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Climate change refugia and adaptation are two important mechanisms by which species may 

survive ongoing climate change (Moritz et al., 2013). However, how these two mechanisms interact is 

poorly understood. The goal of this paper is to explore their interaction, focusing specifically on 

ocean acidification refugia.

The oceans have absorbed approximately one third of the anthropogenic carbon dioxide 

emissions since the beginning of the industrial revolution (Sabine et al., 2004) posing a serious threat 

to many marine species by changing ocean chemistry, resulting in a lower pH and carbonate 

saturation state of seawater, a phenomenon called ocean acidification. This phenomenon is known to A
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adversely impact physiological processes, biodiversity, trophic interactions and other ecosystem 

processes (Gattuso & Hansson, 2011). As many species may not be able to cope with the 

unprecedentedly fast ocean acidification via timely adaptive responses (Uthicke et al., 2013; 2019), 

they may need refugia to survive.   

Refugia have the ability to retain environmental conditions suitable for particular species when 

regional or global changes cause surrounding areas to become inhospitable (Keppel et al., 2012). 

Refugia therefore have the potential to facilitate in-situ persistence of species threatened by 

anthropogenic climate change (Ashcroft, 2010; Keppel et al., 2012). However, this ability is often 

dependent on the amount of stress introduced by environmental change and the capacity of refugia to 

retain suitable conditions (Keppel et al., 2015; Fig. 1).

Similar to other types of marine climate change refugia (Kavousi & Keppel, 2018), ocean 

acidification refugia have been confused with other phenomena, including adaptation and 

acclimatization. It is because of this confusion that both upwelling zones and upwelling-shielded 

microclimates (Fig. 2) are considered ocean acidification refugia (see Kapsenberg & Cyronak, 2019). 

However, refugia are defined as natural entities with long-term favorable conditions that species can 

retreat to and persist in (Keppel et al., 2012). Therefore, so-called ‘small-scale operative refugia’, 

which are costly management practices that may have potentially negative effects on non-target 

species (Kapsenberg & Cyronak, 2019 and references therein), should not be treated the same as cost-

effective, natural refugia (Fig. 2). 

Similarly, so-called ‘adaptive refugia’ are ‘often exposure hotspots’ with unfavorable 

fluctuating conditions (Kapsenberg & Cyronak, 2019). They force species adaptation/acclimatization, 

which is a mandatory response to a current stress, and not necessarily a preparation for future 

increased stress levels. Such environments are non-refugia, with no capacity to provide any degree of 

protection against ocean acidification, as opposed to low-capacity refugia that offer at least some 

protection for several decades (Fig. 1). 
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There are a number of major issues with areas mistakenly called adaptive refugia. For 

example, upwelling areas have no buffering power against ocean acidification, while long-term 

buffering is a major criterion for identifying any type of climate change refugia (Keppel et al., 2012 

and references therein; Kavousi & Keppel, 2018). Moreover, such environments are experiencing 

increased acidification rates (see Kapsenberg & Cyronak, 2019), even more rapidly than in their 

surroundings (e.g., Feely et al., 2008), reducing their already minimal refugial capacities; that is, the 

ability of the refugia to mitigate the magnitude, duration, and increased rate of stressors (Kavousi, 

2019). Furthermore, the species in the surrounding environments, in which, ironically, the 

acidification is less unfavorable, are unlikely to move to these exposure sites, unless they are 

acidification-tolerant and/or escaping from other equally devastating stressors, such as global 

warming. Because of these unfavorable conditions, some species living in such exposure places may 

already be struggling to persist. Especially, because these exposure hotspots are usually accompanied 

by secondary non-biological (e.g., hypoxia) and biological (e.g., bioeroders) stressors that can result 

from increased seawater CO2 and ocean acidification that make the species more vulnerable to further 

stressors, including climate-change-induced marine diseases (e.g., Gattuso & Hansson, 2011 and 

references therein; Melzner et al., 2013; Schönberg et al., 2017). Such biological threats can minimize 

the chance of species benefiting from refugia (Kavousi, 2019). Lastly, so-called adaptive refugia are 

chosen based on the physiological abilities of species to cope with stressors (Kapsenberg & Cyronak, 

2019) and not according to refugia identification criteria, potentially misleading ecosystem managers. 

For example, the northern Red Sea was considered to be a global warming refugium based on the high 

tolerance of its coral species (i.e., physiological adaptation and acclimatization; Fine et al., 2013). 

However, when attention shifted from the species’ thermal tolerance to the refugial capacity of the 

sea, it became clear that this area might not be an effective long-term refugium due to a rapid increase 

in marine heat waves which was previously overlooked (Genevier et al., 2019). A simple strategy to 

avoid such confusion is bearing in mind that refugia can be identified even when they are not 

inhabited (or their communities are excluded), because the environmental characteristics of those 

habitats are monitored (Kavousi & Keppel, 2018; Fig. 2). However, locations enhancing species 

resistance and resilience cannot be pinpointed in the absence of target species because the focus is on 

their species’ performance. (see Kapsenberg & Cyronak, 2019). A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Current knowledge would suggest an inverse relationship between species adaptation potential 

and refugial capacity. Populations in the most effective refugia are those least exposed to stressors 

(Fig. 1). Therefore, refugia species may generally be more vulnerable than non-refugia populations 

that have historically lived in more exposed (harsh or fluctuating) conditions because they have lower 

stress thresholds (e.g., Smith et al., 2015). However, the ability of refugia species to adapt/acclimatize 

to future stressors, assuming this is within their physiological capabilities, depends on the refugial 

capacity of the refugia in which they live. The more effective a refugium, the lower the chance of its 

species adapting/acclimatizing because adaptation is required in the face of stressful conditions, 

which they are unused to (Fig. 1). Jansson (2003) proposed that many endemic species that evolved 

under long-term, stable climatic conditions could face local extinctions, despite the fact that such 

areas would warm less. Similarly, the long-term stability of climate change refugia could leave a 

species vulnerable if they were to collapse. Such a phenomenon would be possible because ecosystem 

changes are unlikely to appear gradually, being dependent on tipping points and thresholds (Scholze 

et al., 2006).

As has been accepted and applied to other ecosystems (e.g., see Selwood et al., 2019), 

Research is needed to differentiate marine climate change refugia from other locations that enhance 

species resistance and resilience ( while considering potentially rapid declines in refugial capacities 

due to environmental changes that expose certain species to local extinction cascades. Since high 

capacity marine refugia may be rare (Kavousi & Keppel, 2018), to prioritize marine refugia for 

conservation, the interactions among the capacity of refugia, multiple stressors including biological 

interactions, species adaptation and management strategies should be taken into account (Kavousi, 

2019).
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Figure legends 

Fig. 1 General relationships between refugial capacity (blue/light triangle), stress (red/dark triangle), 

and chance of refugial species adaptation (green/curved line) over time. Note that adaptation 

potential, like the refugia, is taxon-specific.  

Fig. 2 The reasons why not every location is an ocean acidification (OA) refugium.   
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