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amples and argues the need to consider the potential 
interactive effects of  multiple stressors in conservation 
and management policies rather than focusing solely on 
single-stressor effects.

The first section of the chapter provides an over-
view of multiple stressors research, including defini-
tions of types of multiple stressor interactions. The sec-
ond section provides examples of the common types 
of multiple stressor interactions in the marine environ-
ment. In the final section, we briefly discuss current ap-
proaches and future directions of research on multiple 
stressors in the context of marine management, conser-
vation and habitat restoration.

14.2   The Study of Multiple Stressors

Humans have exploited marine resources since at least 
the Palaeolithic with records of habitat modification 
occurring in Europe from the ninth and tenth centu-
ries A.D (Knottnerus 2005). We know that the drivers 
of change are a complex synergy of anthropogenic and 
natural stressors, including pollution, land reclamation, 
coastal development, overfishing, nutrient and sedi-
ment enrichment, and that the inherent natural varia-
bility of marine ecosystems is driven by ecological pro-
cesses (Airoldi and Beck 2007; Claudet and Fraschetti 
2010). In addition, there is evidence that future cli-
mate scenarios will impose further pressures on the per-
sistence and stability of these habitats (Hawkins et al. 
2008; Philippart et al. 2011).

The number of stressors impacting the world’s eco-
systems is unprecedented. However, it is not simply 
their number that is of concern, but their historical ac-
cumulation that is driving change (Jackson et al. 2001). 
The cumulative impacts of  multiple stressors can exac-
erbate nonlinear responses of marine and coastal sys-
tems and limit their capacity to recover (e.g. Airoldi 
et al. 2015). The pervasiveness of multiple stressor im-
pacts worldwide has led to the emergence of multi-
ple stressor research as an independent field of study 
(Baird et al. 2016; Van Den Brink et al. 2019; Orr et al. 
2020). This research encompasses general theory and 
management frameworks applied across different eco-
systems, including marine ecosystems (Crain et al. 
2008), freshwater rivers and streams (Hale et al. 2017; 
Sievers et al. 2018), floodplains (Monk et al. 2019), and 
agricultural ditches (Bracewell et al. 2019).

The marine environment is continually exposed to 
multiple stressors, yet most of the research and current 
literature still focuses on understanding the effects of 
individual stressors (O’Brien et al. 2019). A global re-
view of literature based on urban marine and estuarine 
environments found 93% out of the total 579 studies 
considered stressors, such as nutrients, chemical con-
taminants, non-indigenous species and built infrastruc-

14.1   Introduction

This book has mostly considered marine contamina-
tion and the biological effects of contaminants acting 
as single stressors. However, marine environments are 
rarely exposed to a single stressor, but rather experience 
a complex mix of many stressors. These stressors may 
be contaminants, such as the ones discussed in previous 
chapters (nutrients, chemicals, plastics as well as car-
bon dioxide), or they may be other stressors, such as in-
vasive species, built infrastructure, aquaculture or fish-
eries, or climatic changes which themselves can contrib-
ute to contaminant stress, for example, nutrient loading 
is a well-known impact of aquaculture activities. All 
these stressors are ubiquitous in marine environments 
worldwide and have the potential to interact and have 
very different impacts compared to if  they occurred 
singularly.

Wastewater treatment plants and stormwater drains 
that discharge into coastal marine waters create multi-
ple stressor conditions since they are sources of both 
nutrients and trace metals and metalloids. These con-
taminants have different modes of action, often lead-
ing to different types of ecological impacts (7 Chap-
ter 3). When acting separately, moderate levels of nutri-
ents may cause an increase in a particular biological or 
ecological response (e.g. population growth or primary 
productivity) compared to control areas (e.g. Svensson 
et al. 2007), while trace metals may cause a relative de-
crease in these responses (Johnston and Roberts 2009; 
Mayer-Pinto et al. 2010). However, when these stress-
ors occur simultaneously, they are likely to interact and 
can potentially result in no overall net effect on biologi-
cal or ecological responses in the receiving environment 
(O’Brien et al. 2019).

Another multiple stressor situation occurs when 
built infrastructure (e.g. marinas, groynes or piers) is in 
proximity to toxic chemicals in the water column. Built 
infrastructure on its own can cause a significant nega-
tive effect on the diversity (i.e. number of species and 
abundance) of marine organisms (e.g. microbes, plank-
ton, epibiota, and infauna) via loss or fragmentation 
of habitats (Bulleri and Chapman 2010; Dafforn et al. 
2015; Bishop et al. 2017). This may be further exacer-
bated by toxic chemicals (e.g. metals; industrial wastes 
and agricultural runoff; McGee et al. 1995), with the 
overall effect of these stressors being potentially greater 
than if  the two stressors occurred separately (a synergi-
stic effect).

Understanding how and when stressors interact is 
critical for predicting their effects and therefore estab-
lishing safe and realistic guidelines to protect the en-
vironment. The consequences of stressor interactions 
are complex and pose great challenges for researchers, 
practitioners and decision-makers. This chapter high-
lights the complexity by providing some real-world ex-

http://dx.doi.org/10.1007/978-3-031-10127-4_3
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than one stressor occurs in an environment, they may 
or may not interact. If  the effects of a certain stressor 
occur independently of  any other stressor in the envi-
ronment, then we consider that the stressors are not in-
teracting (no interaction; . Figure 14.2). This is de-
fined as an additive (or cumulative) multiple stressor 
model where the overall total effects on a response vari-
able are the sum of the single-stressor effects.

Conversely, the stressors may affect the biological 
system(s) in ways that are dependent on each other or 
are interacting. Therefore, the overall or combined ef-
fects of two or more stressors are different from the 
sum of the single-stressor effects. Interacting stress-
ors are considered as either synergistic or antagonistic, 
which are defined as (. Figure 14.2):
5 Synergistic Interactions—the combined effects are 

greater than expected based on individual effects.
5 Antagonistic Interactions—the combined effects are 

less than expected based on individual effects.

Null models can be used in multiple stressor investiga-
tions to predict the combined effect of two stressors. 
Two stressors are initially assumed to have an addi-
tive effect, where the combined effects of the stressors 
are simply summed (. Figure 14.2). If  there is devia-
tion from the additive null model, for example, through 
synergistic or antagonistic effects, then more complex 
models can be used to predict the combined effects 
(Schafer and Piggott 2018).

There are issues that need to be considered with this 
sort of statistical approach. Deviations from additivity 
are mainly determined based on statistical significance, 
which is known to be sensitive to sample size and trans-
formations. An increase in sample size often leads to 

ture, in isolation (. Figure 14.1). Only 38 studies iden-
tified by the literature review investigated the effects of 
these stressors in combination, highlighting the relative 
gap in our understanding between multiple compared 
to single stressors.

14.2.1   Definitions

A useful starting point to understanding the concept of 
multiple stressors is to describe and define the potential 
interactions between two or more stressors. When more 

. Figure 14.1 The number of studies between 1990 and 2017 that 
assessed the effects of nutrients, chemical contaminants, non-indig-
enous species and/or built infrastructure in urban estuarine environ-
ments in isolation (single) or combined (multiple). Adapted from 
O’Brien et al. (2019) by A. O’Brien

. Figure 14.2 Hypothetical responses to two stressors, when they occur separately (stressor A, stressor B), when they occur together with 
no interaction (additive) or when they occur together and interact (antagonistic or synergistic). Adapted from Côté et al. (2016) by A. O’Brien
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initial conditions or the null model (Schafer and Pig-
gott, 2018). Nevertheless, attempts to define the differ-
ent types of interactions are still important, so the se-
verity of the impact can be assessed, and management 
actions prioritised accordingly (Folt et al. 1999; Cabral 
et al. 2019).

14.3   Stressor Interactions in the Marine 
Environment

The different sources of contamination discussed in 
this book—nutrients, trace metal, metalloids, pesti-
cides, POPS, plastics, radioactivity, oils, CO2, tempera-
ture and noise, etc.—can all be considered in the con-
text of a multiple stressor framework.

14.3.1   Nutrients and Trace Metals

Eutrophication of marine environments is a pressing 
global problem and is caused by the delivery and ac-
cumulation of excess nutrients and/or organic mat-
ter, typically to coastal marine and estuarine habitats  
(7 Chapter 4). These habitats often have high concentra-
tions of metals in sediments that form the seabed. The 
metals can come from historical sources, such as old in-
dustrial sites, or contemporary sources delivered through 
stormwater drains that carry runoff from nearby urban 
environments into the sea. The biological effects of nu-
trients plus metals depend on the environmental con-
dition of the receiving waters. Both nutrients and some 
metals are essential at small concentrations, but at higher 
concentrations are likely to exceed a threshold, caus-
ing a toxic effect. In Australia, many estuaries are nu-
trient limited or oligotrophic, so the threshold at which 
additional nutrients may cause a toxic effect is expected 
to be higher than when nutrients are added to already  

a decrease in the p-value for the same effect size and 
will eventually lead to a drop below the typically cho-
sen significance threshold of 0.05. Thus, with a higher 
number of samples, the same effect size can become 
significant and bias comparisons between studies.

Data transformations can also affect the selected 
null model. Griffen et al. (2016) found that 32% of 143 
marine multiple stressor studies unknowingly employed 
a multiplicative null model because of data transforma-
tions. The selection of an additive or multiplicative null 
model can be influenced by data transformations and 
will therefore bias the assessment of the prevalence of 
synergism and antagonism.

Several recent studies have argued for more mecha-
nistically informed null models for multiple stressor re-
search (Griffen et al. 2016; Kroeker et al. 2017; De Lae-
nder 2018; Schafer and Piggott 2018). Schäfer and Pig-
gott (2018) provide an overview of null models and 
guidance on their selection. They introduce two ad-
ditional null models that have largely been ignored in 
ecological multiple stressor research and suggest the 
following categories that should guide the null model 
selection: stressor mode of action, correlation of sen-
sitivities of organisms to the stressors, effect type (e.g. 
mortality, growth), effect size of individual stressors 
and the shape of the stressor–effect relationship.

The number of times multiple stressor interactions 
are mentioned in ecological and environmental sci-
ence literature is increasing (. Figure 14.3; and see 
Côté et al. (2016)). In marine systems, both synergistic 
and antagonistic interactions between two stressors are 
common and have thought to have occurred more fre-
quently than additive effects (Crain et al. 2008). How-
ever, we now know these interaction types are compli-
cated with the addition of a third stressor (Johnson 
et al. 2018), and between different levels of biologi-
cal organisation (population, community), types of re-
sponse variables (O'Brien et al. 2019), direction of the 
single-stressor responses (Crain et al., 2008), and the 

. Figure 14.3 The number of articles in the ecological and environmental sciences literature that mention ‘multiple stressors’ is increasing. 
Image A. O’Brien. Prior to 1996 there were not records. Data Source: Clarivate Analytics Web of Science Core collection database

http://dx.doi.org/10.1007/978-3-031-10127-4_4
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The ephemeral nature of pesticides in the marine 
environment coupled with metals from point and dif-
fuse sources poses challenging questions in the context 
of multiple stressors. For example, what is the effect of 
high concentrations of metals in the seabed from past 
industrial activities combined with the fact that sea-
bed is now exposed to infrequent, high concentrations 
of pesticides from nearby river, and when does it oc-
cur? How do we know what concentrations are going 
to cause a biological effect?

Organisms in the seabed may be tolerant to metal 
exposure until a pulse of  pesticides is delivered into the 
system. However, the observed biological effect may de-
pend on the type of pesticide, and which organism or 
groups of organisms are likely to be affected. For ex-
ample, herbicides are expected to have different biolog-
ical effects on photosynthetic groups (e.g. phytoplank-
ton, diatoms and macroalgae) compared to effects from 
insecticides. The timing of the contamination event, the 
mode of delivery into the system, the local environmen-
tal conditions, chemical characteristics and concentra-
tions as well as potential interactions with other pre-ex-
isting contaminants are all factors that need to be con-
sidered when predicting multiple stressor effects.

14.3.3   Contamination and Climate Change

Climate change is affecting salinity regimes in marine 
and estuarine environments through increases in the 
duration, frequency and strength of rainfall and storm 
events (Stauber et al. 2016). Changes in global atmos-
pheric carbon dioxide are linked to increasing ocean 
temperatures and decreasing pH which is termed ocean 
acidification (7 Chapter 11). Marine contaminants in-
teract with climate-related variables—salinity, temper-
ature and pH, and together they can have very differ-
ent effects on bioavailability, bioaccumulation and tox-
icity of the contaminant than if  the stressors occurred 
separately (Cabral et al. 2019). As discussed by Alava 
et al. (2017) and Cabral et al. (2019), the interactive ef-
fects may be driven by changes in climate variables that 
cause an increased risk of exposure or susceptibility to 
toxic effects (climate-dominated effects; . Figure 14.4) 
or they may be driven by contamination, where prior 
exposure causes increased susceptibility to climate var-
iables (contaminant-dominated effects; . Figure 14.4). 
Identifying dominance patterns as well as the type of 
interactive effects (additive, synergistic or antagonis-
tic) is crucial in resolving such complex interactions 
(Cabral et al. 2019).

Nutrients and chemical toxicants are among the 
most studied stressors in marine environments, but 
there is still limited testing of these in combination 
with temperature and pH (Schiedek et al. 2007; Crain 

eutrophic systems (e.g. Andersen et al. 2015). In con-
trast, the toxic effects of metals are less dependent on 
background environmental conditions and, therefore, 
these contaminants can reach thresholds at lower con-
centrations than nutrients (e.g. Samhouri et al. 2010).

Given the differing modes of action of nutrients 
and metals, we would predict antagonistic effects be-
tween these two stressors, with the enriching action of 
nutrients mitigating the toxic effect of metals up to a 
threshold when both become toxic. This effect has been 
found at different levels of biological organisation. For 
example, Lawes et al. (2017) found that microbial com-
munity evenness (a measure of diversity) and macro-
faunal abundances decreased when exposed to metal 
contaminated sediments, but increased when exposed 
to both experimental nutrient treatments (low and 
high enrichment levels). Potential mechanisms underly-
ing these measured responses include higher biological 
metabolic rates when exposed to nutrients that sustain 
detoxification processes and counteract toxic responses 
to metals (Sokolova and Lannig 2008). However, excep-
tions to this may include metal-tolerant species that can 
persist in highly contaminated sites regardless of nutri-
ent availability (Mayer-Pinto et al. 2010).

14.3.2   Trace Metals and Pesticides

The combination of metals and pesticides is a com-
mon mixture of contaminants in the marine environ-
ment, especially in habitats close to catchments used 
for agriculture. Metal pollution can originate from 
point sources (e.g. stormwater drains or industrial dis-
charges, as described above) or they may originate from 
diffuse sources that are comparatively difficult to iden-
tity (e.g. urban and agricultural runoff, boat harbours 
or historical activities) (7 Chapter 5). Pesticides typ-
ically occur through diffuse sources, originating from 
agricultural activities on land before entering freshwa-
ter streams and rivers that eventually flow into estuaries 
and marine waters (see 7 Chapter 7). Modern day pes-
ticides only persist in the environment for a few days or 
weeks. Although they degrade quickly, there are often 
high concentrations of these pesticides in the environ-
ment because they are applied in large quantities over 
broad areas and often repeated times in a single season. 
The application process is ineffective, and it has been 
suggested that only 1% of pesticide sprayed reaches tar-
get organisms while the remaining 99% enters the sur-
rounding soil, sediment and waterways (Stauber et al. 
2016). This may partly explain the high variability in 
the distribution and abundance of pesticides in receiv-
ing environments, which can be characteristically high 
in coastal bays but only at certain times of the year or 
in particular hot spots (O'Brien et al. 2016).

http://dx.doi.org/10.1007/978-3-031-10127-4_11
http://dx.doi.org/10.1007/978-3-031-10127-4_5
http://dx.doi.org/10.1007/978-3-031-10127-4_7
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Praunus flexuosus is reduced by nickel, chromium and 
zinc, but survival is further reduced at increased tem-
peratures and salinities (McLusky and Hagerman 
1987). The combined effects of heavy metals and tem-
perature or salinity is thought to interfere with the or-
ganism’s ability to osmoregulate thereby making them 
more susceptible to the toxic effects of the contami-
nants (McLusky and Hagerman 1987). Similarly, the 
effects of copper on brittle star (Amphipholis squamata) 
behaviour are dependent on temperature (Black et al. 
2015). Interestingly, a decrease in the toxicity of copper 
was detected with increasing temperature from 15 °C to 
25 °C (Black et al. 2015), suggesting predicted increases 
in sea temperatures could mitigate toxic effects of cop-
per for these organisms. Increasing nutrients in combi-
nation with decreasing pH have resulted in antagonistic 
effects on corals with slower growth rates when stress-
ors act independently compared to when they are com-
bined (Langdon and Atkinson 2005; Holcomb et al. 
2010; Chauvin et al. 2011).

At the community level, a study in Northern Ire-
land investigated interactive effects between nutrients, 
temperature (as a measure of ocean warming) and 
the presence of a non-indigenous seaweed (Sargassum 
muticum) (Vye et al. 2015). They found a strong antag-
onistic interaction between nutrient enrichment and the 
invasive species, with observed decreases in algal bio-
mass when enriched with nutrients but only in the ab-
sence of S. muticum. However, this antagonistic inter-
action was no longer evident when combined with in-
creased temperatures (Vye et al. 2015). If  antagonistic 
interactions no longer exist under future climate sce-
narios it not only makes the effects difficult to pre-
dict, but could also expose these habitats to risk of al-
gal blooms facilitated by high nutrient levels or further 
spread of non-indigenous species.

14.3.4   Three or More Stressor Interactions

To date, multiple stressor models have only focused on 
interactions between two stressors (Schafer and Piggott 
2018). However, in marine environments, and particu-
larly in urban and agricultural coastal marine habitats, 
many stressors are acting simultaneously (7 Box 14.1). 
Stressors in the marine environment have been accu-
mulating worldwide for decades and the first anthropo-
genic stressors were probably overfishing and untreated 
sewage, followed by pollution associated with industri-
alisation in the nineteenth Century (e.g. Jackson et al. 
2001). These historical stressors coupled with modern 
stressors such as climate change and non-indigenous 
species make it difficult to disentangle the impacts of in-
dividual stressors or specific combinations of stressors.

et al. 2008). Climate change alters the chemistry of 
the ocean, which can increase the bioaccumulation of 
chemical toxicants making organisms more suscepti-
ble to exposure (Alava et al. 2017). Temperature in-
creases metabolic rates, food consumption increases 
and the risk of exposure to chemicals associated with 
food sources also increases (Cabral et al. 2019). In a 
global review of literature based on urban marine and 
estuarine environments, we found only 37 of a total 579 
studies considered the combined effects of a climate-re-
lated variables (salinity, temperature, pH) and any 
other anthropogenic stressor (nutrients, chemical con-
taminants, non-indigenous species or built infrastruc-
ture; unpublished data from O’Brien et al. 2019). This 
knowledge gap is significant and needs to be addressed 
urgently as our climate is changing rapidly.

The few studies that have tested interactive effects 
of contamination and climate change highlight the 
need to understand these interactions at multiple bio-
logical levels (Cabral et al. 2019). For example, at the 
individual level, the survival of the mysid crustacean 

. Figure 14.4 Potential interactive effects of contaminants and 
climate change. Adapted from Alava et al. (2017) and Cabral et al. 
(2019) by A. O’Brien
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The multiple stressor framework includes chemi-
cal and physical stressors, which have been the focus of 
this chapter so far, but also biological stressors, such 
as non-indigenous species, and built infrastructure, 
such as aquaculture, boat harbours, marinas, piers, jet-
ties and groynes (see definitions in O'Brien et al. 2019). 
Many of these stressors are likely to act at different 
temporal and spatial scales. As a hypothetical example, 
a contaminant from a stormwater outfall that affects 
the marine environment in the immediate surrounding 
area may interact with a non-indigenous seaweed spe-
cies that occurs across the entire coastline. The seaweed 
species is prolific in cooler months but dies-off  in sum-
mer months when it becomes more susceptible to ris-
ing global ocean temperatures. The stressors in this ex-
ample (contamination from stormwater outfall, non-in-
digenous species and climate change) are occurring at 
multiple spatial (local, regional and global) and tem-
poral (season) scales. These issues of scale and stressor 
type (chemical, physical, biological or infrastructure) 
become more pertinent as the number of stressors in-
creases and needs to be specifically considered in any 
study or monitoring program (Downes et al. 2002; 
Mayer-Pinto et al. 2010).

A common approach to studying interactions be-
tween three or more stressors is surveys or correlation 
studies that relate biological change between impact 
and reference sites or along a gradient of impact. This 
approach identifies patterns, but not specific cause-ef-
fect relationships between stressor combinations and 
biological responses. For example, Stuart-Smith et al. 
(2015) studied community structure of  fishes and mo-
bile invertebrates on shallow reefs that were affected by 
metal contamination, surrounding human population 
density, proximity to sewage outfalls, the city port and 
the distribution of invasive species. They found reefs 
that were the most affected by these stressors had re-
duced mobile invertebrate abundances and reduced fish 
biomass. This effect was most prominent on reefs that 
were invaded by non-indigenous species (Stuart-Smith 
et al. 2015). This study provides a picture of the overall 
impact but does not identify the specific stressor com-
binations that were causing the effect. It is suggested 
that community-level field experiments, which manip-
ulate different combinations of stressors, are required 
to understand these underlying mechanisms (e.g. May-
er-Pinto et al. 2010; Chariton et al. 2011; O'Brien and 
Keough 2013; Birrer et al. 2018; Johnson et al. 2018) 
and inform the fundamental interactions between mul-
tiple stressors (Stuart-Smith et al. 2015).

Box 14.1: Contaminants, Boat Harbours and Non-indigenous Species

Contaminants in sheltered systems such as marinas and boat harbours are usually found at higher concentrations than 
in estuaries or open waters (e.g. Matthiessen et al. 1999). This is partly attributed to the construction of breakwaters 
and marinas as boat havens that reduce water-flow, trapping the contaminants that leach from antifouling paints on 
ship-hulls (Rivero et al. 2013; Schiff  et al. 2007). In addition, boat traffic inside sheltered systems can cause the re-sus-
pension of contaminants that have been entrapped in the sediment in these areas (e.g. Knott et al. 2009). Furthermore, 
boat harbours often have reduced levels of light in the water-column due to increased turbidity and artificial structures 
such as pier-pilings and pontoons that cause shade (e.g. Glasby 1999). Therefore, boat harbours, by reducing water cir-
culation and light and increasing numbers of vessels, can interact synergistically with contamination, affecting local 
marine communities.

Boat harbours can also contribute to the establishment and spread of non-indigenous species (see work from Piola 
and Johnston 2008; Johnston et al. 2017). In many countries, the majority of non-indigenous marine species are associ-
ated with vessel hull fouling as a vector of introduction, and hotspots of invasion have therefore been linked to the high 
level of vessel activity in boat harbours and marinas (Ware et al. 2014). These systems provide significant resources for 
invading species in the form of artificial substrate for recruitment (Dafforn et al. 2009, 2012) and also limit the sur-
vival of less tolerant native species because of increased contaminant exposure (Rivero et al. 2013). As a result, shel-
tered boat harbours present a complex multi-stressor environment where contaminants and infrastructure interact to 
increase opportunities for non-indigenous species and negatively affect native species. The interactive effects have yet to 
be assessed against stressor models, however we might expect contaminants to interact additively with infrastructure to 
increase the prevalence of non-indigenous species up to a threshold of toxicity or resource limitation.
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creasing human pressures), without exploring the re-
verse pathways following management actions geared 
towards recovery.

The interactions between multiple stressors can ex-
acerbate nonlinear responses of ecosystems to human 
impacts. This will limit their recovery capacity and re-
duce the likelihood that a system can retrace the same 
trajectory during restoration as during degradation. 
For example, fisheries exploitation and increased nu-
trient loadings jointly affect food webs and produc-
tion in estuaries via reductions in fish and shellfish bi-
omass, increased algae production and habitat degra-
dation (Breitburg et al. 2009). As a result, there could 
be specific levels of fish caught per unit effort and nu-
trient loadings that lead to threshold responses mak-
ing them resistant to restoration through fisheries and 
nutrient management (Breitburg et al. 2009; Scheffer 
et al. 2001). Maximising management outcomes relies 
on getting a relevant mechanistic understanding of the 
effects of multiple stressors at scales ranging from in-
dividuals to populations and whole ecosystems, indica-
tors of changes, tools, and models that can be used for 
early identification of thresholds.

Brown et al. (2013) have examined the effectiveness 
of management when faced with different types of in-
teractions between local and global (climatic) stressors 
in seagrass and fish communities. They showed that for 
additive effects, reducing the magnitude of local stress-
ors should lead to a corresponding increase in the re-
sponse of interest allowing for straightforward expecta-
tions of the response to management and conservation 
actions. In contrast, mitigation of stressors involved 
in synergistic or antagonistic interactions with global 
stressors will lead to greater than or less than (respec-
tively) predicted results based on additive models. An-
tagonistic stressors create management challenges, as 
all or most stressors would need to be eliminated to see 
substantial recovery, except in cases where the antago-
nism is driven by a dominant stressor, such that miti-
gation of that stressor alone would substantially im-
prove the state of species or communities. In contrast, 
synergisms may respond quite favourably to removal of 
a single stressor as long as the system has not passed a 
threshold into an alternative state (Hobbs et al. 2006).

14.5   Summary

There are very few ecosystems across the world that 
can be considered impacted by a single stressor (Van 
Den Brink et al. 2019). In the marine environment, the 
occurrence of multiple anthropogenic stressors is the 
new normal (Halpern et al. 2007). Pollution is one of 
the most important stressors affecting the marine envi-
ronment, but it should no longer be considered in iso-

14.4   Management of Multiple Stressors

Coastal systems worldwide are threatened by multiple 
anthropogenic activities, including urban development, 
organic and inorganic pollution, over-exploitation of 
resources, dredging and dumping, and invasive species 
(Lotze et al. 2006; Airoldi and Beck 2007). When cou-
pled with climatic instabilities, localised cumulative hu-
man perturbations create new regimes of disturbances 
that greatly affect the stability, resilience and productiv-
ity of ecosystems (Cimon and Cusson 2018; Piola and 
Johnston 2008; Sauve et al. 2016). Nonetheless, marine 
management has often focused on one impact at a time 
(Beaumont et al. 2007) instead of taking a more holistic 
approach. The shortfalls of this approach are becom-
ing evident, with only about 7% of the world’s oceans 
designated as protected (UNEP-WCMC and IUCN 
2020). With current management processes so strongly 
focused on working in an impact-by-impact frame-
work, there are entrenched scientific, cultural and insti-
tutional challenges to shifting those processes toward 
ecosystem-based management and marine spatial plan-
ning, which address multiple human uses of the ocean, 
their cumulative impacts and interactive effects (Halpin 
et al. 2006).

To attain sustainability, it is necessary to understand 
how natural systems are affected by multiple stressors 
and can respond to management interventions that aim 
to achieve multiple goals (Dafforn et al. 2015). These 
concepts are especially relevant when managing ecosys-
tem resilience. If  the ability of systems to withstand (i.e. 
resistance) and/or recover (i.e. resilience) from distur-
bances is progressively eroded by cumulative impacts, 
the system becomes vulnerable to regime shifts. These 
shifts are critical transitions that are characterised by 
different sets of structures, processes and values (Schef-
fer et al. 2009), which can lead to ecosystem collapse. 
Indeed, the European Union Marine Strategy Frame-
work Directive (2008/56/EC) calls for the urgent estab-
lishment of coherent and coordinated programmes of 
measures to contain the collective pressure of human 
activities within sustainable levels. A philosophy of re-
generative intervention (7 Chapter 15) is required be-
fore sustainability can be realised.

The first step towards the management of multi-
ple stressors is to identify thresholds and trade-offs. 
A threshold can be set as the level of human-induced 
pressure (e.g. pollution) at which small changes pro-
duce substantial improvements in protecting an eco-
system’s structural (e.g. diversity) and functional (e.g. 
resilience) attributes (Samhouri et al. 2010). This ap-
proach is based on the detection of nonlinearities in re-
lationships between ecosystem attributes and pressures. 
These relationships, however, are known in only a few 
cases, and they often focus on one direction only (in-

http://dx.doi.org/10.1007/978-3-031-10127-4_15
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2. Describe a synergistic interaction and an antago-
nistic interaction in your own words. Explain what 
type of interaction would be of more concern.

3. Draw a graph showing possible interactions be-
tween nutrients and trace metals. Show a response 
variable on the y-axis and stressors on the x-axis.

4. Explain why understanding the interaction between 
climate change and contamination is challenging. 
Include an example to illustrate your answer.
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