the ratio of shell weight
and shell length as a proxy for shell thickness. Soft tissue mass was calculated by
subtracting shell mass from the total wet body weight. To compare the magnitude
of change induced by crab cues or low pH for each of three snail species, I calculated
the effect size for: the tissue mass, shell thickness, shell mass, and shell strength as
the logarithm of the response ratio (InRR).

I also included a meta-analysis in paper I to test the hypotheses among additional
gastropod species from the two trophic levels. I searched the literature for both field
and laboratory experiments testing the effects of ocean acidification and predation
by using IST Web of Science. Studies that met the selection criteria were used to
extract data. Effect sizes then were calculated for each experiment and categorical
random effect models were fitted and heterogeneity tests were performed. I also
tested publication bias using two methods: funnel plots and the Egger’s regression
(Viechtbauer 2010).
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In paper II, I used multi-level meta-analyses that included 1278 unique
observations to investigate whether marine species from four trophic levels varied
in response to ocean acidification and warming, and to examine whether calcifying
and non-calcifying species respond differently to ocean acidification and warming.
I expected that primary producers and top-predators would be tolerant to stressors
and herbivores, particularly calcifying species, would be sensitive to ocean
acidification.

The data were collected from 247 peer-reviewed publications on Web of Science
and Scopus databases after selecting with a series of criteria, which contained 1278
unique observations. I calculated the log response ratio for each observation using
modified sample sizes to deal with dependence of sampling errors due to shared
controls. Then I ran categorical multi-level random effects models with sampling
variance-covariance matrices accounting for dependence due to shared organisms.
All analyses were conducted using the R package “metafor”.

In paper III, the aim was to investigate how ocean acidification and predation risk
from predatory crabs, individually and in combination, affect inducible defenses and
growth of mussels Mytilus edulis. In addition, I tested whether the historical context
affect the response to the stressors. I expected that 1) experienced mussels would
respond more strongly to crab cues; 2) ocean acidification would disrupt the
inducible defenses of mussels to crab predation.; and 3) crab cues and ocean
acidification would interact antagonistically.

Juvenile blue mussels were collected from east (crab naive) and west coast (crab
experienced) and transported to laboratory facilities at Lund University. Mussels
were maintained 3-4 weeks in the lab before the experiments to allow for
acclimatation. A full factorial design was implemented, including three factors with
two levels each: pH (control at pH 8.1, the pH offset of —0.3 at 7.8), mussel
population (crab naive east coast versus crab experienced west coast), and crab cue
(presence, absence). For the low pH treatment, the required pH level concentration
was maintained by bubbling CO, using a gas flow meter/controller. Before the
experiment, mussels were individually marked with nail polish of different colors
at the base of the shell (Wong et al. 2012). During the experiment, mussels were fed
daily with a mix of the algae. Crabs were fed adult mussels. The experiment lasted
~120 days, from June to October 2020. After the experiment, | measured
morphological and growth traits including shell length, wet body weight, shell
weight, shell thickness and shell strength. I also calculated soft tissue mass by
subtracting shell weight from the wet body weight. I ran three-factor nested
ANCOVA models for each trait using different covariates. I calculated the effect
size of Hedge’s d to classify interaction types between low pH and predation for
each trait.

Paper IV examined how ocean acidification and warming interactively affected
different marine trophic levels. I expected that higher trophic levels would be more
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tolerant that lower trophic levels and have less proportion of synergistic interactions
(which was largely viewed as more detrimental) in combined stressor situations. In
addition, a previous study has shown that discontinuous distribution of trophic
position was only evident among lower trophic levels (i.e., primary producer and
herbivore), whereas, above the herbivore trophic level, food webs are better
characterized as a tangled web where trophic position are continuous (Thompson et
al. 2007). For this reason, I merged the “meso-predator” and “top-predator” levels
into one level as the “predator”. I presented results for both merged and unmerged
of meso and top-predators.

I searched papers on the ISI Web of Science databases with different combinations
of key words. Studies had to be fully factorial experiments that incorporated the
mean effect of control, individual ocean acidification, warming, and their
combination. Then, data were extracted from the papers that met my selecting
criteria. I calculated individual and main effect sizes of individual and combined
effects of ocean acidification and warming following Morris et al. (2007). Individual
effect sizes were used to classify interaction types and main effect sizes, which
provide a more realistic measure of a stressor’s effect were applied to multi-level
models.
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Main results

Marine gastropods at different trophic levels respond to
stressors differently

In paper I, I found that gastropods at different trophic levels respond differently to
lower pH and crab cues. Grazer snails exhibited greater phenotypic plasticity in shell
thickness and mass as inducible defenses in response to crab cues (Fig. 3b, c). The
meso-predator snail Nucella lapillus showed greater phenotypic buffering in shell
thickness (Fig. 3a) when exposed to lower pH. The meta-analysis supported these
findings and revealed that meso-predatory gastropods showed stronger phenotypic
buffering than grazing gastropods (Fig. 4a), as the overall mean effect sizes of meso-
predatory gastropods were less negative than grazers. However, grazers had a more
positive effect size in calcification compared to meso-predators in response to
predation, suggesting greater phenotypic plasticity (Fig. 4b).

These results demonstrated differential tolerance to climate-related environmental
stress between trophic levels. Snails from both higher and lower trophic levels,
showed adaptive phenotypic plasticity to crab cues by producing thicker and
stronger shells, which is consistent with previous findings (Palmer 1990, Hollander
et al. 2006, Bourdeau 2009, Bronmark et al. 2011). However, in the field of
plasticity research, few if any studies have truly evaluated the actual magnitude of
plasticity against predation among species from different trophic levels. Although
marine gastropods of both grazers and meso-predators demonstrated plastic
developmental strategies against crab predation, the grazers in this study displayed
a significantly greater response to predator cues. This result is in line with the
assumptions of some consumer-stress models in which selection from predation
should be higher at the base of the food web (Menge and Sutherland 1976, Sih et al.
1985)
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shell mass of mesopredator Nucella lapillus and grazing snails Littorina fabalis and Littorina saxatilis.
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Climate change effects across trophic levels

Although in Paper I found that snails at higher trophic levels showed greater
phenotypic buffering (more tolerant) to ocean acidification, it only included one
taxon with two trophic levels. Paper I1, used a meta-analysis, contained four trophic
levels, including 1278 experiments, with 236 different marine species from 18
different phyla. The result showed that herbivores were significantly negatively
affected by ocean acidification, while primary producers and top-predators were
negligibly affected by ocean acidification (Fig. 5a). While meso-predators showed
a more negative mean effect size than herbivores, the high degree of variation
among species and studies in this group made the effect non-significant (Fig. 5b).
Although non-significant, primary producers and top-predators exhibited positive
effect sizes, even though top-predators showed greater variation in their responses
(Fig. 5b).

The previous studies on trophic differences in tolerance to climate related stressors
vary to a large extent (e.g. Petchey et al. 1999, Voigt et al. 2003, Thackeray et al.
2016). Petchey et al. (1999) for example, found that top-predators had the highest
extinction risk, while primary producers significantly increased with warming. Our
work is partly in line with their results because primary producers have a positive
effect size in response to warming. Voigt et al. (2003) studied a grassland ecosystem,
and found that vulnerability to climate change increased by trophic position
(primary producers < herbivores < predators), which contradict our results.
However, my results are consistent with the work of Thackeray et al. (2016) that
showed that secondary consumers were the most tolerant level in response to
warming and precipitation. Disparities among these studies are likely due to
dissimilar ecosystems, taxa, biological responses or stressors.

Why trophic levels generally showed different tolerance to climate changes cannot
be determined at this stage. It is possible that the differential tolerance to climate
may be caused by functional groups in different trophic levels responding
differently to climate. Another possible explanation could be body size, as the size
of an organism is not only closely related to its resource acquisition strategy,
mobility, and sensory range (Andersen et al. 2016), but also to many physiological
processes, including reproduction, metabolism, growth, and survival (Peters 1993,
Brown et al. 2004). Larger-sized organisms with higher metabolic rates, higher
levels of activity, and higher capacity to adjust growth may cope better with
environmental stress than more inactive, sessile groups, with lower metabolic rates
and activity as well as capacity to regulate physiology (Portner 2005, Widdicombe
and Spicer 2008, Melzner et al. 2009b).
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Individual and interactive effect of ocean acidification
and predation

Paper III demonstrated that various morphological characteristics of the mussels
Mytilus edulis were affected by exposure to elevated pCO, (low pH), crab cues as
well as their combinations. High pCO, significantly reduced shell mass and
thickness, independently of where the mussel population originated from (Fig. 6),
while crab cues significantly increased shell mass and thickness. West coast crab-
experienced mussels developed significantly heavier and thicker shells than east
crab-naive mussels when exposed to crab cues (Fig. 6). However, and most
interestingly, is that the predator-induced shell differences between west coast
coevolved mussels and the east coast naive mussels disappeared when the mussels
were simultaneously exposed to low pH levels. The reason could be that ocean
acidification either mask available cue (Draper and Weissburg 2019) or reduce
available building material by lowering the rate of calcium carbonate disposition
and dissolution (Fitzer et al. 2015b). As demonstrated, stressors normally do not act
independently, but rather interact and produce combined effects on organisms. The
interaction between low pH and crab cue was classified as antagonistic for all traits,
except for shell length was classified as additive (Fig. 7). Between the west coast
coevolved mussels and the east coast naive mussels there was no population
difference in the interaction type for all measured traits (Fig. 7).

The reduction in shell mass as well as the thickness of the shell can be explained by
the fact that high pCO, levels reduce calcification and induce shell dissolution
(Doney et al. 2009, Fitzer et al. 2015b). Usually, shell thickness is positively
correlated to mussel’s ability to withstand crushing force (Leonard et al. 1999,
Trussell and Nicklin 2002), and therefore, a thinner shell can explain, in part, the
reduction in shell strength of mussels. However, a weaker shell under the high pCO»
level may also be explained by the composition and structure of calcium carbonate
layers, which can be compromised under ocean acidification, leading to a brittle
shell, that is less stiff and flexible (Fitzer et al. 2015a, 2015b, Byrne and Fitzer 2019).
It was clear that west coast mussels developed stronger shells compared to the east
coast mussels, suggesting genetically inherited differences between the populations,
probably from strong natural selection and coevolution from crab predation. In
addition, when I examined the combined effects of multiple stressors, which can be
different from the sum of individual stressor effects, the results demonstrated
antagonistic cumulative effects between ocean acidification and predation risk for
all responses among the mussels except for shell length, which showed additive
effects (Fig. 7). West and east coast mussels responded to the combined effect of
the two stressors consistently with the same interaction type (Fig. 7).
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Figure 7. Interaction types between the low pH and crab cue treatments on different traits. Interaction types were
classified by comparing the predicted additive expectation (dashed line) to observed combined effects. Additive effects
were classified when the error bar (95% CI) overlapped with the dashed line. Green and red bars of combined effects
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Individual and interactive effect of ocean acidification
and warming

While Paper II demonstrated that marine trophic levels varied in response to the
individual effects of ocean acidification and warming, these two climatic stressors
often interacted dependently on organisms. Paper IV included fully-factorial
experimental data, and revealed that marine trophic levels also respond to combined
stressors differently (Qu = 22.28, p = 0.0345). The results in paper IV support the
findings of the previous meta-analysis (paper II), although only one-third of the
number of species and studies were included in the analyses. The pattern of
combined effects across trophic levels was similar to my previous results with the
mean effect size increasing from, herbivore, meso-predators and top-predators,
suggesting again that higher trophic levels are possibly more robust against ocean
climate change effects. Although my results supported previously published
findings that herbivores are the most sensitive trophic level, primary producers
demonstrated a somewhat surprising result in response to combined effects with a
negative effect size, where high levels of CO, and warming perhaps functioning as
a resource for photosynthesizing organisms, and acting antagonistically.

Furthermore, the frequencies of interaction types (see donut charts in Fig. 8) differed
significantly among trophic levels (y2 = 14.24, p = 0.027, df = 6, n =162). The
additive and the antagonistic effects prevailed across all trophic levels but their
proportion changed with increasing rank of trophic levels. Synergistic effects, on
the other hand, were the interaction type that occurred least, with less than 20% for
all trophic levels. As predators showed less synergistic interactive effects between
ocean acidification and warming compared to primary producers and herbivores,
this may confirm that higher trophic levels are more tolerant to climate change-
related stressors, both individually as well as combined (Fig. 8).

Concerning individual stressors, primary producers were positively affected by
ocean acidification and this effect approached significance (Fig. 8). Meso-predators
and top-predators were negligibly impacted by ocean acidification, with a mean
effect size close to zero or above, and when meso-predators and top-predators were
merged, we did not detect any greater change. Nevertheless, herbivores were the
only trophic level significantly negatively affected by ocean acidification (Fig. 8).
Regarding ocean warming, we detected similar patterns compared to the ocean
acidification effects across trophic levels (Fig. 8). Ocean warming had positive
effects on predators (i.e., meso-predators, top-predators, as well as merged).
Although not significant, ocean warming demonstrated a negative effect among
herbivores (Fig. 8). Overall, the individual effects of ocean acidification and ocean
warming presented similar patterns on marine trophic levels — with the exception of
primary producers, I consistently found that the negative effects from ocean
acidification and warming decreased with increasing rank of marine trophic levels.
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Figure 8. Orchard plots showing means of main effect sizes, confidence intervals (Cls, bold line) and individual effect
sizes with precision (inverse variance) for ocean acidification (green), ocean warming (blue) and their combined effects
(red) on marine trophic levels. Mean effect size and 95% confidence interval were estimated from multi-level meta-
analytic models using the trophic level and stressor as moderators. 95% confidence interval not overlapping with zero
indicate a significant effect denoted by an asterisk (*). The additional panel Predator was formed by merging the Meso-
predator and Top-predator groups. Donut charts indicate the frequencies (%) of additive, antagonistic and synergistic
interaction types. Numbers inside donut charts indicate number of observations.
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Conclusions and future perspectives

In conclusion, I have demonstrated that marine trophic levels respond differently to
both biotic (i.e. predation) and abiotic (i.e. climatic) stress. Higher trophic levels
were often more tolerant in response to climatic stressors, while lower trophic levels
showed greater phenotypic plasticity when exposed to predation cues. In paper I, I
found that the meso-predatory snail Nucella lapillus was less sensitive to low pH
than grazing snails Littorina fabalis and Littorina saxatilis, while grazers exhibited
greater phenotypic plasticity in shell mass and thickness in response to crab cues.
For paper II, I demonstrated that marine trophic levels respond differently to single
stressors of ocean acidification and warming. Herbivores at the lower trophic level
were the most sensitive level to climate change. Although primary producers are at
the base of food webs, the elevated CO, acting as resources for them may offset the
negative effects, making this level together with top-predators less sensitive
compare herbivores. Results of paper III highlighted that despite the fact that of
predation and low pH could have strong single effects on blue mussels, the
combined effects can be antagonistic. Similarly, paper IV found that the effects of
the combination of ocean acidification and warming differ from their individual
effects and vary among trophic levels. Higher trophic levels (i.e., predators) showed
stronger tolerance than lower trophic levels in response to ocean acidification and
warming, as well as to their combined effects with a lower proportion of synergistic
effects than for other trophic levels.
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