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ABSTRACT
The development of frameworks that account for community stability and its loss
to environmental disturbance (e.g. regime shifts) is central to ecology, particularly
for reducing uncertainty of ecological change in increasingly variable
environments. Notably, community responses to disturbance often appear abrupt
and surprising, raising concerns for our ability to anticipate and manage such
regime shifts. In this thesis, I explore the conceptual model that compensatory
dynamics may negate the effects of disturbance prior to community restructure
(i.e. changes in species composition) and that their recognition may advance our
ability to anticipate loss of stability. I examine the idea that the failure to
recognise the weakening of mechanisms of resistance to intensifying disturbance
underpins the surprise of regime shifts. My assessment centred on a plantherbivore interaction (herbivorous gastropods-turf algae) that counters the loss of
kelp forests to competitors (turf expansion) as driven by abiotic disturbances that
coalescence across multiple scales of space (global to local) and time (gradual to
abrupt).
My tests of the hypothesis that herbivores negate the positive effects of abiotic
change on turf production suggested that ecological systems might compensate for
disturbance via mechanisms that prevent structural changes. Whilst global (carbon
enrichment) and local abiotic change (nutrient enrichment) may drive shifts in
ecological systems by altering dominance relationships between competing
species (e.g. shifts from kelp- to turf-dominated reefs), adjustments in strength of
herbivory appeared to negate such change. My tests suggested that resistance to
change may result from the aggregate effects of individual responses (per capita
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consumption) where these generate dynamics that prevent change in community
processes (productivity). Such dynamics may be underpinned by the necessity of
individuals to maintain homeostasis in varying environments. Critically,
combinations of gradual (warming) and abrupt abiotic change (heat waves)
appeared to disrupt these buffering mechanisms and resulted in rapid loss of
resistance. Further tests indicated that, if we are to anticipate the extent of
ecological change, we may not only have to consider spatial and temporal
variability in abiotic conditions, but also biotic processes that might increase the
range of variation in ecological responses.
Overall, these results suggest that, if we understand compensatory dynamics as
mechanisms of resistance to the effects of disturbance (i.e. that prevent
community restructure), we may not only improve predictions of community
change, but also be able to prevent undesirable change in the first place. Critically,
our ability to manage for ecological change cannot only rely on building
resilience, but needs to move towards a more explicit consideration of resistance
mechanisms; such shift in thinking is necessary to fully understand how
ecological communities respond to disturbance. Assessments of how fine-scale
responses (individual and species responses) stabilise broad-scale patterns
(community processes and ecosystem functioning) may offer critical insights not
only to advance theories of community stability, but also to improve our capacity
to anticipate and manage regime shifts.
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CHAPTER 1
GENERAL INTRODUCTION

The study of processes that underpin community stability or change has long
fascinated ecologists (MacArthur 1955; Paine 1969) and centres on the
assessment of the links between processes acting at different scales of space, time
and ecological organisation (Levin 1992). Notably, processes that occur at
tractable scales (e.g. individuals, species interactions) can offer insights into
broader and more complex patterns (e.g. community or ecosystem processes),
which can be understood as emerging from the collective behaviours of
assemblies of their smaller units (Wootton 2001). The interface of processes that
occur across scales is key not only to understand how communities are organised,
but also to anticipate ecological responses to human-driven environmental change
(Levin 1992; Enquist et al. 2003). As evidence of major change in the structure
and functioning of communities continues to accumulate (e.g. regime shifts), there
are growing concerns for our ability to manage ecological systems in increasingly
variable environments (Folke et al. 2004; Hughes et al. 2013; Nagelkerken &
Connell 2015). The assessment of processes that underpin community stability is
central to confront these challenges and centres not only on the understanding of
mechanisms that provide resilience to disturbance, but also of those that resist
disturbance in the first place (Connell et al. 2016).
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1.1 STABILITY VIA RESISTANCE AND RESILIENCE TO
DISTURBANCE
Variation in environmental conditions can underpin changes in the structure and
functioning of ecological communities (Paine 1969), which can in some cases
respond to disturbance by shifting to a contrasting state dominated by a different
suite of species (Sutherland 1974). Yet, ecologists have recognised that
communities often display stability in that they dynamically tend to persist in a
certain state despite continuous environmental variation (Connell & Sousa 1983).
Such stability can result in communities that remain unchanged in face of
disturbance through processes that counter change (i.e. resistance, Elton 1958 or
inertia, Orians 1975) or adjust to change (adjustment stability, Margalef 1969 or
resilience, Westman 1978).
Whilst the importance of distinguishing between properties of resistance and
resilience has been highlighted in earlier studies (Connell & Sousa 1983;
Sutherland 1990), a number of diverse definitions and uses of terms related to
stability has emerged over the years (see Grimm & Wissel 1997 for a review).
The implications for ecological research seem to have been important and
continue to be debated today (Hodgson et al. 2015; Nimmo et al. 2015; Yeung &
Richardson 2015). As the term ‘resilience’ gained popularity, its use has been
expanded to include a broad range of ecosystem responses to disturbance, ranging
from the ability to adjust or resist disturbance to the ability to recover from it
(Hodgson et al. 2015). As a consequence, the assessment of processes that
underpin resistance has often been conflated within concepts of resilience,
particularly in studies of regime shifts (Appendix A). Whilst the development of
resilience frameworks has generated many influential papers and deeply
3

influenced our thinking in theories of community stability, the interest for other
properties that maintain stability (i.e. resistance) seem to have faded (Nimmo et
al. 2015). Importantly, our ability to understand how ecological systems remain
stable or change when faced with disturbance might be hampered by the
conflation of processes that counter the effects of disturbance (i.e. resistance) with
processes that adjust or recover from it (i.e. resilience) (Connell et al. 2016).
A different field of research has approached the study of community stability from
a biodiversity-ecosystem functioning perspective centred on the understanding of
how the loss of species diversity affects ecosystem functioning (see Loreau & de
Mazancourt 2013 for a review). The relationship between diversity and stability
has long been debated (Pimm 1984) and has led to the development of theories of
compensatory dynamics to account for mechanisms that stabilise community
properties to species loss due to environmental disturbance (i.e. density and
functional compensation) (Loreau et al. 2001; Gonzalez & Loreau 2009).
Compensatory processes can, thus, underpin community resistance by stabilising
aggregate community processes to environmental variation (e.g. biomass,
productivity). The recognition of dynamics that buffer the ecological effects of
disturbance might be key to progress our ability to manage ecological change;
indeed, the pervasive presence of feedback mechanisms that can prevent recovery
(e.g. Suding et al. 2004; Bennett et al. 2015; Bowman et al. 2015) suggests that
we cannot only rely on resilience to manage ecological systems in increasingly
disturbed environments.
Critically, it seems that a comprehensive resistance-resilience framework relating
these two approaches to the study of stability has yet to be developed, despite its
importance for an improved understanding of community responses to disturbance
4

(Mori 2015; Nimmo et al. 2015). The difficulty in explicitly incorporating
mechanisms that underpin resistance into resilience frameworks might partly be a
consequence of what we consider an ecological disturbance (Appendix A).
Intuitively, ecologists might be prone to identify a disturbance as some change in
the environment that is intense enough to overcome the ‘inertia’ of a system
(sensu Underwood 1989), thus causing some structural changes within a
community, e.g. species replacements. This immediately centres our attention on
processes of adjustment to change and recovery (i.e. resilience), whilst often
overlooking the possible phase of no community change (i.e. resistance).
Nevertheless, it is possible that a disturbance occurs even where there is no
change in community structure as a consequence of processes that counter the
effects of disturbance (Sutherland 1981). In such case, a disturbance is met with
some changes in the internal dynamics of a system (e.g. strength of species
interactions) that compensate for the effects of disturbance. If we are open to this
possibility, then we are also open to broaden studies of stabilising processes that
underpin resistance by buffering the effects of disturbance.

1.2 COMPENSATORY DYNAMICS BUFFER CHANGE
Although environmental change can create signiﬁcant community reorganization,
it often results in relatively small net change in community structure or
functioning (Gonzalez & Loreau 2009). This observation has led to the
recognition of compensatory dynamics as mechanisms that underpin community
stability in fluctuating environments. Ideas of density (MacArthur et al. 1972) and
functional compensation (McNaughton 1977) have been developed to explain
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how species replacements might buffer the effects of environmental variation on
aggregate community properties, such as biomass or productivity (Gonzalez &
Loreau 2009; Loreau & de Mazancourt 2013). Hence, the theory of compensatory
dynamics does not only form a fundamental basis to understand community
stability, but also offers a framework to study how stabilising effects at the
community-level may emerge from the aggregate of smaller-scale processes
(Loreau 2010).
Density and functional compensation can be viewed as two complementary
mechanisms through which community properties can be buffered (e.g.
productivity, biomass, decomposition) where some species are lost to
environmental change (McNaughton 1977; Loreau et al. 2001; Ruesink &
Srivastava 2001; Hector et al. 2010). Functional redundancy, in particular, is a
key dynamic for community stability (McNaughton 1977; Loreau & de
Mazancourt 2013). Indeed, the loss of functional redundancy can eliminate the
ability of an entire community to buffer the effects of environmental change
where no other species can perform the same ecological function (e.g. collapse of
Caribbean coral reefs due to the progressive loss of herbivore species that could
keep macroalgae in check) (Hughes 1994; Bellwood et al. 2004).
Within the current theory of compensatory dynamics, mechanisms of
compensation occur in response to changes in species diversity or abundance and
mainly driven by asynchrony in species responses to environmental change.
Nonetheless, it is possible that community processes may be buffered to change
by mechanisms that occur prior to variation in species composition. For example,
the effects of abiotic change (e.g. eutrophication) on ecosystem processes (e.g.
enhanced productivity) may generate concomitant responses that oppose the
6

effects of disturbance (e.g. increases in consumption) (McAllister et al. 1972;
Sarnelle 1992), thus potentially providing a buffering mechanism prior to loss of
species diversity. The presence of compensatory dynamics that buffer change
before species loss (i.e. in addition to density and functional compensation) might
be key for the persistence of many communities. Whilst density and functional
compensation might often buffer ecological communities (Ruesink & Srivastava
2001; Isbell et al. 2015), functional redundancy does not apply to all species
within a community, particularly when we consider keystone or foundation
species (Lawton 1994).
Change in the abundance of foundation species can lead to major community
reorganisation (Jones et al. 1994), such as shifts from grasslands to shrub
dominated communities (Briggs et al. 2005), corals to macroalgae (Bellwood et
al. 2004) and kelp forests to turf algae (Connell et al. 2008) or barrens (Steneck et
al. 2002). Such regime shifts often occur where abiotic change creates an
imbalance between processes of productivity and its consumption (Connell et al.
2011), either by intensifying top-down control (Silliman et al. 2013) or altering
bottom-up processes (Connell et al. 2013). Hence, it seems important to test
whether compensatory dynamics can not only buffer change in community
processes where species are lost to environmental disturbance (Ernest and Brown
2001, Ruesink and Srivastava 2001), but also where disturbance directly modifies
these processes (e.g. productivity) without involving changes in species diversity.
This test would require broadening the idea of compensatory dynamics to assess
the existence of processes that might buffer the effects of environmental
disturbance prior to alterations in species diversity.
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Recent evidence suggests that ecological communities might, indeed, be stabilised
by buffering mechanisms that do not involve species replacements. For example,
changes in the level of intra- or inter-specific competition might stabilise bird
populations to long-term abiotic changes (Reed et al. 2013) or forest communities
to extreme events (Lloret et al. 2012). Similarly, coastal wetlands can be buffered
against the effects of chronic eutrophication by counterbalancing physical
processes (accretion) resulting from changes in biological processes (Graham &
Mendelssohn 2014). In grassland communities, changes in the physiology of
individual plant species might reduce the size of community change during
heatwaves, although this resistance to change might be lost to other extreme
events (drought) (Hoover et al. 2014). These developments suggest that the study
of compensatory dynamics could, indeed, be broadened to include a wider range
of stabilising processes other than density or functional compensation (Loreau &
de Mazancourt 2013). The potential diversity of stabilising mechanisms may
account for why communities often remain stable, i.e. not continuously switch
from a state to another, in the face of nearly continuous environmental variation.

1.3 ORGANISMAL RESPONSES MIGHT STABILISE COMMUNITY
DYNAMICS
Critical to the understanding of processes that counter change is the identification
of processes that drive change; task to which resilience research has vastly
contributed. Whilst environmental variation is a common feature of natural
systems, human activities are greatly accelerating the rate and magnitude of
environmental change (Pettorelli 2012; Gattuso et al. 2015). As a consequence,
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ecological communities are changing rapidly and, often, abruptly in response to
environmental variation, bolstering research into regime shifts (Scheffer &
Carpenter 2003; Schneider & Kefi 2015).
A widespread effect of human activities is to modify abiotic conditions by altering
resource availability from local (e.g. nutrients, space availability, light) through to
global scales (e.g. CO2) (Caldeira & Wickett 2003; Micheli et al. 2005; Allgeier et
al. 2011). Increases in resource availability can modify ecological communities
through the alteration of competitive (Connell & Russell 2010) and trophic
interactions (Tylianakis et al. 2008), often modifying pathways of energy transfer
in ecological systems (Enquist et al. 2003). Changes in strength of species
interactions are common because species have varying tolerances and
susceptibilities to abiotic modification, either within (Hepburn et al. 2011) or
across trophic levels (Lemoine & Burkepile 2012; Mertens et al. 2015). At the
level of primary producers, for example, resource enhancement can release some
taxa from their resource limitations, creating a process that drives the expansion
of subordinate or opportunistic species at the expenses of normally dominant
species (Bertness et al. 2002; Connell & Russell 2010; Kroeker et al. 2013).
Where such changes in competitive balance occur, entire communities can
overtime shift to states characterised by the dominance of a different suite of
species, e.g. savannas to shrub-dominated systems (Schlesinger et al. 1990), coral
reefs to macroalgal beds (Bellwood et al. 2004) or kelp forests to turf-dominated
reefs (Connell et al. 2008).
Importantly, changes in productivity do not necessarily occur disconnectedly from
changes in herbivory. Rates of herbivory are not only known to be related to
varying levels of productivity (McNaughton et al. 1989), but are also known to
9

change in response to abiotic change as a consequence of both direct (i.e.
physiological; O'Connor 2009; Wittmann & Portner 2013) and indirect effects
(i.e. plant-mediated; Berner et al. 2005; Stiling & Cornelissen 2007; Falkenberg et
al. 2013a). Hence, whilst an intensification of top-down control can drive
(Silliman et al. 2013) or maintain change in some systems (Bennett et al. 2015),
increases in consumption can also oppose the effects of abiotic change on
productivity (McAllister et al. 1972; Sarnelle 1992). Indeed, accumulating
evidence suggests that the positive effects of nutrient enrichment on productivity
may be partly, if not completely, countered by increases in herbivory (McAllister
et al. 1972; Sarnelle 1992; Jacobsen & Sandjensen 1994; Russell & Connell
2005). Importantly, it remains unclear whether such per capita changes in
consumption can provide a mechanism of trophic compensation that is
proportional to the effects of varying intensities of disturbance and that stabilises
community productivity to a range of abiotic changes (i.e. not only in response to
nutrient enrichment).
Flows of energy and materials are a critical component of how ecological systems
are organised and respond to environmental change (Enquist et al. 2003). Hence,
the assessment of changes in energy use by organisms may offer insights on how
individual responses to environmental change may aggregate to generate
processes that influence community dynamics and ecosystem processes (Nisbet et
al. 2000). Rates of consumption typically vary in response to variation in
environmental conditions as herbivores regulate their energetic intake and
nutritional homeostasis mainly by modifying quantity and quality of food
consumed (McNaughton et al. 1989; Cebrian et al. 2009). Such plasticity in
consumption and, thus, energy intake is necessary if consumers are to maintain
10

organismal homeostasis and adjust to short-term environmental changes (Sousa et
al. 2010). Consumers often display a certain degree of plasticity in energy budgets
that is attained through combinations of behavioural (e.g. feeding) and
physiological responses (e.g. energy allocation) (Sousa et al. 2010; Jager et al.
2016). Such plasticity is observed as a mechanism through which individuals not
only cope with stressful environments (Duarte et al. 2016; Georgiou et al. 2015)
or low quality resources (Berner et al. 2005), but also respond to high quality
(Falkenberg et al. 2013a) or blooming resources (Kooijman 2013). Whilst the
evidence is still speculative, a flexible energy budget could be evolutionary
advantageous because it would allow for some adaptation to environmental
fluctuations (Sousa et al. 2010; Jager et al. 2016) as well as to maximise
utilization of variable resources (Kooijman 2013). Hence, if consumers
continuously adjust their energy budget to maintain homeostasis in fluctuating
environments, then it is possible that their aggregate responses might generate
dynamics that buffer the effects of environmental change at greater levels of
ecological complexity (e.g. population dynamics, community processes).

1.4 ENVIRONMENTAL VARIABILITY AND EXTREME EVENTS
Whilst compensatory dynamics can underpin community stability in fluctuating
environments, the rate and intensity of current environmental changes might
overwhelm the stabilising capability of these buffering mechanisms (Isbell et al.
2015). Amongst the most significant anthropogenic drivers of ecological change
is the climate (Parmesan & Yohe 2003), which is changing in a number of
parameters (e.g. temperature, carbon concentration, rainfall) with a high degree of
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temporal and spatial variability (Helmuth et al. 2014). Whilst climate change has
only relatively recently started to shape ecological research, the latter has been
rapidly evolving as the complexity of the impacts of climatic drivers and their
interactions with other environmental changes are recognised (Pettorelli 2012).
The identification of interactions among stressors has proved a major step forward
to account for ‘ecological surprises’ (sensu Paine et al. 1998), but we remain
challenged to anticipate how multiple interactions propagate through webs of
direct and indirect effects to drive change (Griffen et al. 2016). To address these
challenges, the recognition of context-dependencies might provide a useful
starting point to build frameworks to anticipate and manage ecological change
(Brown et al. 2013; Strain et al. 2014).
The identification of synergies and antagonisms among stressors has empowered
local managers by opening the possibility of reducing the ecological effects of
climate-related stressors (CO2 enrichment, warming) through management of
stressors at local scales (nutrient pollution) (Falkenberg et al. 2013b). Importantly,
this strategy may not only be important to mitigate the effects of long-term
changes in climate variables (CO2 enrichment, warming), but also extreme
weather events (heat waves, heavy rainfall). Indeed, climate change is not only
going to manifest through gradual changes in mean conditions (‘trends’), but also
through variation in those mean changes, including extreme weather events
(‘events’) (Jentsch et al. 2007). As extreme events become increasingly frequent
and intense, both experimental and observational evidence suggest that their
ecological effects can be substantially stronger than those of gradual changes
(Easterling et al. 2000; Gutschick & BassiriRad 2003). Nonetheless, the effects of
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extreme events remain highly variable and, thus, difficult to anticipate, ranging
from extreme ecological change to little or no change (Smith 2011).
Key to our ability to anticipate the response of ecological communities to
extremes is the assessment of how compensatory dynamics may respond to such
abrupt changes in abiotic conditions (Isbell et al. 2015), particularly where these
combine with gradual change. Importantly, the intensity of disturbance can be
rapidly increased where extreme events combine with chronic disturbances,
creating conditions that might disrupt compensatory dynamics by exacerbating
ecological responses. If ecological responses are intensified under combinations
of gradual and abrupt change, then we may understand why the effects of extreme
are so context-dependent. Hence, establishing the nature of interactions between
climatic and non-climatic drivers, acting at different spatial (local to global) and
temporal scales (gradual or abrupt), is critical not only to anticipate ecological
change (Brown et al. 2013), but also to establish the potential for ecological
systems to resist or adapt to environmental change.

1.5 BIOTIC MEDIATION OF ENVIRONMENTAL CHANGE
Variation is an important determinant of ecological outcomes and does not only
manifest as variation in environmental conditions (Lawson et al. 2015), but also
as variation in ecological responses. Whilst the importance of ecological variance
has been long recognised (Benedetti-Cecchi 2003), our ability to anticipate
variability in future ecological patterns is still at its infancy (Bolnick et al. 2011;
Vasseur et al. 2014).
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Particular emphasis has been placed on understanding how global warming
influences the strength of trophic interactions (Tylianakis et al. 2008; Gilbert et al.
2014), given the key influence of temperature on ecological dynamics (Brown et
al. 2004). Whilst there is a large amount of evidence suggesting that average
strength of consumption may increase with warming before decreasing as
temperatures become more extreme (Lemoine & Burkepile 2012), there is little
recognition for processes that may mediate such changes. Nonetheless,
anticipating the range of variation in consumption is critical to forecast the
stability of consumer-resource dynamics and their effects on community structure
in fluctuating environments (Benedetti-Cecchi 2000). Variation in strength of
consumer pressure can have ecologically significant effects (Sanford 1999),
because consumers exert a strong influence on the abundance and distribution of
their resources (Duffy 2002).
Whilst spatial or temporal variation in consumer pressure is determined by a
complex set of abiotic and biotic factors (Benedetti-Cecchi et al. 1998), densitydependent effects are well-known to vary the way individuals perceive abiotic
change and can, thus, play a significant role in mediating changes in consumption
(Bertness 1989; Zurell et al. 2015). Critically, density-dependence can not only
influence dynamics of population growth (Hanski 1990; Boyce et al. 2006), but
also alter their consumptive activity (Macarthur & Pianka 1966; Araújo et al.
2008). Whilst density-dependent effects are common (Sibly et al. 2005) and can
determine the range of population responses to environmental change (Boyce et
al. 2006), most experimental evidence is based on single-density experiments
which cannot account for density-dependent responses. Accounting for potential
interactive eﬀ ects between organismal responses to abiotic change and density14

dependent processes is crucial if we are to anticipate spatial and temporal
variation in population responses, including their effects on community dynamics.
If the effects of abiotic change are mediated by density-dependent processes, then
we might not only expect changes in the average strength of ecological responses,
but also changes in their range (i.e. variability).

1.6 KELP FOREST RESISTANCE TO GLOBAL AND LOCAL CHANGE
Kelp forests are an example of a system that can shift from a diverse and
productive system to one of lower species diversity and productivity under
accumulating disturbances (Steneck et al. 2002). For this reason kelp forests have
been used as model systems in a number of ecological studies on community
responses to disturbance (Dayton et al. 1992; Steneck et al. 2002); including the
study of processes that drive change (Connell et al. 2008; Wernberg et al. 2013;
Strain et al. 2014) and the study of processes that prevent recovery (Filbee-Dexter
& Scheibling 2014; Bennett et al. 2015; Ling et al. 2015).
In many temperate coastal areas, the increasing combination and intensity of
environmental stressors has resulted in a widespread loss of kelp forests and other
species of canopy-forming macroalgae (Strain et al. 2014). The identification of
the drivers of kelp decline has become of global concern; brown macroalgae are
the dominant organisms in shallow coastal areas of temperate regions, where they
create complex and productive habitats that play an important ecological and
economic role (Steneck et al. 2002; Connell et al. 2008). Whilst there are two
main models through which community change can occur in kelp forests (topdown driven and bottom-up driven) (Connell et al. 2011), both models can be
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reconciled to changes in the relative strength of productivity and consumption,
which are drivers of regime shifts common to several systems (Connell et al.
2013; Silliman et al. 2013).
In systems where top-down control is a dominant structuring force, kelp forests
can be lost to barrens where consumers (urchins) increase consumption in the
absence of predator control (otters or abalones). These cascading effects have
been well-documented in North American kelp forests, where change in multiple
trophic levels as a consequence of abiotic (e.g. warming) or biotic disturbance
(e.g. removal of predators) has been linked to the loss of kelp forest systems
(Steneck et al. 2002). In several other regions, however, changes in herbivory
could not account for the collapse of kelp forests and their transition to turfdominated reefs (Connell et al. 2011). In these systems, change is typically driven
by an alteration in competitive interactions between dominant kelp and
subordinate ephemeral algae as a consequence of human-driven abiotic change
(Airoldi 2000; Connell et al. 2008; Connell & Russell 2010). Indeed,
combinations of abiotic modification from local (nutrient enrichment) through to
global scales (CO2 enrichment) can drive loss of kelp forests by favouring the
expansion of subordinate, turf algal species at the expenses of dominant kelp
(Gorman & Connell 2009; Strain et al. 2014), due to their differing physiology
and life history traits relative to kelp (Falkenberg et al. 2013c).
Whilst the expansion of algal turfs may be partially countered by herbivores as
these tend to increase consumption of weedy species in response to abiotic change
(i.e. nutrient pollution, Russell & Connell 2005; CO2 enrichment, Falkenberg et
al. 2013a), the extent to which consumers might provide such buffering
mechanism to intensifying disturbance remains untested. The widespread decline
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of kelp canopies suggests that the intensity of accumulating disturbances (Strain et
al. 2014) and combinations with extreme events (Wernberg et al. 2013) is
sufficient to overwhelm kelp forest resistance and, consequently, drive regime
shifts. Critically, there is now extensive evidence for the establishment of novel
feedback mechanisms that can prevent recovery by maintaining the contrasting
state (Bennett et al. 2015; Ling et al. 2015). Hence, recognising compensatory
mechanisms and their limits to counter change (i.e. loss of resistance) is critical
not only to improve predictions of community shifts, but also to prevent
undesirable change in the first place.

1.7 THESIS SCOPE AND OUTLINE
In this thesis, I test the model that community resistance may be underpinned by
compensatory dynamics that buffer the effects of abiotic change on community
processes via adjustment in strength of trophic interactions. Whilst, these
mechanisms might go unnoticed because they prevent change, their failure to
intensifying disturbance may precede sharp changes in community structure.
Throughout this thesis, I use a key plant-herbivore interaction within kelp forests
(i.e. herbivorous gastropods-turf algae) and manipulations of cross-scale abiotic
conditions, which are known to drive kelp loss by favouring their competitors (i.e.
algal turfs), to test the following hypothesis:
1. The expansion of turf algae promoted by global (CO2 enrichment) and local
abiotic change (nutrient enrichment, increase in light availability via canopy
loss) is countered by increases in per capita consumption by herbivorous
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gastropods and such increases tend to occur proportionally to the rates at
which turf expand (Chapter 2).
2. Compensatory changes in consumption are a consequence of the necessity of
individual consumers to maintain homeostasis in varying environments
(carbon and nitrogen enrichment) (Chapter 3).
3. The ability of compensatory mechanisms to resist change might be lost
during extreme events (heat-waves), particularly where these combine with
chronic disturbances (warming, CO2 enrichment) (Chapter 4); such loss of
resistance is likely to occur because ecological responses to extreme events
might be exacerbated by co-occurring disturbances (warming, nutrient and
CO2 enrichment) (Chapter 5).
4. Density-dependent processes mediate the ecological effects of abiotic change
(warming) by widening the range of ecological responses to such change
(Chapter 6).

1.7.1 THESIS SUMMARY
A brief outline of each data chapter is provided below.

Chapter 2
Environmental modifications that bring major change to resource availability can
underpin community shifts by altering competitive interactions between key
species and favouring the expansion of subordinates at the expenses of dominant
species (Bertness et al. 2002; Kroeker et al. 2013). In kelp forests, local (nutrient
and light enhancement) and global abiotic changes (CO2 enrichment) that alter
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resource availability can drive subordinate turf-forming algae to displace kelp by
enabling turfs to dominate space (Russell et al. 2009; Connell & Russell 2010;
Connell et al. 2013) and inhibit kelp recruitment (Gorman & Connell 2009).
Processes that oppose turf expansion (i.e. herbivory) enable kelp replenishment
and persistence; importantly, increases in consumption have been documented in
response to nutrient enrichment in kelp forests (Russell & Connell 2005) and
other systems (McAllister et al. 1972; Sarnelle 1992; Cebrian & Duarte 1994).
Critically, the extent to which such responses might counter change is unknown,
including whether trophic compensation occurs not only in response to nutrient
enrichment but also to other abiotic changes. Here, I tested the hypothesis that
consumption buffers changes in productivity where per capita consumption rates
of herbivorous gastropods change in a proportional way to changes in productivity
under various combinations and increasing intensity of abiotic disturbance
(Chapter 2).

Chapter 3
Trophic responses that compensate for the effects of abiotic disturbance (as
identified in Chapter 2) are driven by organismal responses (e.g. per capita
changes in consumption), but might aggregate to stabilising effects on community
processes (e.g. productivity). Understanding the links between such broad-scale
effects and finer-scale processes is key to understand community change or stasis
to environmental variation (Levin 1992). In this chapter, I assessed whether
consumer plasticity in energy intake to homeostasis (growth) in varying
environments (carbon and nutrient enrichment) underpins changes in consumption
that buffer varying levels of productivity.
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Chapter 4
Despite the development of models to identify early-warning signals of change
(Scheffer et al. 2012; Benedetti-Cecchi et al. 2015), ecosystem responses to
intensifying disturbance often remain surprising and abrupt (Hughes et al. 2013;
Kéfi et al. 2013). Whilst compensatory dynamics underpin resistance, the limits of
compensation are rarely considered in the search for indicators of shifts. Here, I
used the model system of herbivorous gastropods and turf algae, to test the limits
of trophic compensation to counter ecological change (turf expansion) driven by
gradual (ocean warming and acidification), abrupt abiotic change (heat-wave) and
their combinations. Critically, the collapse of compensatory dynamics to
intensifying disturbance can underpin a sharp loss of resistance in systems for
which regime shifts appear abrupt and surprising.

Chapter 5
There is growing consensus on the importance of understanding ecological
responses to ‘events’ rather than ‘trends’ (Jentsch et al. 2007), as climate extremes
can drive significant ecological change over short-time scales (Easterling et al.
2000; Thompson et al. 2013). Whilst climate extremes can alter ecosystem
structure and function (Gutschick & BassiriRad 2003; Wernberg et al. 2013;
Hoover et al. 2014), the severity of the impacts of extreme events remains
variable and, thus, difficult to anticipate (Smith 2011). Here, I focused on a key
process of herbivory and tested how its strength would change in response to
forecasted global (CO2 enrichment) and local disturbances (nutrient enrichment)
under abrupt (heat wave) and gradual (future temperature) changes in
temperature. If ecological responses to extreme events are exacerbated where
20

these combine with chronic disturbances, than we may offer an account for why
the ecological effects of extremes are so variable.

Chapter 6
Variation is a fundamental characteristic of ecological processes (BenedettiCecchi 2003) and is not only determined by variability in abiotic conditions (as
shown in Chapter 5), but also by biotic processes that may mediate ecological
responses to the environment. Density-dependent effects can largely influence the
range of population responses to environmental change, including rates of
population growth (Boyce et al. 2006) and its consumptive activities (Araújo et al.
2008). Whilst moderate warming is anticipated to increase the average strength of
consumption (Brown et al. 2004; O'Connor 2009; Lemoine & Burkepile 2012),
there is little recognition for the mediating effects of density-dependent processes.
Importantly, competitive effects that arise in dense populations can alter
individual metabolic rates (DeLong et al. 2014); hence, populations of varying
densities might differentially mediate consumer responses to abiotic change. Here,
I used experimental populations of herbivorous gastropods to assess the model
that density-dependence mediates responses of consumer populations to warming,
not only as a function of average change in consumption, but also as a function of
its variability.

Thesis
Each data chapter (2 - 6) has been written in the form of an individual scientific
paper that can be read independently. A list of co-authors and their contributions
to the paper has been highlighted in the statement of authorship for each data
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chapter. Together, the chapters of this thesis form a coherent body of work which
is analysed and discussed in the discussion chapter (Chapter 7). The work here
presented aims to offer an insight into a mechanism that can contrast change in
ecological communities via adjustments in strength of trophic interactions and
prior to modifications in species composition. Here, I not only tested for the limits
of trophic compensation to counter change, but I also assessed how abiotic or
biotic factors may mediate ecological change and might, thus, be important to
consider if we are to manage ecological communities in increasingly variable
environments. Appendices A and B represent two additional published
manuscripts that provide further discussion on the importance of recognising
compensatory dynamics to anticipate regime shifts (Appendix A) and on how
management at local scales might provide a tool to mitigate the effects of global
stressors (Appendix B).
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2.2 SUPPLEMENTARY MATERIAL

Table S1
Nutrient levels as ammonia, NOx and phosphate (n = 3), pH (n = 28), alkalinity (n
= 4) and pCO2 levels (n = 4) in the four experimental treatments.
Treatments
Ambient

+ CO2

+N

+ CO2 × N

Ammonia

0.015 ± 0.004

0.025 ± 0.011

0.026 ± 0.001

0.019 ± 0.002

NOx

0.102 ± 0.048

0.047 ± 0.010

0.512 ± 0.200

0.545 ± 0.222

Phosphate

0.031 ± 0.001

0.031 ± 0.003

0.073 ± 0.022

0.070 ± 0.021

pH

8.13 ± 0.01

7.87 ± 0.01

8.13 ± 0.01

7.87 ± 0.01

Alkalinity

2100 ± 43

2326 ± 42

2182 ± 49

2359 ± 52

413.58 ± 16.26

824.43 ± 20.80

415.70 ± 22.90

828.19 ± 28.55

(μmol/kg)
pCO2
(μatm)
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Table S2
ANOVA on turf growth (percentage cover of turf growth/day; n = 5) and rates of
turf removal by grazers (percentage cover of turf removed/day/grazer; n = 5).
Percentage cover of turf growth/day
Source

df

MS

F

p

Canopy

1

1.03

13.43

**

CO2

1

0.77

9.99

**

Nutrients (N)

1

0.59

7.67

*

Canopy × CO2

1

0.00

0.04

0.85

Canopy × N

1

0.05

0.68

0.41

CO2 × N

1

0.03

0.34

0.56

Canopy × CO2 × N

1

0.05

0.65

0.43

Residual

32
Percentage cover of turf removed/day/grazer

Canopy

1

1.42

14.56

***

CO2

1

2.48

25.52

***

Nutrients (N)

1

2.90

29.88

***

Canopy × CO2

1

0.12

1.21

0.28

Canopy × N

1

0.23

2.32

0.14

CO2 × N

1

0.25

2.56

0.12

Canopy × CO2 × N

1

0.20

2.06

0.16

Residual

32

Square-root transformed data (Cochran’s test ns).
*p < 0.01; **p < 0.005; ***p < 0.001.
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Table S3
ANOVA on final percentage cover of turfs in the absence or presence of grazers
(n = 5).
Final percentage cover of turfs with no grazers
Source

df

MS

F

p

Canopy

1

2.00

7.80

**

CO2

1

6.27

24.45

***

Nutrients (N)

1

14.60

56.94

***

Canopy × CO2

1

0.00

0.00

0.97

Canopy × N

1

0.20

0.77

0.39

CO2 × N

1

0.51

1.97

0.17

Canopy × CO2 × N

1

0.05

0.20

0.66

Residual

32
Final percentage cover of turfs with grazers

Canopy

1

5.55

3.16

0.08

CO2

1

3.47

1.98

0.17

Nutrients (N)

1

0.34

0.19

0.66

Canopy × CO2

1

1.82

1.04

0.32

Canopy × N

1

1.75

1.00

0.33

CO2 × N

1

7.57

4.32

*

Canopy × CO2 × N

1

0.13

0.07

0.79

Residual

32

SNK on CO2 x N
CO2 (N)

̶ N: ̶ CO2 = + CO2
+ N: ̶ CO2 > + CO2

N (CO2)

̶ CO2: ̶ N = + N
+ CO2: ̶ N = + N

Square-root transformed data (Cochran's Test ns).
*p < 0.05; **p < 0.01; ***p < 0.001.
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CHAPTER 3
ORGANISMAL HOMEOSTASIS BUFFERS THE EFFECTS OF
ABIOTIC CHANGE ON COMMUNITY DYNAMICS

3.1 ABSTRACT
The problem of linking fine-scale processes to broad-scale patterns remains a
central challenge of ecology. As rates of abiotic change intensify, there is a
critical need to understand how individual responses aggregate to generate
compensatory dynamics that stabilize community processes. Notably, whilst local
and global resource enhancement (e.g. nutrient and CO2 release) can reverse
dominance relationship between key species (e.g. shifts from naturally kelpdominated to turf-dominated systems), herbivores can counter these shifts by
consuming the additional productivity of competing species (e.g. turfs). Here, we
test whether consumer plasticity in energy intake to maintain growth in varying
environments can underpin changes in consumption that buffer varying levels of
productivity. In response to carbon and nutrient enrichment, herbivores increased
consumption of higher-quality food which acted as a buffer against enhanced
production, whilst maintaining organismal processes across varying abiotic
conditions (i.e. growth). These results not only suggest plasticity in feeding
behaviour, but also in energy acquisition and utilization to maintain organismal
processes. Such plasticity may not only underpin organismal homeostasis, but also
compensatory dynamics that emerge from the aggregate of these responses to
buffer change in community processes.
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3.2 INTRODUCTION
The assessment of links between fine-scale processes and broad-scale patterns
remains a central challenge of ecology and relies heavily on the interfacing of
phenomena that occur across scales of biological organisation (Wootton 2001).
By elucidating the mechanisms that influence processes across scales we may not
only understand the emergence of patterns, but also anticipate how communities
may resist environmental change (Levin 1992). Key to this ability is the
understanding of how individual responses to environmental variation can
stabilize aggregate community processes, such as productivity and biomass.
Attempts to account for such stabilizing effects centre on theories of
compensatory dynamics (see Gonzalez and Loreau 2009 for a review), which
describe how an individual’s response to environmental change may underpin the
dynamics that buffer variation in population (Reed et al. 2013) and community
processes (Hoover et al. 2014, Ghedini et al. 2015).
Compensatory dynamics may not only stabilize ecosystem properties where
species are lost to environmental disturbance (Ernest and Brown 2001, Ruesink
and Srivastava 2001), but also where abiotic change directly modifies ecosystem
processes, e.g. productivity (Ghedini et al. 2015). A general consequence of
human modification of the abiotic environment is to enhance resource availability
(e.g. carbon and nutrient enrichment), which has been repeatedly linked to change
in community structure through alteration of bottom-up dynamics (Smith and
Schindler 2009, Isbell et al. 2013). Community change may occur where resource
enhancement alters competitive interactions by increasing productivity of
opportunistic or subordinate species, which may over time replace normally
dominant species (Bertness et al. 2002, Connell et al. 2013, Yan et al. 2014). For
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example, kelp forests can shift to turf-dominated states where intensifying abiotic
change (e.g. nutrient pollution, carbon enrichment) progressively favours the
expansion of subordinate weedy species (i.e. turf algae) at the expenses of
dominant kelp (Connell et al. 2008; Strain et al. 2014). Critically, changes in per
capita consumption by herbivores may buffer enhanced productivity, not only in
response to nutrient enrichment (McAllister et al. 1972, Sarnelle 1992, Russell &
Connell 2005), but also to other resource-disturbances (Ghedini et al. 2015,
McSkimming et al. 2015). By keeping turf abundance in check and maintaining
turf-free space, herbivores facilitate kelp recruitment and persistence (Gorman &
Connell 2009). The aggregate of such changes in consumption can generate a
mechanism of trophic compensation that stabilizes community productivity in
varying environments (Connell and Ghedini 2015). Whilst changes in strength of
herbivory have been documented in response to both direct (e.g. environmental
stress; O'Connor 2009) and indirect effects of abiotic change (e.g. food quality;
Stiling and Cornelissen 2007), it remains unclear whether it is possible to identify
an underlying mechanism that can account for the emergence of trophic
compensation as a stabilising mechanism to a range of abiotic disturbances.
Where abiotic change influences the input and transfer of energy in a system (e.g.
by enhancing productivity), the mechanisms underpinning compensatory
dynamics may be assessed in the context of an individual’s need to maintain
organismal homeostasis in varying environments (e.g. by modifying
consumption). Since flows of energy and nutrients link levels of biological
organisation in a community (Nisbet et al. 2000, Enquist et al. 2003), changes in
the requirement and utilization of energy by individual organisms influence
community dynamics (Brown et al. 2004, Sousa et al. 2008). There is extensive
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recognition that abiotic change can alter the energetic balance of consumers
directly, through alterations of their physiological homeostasis (e.g. ocean
acidification, temperature; Poertner and Farrell 2008, Queirós et al. 2014), or
indirectly, through alteration of the quality of their resources (e.g. carbon or
nutrient enrichment; Stiling and Cornelissen 2007, Falkenberg et al. 2013a).
Therefore, consumers often modify the quality and quantity of food consumed to
adjust their energy intake in response to varying environments (Tylianakis et al.
2008, Kordas et al. 2011). Such individual-level changes in the acquisition of
energy and its utilization to maintain organismal homeostasis could underpin
compensatory dynamics that stabilize community processes. Indeed, the aggregate
effects of minor changes to individual interactions can exert significant effects on
community structure (Tylianakis et al. 2008).
Consumers can modify their feeding behaviour in response to variation in abiotic
conditions, resource availability and quality (Kaspari et al. 2012). Plasticity in
feeding behaviour is common because many taxa experience variable
environments and are limited in their ability to move to patches of habitat with
better quality resources or lower levels of environmental stress (e.g. limited
mobility, physical barriers, homogeneous environments). Such plasticity can be
observed in the form of compensatory feeding where consumers, and herbivores
in particular, increase food consumption to compensate for low quality resources
(Berner et al. 2005, Suzuki-Ohno et al. 2012) or stressful environments (Duarte et
al. 2015, Jager et al. 2016). In addition, feeding plasticity is also observed where
consumers tend to maximize consumption of high quality resources (Jacobsen and
Sandjensen 1994, Falkenberg et al. 2013a, thus enhancing their fitness as
suggested by classical ecological theory (Optimal Foraging Theory; Pyke 1984).
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By adjusting consumption, therefore, consumers can meet their energetic
requirements and maintain nutritional homeostasis and optimal growth in varying
environments, whilst also fully exploiting available resources (Kaspari et al. 2012,
Flores et al. 2014).
The wide range of feeding responses requires consumers to exert a certain control
over their metabolism and implies an ability to modify to some extent their energy
budget in response to environmental variation (Sousa et al. 2010, Kooijman
2013). The evolutionary advantage of a flexible energy budget would be to allow
for some adaptation to short-term environmental changes (Stumpp et al. 2012,
Jager et al. 2016) and to maximize utilization of variable resources (Kooijman
2013). If such plasticity underpins the individual’s need to maintain homeostasis,
then the aggregate responses to abiotic variation may generate dynamics that
buffer change in community processes.
Here, we use a model consumer-resource interaction to investigate the idea that
trophic compensation and its stabilizing effects on primary productivity are a
consequence of plasticity in energy intake (by adjusting consumption) to maintain
organismal processes (i.e. growth) in varying environments. Our assessment
centres on the interaction between marine herbivorous gastropods and turf algae
(see Connell et al. 2014 for definition of turf algae) that is key to the persistence
of kelp forests. Combinations of abiotic modification from local (nutrient
enrichment) through to global scales (CO2 enrichment) increase the probability of
loss of kelp forests by favouring the expansion of subordinate, turf algal species at
the expenses of dominant kelp (Connell et al. 2008, Falkenberg et al. 2013b).
Resistance to this shift occurs by a strengthening in per capita consumption of
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turf algae by herbivorous gastropods that might prevent the expansion of these
opportunistic species (Ghedini et al. 2015). We hypothesise that the ability of
individual consumers to modify consumption (energy intake) in response to
changing environments not only underpins their individual tendency to maintain
organismal processes (growth), but may also underpin a compensatory dynamic
that absorbs increased productivity.

3.3 MATERIAL AND METHODS
3.3.1 EXPERIMENTAL SETUP
To test whether individual consumers were able to adjust to abiotic change to
maintain growth whilst concomitantly providing a counterbalancing mechanisms
to increased productivity (i.e. increased per capita consumption), we exposed
herbivorous gastropods and turf algae to the individual and combined effects of
CO2 (current vs. future) and nutrient enrichment (ambient vs. elevated) for nine
consecutive months (270 days) at seasonal ambient temperature (see Appendix A:
Table A1). Treatments of CO2 and nutrients were fully crossed in an orthogonal
design, with five replicates per treatment (n = 5 turf algae exposed to individual
consumers and n = 5 control turf algae). Experiments were done in aquaria (L 40
× W 30 × H 20 cm, 20 L) filled with seawater and exposed to full sunlight and its
natural day–night cycle at The University of Adelaide, South Australia. Within
each aquarium, algal turfs and grazers were placed in cages (10 × 10 cm) to
quantify rates of primary production and its consumption. On fibreboard panels of
the same dimensions (10 × 10 cm) algal turfs were initially recruited in the field
and developed in aquaria. These panels were then randomly assigned to either
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cages with a grazer (i.e. to test the enrichments effects in the presence of
herbivory) or to cages without grazers (i.e. to test the same effect sin the absence
of herbivory). The experimental density of grazers equates to natural densities, so
that one individual grazer per cage (1 ind. in 10 × 10 cm cage) approximated their
natural densities observed decades ago (~ 113.9 ind. m–2; Clarkson & Shepherd
1985) and more recently (~ 110 ind. m–2; Russell & Connell 2005). These grazers
are continuously present on rocky coasts across seasons in similar densities
(Bayden & Russell 2012). In each aquarium, one-third of the water volume was
replaced with fresh seawater twice weekly to maintain water quality.
The target partial pressure of CO2 levels (pCO2) was based on the current ambient
levels (current, ~ 400 ppm of CO2) and the prediction under the IS92a scenario for
the year 2100 for atmospheric CO2 (future, ~ 850 ppm) (IPCC 2013) (see
Appendix A: Table A2). Elevated CO2 concentrations in future CO2 aquaria were
maintained with air enriched with CO2 controlled by a Pegas gas mass flow
controller (Columbus Instruments, CO, USA), whilst ambient air was used for
ambient CO2 aquaria. Water pH NBS was measured daily and titration was
performed monthly to determine total alkalinity (TA) using an automated titrator
(888 Titrando, Metrohom, USA). Partial pressure of CO2 was calculated from
measured pH NBS, TA, temperature and salinity using the CO2SYS program for
Excel (Pierrot et al. 2006) with constants from Mehrbach et al. (1973) as adjusted
by Dickson and Millero (1987).
Nutrients were enhanced using Osmocote Plus (Scotts Australia PTY LTD, Bella
Vista, NSW, Australia) controlled release fertiliser (6 months release: 15% N, 5%
P, 10% K), which was placed in nylon mesh bags (1 mm mesh size) and attached

59

to the bottom of aquaria assigned to enriched nutrient treatments and replaced
monthly. Nutrient concentrations (5 g of fertilizer per aquarium) were chosen to
reproduce the concentrations of dissolved nitrogen that occur in urban catchments
as a consequence of continuous nutrient input (i.e. 3 km of wastewater plume;
Fernandes et al. 2012) or as pulsed events of moderate to heavy rainfall from
stormwater runoff (Gorman et al. 2009); our target value of ~ 0.50 mg/L fell
within the range of field observations, i.e. 0.3-0.8 mg/L (see Appendix A: Table
A2). Ambient nutrient conditions were reproduced by using seawater from urban
catchments unaffected by wastewater or stormwater events (< 0.1 mg/L, Gorman
et al. 2009; Appendix A: Table A2). Concentrations of supplied nutrients were
quantified in three occasions (n = 3) by collecting water samples using 25-mL
sterile syringes, filtered with a 0.45-lm glass fibre filter and frozen before being
analysed on a Lachat Quickchem 8200 Flow Injection Analyser (Hach Company,
Loveland, CO, USA) for ammonia, nitrite + nitrate (NOx) and phosphate.

3.3.2 HERBIVORES AND ALGAE
Consumers used for the experiment were herbivorous gastropods (Turbo
undulatus) which were collected on a shallow rocky reef among kelp forests
(O’Sullivan, South Australia, Australia) in April 2013. Herbivores were
acclimated in aquaria at ambient conditions for one month prior to exposing them
to the experimental treatments (n = 5). Herbivores were, then, randomly assigned
to experimental units (one individual per cage per aquaria) and continuously
maintained in the relevant treatments for nine consecutive months until February
2014. During the entire experimental period, consumers were continuously fed
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with turf algae grown on panels (10 × 10 cm) in the same treatment conditions
(one panel per herbivore replaced weekly) and initially recruited from turf algae
collected in the field. Control panels of turf algae were placed within empty cages
to quantify productivity (n = 5) across all experimental treatments.

3.3.3 RESPONSE VARIABLES
At the start of the experiment, herbivorous gastropods were chosen to be of
similar sizes such that their shell length and body weight did not differ among
treatments (see ‘Results’, Appendix D: Table D2). The length of the shell and the
body weight of each consumer were measured again at the end of the experiment
to calculate individual growth rates, which were quantified as changes in length
(mm) and weight (g) per month under each experimental condition (n = 5). We
then calculated the ratio of individual growth rates to consumption to test for
changes in the efficiency of converting energy (consumption) into biomass
(growth; i.e. changes in length or weight) under carbon, nutrient enrichment and
their combination (n = 5).
To test whether changes in consumption occurred proportionally to changes in
productivity, productivity and consumption were measured on three separate
trials, each of the duration of one week and spaced across three seasons (winter,
spring and summer). The effects of carbon and nutrient enrichment on changes in
productivity, consumption and on their ratio (i.e. productivity to consumption)
were analysed averaging the results of the three trials (n = 5). Productivity was
measured as increase in percentage cover of turf algae per hour by quantifying
initial and final turf cover on control panels (i.e. not exposed to herbivores) and
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dividing total increase in productivity for the number of hours. Consumption rates
were measured as percentage cover of turf algae consumed per herbivore per
hour, including differential turf growth rates among treatments as measured on
control panels. At the end of each trial we also measured turf percentage cover in
the presence and absence of grazers to assess whether herbivory was effective in
keeping in check turf expansion under carbon and nutrient enhancement.
At the end of the experiment, turf algae were collected from panels from each
treatment and analysed for carbon (% C), nitrogen (% N) and energetic content
(Joules per gram). Turf algae were collected by carefully scraping algae off from
each panel using a razor blade. Following collection, the samples were preserved
by freezing them at – 20 °C. At the time of analyses, samples were defrosted,
rinsed with Milli-Q water and dried for 48 hours in an oven at 60°C. Each sample
was then grinded to a fine powder using a mortar and pestle. A subsample of the
powder (~ 3 mg; n = 3 per treatment) was analysed for carbon and nitrogen
content (% N and % C) using an isotope ratio mass spectrometer (Hydra 2020
ANCA-GSL Version 4.0, Sercon). Another subsample of the powder (~ 0.2 g; n =
3 per treatment) was used to form a tablet and combusted to determine the
energetic content of the algae (Joules per gram) using an IKA C2000 calorimeter
with an IKA KV500 digital cooling system.

3.3.4 STATISTICAL ANALYSES
Two-way analyses of variance (ANOVAs) were used to test the effects of
treatments of enrichment (i.e. nitrogen, carbon and their combination) on
productivity, consumption, drivers of consumption (i.e. carbon (% C), nitrogen
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content (% N) and energetic content of food) and herbivore body size. In all
analyses, the factors of CO2 and nutrients were treated as fixed and orthogonal,
with two levels in each factor (CO2: current vs. future; nutrients: ambient vs.
elevated). Significance was set at α < 0.05 and, where significant treatment effects
were detected, Student–Newman–Keuls (SNK) post hoc comparison of means
was used to determine which factors differed. Pearson’s correlations related
increasing rates of consumption with productivity and with concentrations of
nitrogen in food; correlations were also used to relate variation in herbivore
growth rates with rates of consumption and nitrogen content of their food across
treatments.
To quantify the treatment effect on the variation in energy intake vs. the variation
in consumer growth rates, we calculated the average effect size of each treatment
relative to ambient conditions, using consumption and nitrogen content of algae as
a measure of energy and changes in weight and shell length as a measure of
growth. For each of the four variables (consumption, N content, weight and shell
length), effect sizes were calculated as the mean absolute change within each
treatment relative to ambient conditions. Mean and standard error were calculated
from the values estimated by randomly pairing the five replicates per treatment
with the five ambient replicates. The results here presented were randomly chosen
amongst those calculated from ten possible combinations.

3.4 RESULTS
Whilst carbon and nutrient enrichment enhanced turf growth (ANOVA nutrients:
F1,16 = 14.72, P = 0.002; CO2: F1,16 = 9.86, P = 0.006), these conditions
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concomitantly stimulated proportional increases in consumption (nutrients: F1,16 =
16.57, P = 0.001; CO2: F1,16 = 15.99, P = 0.001), such that the ratio of
productivity to consumption remained similar across treatments (nutrients: F1,16 =
1.92, P = 0.19; CO2: F1,16 = 0.73, P = 0.40; CO2 × N: F1,16 = 0.02, P = 0.89) (see
Appendix B: Table B1). By increasing consumption on more productive algae,
per capita changes in feeding rates by herbivores generated a compensatory
dynamic that countered the positive effects of carbon, nutrient enrichment and
their combination on turf production. Indeed, relative to ambient conditions, turf
cover did not significantly differ among treatments in the presence of grazers
(ANOVA: nutrients: F1,16 = 3.18, P = 0.1; CO2: F1,16 = 0.79, P = 0.4; CO2 × N:
F1,16 = 0.45, P = 0.5), but significantly increased under nutrient (F1,16 = 43.36, P =
0.000) and carbon (ANOVA: F1,16 = 5.99, P = 0.026) enrichment in the absence of
grazers (Fig. 1, Appendix B: Table B2).
Increases in consumption rates were positively correlated not only to turf
productivity (linear regression: P < 0.05, R² = 0.39, N = 20), but also to the
nitrogen content of these algae (linear regression: P < 0.05, R2 = 0.51, N = 20),
which progressively increased under carbon enrichment, nutrient enrichment and
their combination (Fig. 2). Indeed, algae exposed to intensifying abiotic change
were of greater nutritional quality having greater % nitrogen (i.e. lower C/N ratio)
and energetic value (see Appendix C: Fig. C1, Table C1) relative to ambient
treatments; with % nitrogen correlating significantly to energy content (P < 0.001,
R² = 0.79, N = 12; Fig. C2, Table C1). Therefore, in response to carbon and
nutrient enrichment, consumers substantially increased their energy intake not
only by increasing consumption rates (by 36% under CO2, 37% under N and 47%
under CO2 × N relative to ambient), but also by consuming resources of greater
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quality (nitrogen content increased by 28% under CO2, 57% under N and 68%
under CO2 × N relative to ambient).
Despite increases in energy intake (i.e. increased consumption of higher-quality
resources), consumer growth rates displayed less variation than concomitant
changes in consumption and nitrogen content of food across treatments (Fig. 3).
Overall, there was a positive effect of nitrogen enrichment on growth rates,
particularly for changes in weight (Appendix D: Table D1), such that consumers
exposed to nutrient enrichment had a greater final weight, but not shell length,
relative to other treatments (Appendix D: Table D2). Nonetheless, growth
efficiency tended to decrease in grazers exposed to abiotic change, indicating a
lower efficiency of converting energy intake (consumption or nitrogen content)
into biomass (weight or shell length) (Appendix D: Fig. D1). Specifically, for
both weight and length, growth efficiency relative to consumption decreased
significantly under CO2 enrichment (Appendix D: Table D3) and growth
efficiency relative to nitrogen content of algae decreased significantly under both
CO2 and nutrient enrichment (Appendix D: Table D4). Hence, increases in energy
intake were not fully reflected in changes in growth rates, such that variation
among individual herbivores was not significantly explained by changes in
consumption (weight: P = 0.68, R² = 0.01; length: P = 0.40, R² = 0.04, N = 20;
Fig. 4) or nitrogen content of food across treatments (weight: P = 0.17, R² = 0.01;
length: P = 0.25, R² = 0.07, N = 20; Appendix D: Fig. D2).
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Figure 1. Relative to ambient conditions in which herbivores were present, turf
cover did not significantly differ among treatments in the presence of grazers
(grey bars, n = 5); this indicates that herbivory countered the otherwise positive
effects of carbon, nutrient enrichment and their combination on turf productivity
in the absence of grazers (white bars, n = 5). Bars sharing a letter do not differ
significantly in SNK tests.
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Figure 2. Rates of consumption across treatments (N = 20) were correlated with
increases in productivity (P < 0.05, R² = 0.39; white, dashed line) and nitrogen
content of algae (P < 0.05, R2 = 0.51; grey, solid line). Symbols (n = 5): circles =
ambient conditions; triangles = CO2 enrichment; diamonds = N enrichment;
crosses = CO2 and N enrichment.
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Figure 3. Growth rates of consumers (changes in weight and shell length)
exhibited less variation than concomitant changes in the quantity (consumption)
and quality (nitrogen content of algae) of food consumed across treatments. The
graph shows the mean effect size calculated as the mean absolute change within
each treatment relative to ambient conditions for each variable. Mean and
standard error were calculated from the values estimated by randomly pairing the
five replicates per treatment with the five ambient replicates. The results here
presented were randomly chosen amongst those calculated from ten possible
combinations.
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Figure 4. Variation in (a) weight and (b) shell length of herbivores (N = 20) was
not significantly explained by changes in consumption across treatments (weight:
P = 0.68, R² = 0.01; length: P = 0.40, R² = 0.04). Symbols (n = 5): circles =
ambient conditions; triangles = CO2 enrichment; diamonds = N enrichment;
crosses = CO2 and N enrichment.
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3.5 DISCUSSION
Our study examines how individual-driven responses to abiotic change
(consumption) can generate dynamics that stabilize community processes
(productivity). We found that herbivores responded to carbon and nutrient
enrichment by increasing per capita consumption of higher-quality resources,
thus, negating the effects of abiotic change on turf productivity. This change in
feeding behaviour may be accounted for by the Optimal Foraging Theory, which
explains that consumption is driven by an organism’s tendency to maximize its
fitness by feeding on resources that are more energetically profitable (Pyke 1984).
Nonetheless, the specific mechanism underlying changes in consumption differs
between carbon and nitrogen enrichment, reflecting the plasticity of consumers in
response to varying abiotic conditions
Enriched CO2 conditions likely stimulated compensatory feeding (Berner et al.
2005, Suzuki-Ohno et al. 2012), that is an increase in consumption on the more
nitrogen-rich food to compensate for the energetic costs of decreased pH
conditions (Queirós et al. 2014). The increase in nitrogen content under CO2
enrichment reflects the stronger limitation of C than N in turfs, which is why
nitrogen uptake in turfs occurs at a greater rate once the C-limitation is decreased
or eliminated by CO2 enrichment (Falkenberg et al. 2013b). This increase in
energetic value of food has the potential to offset the increase in maintenance
costs of calcification processes (Queirós et al. 2014, Kroeker et al. 2010) and acidbase regulation in calcifying herbivores experiencing acidification (Stumpp et al.
2012). Indeed, whilst CO2 enrichment can increase maintenance costs (Wittmann
and Portner 2013), these can partly be met by increasing feeding (Duarte et al.
2015) and reducing maintenance costs (Stumpp et al. 2012, Jager et al. 2016).
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Differently, enriched nutrient conditions may have stimulated feeding mainly by
increasing the quality of resources (i.e. nitrogen content and energetic value) of
which herbivores maximised consumption. Whilst consumers would have to
consume less of the nitrogen-rich food to meet their energetic requirements, this
behaviour is common (Jacobsen and Sandjensen 1994, Falkenberg et al. 2013a)
and may be evolutionarily advantageous to maximize fitness in response to
blooming or sparse resources (Kooijman 2013).
Notably, regardless of the specific mechanism underlying changes in consumption
in response to carbon and nutrient enrichment, consumer growth rates showed less
variation across treatments than concomitant changes in the quantity and quality
of food consumed. This result indicates that herbivores were not only able to
compensate for the increased energetic costs of CO2 enrichment (Duarte et al.
2015, Jager et al. 2016), but also to divert the extra energy intake under nutrient
enrichment to processes other than growth (e.g. reproduction). Indeed, whilst we
did find positive effects of nutrient enrichment on changes in consumer weight,
we also found a decrease in growth efficiency. If the extra energy intake gained
through consumption of higher-quality food was not entirely directed towards
growth, it is possible that part of this energy was diverted towards better quality
storage, reproduction (Nisbet et al. 2000) or partly dissipated through increased
maintenance costs (Jager et al. 2016). Whilst this idea is speculative, recent
developments of the Dynamic Energy Budget theory suggest that the amount of
energy directed towards maintenance might be more flexible than previously
considered (Kooijman 2013, Jager et al. 2016). Whilst seemingly counterintuitive,
the evolution of a certain degree of plasticity in energy intake and allocation is
plausible if consumers are to maximize fitness by exploiting blooming or sparse
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high-quality resources (Kooijman 2013) and also sustain organismal processes
(i.e. maintenance, growth and reproduction) when resources are scarce or in
stressful environments (Stumpp et al. 2012, Duarte et al. 2015). Flexibility in
energy budget can, thus, be ecologically and evolutionary important at the
organismal level to maintain nutritional homeostasis and optimal growth in
varying environments (Sousa et al. 2010). Importantly, such plasticity may not
only underpin the ability of individual organisms to adjust to environmental
variation, but also the capacity of communities to resist such variation without
continuous re-structuring.
Where individual organisms modify physiological processes to maintain
homeostasis in changing environments (Rapport et al. 1985, Hoover et al. 2014),
the aggregate of these responses may reduce the effects of abiotic change at more
complex levels of ecological organisation (e.g. populations, communities) (Lenton
1998). Adjustments to environmental change by individual organisms may
underpin mechanisms that buffer change on aggregate community processes via
compensatory dynamics. Such plasticity might be common as consumers often
experience environments with varying abiotic conditions and resources (Kaspari
et al. 2012, Flores et al. 2014). For example, we found that consumers exposed to
carbon, nitrogen enrichment and their combination responded to these varying
conditions by modifying consumption to different extents whilst maintaining
similar growth. Importantly, whilst rates of productivity increased under resourceenhancement, these effects were countered by increases in consumption which
occurred proportionally to changes in productivity such that the relative strength
of the two processes remained similar under each treatment. Hence, whilst
consumer responses to abiotic variation may reflect the need of individuals to
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maintain organismal processes in varying environments, collectively these
responses may represent a mechanism that reduces the size of change in
community processes.
Whilst plasticity in energy budget might underpin stabilizing mechanisms to
abiotic change, this buffering capacity can be lost due to the existence of tradeoffs between costs for basal maintenance in changing environments and costs for
fitness-related processes (e.g. reproduction) (Sokolova et al. 2012). For example,
if the energetic costs of carbon enrichment cannot be entirely met, a reduction in
individual fitness might lead to a decrease in size of consumer populations over
time (Queirós et al. 2014), thus potentially lowering consumer control over
primary productivity. Conversely, if individuals benefit from abiotic change (e.g.
nutrient enrichment) and increase their fitness, these changes may result in growth
of the size of consumer populations. Such demographic responses can act to
compensate for enhanced productivity over broader spatial or temporal scales (Gil
et al. 2015). Nevertheless, in some systems, population increases might lead to an
overconsumption of primary production causing shifts in regime (Silliman et al.
2013). Hence, the assessment of how fine-scale responses influence broader-scale
patterns may not only offer insights on the mechanisms that absorb change, but
also on how positive feedbacks can maintain shifted regimes (e.g. Bennett et al.
2015).
A contemporary challenge for ecology is to anticipate change or stasis in
community structure and functioning in response to environmental change. Key to
this prediction is the understanding of mechanisms through which individual
responses to abiotic modification underpin compensatory dynamics that counter
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change in community processes (Gonzalez and Loreau 2009). Whilst processes
that occur at the level of individual organisms cannot be directly scaled up across
levels of ecological complexity, large-scale patterns can be understood as
emerging from the collective behaviours of assemblies of smaller units (Levin
1992, Wootton 2001). We suggest that organismal homeostasis acts as a basis for
compensatory dynamics that buffer the effects of abiotic change. Whilst
behavioural and physiological plasticity is well-known to be a key mechanism
through which individual organisms adapt to changing environments and modify
ecological processes (Charmantier et al. 2008, Bolnick et al. 2011), there is less
recognition for its consequences on community stability (Free and Barton 2007,
Violle et al. 2012). It is possible that fine-scale processes might generate largescale patterns of stability where organismal responses that work towards
homeostasis collectively buffer change in community dynamics.
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3.7 SUPPLEMENTARY MATERIAL

Appendix A

Table A1. Mean temperature (± SE; °C) measured during the acclimation period
and then for each season during the 9-month experiment. Replicate measurements
(n) are reported for each season and refer to replicate measurements per treatment
(i.e. enriched CO2, nutrients and their combinations) across all replicate aquaria.
Acclimation
(May)

Winter
(June – Aug)

Spring
(Sept – Nov)

Summer
(Dec – Feb)

n=3

n = 66

n = 29

n = 44

Ambient

18.72 ± 0.21

16.63 ± 0.11

17.32 ± 0.16

19.13 ± 0.08

CO2

18.67 ± 0.22

16.76 ± 0.09

17.24 ± 0.16

19.32 ± 0.08

N

18.63 ± 0.20

16.81 ± 0.09

17.32 ± 0.17

19.02 ± 0.08

CO2 × N

18.65 ± 0.22

16.74 ± 0.09

17.24 ± 0.16

19.14 ± 0.07
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Table A2. Experimental conditions of pH NBS (n = 79), total alkalinity TA (n =
10), pCO2 (n = 10) and nutrients (ammonia, NOx and phosphate; n = 3) among
treatments of enriched CO2, nutrients and their combinations.
Ambient

CO2

N

CO2 × N

pH NBS

8.14 ± 0.01

7.87 ± 0.01

8.17 ± 0.01

7.90 ± 0.01

TA (μmol/kg)

2379.4 ± 26.1

2468 ± 28

2317 ± 26

2493 ± 29

pCO2 (μatm)

432.30 ± 9.59

896.88 ± 17.53

416.88 ± 13.87

875.81 ± 19.88

Ammonia
(mg/L)

0.017 ± 0.003

0.015 ± 0.002

0.028 ± 0.007

0.020 ± 0.002

NOx (mg/L)

0.098 ± 0.060

0.053 ± 0.007

0.478 ± 0.148

0.545 ± 0.127

Phosphate
(mg/L)

0.032 ± 0.004

0.028 ± 0.003

0.065 ± 0.021

0.078 ± 0.029

84

Appendix B

Table B1. ANOVA on (a) productivity rates, (b) consumption rates and (c) ratio
of productivity to consumption (n = 5) among treatments of nitrogen (ambient vs.
elevated) and CO2 (current vs. future). Data are ArcSin(%) transformed.
Cochran’s Test not significant for all analyses.
(a) Productivity rates
Source

df

MS

F

p

Nutrients (N)

1

26.56

14.72

CO2

1

17.80

9.86

0.006

N × CO2

1

1.50

0.83

0.375

Residual

16

1.80

0.002 Elev >> Amb
Fut >> Cur

(b) Consumption rates
Nutrients (N)

1

41.19

16.57

0.001 Elev >> Amb

CO2

1

39.75

15.99

0.001

N × CO2

1

8.63

3.47

0.081

Residual

16

2.49

(c) Ratio of productivity to consumption
Nutrients (N)

1

0.74

1.92

0.185

CO2

1

0.28

0.73

0.407

N × CO2

1

0.01

0.02

0.890

Residual

16

0.38
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Fut >> Cur

Table B2. ANOVA on turf cover (a) in the absence of grazers and (b) in the
presence of grazers (n = 5) among treatments of nitrogen (ambient vs. elevated)
and CO2 (current vs. future). Data are ArcSin(%) transformed. Cochran’s Test not
significant for all analyses.
(a) Grazers absent
Source

df

MS

F

p

Nutrients (N)

1

332.36

43.36

CO2

1

45.91

5.99

0.026

N × CO2

1

6.54

0.85

0.369

Residual

16

7.67

0.000 Elev >> Amb

(b) Grazers present
Nutrients (N)

1

202.23

3.18

0.094

CO2

1

50.20

0.79

0.387

N × CO2

1

28.92

0.45

0.510

Residual

16

63.58

86

Fut > Cur

Appendix C

Figure C1. Intensifying abiotic change increased the nutritional value of turf
algae as (a) both nitrogen and carbon content increased, but with a greater
increase in nitrogen content relative to increases in carbon leading to (b) a
decrease in C:N ratio and (c) a greater energetic content (n = 3).
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Figure C2. Nitrogen content of algae was significantly correlated to their energy
content (P < 0.001, R² = 0.79), indicating that algae represented food of higher
nutritional quality for consumers under resource enhancement. Symbols (n = 3):
circles = ambient conditions; triangles = CO2 enrichment; diamonds = N
enrichment; squares = CO2 and N enrichment.
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Table C1. ANOVA on (a) % nitrogen, (b) % carbon, (c) carbon to nitrogen ratio
and (d) energy content of algae (n = 3) among treatments of nitrogen (ambient vs.
elevated) and CO2 (current vs. future). Data are not transformed.
(a) % Nitrogen
Source

df

MS

F

p

Nutrients (N)

1

2.85

294.45

0.0000

Elev >> Amb

CO2

1

0.40

41.80

0.0002

Fut >> Cur

N × CO2

1

0.04

3.92

0.0830

Residual

16

0.01
(b) % Carbon

Nutrients (N)

1

104.45

23.43

0.001

CO2

1

11.24

2.52

0.151

N × CO2

1

0.00

0.00

0.984

Residual

16

4.46

Elev >> Amb

(c) Carbon to Nitrogen
Nutrients (N)

1

188.41

48.83

0.0001

Elev << Amb

CO2

1

34.08

8.83

0.0178

Fut < Cur

N × CO2

1

3.72

0.96

0.3551

Residual

16

3.86
(d) Energy

Nutrients (N)

1

4785376

31.98

0.0005

CO2

1

1589952

2.05

0.1900

N × CO2

1

374533

0.48

0.5066

Residual

16

775060

89

Elev >> Amb

Appendix D

Figure D1. Growth efficiency of herbivores tended to decrease under abiotic
change (CO2 enrichment, nutrient enrichment and their combination), either in
terms of (a) weight or (b) shell length (n = 5), indicating a lower efficiency of
converting energy intake (consumption or nitrogen content of food) into biomass
(weight or shell length).
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Figure D2. Variation in growth rates, for either (a) weight or (b) shell length, was
not significantly explained by changes in nitrogen content of algae across
treatments (weight: P = 0.17, R² = 0.01; length: P = 0.25, R² = 0.07). Symbols (n
= 5): circles = ambient conditions; triangles = CO2 enrichment; diamonds = N
enrichment; crosses = CO2 and N enrichment.
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Table D1. ANOVA on growth rates of consumers as (a) change in weight per
month and (b) change in shell length per month (n = 5) among treatments of
nitrogen (ambient vs. elevated) and CO2 (current vs. future). Data are not
transformed.
(a) Change in weight per month
Source

df

MS

F

p

Nutrients (N)

1

0.024

5.33

0.03 Elev > Amb

CO2

1

0.013

2.98

0.10

N × CO2

1

0.001

0.14

0.71

Residual

16

0.005

(b) Change in shell length per month
Nutrients (N)

1

0.05

4.41

0.05 Elev > Amb

CO2

1

0.02

1.56

0.23

N × CO2

1

0.04

3.91

0.07

Residual

16

0.01
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Table D2. ANOVA on initial and final body weight (a and b) and shell length (c
and d) of consumers (n = 5) among treatments of nitrogen (ambient vs. elevated)
and CO2 (current vs. future). Data are not transformed.
(a) Initial weight
Source

df

MS

F

p

Nutrients (N)

1

1.34

2.82

0.11

CO2

1

0.25

0.53

0.48

N × CO2

1

0.89

1.87

0.19

Residual

16

0.48
(b) Final weight

Nutrients (N)

1

4.65

6.56

0.02 Elev > Amb

CO2

1

0.24

0.34

0.57

N × CO2

1

0.58

0.83

0.38

Residual

16

0.71
(c) Initial shell length

Nutrients (N)

1

6.05

4.10

0.06

CO2

1

4.05

2.75

0.12

N × CO2

1

6.05

4.10

0.06

Residual

16

1.48
(d) Final shell length

Nutrients (N)

1

6.05

3.33

0.09

CO2

1

1.80

0.99

0.33

N × CO2

1

1.25

0.69

0.42

Residual

16

1.82
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Table D3. ANOVA on growth efficiency of consumers calculated as ratio of
growth to consumption for (a) change in body weight and (b) change in shell
length (n = 5) among treatments of nitrogen (ambient vs. elevated) and CO2
(current vs. future). Data are not transformed.
(a) Ratio of change in weight to consumption
Source

df

MS

F

p

Nutrients (N)

1

0.0004

1.05

0.321

CO2

1

0.0033

7.96

0.012

N × CO2

1

0.0007

1.69

0.211

Residual

16

0.0004

Cur > Fut

(b) Ratio of change in shell length to consumption
Nutrients (N)

1

0.0012

2.21

0.156

CO2

1

0.0067

12.42

0.003

N × CO2

1

0.0002

0.36

0.555

Residual

16

0.0005

94

Cur > Fut

Table D4. ANOVA on growth efficiency of consumers calculated as ratio of
growth to nitrogen content of algae for (a) change in body weight and (b) change
in shell length (n = 5) among treatments of nitrogen (ambient vs. elevated) and
CO2 (current vs. future). Data are not transformed.
(a) Ratio of change in weight to nitrogen content
Source

df

MS

F

p

Nutrients (N)

1

0.0600

8.67

0.009

Amb >> Elev

CO2

1

0.0626

9.04

0.008

Cur >> Fut

N × CO2

1

0.0062

0.89

0.359

Residual

16

0.0069

(b) Ratio of change in shell length to nitrogen content
Nutrients (N)

1

0.2954

22.88

0.0002

Amb >> Elev

CO2

1

0.1222

9.46

0.0072

Cur >> Fut

N × CO2

1

0.0004

0.03

0.8697

Residual

16

0.0129
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CHAPTER 4
RAPID LOSS OF ECOLOGICAL RESISTANCE AS A
FUNCTION OF COLLAPSE OF COMPENSATORY
DYNAMICS

4.1 ABSTRACT
1. Whilst some ecological systems respond gradually to intensifying disturbance,
others can abruptly shift to a contrasting state past a threshold in external
conditions. Despite the intense development of models to identify early-warning
indicators of regime shifts, their anticipation remains challenging because of the
difficulty of recognising loss of resistance.
2. Compensatory dynamics have long been known as mechanisms that underpin
community stability, but the loss of such ecological buffers that prevent change in
face of disturbance is rarely considered in studies of regime shifts. If
compensatory dynamics underpin resistance to change, then assessing their
weakening to intensifying environmental disturbance is key for the anticipation of
regime shifts.
3. Here, we explore the model that a sharp loss of resistance can occur where
compensatory dynamics collapse to intensifying abiotic change, opening a
window of potential for rapid ecological change. We test this idea using a
compensatory dynamic key for the persistence of kelp forests, where herbivorous
gastropods compensate for the expansion of weedy algal species promoted by
abiotic disturbances. Our results show that resistance via trophic compensation is
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maintained in response to gradual (ocean warming and acidification) and abrupt
abiotic change in isolation (heat wave), but this compensatory dynamic collapses
where disturbance combines both gradual and abrupt changes.
4. We suggest that compensatory responses to disturbance and their collapse often
go unrecognised, but can underpin a sharp loss of resistance in systems for which
regime shifts appear abrupt and surprising. If compensatory dynamics maintain
resistance by countering the effects of disturbance, then recognising these
ecological buffers and their loss can substantially progress our ability to anticipate
change in ecological systems.

4.2 INTRODUCTION
Ecological systems can respond to intensifying disturbance in a variety of ways,
ranging from gradual changes to abrupt transitions to contrasting states (Kéfi,
Holmgren & Scheffer 2016). A sudden shift in regime may occur when a system
approaches a tipping point after which a relatively small change in conditions
leads to a profound change in the state of the system (Scheffer et al. 2009). Such
catastrophic shifts have profound ecological and economic consequences,
affecting not only the ecosystem functions and associated biodiversity, but also
the services that these systems provide to our society (Folke et al. 2004).
Consequently, there has been a strong interests by ecologists to identify earlywarning signals of change to anticipate when and where catastrophic shifts might
occur. Despite the significant progress made towards the identification of
indicators of change (Scheffer et al. 2012; Benedetti-Cecchi et al. 2015),
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ecosystem collapses continue to surprise us by their abruptness and irreversibility
(Hughes et al. 2013; Kéfi et al. 2013).
The search for indicators of regime shifts has revealed that ecosystems
approaching a tipping point often require longer return times to equilibrium after a
disturbance (Scheffer et al. 2009; Kéfi et al. 2013). This research agenda is nested
within resilience frameworks, that centre on the ability of a system to absorb
disturbance and reorganise whilst undergoing change (Folke et al. 2004) and on
changes in feedback mechanisms that can facilitate a critical transition (Kéfi,
Holmgren & Scheffer 2016). Whilst a focus on resilience is important to promote
desirable ecosystem states and services in times of increasing environmental
variability, such effort needs to be better integrated with studies of processes that
underpin resistance to change (Nimmo et al. 2015). Resistance has long been
identified amongst the fundamental properties underpinning ecological stability
(Connell & Sousa 1983; Grimm & Wissel 1997), but the explicit assessment of
processes that prevent change (i.e. resistance) is rarely considered within
frameworks of resilience (Connell & Ghedini 2015; Mori 2015; Nimmo et al.
2015). Since compensatory dynamics can powerfully underpin community
resistance (Loreau & de Mazancourt 2013; Isbell et al. 2015), recognising the
presence of these mechanisms and their weakening in response to disturbance (i.e.
loss of resistance) seems fundamental to anticipate regime shifts.
Compensatory dynamics represent a suite of mechanisms that counter ecological
change by buffering community- or ecosystem-level properties to the effects of
environmental disturbance (Ernest & Brown 2001; Gonzalez & Loreau 2009).
However, for this same reason, compensatory dynamics may often go
unrecognised as they prevent change in community processes or structure
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(Connell & Ghedini 2015). Notably, compensatory dynamics may not only buffer
aggregate community processes to species loss (density and functional
compensation; McNaughton 1977; Gonzalez & Loreau 2009), but also to extreme
events via species replacements (Lloret et al. 2012; Isbell et al. 2015) and to
compounded disturbances via trophic compensation (Ghedini, Russell & Connell
2015; McSkimming et al. 2015). Whilst compensatory dynamics might underpin
resistance to the effects of cumulating chronic disturbances (Ghedini, Russell &
Connell 2015) and extreme events in isolation (Isbell et al. 2015), a key
uncertainty centres on whether compensatory dynamics can counter the combined
effects of gradual and abrupt abiotic changes.
Global climatic changes may powerfully destabilise ecological communities
(Nagelkerken & Connell 2015) by combining long-term trends of change (e.g.
warming, ocean acidification) to short-term, extreme events (e.g. heat waves)
(Jentsch, Kreyling & Beierkuhnlein 2007; Helmuth et al. 2014). As climate
extremes increase in frequency and intensity (Jentsch, Kreyling & Beierkuhnlein
2007), testing the limits of resistance to gradual, abrupt abiotic changes and their
combination is key if we are to better forecast and manage ecological change.
Indeed, although some communities display a strong recovery capability (Lloret et
al. 2012; Hoover, Knapp & Smith 2014), there are numerous examples of shifts
from which no recovery occurs because feedback mechanisms lock in the new
state (Scheffer & Carpenter 2003; Suding, Gross & Houseman 2004; Bennett et
al. 2015).
The extent of ecological change driven by extreme events is often variable and,
thus, difficult to anticipate (Smith 2011). Importantly, recent evidence suggests
that ecological responses to extremes can be exacerbated when these events
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combine with chronic disturbances; thus providing some insights into why their
ecological effects are so context-dependent (Fraser et al. 2014; Ghedini et al.
2015). Combinations of gradual and abrupt abiotic change can swiftly magnify the
intensity of disturbance and can create windows of potential for rapid ecological
change, particularly where species responses across trophic levels diverge. A
mismatch in responses is likely to occur because species within a community,
particularly basal and higher trophic levels, have different ranges of tolerance and
susceptibility to abiotic change (Lemoine & Burkepile 2012; Silliman et al. 2013;
Mertens, Russell & Connell 2015). There is now extensive evidence to suggest
that regime shifts often take place where abiotic disturbance alters a balance
between productivity and its consumption, either by intensifying top-down control
(Silliman et al. 2013; Wernberg et al. 2013) or altering bottom-up processes
(Airoldi & Beck 2007; Connell et al. 2013).
Abrupt regime shifts have been documented in kelp forests, which have been a
long-term subject of study for their dynamics of change and recovery in face of
disturbance (Dayton et al. 1992; Steneck et al. 2002). In various regions of the
world, kelp forests can shift to turf-dominated states where intensifying abiotic
change (e.g. nutrient pollution, carbon enrichment, warming) progressively
favours the expansion of subordinate weedy species (i.e. turf algae) at the
expenses of dominant kelp (Connell et al. 2008; Strain et al. 2014). Critically,
increases in productivity of turf algae can to some extent be countered by
proportional increases in consumption by herbivores, thus generating a
mechanism of trophic compensation that underpins resistance (Ghedini, Russell &
Connell 2015). Nevertheless, kelp forests have undergone extensive declines over
large areas due to intensifying rates of environmental change (Strain et al. 2014)
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and extreme weather events (Wernberg et al. 2013). These shifts indicate that the
magnitude of ecological change driven by accumulating abiotic changes can
overwhelm processes that underpin kelp forest resistance and, consequently, drive
regime shifts. The establishment of novel feedback mechanisms that prevent
recovery (Bennett et al. 2015; Ling et al. 2015) strongly suggests that recognising
loss of resistance is critical if we are to anticipate and prevent undesirable
ecological change (Connell & Ghedini 2015).
Here, we test the idea that the collapse of compensatory dynamics to intensifying
disturbance underpins a sharp loss of resistance in systems for which regime shifts
appear abrupt and unanticipated. Our assessment centres on a key compensatory
dynamic for kelp forests (i.e. trophic compensation), where per capita changes in
consumption by herbivorous gastropods compensate for the expansion of turf
algae promoted by abiotic change (Ghedini, Russell & Connell 2015), thus
maintaining turf-free space for kelp recruitment (Gorman & Connell 2009) (Fig.
1). Using grazers and algae as a model system, we assess the limits of trophic
compensation (consumption) to counter ecological change (algal expansion)
driven by gradual (ocean warming and acidification), abrupt abiotic change (heat
wave) and their combinations. We anticipate that the capability of trophic
compensation to maintain algal expansion in check can collapse to combinations
of gradual and abrupt abiotic changes. Such sharp loss of resistance would not
only provide an account for abrupt regime shifts in kelp forests, but also suggest
that failure to recognise compensatory dynamics and their collapse to intensifying
disturbance may account for why regime shifts can appear abrupt and surprising.
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4.3 METHODS
4.3.1 EXPERIMENTAL DESIGN AND SET-UP
To determine whether consumption can compensate for enhanced algal growth
during gradual, abrupt change and their combination, we exposed consumers
(herbivorous gastropods, T. undulatus) and producers (turf algae as defined by
Connell, Foster & Airoldi 2014) to two gradual abiotic changes (ocean warming
and acidification) and one abrupt change (heat wave) in a fully crossed orthogonal
design. Specifically, grazers and algae were exposed to two mean temperature
levels (ambient 20°C vs. warming 24°C), two heat wave levels (absent vs. present)
and two CO2 levels (current ~ 400 ppm vs. future ~ 1000 ppm) in cross
combination to test for independent and interactive effects (n = 5 replicate per
treatment for grazers and algae independently). The experimental assessment was
done in late spring (in the Southern hemisphere, October – November) using 80
outdoor aquaria (2 L) which were filled with natural seawater and exposed to full
sunlight and its natural day-night cycle at The University of Adelaide, South
Australia. One-third of sea water was changed every second day to maintain water
quality across all aquaria.

4.3.2 EXPERIMENTAL TREATMENTS
Prior to simulate the heat wave event, all grazers and algae were acclimated for
five weeks to the treatments representing gradual change, i.e. temperature and
CO2 (Table S1 in Supporting Information). The warming temperature treatment
(24°C) was chosen as the upper range of temperatures normally experienced by
these taxa (grazers and algae) during summer (Adelaide, South Australia). This
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allowed us to simulate a warming treatment of similar magnitude to that predicted
by global warming scenarios for the end of century (+ 4°C) (IPCC 2014), whilst
not exceeding the tolerance limits of these taxa or simulating extreme abiotic
change (Gutschick & BassiriRad 2003). Within each experimental treatment,
temperature was controlled with individual heating chilling units (TC-60
Aquarium Chillers, TECO, Ravenna, Italy).
The target partial pressure of CO2 (pCO2) was based on contemporary (i.e. current
CO2) and predicted atmospheric CO2 levels for the year 2100 (i.e. future CO2)
under the RCP8.5 scenario (IPCC 2014) (Table S1). Elevated CO2 concentrations
were maintained by delivering air enriched with CO2 into the appropriate aquaria
using a Pegas gas mass flow controller (Columbus Instruments, CO, USA). Water
pH and temperature were measured twice a day using a pH/temperature meter
(Hanna Instruments, Woonsocket, USA). Titration was performed weekly to
determine total alkalinity (AT) using an automated titrator (888 Titrando,
Metrohom, USA). Partial pressure of CO2 was calculated from measured pH, AT,
temperature and salinity using the CO2SYS program for Excel (Pierrot, Lewis &
Wallace 2006) with constants from Mehrbach et al. (1973) as adjusted by Dickson
and Millero (1987).
After five weeks of exposure to these background conditions, we simulated a heat
wave event in the appropriate treatments (i.e. heat wave present) across
combinations of temperature and CO2. The heat wave event was simulated by
creating a pulse increase in temperature (+ 4°C) of similar magnitude as extreme
warming anomalies recorded within shallow kelp systems (Wernberg et al. 2013)
(Table S1). The abrupt increase in temperature was induced over 24 hours and
maintained for one week during which response variables were measured across
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all treatments (see “Response variables and analyses” for details). Temperature
during the heat wave treatment was controlled using heating chilling units (TC-60
Aquarium Chillers, TECO, Ravenna, Italy).

4.3.2 CONSUMERS AND PRODUCERS
Consumers used for the experiment were herbivorous gastropods (Turbo
undulatus) which were collected on a shallow subtidal rocky reef (0.5 - 1 m depth
MLLW) among a kelp forest of Ecklonia radiata (C. Agardh) J. Agardh
interspersed with turf algae (O’Sullivan beach, SA, Australia). Prior to
experiments, gastropod grazers were randomly assigned to the experimental
treatments (n = 1 individual grazer per aquarium) and acclimated to the
experimental conditions for five weeks as described above. Gastropod grazers
were collected of similar sizes in terms of weight and shell length, which did not
differ among treatments (Table S2).
Turf algae were grown on panels (5 × 5 cm) placed in mesocosms (L 40 × W 30 ×
H 20 cm, 20 L) under each treatment combination (n = 2) and recruited from
rocks colonized by turf algae collected from the same location as the grazers.
Algae on panels were used to feed grazers during the acclimation period and fresh
panels of algae were also used to quantify productivity and consumption rates
during the heat wave treatment (see below).
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4.3.3 RESPONSE VARIABLES AND ANALYSES
Consumption rates and productivity rates were estimated across all experimental
conditions during two consequent trials ran during the heat wave event. For each
trial, we placed a fresh panel of turf algae in each aquaria without grazers
(control) to quantify algal growth rates (n = 5) and one panel in each aquaria with
a grazer to quantify per capita consumption rates (n = 5). Panels were replaced at
the start of each trial. Algal growth rates were quantified as the increase in
percentage cover of algae per hour (final– initial cover, divided by number of
hours). Consumption rates were quantified as the percentage cover of algae
removed per hour per grazer from each panel (initial– final cover, divided by the
number of hours) including the differential rates of algal growth across treatments.
Percentage cover of algae was measured using a quadrat the same dimensions as
the panel (5 × 5 cm), divided into 25 sub-quadrats and assigning between 1 to 4
points in percentage cover to each of the 25 sub-quadrats according to the cover of
algae present, so that the total sum would be 100 in a panel completely covered by
algae.
Consumption rates from both trials were plotted together against productivity
rates to assess whether consumption rates were proportional to productivity rates
across treatments (n = 10). We estimated the effectiveness of compensation across
treatments by calculating its effect size as the average relative difference between
changes in rates of consumption (grazed panels) and changes in rates of
productivity (non-grazed panels) for each treatment relative to ambient (not
absolute difference because of the scale of the experiment). So, compensation
occurs where the average effect size overlaps zero (changes in consumption rates
equal changes in productivity rates), whilst compensation fails where the effect
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size is below zero (changes in consumption rates do not keep pace with changes in
productivity rates). An effect size significantly greater than zero would indicate
overcompensation (i.e. overconsumption of productivity).

4.4 RESULTS
Trophic compensation to enhanced algal productivity occurred under either
gradual (warming) or abrupt disturbance (heat wave) in isolation, as changes in
rates of consumption were proportional to changes in rates of productivity (Fig.
2). Hence, compensation was effective (Fig. 3) because the enhanced algal growth
rates promoted by gradual and abrupt change (warming, heat wave and carbon
enrichment independently) were countered by consumption, which also increased
in response to warming or heat wave conditions with no significant CO2 effect as
identified in analyses of variance (Fig. 4, Table 1).
Notably, this dynamic of resistance collapsed when gradual and abrupt changes in
temperature combined (Fig. 2). Under these conditions, compensation failed to
counter the ecological change promoted by abiotic disturbance (i.e. algal
expansion) as shown by the negative effect sizes of compensation, which were
significantly different from those under all other conditions (Fig. 3, Table 2). Such
sharp loss of resistance (Fig. 2) was driven by a mismatch between productivity
and its consumption as algae reached the greatest growth rates whilst consumption
was strongly suppressed (Fig. 4, Table 1).
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Table 1. ANOVA on (a) productivity rates (percentage cover of algal growth per
hour; n = 10) and (b) consumption rates (percentage cover of algae consumed per
hour per grazer; n = 10) across the experimental treatments of temperature
(ambient vs. warming), heat wave (present vs. absent) and CO2 (current vs.
future). Significance levels: *p < 0.05; **p < 0.001.

(a) Productivity
Source

df

MS

F

p

Temp (T)

1

1.71

69.87

**

Warming >> Ambient

Heat wave (H)

1

7.30

53.08

**

Present >> Absent

CO2

1

0.13

5.33

*

Future > Current

T×H

1

0.00

0.12

0.73

T × CO2

1

0.01

0.58

0.45

H × CO2

1

0.02

0.94

0.34

T × H × CO2

1

0.04

1.46

0.23

72

0.02

Residual

(b) Consumption
Temp (T)

1

1.74

0.27

0.60

Heat wave (H)

1

4.50

0.71

0.40

CO2

1

0.68

0.11

0.74

T×H

1

178.94

28.12

**

T × CO2

1

1.45

0.23

0.63

H × CO2

1

0.25

0.04

0.84

T × H × CO2

1

1.75

0.28

0.60

72

6.36

Residual

SNK on the term T × H
Temperature for levels of Heat wave:

Heat wave for levels of Temperature:

No heat wave: Warming >> Ambient

Ambient: Heat wave >> No heat wave

Heat wave: Warming << Ambient

Warming: Heat wave << No heat wave
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Table 2. ANOVA on effect sizes which quantify the capability of consumption to
effectively counter enhanced productivity across the experimental treatments of
temperature (ambient vs. warming), heat wave (present vs. absent) and CO2
(current vs. future) (n = 10). Significantly smaller effect sizes indicate loss of
compensatory capability as changes in rates of productivity outpace changes in
rates of consumption. Significance levels: *p < 0.05.

Source

df

MS

F

p

Temp (T)

1

3.416

4.29

*

Heat wave (H)

1

3.847

4.83

*

CO2

1

0.133

0.17

0.68

T×H

1

3.477

4.36

*

T × CO2

1

0.355

0.45

0.51

H × CO2

1

0.065

0.08

0.78

T × H × CO2

1

0.001

0.00

0.97

72

0.797

Residual

SNK on the term T × H
Temperature for levels of Heat wave:

Heat wave for levels of Temperature:

No heat wave: Ambient = Warming

Ambient: No heat wave = Heat wave

Heat wave: Ambient >> Warming

Warming: No heat wave >> Heat wave
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Figure 1. (a) Herbivorous gastropods, such as Turbo undulatus, remove algal turf
from the substratum, generating a process that maintains turf-free space for kelp
recruitment on subtidal reefs, particularly where abiotic change enhances the
growth of algal turfs. (b) Where mechanisms that buffer turf expansion fail, turf
algae may replace kelp as dominants promoting regime shifts from kelp- to turfdominated states. Photo credit: (a) Nicole Mertens, (b) Sean D. Connell.
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Figure 2. Compensatory response by grazers (consumption of algae) plotted
against changes in productivity (algal growth). Notably, relative to ambient
conditions (blue), strength of herbivory increased proportionally to algal
productivity promoted by gradual (warming; yellow) or abrupt abiotic change in
isolation (heat wave; green), thus compensating for the effects of disturbance
either under current (circles) or future CO2 conditions (triangles). Conversely,
compensation failed to counter enhanced algal productivity under combinations of
gradual and abrupt change (red) as productivity outpaced consumption. The black
dashed lines show the collapse of compensation at the highest level of abiotic
disturbance.
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Figure 3. Plot of effect sizes calculated as the average relative difference between
changes in rates of consumption and changes in rates of productivity, under each
treatment relative to ambient conditions. Where the effect size overlaps the zero
line changes in rates of productivity are compensated for by changes in rates of
consumption. Conversely, negative effect sizes indicate failure of compensation;
i.e. changes in rates of consumption do not keep pace with changes in rates of
productivity under combinations of gradual (warming) and abrupt abiotic change
(heat wave), with no significant effects of CO2 enrichment.
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Figure 4. (a) The expansion rate of algae (% cover increase) progressively
increased with intensifying abiotic change, i.e. heat wave, warming, their
combination and to a lesser extent with CO2 enrichment (grey bars) (n = 10). (b)
Consumption rates by grazers increased under the heat wave or warming in
isolation, but were strongly suppressed when the heat wave combined with
warming, with no significant effect of CO2 enrichment (n = 10).
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4.5 DISCUSSION
The abruptness of regime shifts continue to surprise us as their anticipation
remains challenging despite the intense development of models to identify early
indicators of change (Kéfi et al. 2013). Mesocosm experiments represent a tool to
gain insights on the mechanisms that can impact upon larger-scale processes and,
hence, push theory-development to understand such complex transitions.
Regime shifts often occur where abiotic change alters community structure either
by intensifying consumption (i.e. top-down driven shifts; Silliman et al. 2013) or
altering productivity (i.e. bottom-up driven shifts; Connell et al. 2013). Critically,
compensatory processes that maintain a balance between productivity and
consumption under varying environmental conditions can promote resistance to
shifts (e.g. trophic compensation) (Ghedini, Russell & Connell 2015), depending
on the spatial and temporal extent of disturbance (Gil, Jiao & Osenberg 2015).
Our results suggest that a sharp loss of resistance may occur because
compensatory dynamics can collapse to intensifying disturbance. The mechanism
of resistance provided by trophic compensation to counter algal expansion was
sharply eliminated when gradual and abrupt abiotic changes combined; whilst
extreme, these conditions are likely to become increasingly common as climate
extremes more frequently combine with chronic disturbances (Smith 2011;
Helmuth et al. 2014). The failure of mechanisms that buffer the expansion of
weedy species can have profound consequences for the persistence of kelp forests,
which can be lost over large areas where kelp recruitment is reliant on turf-free
space (Airoldi & Beck 2007; Gorman & Connell 2009).
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Critically, the collapse of trophic compensation might not only account for shifts
in kelp forests (e.g. as a consequences of extreme events, Wernberg et al. 2013 or
changes in trophic cascades, Steneck et al. 2013), but also indicates that
catastrophic shifts might continue to surprise us if we fail to recognise the erosion
of compensatory dynamics. Although compensatory dynamics might re-establish
once disturbance subsides, the establishment of positive feedbacks can lock in the
new regime (Steneck et al. 2013; Bennett et al. 2015), suggesting that relying on
resilience only is not sufficient to maintain desirable ecosystem states (Nimmo et
al. 2015). Recognising processes that prevent change (i.e. resistance; Grimm &
Wissel 1997) and processes that adjust or recover from change (i.e. resilience;
Folke et al. 2004) as distinct components of stability is necessary not only to
better understand community responses to disturbance, but also to manage
ecological change (Connell & Ghedini 2015; Nimmo et al. 2015).
The often small net changes in community structure and function despite
continuous environmental variation suggest that compensatory dynamics might be
a common feature of ecological communities (Gonzalez & Loreau 2009; Loreau
& de Mazancourt 2013). Despite their powerful contribution to stability, dynamics
that prevent ecological change in face of disturbance are rarely explicitly
considered within frameworks of resilience (Connell & Ghedini 2015; Nimmo et
al. 2015). Whilst ideas of compensation (MacArthur, Diamond & Karr 1972;
McNaughton 1977) and resistance have a long tradition in ecology (Connell &
Sousa 1983), the theory of compensatory dynamics has mostly centred on a
biodiversity-ecosystem functioning perspective (see (Loreau & de Mazancourt
2013) for a review) and has yet to be integrated within resilience theories (Mori
2015). If compensatory dynamics that confer resistance often go unrecognised
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because they prevent structural change, then we might understand why their
collapse might lead to regime shifts that are perceived as abrupt and surprising
(e.g. collapse of Caribbean coral reefs; Hughes 1994).
Notably, compensatory dynamics might have the potential to efficiently buffer not
only gradual change in abiotic conditions (Reed et al. 2013; Graham &
Mendelssohn 2014; Ghedini, Russell & Connell 2015), but also the effects of
extreme events (Lloret et al. 2012; Isbell et al. 2015). Whilst compensatory
dynamics can buffer communities to extreme events, the intensity of disturbance
resulting from combinations of chronic stressors and climate extremes is more
likely to breach the limits of resistance and might open windows of potential for
ecological change. Importantly, ecosystem resistance may be underpinned by
multiple compensatory dynamics, such that other dynamics may come to place to
maintain resistance where trophic compensation fails (e.g. functional
compensation provided by other species; Ruesink & Srivastava 2001; Bellwood et
al. 2004). However, recognising such progressive loss of resistance is
fundamental to anticipate regime shifts. By ignoring processes that resist
disturbance during the period of no community change, our focus falls exclusively
on structural changes and processes that drive such changes. While resistance may
prevent change in community structure (Connell & Sousa 1983), the weakening of
compensatory processes erodes the ability of ecological systems to withstand
disturbance. Hence, if we overlook the erosion of compensatory dynamics, regime
shifts might continue to appear abrupt and we might lose important windows of
opportunity to prevent or manage ecosystem change.
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4.7 SUPPLEMENTARY MATERIAL
Table S1. Temperature (n = 14), pH (n = 14), total alkalinity (AT, n = 5) and pCO2 (n = 5) levels (mean ± SE) in aquaria with grazers (G) or
control turf algae (A) across the experimental treatments of temperature, heat wave and CO2.
Temperature

Heat wave

CO2

Ambient

No heat wave

- CO2
+ CO2

Ambient

Heat wave

- CO2
+ CO2

Warming

No heat wave

- CO2
+ CO2

Warming

Heat wave

- CO2
+ CO2

Temp (°C)

pH

AT (μmol/kg)

pCO2 (μatm)

G

19.6 ± 0.1

8.19 ± 0.01

2456 ± 19

412.0 ± 11.7

A

19.7 ± 0.1

8.24 ± 0.02

2436 ± 21

418.6 ± 16.9

G

19.5 ± 0.1

7.79 ± 0.02

2496 ± 19

1051.2 ± 44.5

A

19.5 ± 0.1

7.81 ± 0.02

2505 ± 20

1108.0 ± 84.4

G

24.0 ± 0.2

8.23 ± 0.01

2460 ± 18

350.8 ± 11.4

A

24.0 ± 0.2

8.25 ± 0.01

2479 ± 22

351.5 ± 17.6

G

24.0 ± 0.1

7.88 ± 0.02

2486 ± 19

890.1 ± 35.4

A

24.0 ± 0.1

7.88 ± 0.02

2679 ± 20

946.8 ± 56.8

G

23.8 ± 0.1

8.26 ± 0.01

2461 ± 18

405.7 ± 12.8

A

23.9 ± 0.1

8.28 ± 0.01

2408 ± 24

378.5 ± 15.0

G

23.7 ± 0.1

7.91 ± 0.01

2472 ± 18

1004.9 ± 30.6

A

23.7 ± 0.1

7.89 ± 0.02

2490 ± 24

1077.6 ± 37.0

G

27.8 ± 0.1

8.30 ± 0.02

2513 ± 14

382.2 ± 16.4

A

27.8 ± 0.2

8.28 ± 0.01

2533 ± 21

353.2 ± 16.3

G

27.6 ± 0.2

8.01 ± 0.01

2514 ± 16

872.5 ± 29.7

A

27.7 ± 0.2

7.97 ± 0.01

2638 ± 22

904.8 ± 25.6
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Table S2. ANOVA on weight (a) and shell length (b) of herbivorous gastropods
among treatments of temperature (ambient vs. warming), heat wave (present vs.
absent) and CO2 (current vs. future) (n = 5).

(a) Weight
Source

df

MS

F

p

Temperature (T)

1

0.05

0.10

0.76

Heat wave (H)

1

0.02

0.03

0.86

CO2

1

0.00

0.00

0.98

T×H

1

0.36

0.69

0.41

T × CO2

1

0.12

0.23

0.64

H × CO2

1

0.00

0.01

0.93

T × H × CO2

1

0.03

0.07

0.80

32

0.52

Residual

(b) Shell length
Temperature (T)

1

0.10

0.05

0.82

Heat wave (H)

1

0.10

0.05

0.82

CO2

1

0.00

0.00

F=0

T×H

1

3.60

1.82

0.19

T × CO2

1

0.10

0.05

0.82

H × CO2

1

0.90

0.46

0.50

T × H × CO2

1

0.00

0.00

F=0

32

1.98

Residual
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5.2 SUPPLEMENTARY MATERIAL

Additional File 1: Consumption rates.
Mean consumption rates (% cover of turf removed per grazer per hour) under
ambient or enriched levels of CO2 and nutrients during the different experimental
temperature treatments: initial control temperature (white bars), heat wave (dark
grey bars), future temperature (light grey bars) and final control (black bars).

Mean % cover consumed per grazer
per hour ± SE

Control initial

Heat wave

2.5

2

1.5

1

0.5

0
Ambient

+ CO₂
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+N

+ CO₂ x N

Additional File 2: Experimental conditions
Temperature (n = 6 sampling times per mesocosm), pH NBS (n = 6), alkalinity (n =
3) and pCO2 (n = 3) levels (mean ± SE) in the experimental treatments (current vs.
future CO2; ambient vs. enriched nutrients) measured across the temperature
treatments (initial control, heat wave, future and final control).
Treatments

Temp (°C)

pH NBS

Alkalinity

pCO2 (μatm)

(μmol/kg)
Initial control
Ambient

16.04 ± 0.33

8.11 ± 0.04

2255.02 ± 69.47

431.52 ± 24.83

+ CO2

15.91 ± 0.22

7.83 ± 0.06

2368.94 ± 78.51

909.10 ± 14.48

+N

15.97 ± 0.46

8.15 ± 0.04

2217.06 ± 86.57

455.90 ± 38.73

+ CO2 x N

15.97 ± 0.24

7.87 ± 0.04

2438.42 ± 84.80

925.73 ± 25.41

Ambient

18.94 ± 0.19

8.23 ± 0.02

2543.87 ± 44.40

484.42 ± 3.70

+ CO2

19.10 ± 0.19

7.87 ± 0.02

2513.18 ± 42.34

1046.58 ± 19.83

+N

18.81 ± 0.18

8.29 ± 0.03

2371.18 ± 39.84

464.63 ± 11.57

+ CO2 x N

19.00 ± 0.19

7.91 ± 0.03

2573.18 ± 21.99

1079.82 ± 26.99

Ambient

22.99 ± 0.18

8.07 ± 0.02

2144.95 ± 47.40

415.65 ± 17.28

+ CO2

22.67 ± 0.26

7.78 ± 0.03

2283.12 ± 28.27

939.76 ± 14.61

+N

23.28 ± 0.15

8.09 ± 0.03

2146.59 ± 47.53

395.50 ± 13.47

+ CO2 x N

22.80 ± 0.23

7.82 ± 0.02

2280.16 ± 52.12

910.65 ± 29.71

Ambient

16.09 ± 0.13

8.26 ± 0.02

2454.08 ± 15.75

405.12 ± 34.07

+ CO2

16.26 ± 0.12

7.95 ± 0.02

2611.08 ± 22.79

930.69 ± 28.24

+N

15.99 ± 0.12

8.29 ± 0.03

2442.99 ± 24.73

370.69 ± 48.15

+ CO2 x N

16.18 ± 0.11

7.94 ± 0.02

2591.50 ± 16.34

957.35 ± 34.12

Future

Heat wave

Final control
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CHAPTER 6
WARMING INCREASES VARIANCE OF CONSUMPTION
VIA DENSITY-DEPENDENT EFFECTS

6.1 ABSTRACT
Environmental temperature can powerfully alter community and ecosystem-level
patterns given its influence on rates of trophic interactions. Since consumer
responses to moderate warming tend to be predicable across taxa and often result
in increases in per capita consumption, higher temperatures are anticipated to
strengthen consumer pressure. However, our ability to anticipate the range of
changes in consumption remains restricted by a limited consideration for the
mediating effects of density-dependence. Critically, interaction strength is not
only determined by per capita changes in consumption, but also by densitydependent effects that may mediate such changes. Here, we tested for sensitivity
in variance of consumption to increased temperature as a function of consumer
density using a model system of herbivorous gastropods and turf algae. Notably,
crowding led to an increase in range of responses to elevated temperature which
was not apparent under contemporary conditions. Consumer pressure may, thus,
not only be on average stronger under warming, but also more variable where
populations of consumers are denser. If are to improve our predictive capacity to
anticipate change in ecological processes, then we need to be aware of the
increased variability that might manifest under combinations of changing
environmental conditions and concomitant changes in population sizes.
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6.2 INTRODUCTION
A defining objective of present-day ecology is to anticipate variation in ecological
processes in response to global climatic changes, particularly change in
environmental temperature [1]. Warming can alter broad-scale ecological patterns
and processes through its powerful influence on trophic dynamics, in terrestrial
[2] and aquatic systems [3]. Variation in strength of consumer pressure can have
profound consequences for community structure and ecosystem functioning [4, 5],
because consumers determine the abundance and distribution of their resources
[6]. Therefore, anticipating the range of changes in consumption is important not
only to forecast the stability of consumer-resource dynamics [7], but also their
influence on the structure of ecological communities in changing environments [8,
9].
Notably, ecologists have long recognised the importance of variance in
determining ecological outcomes [10], but we are only beginning to incorporate
changes in variance along with changes in averages to test for the effects of
shifting climate [11-13]. To date, evidence from numerous laboratory experiments
suggests that warming tends to increase the average strength of per capita
consumption within non-stressful temperature ranges [14-16]. Critically, however,
strength of consumption is not only going to be determined by per capita
responses, but also by density-dependent effects that can mediate such changes
[17].
Population density can powerfully determine organismal responses to
environmental conditions [18], but density-dependent effects are often overlooked
in laboratory experiments on which a large part of climate research is founded.
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Whilst at an individual-level temperature influences metabolism and consumption
in a predictable way [19, 20], these organismal processes can be altered by the
presence of conspecifics through mechanisms such as competition, predation risk
and disease [21, 22]. If density-dependence modifies consumer responses to
warming, then spatial and temporal variability of consumer pressure might
intensify under future climate and concomitant changes in population sizes.
Here, we assess the model that density-dependent effects mediate changes in
consumption in response to environmental temperature, not only as a function of
average change in response, but also as a function of variability of that response.
To assess this model, we tested the hypothesis that widely anticipated changes in
herbivory under non-stressful increases in temperature would not only occur as an
average increase in consumption, but also as an increase in its variability via
density-dependent effects.

6.3 MATERIALS AND METHODS
6.3.1 EXPERIMENTAL SYSTEM AND SET-UP
To test for the mediating effects of population density on consumer responses to
elevated temperature, we used a model herbivore – plant system [9] represented
by subtidal gastropods (Turbo undulatus) and their algal food, i.e. turf-forming
algae (as defined in [23]); both commonly found across temperate Australian
rocky reefs [24, 25]. Consumption rates were quantified with feeding assays in a
mesocosm experiment with an orthogonal design to test for independent and
interactive effects of temperature (ambient vs. elevated) and population density
(four increasing densities, see below for details) on strength of consumption. The
145

experimental set up consisted of 12 large flow-through mesocosms (2300 L;
polyethylene, TeamPoly, Australia) located at SARDI (South Australian Research
and Development Institute) Aquatic Sciences, West Beach, South Australia
(34.9453 °S, 138.5038 °E). Each mesocosm was covered with high density
polyethylene with woven scrim (SolarPro, PolyFab, Australia) to prevent
intrusion of rainwater into the system. Mesocosms were filled with natural filtered
seawater so that seawater chemistry was characteristic of these waters. A flowthrough system with a flow rate of 4 L min-1 was used to maintain water quality.

6.3.2 EXPERIMENTAL TREATMENTS OF TEMPERATURE AND DENSITY
Temperature was maintained at seasonal ambient conditions in six mesocosms
(ambient temperature: 14.9 ± 0.1 °C) and elevated by 3°C in the remaining six
mesocosms (elevated temperature: 18.0 ± 0.1 °C; n = 26 per replicate mesocosm
per temperature treatment). A + 3°C in temperature was chosen to represent the
average warming trends for the end of the century [26], without exceeding the
thermal limits for these taxa in the study region. The temperature within each
mesocosm was controlled using individual heater/chiller units (TC-60 Aquarium
Chillers, TECO, Ravenna, Italy). Within each temperature treatment we
established four levels of consumer population densities, i.e. 1, 2, 4 and 8
individuals per cage (30 × 30 cm), which corresponded to densities of 11, 22, 44
and 89 individuals m–2, respectively. These densities are comparable to densities
of herbivorous gastropods observed in the field, ranging from about 10 to > 100
individuals m–2 [27]. Each of these four levels of consumer density was
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established within each mesocosm, so that there were six replicate consumer
populations for each combination of temperature and density (n = 6).

6.3.3 RESPONSE VARIABLES AND ANALYSES
Herbivorous gastropods of similar sizes were collected on a shallow rocky reef
(Adelaide, South Australia) and were, then, randomly distributed among
mescososms (15 gastropods per mesocosm). Grazers were left to acclimate to the
experimental conditions of temperature (ambient vs. elevated) for three months
during which they were free to circulate in the mesocosm whilst feeding on turf
algae growing in the same experimental conditions. A week prior to feeding
essays, grazers were randomly grouped in populations of increasing densities
within cages as described above. At the start of the feeding essay, each cage was
provided with a fresh panel of turf-algae (30 × 30 cm) grown in the same
experimental conditions and exposed to consumers for four days. Turf percentage
cover was quantified at the start (approximately 100% cover across all panels) and
at the end of the feeding essay to estimate population consumption rates.
Univariate analyses of variance (ANOVA) were used to test for independent or
interactive effects of temperature and population density on average population
consumption rates (n = 6) and its variance (n = 2, calculated randomly grouping
three populations for each combination of temperature and density).
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6.4 RESULTS
The range of consumer responses to elevated temperature increased with
population density, such that variability in strength of consumption was greater in
denser populations (ANOVA, ‘temperature × density’ effect: F3,8 = 8.44, p =
0.007; Student–Newman–Keuls (SNK) post hoc test (p < 0.05): variance of
consumption among consumer densities of 8 > 4 > 2 = 1 at elevated temperature;
Figs 1 and 2). Importantly, such density-dependent effect on consumer responses
was not apparent at ambient conditions, where variance of consumption remained
similar among populations of increasing densities (SNK post hoc test: variance of
consumption among densities of 1 = 4 = 8 = 2 at ambient temperature; Fig. 2).
The effects of elevated temperature on variance of consumption were exacerbated
by population density (Fig. 2). Indeed, whilst variability of consumption among
high density populations increased significantly at elevated temperature relative to
ambient (SNK post hoc test: variance at elevated > ambient temperature for
densities of 4 and 8), there was no significant effect of temperature on variability
of consumption among low density populations (variance at elevated temperature
= ambient temperature for densities of 1 and 2) (Fig. 2). Notably, the average
increase in population consumption rates under elevated temperature was
independent of population density (ANOVA, ‘temperature’ effect: F1,40 = 17.20, p
= 0.0002; SNK post hoc test (p < 0.05): mean consumption at elevated > ambient
temperature; ‘density’ effect: F3,40 = 40.52, p = 0.0000; post hoc test: mean
consumption of consumer densities of 8 > 4 > 2 > 1).
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Figure 1. Strength of population consumption (percentage cover of turf algae
consumed) increased on average in response to elevated temperature (black)
relative to ambient (white), but independently of population density. Notably, the
variance of consumption among populations was exacerbated by combinations of
elevated temperature (black) and increasing consumer density, whilst such effect
was not apparent at ambient temperature (white) (n = 6 per combination of density
and temperature).
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Figure 2. Elevated temperature (black) and increasing consumer density enhanced
variance of consumption which was exacerbated among high density populations.
Conversely, variance of consumption remained similar across populations of
increasing sizes at ambient temperature (white). Logarithmic trendlines and R2
values are displayed on graph. (n = 2 per combination of density and
temperature).
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6.5 DISCUSSION
There is extensive evidence for the modifying effects of environmental warming
on the strength of trophic interactions [1, 2], because temperature fundamentally
influences the rates of metabolic and consumptive activities of individual
organisms [19]. Notably, there is less recognition for the modifying role of
density-dependent processes on strength of consumer control in response to
environmental changes. If we do not account for density-dependent consumption,
we may underestimate the range of consumer responses expected under future
climates. Our results show that elevated temperature, within non-stressful ranges,
might not only increase the average strength of trophic control, but also its
variability and that this effect might be magnified by increasing consumer density.
Consideration of this result is fundamental if we are to anticipate changes in
consumer-resource dynamics and their context-dependency. Indeed, spatial and
temporal variability in consumption could widen under combinations of warming
and fluctuations in consumer population sizes expected under changing climates,
with more variable responses expected among more dense populations.
Density-dependent effects can modify the way individual consumers perceive
change in the abiotic environment [18] and can, thus, not only modify dynamics
of population growth [28-30] but also their consumptive activity [22]. Hence,
changes in population density may increase variability of ecological processes
where the presence of conspecifics influences organismal responses to abiotic
change (e.g. consumption, metabolism, reproduction) [21, 28].
Whilst the metabolism of individuals and their resource requirements tend to
increase with temperature in a predictable way up until a thermal optimum [14,
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15, 19], variation of these processes is not independent of population density [21].
For instance, warming tends to increase per capita consumption rates, but
crowding can modify such individual responses by increasing competition if
resources are limited. Since competition can be a major driver of intraspecific
variability [31], combinations of crowding and warming can exacerbate variation
in consumption by creating more stressful conditions. Environmental stress is,
indeed, often associated with greater levels of biological variation [32]. This
pattern of increased variance might emerge where stressful conditions (e.g.
intraspecific competition) enhance variability among populations that inherently
vary for a number of morphological, behavioural and physiological traits [31, 33].
Recognising intraspecific variability in ecological responses is critical for research
into the fate of species and functional diversity in response to environmental
changes [8], including the consequences for ecosystem functioning [34].
Diversification in phenotypic responses to climate change needs to be recognised
not only as an ecological mechanism that might allow populations to adapt to
changing environments [35, 36], but also as source of variation in ecological
dynamics [33]. However, whilst ecologists recognise the importance of
variability, studies of ecological responses to environmental change tend to focus
on average responses and often overlook variation in such responses [12, 33, 34].
If variance in ecological processes in changing environments is mediated by
density-dependent effects, then we might expect increasingly variable outcomes
that go beyond those recognised by research into the moderating effects of density
on population growth [28]. By modifying individual responses to abiotic change,
density-dependent effects can also mediate change in ecosystem processes, such
as strength of top-down control. Therefore, if we are to refine the capability of our
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models to anticipate change, we may need to be aware of the range of variance
that can be expected under future climate and concomitant changes in population
sizes. While we may anticipate average change from single-density experiments,
the range of responses that manifest under density-dependent effects might be
underestimated and provide a false impression of certainty and magnitude of
change.
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CHAPTER 7
GENERAL DISCUSSION

The rapid pace and variability of anthropogenic environmental change are
increasing the challenges to anticipate and manage ecological change (Scheffer et
al. 2012). If we are to minimise the loss of ecological functions and biodiversity,
then it is necessary to implement theories that can not only explain how ecological
communities adjust or recover from disturbance, but also how they resist
disturbance in the first place (Nimmo et al. 2015, Connell et al. 2016).
Throughout this thesis, I explored how stabilising effects at the community-level
may emerge as a consequence of individual responses to cross-scale abiotic
changes. Where human activities alter abiotic conditions, particularly by
enhancing resource availability, community structure may shift to a contrasting
state where normally subordinate species outcompete dominants (Bertness et al.
2002; Connell et al. 2008; Connell et al. 2013). In kelp forests, regime shifts can
occur where combinations of global (ocean warming and acidification) and local
disturbances (nutrient enrichment, canopy loss) favour the expansion of turfforming algae that, overtime, can replace kelp canopies (Connell & Russell 2010;
Strain et al. 2014) by inhibiting their recruitment (Gorman & Connell 2009).
Chapter 2 of this thesis demonstrated that such potential destabilising effects of
abiotic change can be countered by adjustments in strength of trophic interactions.
Specifically, whilst algal productivity was boosted by resource enhancement at
local (nutrient enrichment, increased light by canopy loss) and global scales
(carbon enrichment), the expansion of algal turfs was prevented by increases in
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per capita consumption by herbivores which were proportional to the rates at
which algae were expanding. Such adjustments in strength of consumption might
be underpinned by the need of individual consumers to maintain organismal
homeostasis in varying environments, which can be achieved via a flexible energy
budget. Indeed, under varying combinations of carbon and nutrient conditions,
consumers maintained relatively stable organismal processes (growth) whilst
modifying consumption in response to abiotic change, with the effects of
buffering changing levels of productivity (Chapter 3).
Whilst individual responses may generate compensatory dynamics that stabilise
community processes against change, this resistance may be lost to intensifying
disturbance. Particularly, combinations of gradual (ocean warming and
acidification) and abrupt abiotic change (heat-waves) can cause compensatory
dynamics to collapse by rapidly magnifying the intensity of disturbance past a
threshold of resistance (Chapter 4). Loss of resistance might occur sharply where
extreme events (heat-waves) combine with chronic disturbances (carbon and
nutrient enrichment, warming) (Chapter 4), because ecological responses can be
exacerbated under such conditions (Chapter 5). Importantly, ecological responses
to abiotic change are not only mediated by spatial and temporal variability in
abiotic conditions, but also by biotic processes that influence the way individual
organisms perceive environmental change. The last data chapter (Chapter 6)
shows that accounting for varying population densities might be key to anticipate
the range of ecological changes under forecasted climates as density-dependence
can widen the variability of consumer responses to warming.
Together these findings suggest that adjustments in strength of trophic interactions
may not only drive regime shifts (see review by Silliman et al. 2013), but also act
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as buffering mechanisms that can prevent ecological change. Whilst
compensatory dynamics might counter community change to a range of abiotic
disturbances, including extreme events (Isbell et al. 2015), these mechanisms
might collapse past a threshold of disturbance, potentially leading to abrupt
regime shifts. Recognising the role that abiotic (e.g. extreme events) and biotic
factors (e.g. population density) play in determining the strength of ecological
responses is critical to forecast the size of community change. Critically, if
ecological change is exacerbated where extreme events combine with chronic
disturbances, then the effects of extremes might be mitigated by reducing
disturbances that can be managed at local scales (e.g. reducing eutrophication) or
reinforcing compensatory dynamics that buffer change (e.g. maintaining
consumer populations). Hence, understanding the contribution of compensatory
mechanisms to community stability is key not only to recognise loss of ecological
resistance, but also to mitigate the ecological effects of environmental change.
This Chapter (7) provides a discussion of these key findings and outlines possible
directions for future research.

7.1 EXPLORING RESISTANCE TO CHANGE
Environmental variation is nearly continuous in nature, yet ecological
communities often remain stable in that they do not continuously reorganise in
structure or shift to contrasting states (Holling 1973). Ecologists have long
recognised that such stability might be underpinned by compensatory dynamics
that buffer the effects of environmental change on community properties
(MacArthur et al. 1972; McNaughton 1977). The ability to resist change is
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typically underpinned by the differential capability of species to cope with
environmental change, so that asynchrony in species responses stabilises
aggregate community processes, such as productivity and biomass (Gonzalez &
Loreau 2009). Specifically, where abiotic change causes the loss or reduced
abundance of some species, these can be replaced by more tolerant species in
terms of density and function so that ecosystem-level properties exhibit less
variation than species composition (Ernest & Brown 2001).
Whilst the importance of the functional role of species within communities is well
known to ecologists (McNaughton 1977; Jones et al. 1994), studies of
compensatory dynamics most often focus on fluctuations in species abundances
(Houlahan et al. 2007; Hector et al. 2010). Nevertheless, the complex webs of
trophic and non-trophic interactions that form communities suggest that
fluctuations in species abundance are only one of the variety of mechanisms that
underpin community stability (Loreau & de Mazancourt 2013). The diversity of
compensatory mechanisms that buffer change might be much greater than
currently documented; in particular, little is known about processes that might
provide resistance to disturbance prior to changes in species composition, which
can be buffered via density and functional compensation.
In this thesis, I explored a possible mechanism that could prevent community
change by negating the ecological effects of abiotic change via changes in
strength of trophic interactions. Abiotic change often alters community structure
by modifying the relative strength of key ecological processes, such as
productivity and its consumption (Connell et al. 2013; Silliman et al. 2013).
Critically, changes in strength of trophic interactions in response to environmental
change might to some extent counter such imbalances, preventing change in
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community structure. For example, whilst resource-disturbance (carbon and
nutrient enrichment) might set the conditions for a shift in community structure by
enhancing productivity of opportunistic species (turf algae in kelp forests),
consumers (herbivorous gastropods) might prevent change by increasing per
capita consumption in a proportional way to enhanced productivity (Chapter 2).
Increases in consumption in response to nutrient enrichment have been
documented in a number of systems and are often driven by changes in
palatability and nutritional quality of food (e.g. C:N ratios) (McAllister et al.
1972; Sarnelle 1992; Russell & Connell 2005; Binzer et al. 2012). Critically, the
buffering effects of consumption might not only occur in response to nutrient
pollution, but also in response to abiotic changes that have similar stimulating
effects on productivity, such as carbon enrichment, light enhancement through
canopy loss and warming (Chapter 2 and Chapter 4).
The key aspect that underpins a mechanism of compensation is that the
compensatory response (e.g. changes in consumption) needs to adjust in strength
proportionally to the ecological effects of varying combinations and intensities of
disturbance (e.g. changes in productivity) (Chapter 2). Herbivory might provide
such stabilising effects on productivity because rates of consumption seem to be
related to rates of primary production across community-types, so that more
productive communities tend to support greater levels of consumption
(McNaughton et al. 1989). My results indicate that this proportionality could be
maintained even where abiotic change directly alters primary production and that
this stabilising effect is underpinned by a remarkable adjustability in strength of
herbivory under varying abiotic conditions.
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Since organisms within a community are linked by fluxes of energy and resources
(Enquist et al. 2003; Brown et al. 2004), it might be plausible that changes in the
incorporation of energy and materials at lower trophic levels might influence
processes at higher trophic levels (McNaughton et al. 1989). Trophic sensitivity to
abiotic change may not only account for the stimulation of trophic compensation,
but also for why its strength may increase in proportion to the effects of abiotic
change on productivity. Hence, the stabilising mechanism of trophic
compensation that we have documented in a turf algae-herbivorous gastropod
system might not only underpin kelp forest resistance, but might represent a more
general mechanism that can buffer the effects of environmental change on
community processes via changes in strength of trophic interactions.
Recognising that adjustments in strength of consumption might to some extent
prevent community restructure is important not only to broaden the range of
mechanisms that underpin resistance, but also to mitigate the effects of abiotic
change by maintaining or reinforcing such compensatory mechanisms (e.g.
maintaining herbivore populations). Importantly, the capability of trophic
compensation to counter the effects of environmental change on productivity is
likely determined by the scale at which abiotic disturbance occurs (Odum et al.
1979; Gil et al. 2016). Hence, there are limitations in scaling our results to natural
communities; specifically because abiotic change tends to occur at spatial scales
that are many orders of magnitude larger than the scale at which field
manipulations (e.g. Russell & Connell 2005; McSkimming et al. 2015) or
laboratory experiments (as in this thesis) can be conducted. Furthermore,
numerous abiotic disturbances occur over temporal scales of decades or longer
(e.g. nutrient enrichment, CO2 enrichment, warming), representing press rather
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than pulse disturbances. Nevertheless, small-experimentation has the potential to
accelerate our understanding of processes that impact upon complex biological
systems (Benton et al. 2007). Hence, by pushing theory-development, mesocosm
experiments can stimulate further research through field tests in support of model
development.
In the context of abiotic changes that act over broad spatial or temporal scales, the
effectiveness of buffering mechanisms will not only be determined by the
aggregate of per capita responses, but also by the effects that these responses have
on population dynamics. Increases in population numbers, through increased
reproductive effort or immigration from adjacent populations, might be critical to
control enhanced productivity under chronic disturbance regimes (Gil et al. 2016).
Whilst more research is needed to identify the extent of trophic control to varying
scales of abiotic disturbance, evidence suggests that stabilising effects might
ensue from combinations of per capita and population responses (Ruesink &
Srivastava 2001; Connell et al. in preparation). Hence, trophic sensitivity may
often operate as an unseen, but important organising force that underpins stability
to a greater extent than currently recognised.
Overall these results suggest that compensatory dynamics that stabilise
community processes to species loss (i.e. density and functional compensation)
might be preceded by mechanisms that buffer change prior to changes in species
diversity (i.e. species composition or abundance). Such early buffering
mechanisms may not only take place as changes in strength of trophic interactions
(Chapter 2), but also as changes in the level of intra- or inter-specific competition
(Lloret et al. 2012), physiological responses of individual organisms (Hoover et
al. 2014; Georgiou et al. 2015; Higgins et al. 2015) or physical processes driven
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by biological changes (Graham & Mendelssohn 2014). These compensatory
mechanisms might often go unexplored because they produce no outward change
in community structure or function, but might contribute considerably to the
ability of communities to resist environmental variation without internal
reorganisation (Appendix A).

7.2 THE INFLUENCE OF FINE-SCALE RESPONSES ON BROAD-SCALE
PATTERNS
The challenge of linking fine-scale ecological responses to broad-scale patters is
central to ecology and is also key to anticipate community change or stasis in
response to environmental variation (Levin 1992). Notably, theories of
compensatory dynamics offer an account of how fine scale mechanisms (i.e.
individual responses and fluctuations in species densities) can have stabilising
effects on aggregate community processes, such as productivity or biomass (see
reviews by Gonzalez & Loreau 2009 and Loreau & de Mazancourt 2013). Hence,
compensatory mechanisms can be seen as the aggregate effects of processes
acting at the level of individual organisms (i.e. changes in consumption,
physiology, reproductive effort) that, then, scale to greater levels of ecological
organisation (populations, Reed et al. 2013; community processes, Yachi &
Loreau 1999; Hoover et al. 2014).
In Chapter 3, I used the mechanism of trophic compensation to resource
enhancement (carbon and nitrogen enrichment) to examine how organismal
responses to abiotic change (consumption) might generate dynamics that stabilise
community processes (productivity). I found that consumers maintained
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organismal processes (growth) in varying abiotic conditions via plasticity in their
energy budget and that this plasticity was an underpinning driver of increases in
per capita consumption that negated the effects of resource enhancement on algal
productivity. Plasticity in energy intake and allocation may be explained as the
need of individual organisms to maintain their internal environment, nutritional
balance and meet their energetic demand in varying environments (i.e. organismal
homeostasis) (Sousa et al. 2010), whilst simultaneously maximising the utilisation
of resources (Kooijman 2013). A flexible energy budget can be ecologically and
evolutionary important as it might underpin the capability of organisms to cope
with stressful environments (Duarte et al. 2016; Jager et al. 2016) and adapt to
changes in resource quality or abundance (Berner et al. 2005; Kooijman 2013).
Importantly, organismal responses to abiotic change may not only underpin the
ability of individuals to adjust to environmental variation, but also the capacity of
communities to resist such variation. Indeed, organisms are not only influenced by
the environment, but also influence the surrounding environment through their
biological processes (Dyke & Weaver 2013). Concepts of facilitation (Bertness &
Callaway 1994) and ecosystem engineering (Jones et al. 1994) are based on ideas
that the biology of organisms can alter environmental conditions in fundamentally
important ways, influencing the abundance and distribution of species. Where
individual organisms modify behavioural and physiological processes to maintain
homeostasis in changing environments (Rapport et al. 1985; Sokolova et al.
2012), then the aggregate of these responses may reduce the effects of
environmental change at more complex levels of ecological organisation (Lenton
1998; Dyke & Weaver 2013).
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As individuals adjust to environmental change to maintain a stable internal
environment (Sokolova et al. 2012; Stumpp et al. 2012; Jager et al. 2016), they
might generate dynamics that have stabilising effects on community processes
(Chapter 3). Importantly, copying mechanisms at the organismal level can be
overwhelmed by intensifying or prolonged abiotic change. The loss of organismal
homeostasis may not only impacts an individual’s ability to perform its ecological
role (e.g. consuming resources), but may also alter a balance between species
responses to abiotic change within a community (e.g. primary producers and
consumers) (Lemoine & Burkepile 2012; Mertens et al. 2015); such imbalances
across trophic levels can disrupt trophic compensatory mechanisms, creating
windows of potential for rapid ecological change (Chapter 4). These results
suggest that linking research into organismal and species responses to abiotic
change (e.g. individual physiological responses, changes in species interactions)
to research into community processes and ecosystem functioning could open
exciting opportunities to understand the mechanisms that underpin stability in
ecological systems.
The interest for research into the mechanisms that counter community change (i.e.
resistance) seem to have developed more slowly in comparison to the vast amount
of research centred on mechanisms that are associated with change and recovery
(i.e. resilience) (Nimmo et al. 2015, Connell et al. 2016). Nevertheless, if we are
to recognise consistent community structures (stability) through varying
environments (time) and landscapes (space) as being more than random chance,
then we must also be open to the idea of communities as the result of interacting
sets of species with dynamics that resist change. The reluctance in explicitly
studying mechanisms that underpin resistance might reflect the scepticism of
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ecologists to the idea of communities as systems that could be stabilised by
homeostatic feedbacks (Appendix A). Considerations of how environmental
change could provoke ecological responses that stabilise or destabilise ecosystems
via changes in homeostatic mechanisms were recognised decades ago (Odum
1971, 1985). This view was based on a framework for stress physiology that
identified common indicators and phases of adaptation to stress in mammalian
organisms (Selye 1973). A few ecologists suggested that adopting this framework
to assess ecosystem responses to disturbance could provide a valid tool to
approach the study of processes that counter change in complex ecological
systems without drawing false parallels (Rapport et al. 1985). Nevertheless, the
literal analogy of "ecosystem as organisms" was immediately met by reluctance
from many ecologists, enduring an old debate between two extreme and opposing
views of community organisation; i.e. the Clementsian view of communities as
‘super-organisms’ and the Glensonian view of communities as associations of
organisms by mere coincidence. Whilst there is no doubt that ecosystems cannot
be studied or considered as if they were organisms, the study of how ecological
communities may mitigate external stressors could benefit from analogies with
organismal responses to stress (e.g. idea of feedbacks that counter change)
(Rapport et al. 1985).
The theory of compensatory dynamics seem to adopt the idea of homeostasis by
considering processes that are driven by fine-scale responses, but stabilise
broader-scale ecological patterns. A key aspect of this approach is that it
investigates mechanisms buffering change and, thus, opens the possibility of
identifying early-warning signs of stress that can be measured prior to visible
changes in community structure. These early indicators of stress might be
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represented by mechanisms that prevent change (i.e. compensatory dynamics) and
that ensue in response to external pressures (i.e. environmental change).
Mechanisms that buffer community properties to environmental variation could
provide a prompt indication that the community is being disturbed and that it is
resisting change. Critically, whilst we often associate disturbance with some
changes in structure, composition or function of ecological communities
(Sutherland 1990), it could be of value to identify community responses to
disturbance prior to such changes. The prompt recognition of buffering
mechanisms that counter the effect of disturbance is key if we are to anticipate
ecological change, so that ecosystem shifts do not appear abrupt and surprising
(Chapter 4).

7.3 BUILDING A RESISTANCE-RESILIENCE FRAMEWORK
Whilst compensatory processes might be common in ecological communities,
these stabilising mechanisms might often go unrecognised because of the stability
that they generate. Often, indeed, ecologists focus on ‘change’ when studying
responses to disturbance, although ecological change tends to occur once
compensatory processes have failed. Critically, compensatory mechanisms may
fail abruptly past a threshold of disturbance, potentially leading to abrupt
ecological shifts (Chapter 4). Whilst we recognise that processes driving change
are likely to unfold over long periods of time (Hughes et al. 2013), we remain
challenged to anticipate regime shifts (Kéfi et al. 2013). If the initial phase of
resistance goes overlooked, the collapse of compensatory dynamics to disturbance
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might provide an account for why regime shifts often remain perceived as abrupt
and unanticipated.
Resilience has been over the years used to define a broad range of ecological
responses to environmental change, ranging from the ability of a system to
recover from disturbance (Connell & Sousa 1983) to the ability to adjust to
environmental change (Holling 1973) or both (see review by Grimm & Wissel
1997). Despite contrasting definitions, the commonly accepted definition of
resilience identifies the ability of a system to absorb disturbance and reorganize
while undergoing change (Folke et al. 2004). This property implies change
(‘adjustment stability’) and differs from the ability of a system to resist
disturbance by not actually changing in structure or organisation (‘resistance
stability’) (Sutherland 1990). Nevertheless, the often unselective use of
‘resilience’ to describe community responses to disturbance has not only
generated confusion around the meaning of the term (Hodgson et al. 2015), but
has also resulted in a general preoccupation in managing and ensuring resilience
with little consideration for resistance. Indeed, the majority of policies aimed at
managing and conserving natural systems are often based on and refer to
resilience, but tend to ignore aspects of resistance (Nimmo et al. 2015).
Recognising this gap is important because progress in our understanding of
stability can be hampered if we fail to distinguish between the attributes that allow
ecological systems to persist during a disturbance (‘resistance traits’) and those
that enable recovery (‘resilience traits’) (Connell et al. 2016). The former aspect
of how communities respond to disturbance by resisting change may be the least
explored because of the difficulty of studying processes that prevent change.
Nevertheless, the identification of processes that contrast change is critical to
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mitigate and manage ecological change; the presence of feedback mechanisms
that can prevent recovery once shifts have occurred (e.g. Suding et al. 2004;
Suding & Hobbs 2009) suggests that relying on resilience only might not be
sufficient to preserve ecosystems and their functions in times of increasing
environmental uncertainties.

7.4 ACCOUNTING FOR CONTEXT-DEPENDENCIES
Ecological responses are often driven by small-scale variability in environmental
conditions which requires consideration of how context-dependencies may
interact to drive ecological change at local scales. The recognition of interactions
among multiple stressors (Côté et al. 2016; Appendix B) and the consideration of
their spatial and temporal variability (Helmuth et al. 2014) is critical to forecast
the direction and magnitude of ecological change and its management.
One aspect that has recently started to shape research into community responses to
climate change is the recognition that this will occur as combinations of long-term
(i.e. ‘trends’) and short-term, abrupt changes (i.e. ‘events’) (Jentsch et al. 2007).
Extreme events can be major drivers of ecological change because their
abruptness and intensity allow slim probabilities for acclimation or adaptation
(Easterling et al. 2000; Gutschick & BassiriRad 2003). For example, whilst ocean
acidification is having some negative effects on organisms (Kroeker et al. 2013),
the relatively long-term projections of change in pH conditions might allow some
time for species to adapt to such changes (i.e. decades). Conversely, events such
as heat waves might drive greater ecological change because of their extreme and
abrupt nature (i.e. days) relative to most ecological processes of interest (Jentsch
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et al. 2007). Importantly, communities may resist extreme events where
compensatory dynamics buffer the effects of such extreme conditions (Lloret et
al. 2012; Hoover et al. 2014; Isbell et al. 2015). However, Chapter 4 shows that
compensatory dynamics may collapse where extreme events (heat waves)
combine with chronic disturbances (ocean warming and acidification). The
combination of gradual and abrupt abiotic changes may lead to abrupt community
shifts (Fraser et al. 2014) by increasing the intensity of disturbance past a
threshold after which compensatory dynamics fail, leading to a sharp loss of
resistance (Chapter 4). The abrupt intensification of disturbance may overwhelm
the ability of organisms to cope with environmental change and disrupt
compensatory dynamics.
If ecological responses are exacerbated where extreme events combine with
background (e.g. nutrient enrichment) or longer-term abiotic changes (e.g. CO2
enrichment), then we might understand why the effects of extreme events are
highly variable (Chapter 5, Fraser et al. 2014). Critically, abiotic change can
create windows of potential for rapid ecological change where ecological
responses differ within trophic levels (i.e. favouring competitors) or between
trophic levels (i.e. imbalance between productivity and consumption) (Connell et
al. 2011; Silliman et al. 2013). Disparity in species responses is common since
species have varying tolerances and susceptibilities to abiotic modification, either
within (Hepburn et al. 2011; Falkenberg et al. 2013) or across trophic levels
(Lemoine & Burkepile 2012; Mertens et al. 2015). Whilst differences in species
responses to abiotic change form the basis of compensatory dynamics, these
asymmetries can drive community change were they create imbalances between
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dominant and competitor species (Bertness et al. 2002; Connell et al. 2013) or
between trophic levels (Mertens et al. 2015; Chapter 4).
Extreme events may not only alter trophic interactions within communities, but
may also trigger rapid range shifts that can reinforce the negative effects of abiotic
change on local communities. For example, in Western Australia an extreme
climatic anomaly not only caused a shift from canopy-dominated to turfdominated reefs (Wernberg et al. 2013), but also favoured the southward shift of
tropical herbivore species which are now maintaining the new ecosystem state by
preventing the recovery of macroalgal communities (Bennett et al. 2015).
Extreme events may, thus, play a key role in driving ecological change because of
their interactions with chronic disturbances (e.g. pollution, warming) and
corollary effects (e.g. range shifts). Therefore, accounting for the biotic (e.g.
biodiversity; Isbell et al. 2015) and abiotic factors (e.g. co-occurring disturbances;
Chapters 4 and 5) that might influence the potential for ecological change during
extreme events can provide critical insights into the extent of ecological change
that can be expected.
Notably, variability in ecological responses to abiotic change might not only be
driven by the spatial or temporal scale of disturbance, but also by biotic processes
that mediate how organisms perceive change in the environment. Facilitative
effects, for example, may mitigate the stress imposed by environmental changes
on organisms (Bertness 1989); conversely, density-dependent effects may
intensify the effects of environmental change in denser populations (Chapter 6).
Density-dependent effects are widely known to vary the way individuals perceive
change in the environment; thus, influencing dynamics of populations (Boyce et
al. 2006; Hammill et al. 2015) and their consumptive activity (Araújo et al. 2008).
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Importantly, such effects may not only manifest as changes in average responses,
but also as changes in variance. My results suggest that density-dependence might
increase the range of consumer responses to abiotic changes, such as warming
(Chapter 6). Therefore, alterations in strength of trophic interactions under
anticipated warming might not only be expected as changes in average strength
(O'Connor 2009; Kordas et al. 2011; Lang et al. 2012), but also as changes in its
variance.
Recognising variation in ecological processes is important to forecast the stability
of community dynamics in varying environments (Benedetti-Cecchi 2000) and the
potential for ecological change (Sanford 1999). Importantly, intra- and interspecific interactions can alter species responses to environmental change (Gilman
et al. 2010) and can enhance traits variability among populations (Svanbäck &
Bolnick 2007; Bolnick et al. 2011). Developing frameworks to account for such
variation is crucial not only to accurately predict ecological responses to
environmental change, but also to anticipate eco-evolutionary dynamics (Violle et
al. 2012). Diversification in phenotypic responses might represent an important
ecological mechanism that allows populations to adapt to changing environments
(Charmantier et al. 2008; Valladares et al. 2014). However, if such variation is
not recognised, it may hamper our ability to anticipate change given its influence
on community dynamics (Bolnick et al. 2011).
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7.5 COMPLEMENTARITY BETWEEN COMPENSATORY DYNAMICS
MIGHT CONTRIBUTE TO COMMUNITY STABILITY
Regime shifts have been notoriously difficult to predict because communities may
show little to no sign of change before the tipping point is reached (Hughes et al.
2013). If compensatory dynamics are a common feature of ecological
communities, then understanding their contribution to resistance would be of
value not only to improve predictions of community change, but also to prevent
undesirable change in the first place (Appendix A).
The theory of compensatory dynamics has received important theoretical and
empirical contributions to identify mechanisms that buffer community change
(Gonzalez & Loreau 2009), but recent developments suggest that studies of
compensatory dynamics might need to be refocussed (Loreau & de Mazancourt
2013). Whilst the importance of functional compensatory changes in maintaining
community stability is well-known to ecologists (McNaughton 1977), studies of
compensatory dynamics typically focus on fluctuations in species abundances
(Ernest & Brown 2001; Houlahan et al. 2007), which can only provide limited
insights into the mechanisms that underpin ecosystem stability (Loreau & de
Mazancourt 2013). The number and complexity of interactions within
communities suggest that the diversity of compensatory mechanisms that buffer
community change might be much greater than currently documented.
A critical difficulty in studying compensation is the documentation of processes
that result in no visible change. Nonetheless, by recognising the dynamics that can
drive ecological change and by measuring processes that oppose the crucial
transition, we might be able to identify mechanisms that counter such change.

177

Importantly, compensatory mechanisms may arise from a broad range of
responses to abiotic change that may include physiological responses (Hoover et
al. 2014; Georgiou et al. 2015), trophic responses (Ruesink & Srivastava 2001;
McSkimming et al. 2015, Chapter 2) and changes in processes of competition
(Lloret et al. 2012; Reed et al. 2013; Higgins et al. 2015) that may anticipate
mechanisms of density and functional compensation.
Critically, whilst density and functional compensation typically occur where
environmental variation causes changes in species diversity (Gonzalez & Loreau
2009), other compensatory mechanisms can stabilise ecosystem processes against
environmental variation prior to changes in species composition or abundance
(Chapter 2, Appendix A). Recognising the early onset of compensatory responses
is critical to identify loss of community resistance (Chapter 4). Where we fail to
recognise the presence of compensatory mechanisms that buffer change,
ecosystems may rapidly and surprisingly shift to contrasting states, such as in the
case of Caribbean coral reefs; here, urchins replaced fish in the role of controlling
algal abundance, but when this mechanism of functional compensation was lost,
because of a mass urchin mortality, productivity escaped consumption and algae
replaced corals as dominants (Hughes 1994; Bellwood et al. 2004).
Whilst increases in per capita consumption can maintain ecosystem processes
where species with similar function are lost (Ruesink & Srivastava 2001), changes
in per capita consumption can also buffer the effects of abiotic change prior to
changes in species diversity (Chapter 2). Hence, communities might be stabilised
by combinations of dynamics that buffer ecosystem processes prior to species loss
and then by stabilising mechanisms ensuing from changes in species diversity
(Connell et al. in preparation). Recognising where compensatory dynamics that
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act prior to changes in species diversity are replaced by dynamics that buffer
species loss (i.e. density and functional compensation) is critical to assess the
progressive weakening of compensatory capability and, hence, anticipate loss of
resistance.
Importantly, buffering mechanisms that stabilise community processes prior to
change in species composition (e.g. trophic compensation) need to be linked to
changes in biodiversity if we are to fully understand the long-term consequences
of abiotic change. For instance, whilst trophic compensation by one (Chapter 2) or
two species (Connell et al. in preparation) may initially counter the effects of
abiotic change, this dynamic may be lost as disturbance intensifies (Chapter 4).
Under such conditions considering the presence of functional redundant species is
critical to anticipate whether the compensatory dynamic might be maintained by
other species within the community. Where a species cannot perform its role
because of loss, reduced abundance or unsuitable abiotic conditions, other species
might functionally replace it and, thus, maintain the dynamic that counters
change. Identifying the possibility for such functional compensation is critical to
assess the strength of community resistance (Micheli & Halpern 2005), which
might otherwise be rapidly lost if compensation relies on one species only.
Recognising the role of compensatory mechanisms in maintaining community
stability is important not only to broaden theories of stability, but also for
management and conservation targets. The awareness of mechanisms that prevent
change provides managers with the opportunity to bolster such compensatory
processes (e.g. harvest or recovery of herbivores) to counter unwanted change
(e.g. runaway expansion of weedy species). Recognising trophic and functional
responses to environmental change might, however, also be key to manage
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degraded communities. Whilst the ability of a species to compensate for the loss
of functionally equivalent species can be desirable to prevent change in ecosystem
processes (e.g. stabilises productivity to abiotic change; (Connell et al. in
preparation), such capability can become undesirable where it maintains change
(e.g. prevents canopy recovery; Piazzi et al. 2016).

7.6 CONCLUSIONS
Environmental variation is a common feature of natural systems, but human
activities have greatly accelerated the rate and magnitude of environmental
change (Parmesan & Yohe 2003; Lotze et al. 2006; Worm et al. 2006), increasing
the probability of ecosystems shifting to contrasting and degraded states (Scheffer
& Carpenter 2003; Scheffer et al. 2012). There is a great need to improve our
ability to anticipate and manage change in natural systems, because ecosystem
collapses in response to global and local change can have important consequences
not only for their function and biodiversity, but also for the services they provide
to our society (Hughes et al. 2013). To date, the study of regime shifts is mostly
approached from a resilience perspective, which largely informs policies to
manage and ensure ecosystem resilience (Nimmo et al. 2015). Despite
advancements made towards the identification of early indicators of change
(Scheffer et al. 2012; Benedetti-Cecchi et al. 2015), regime shifts continue to
surprise us by their abruptness and irreversibility (Kéfi et al. 2013). The results of
this thesis suggest that exploring a broader range of compensatory dynamics and
their contribution to resistance would be of value if we are to recognise loss of
resistance and anticipate community change. To achieve this outcome, we should
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aim at uncovering the links between fine-scale processes (individual and species
responses) and broad-scale patterns (community processes and ecosystem
functioning) to better understand how communities respond and often persist to
environmental variation. Importantly, whilst compensatory dynamics can
underpin ecological resistance, the limits of compensation are rarely considered in
studies of regime shifts. Critically, the collapse of compensatory dynamics to
intensifying abiotic change may underpin sharp loss of resistance in systems for
which regime shifts appear abrupt and surprising. Therefore, by recognising
processes that negate change, we may not only advance theories of community
stability, but also improve our capacity to anticipate and manage regime shifts.
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