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Abstract

Greenhouse gas emissions are warming the ocean with profound conse-
quences at all levels of organization, from organismal rates to ecosystem
processes. The proximate driver is an interplay between anthropogenic
warming (the trend) and natural fluctuations in local temperature. These
two properties cause anomalously warm events such as marine heatwaves
to occur with increasing frequency and magnitude. Because warming and
variance are not uniform, there is a large degree of geographic variation
in temporal temperature variability. We review the underappreciated in-
teraction between trend and variance in the ocean and how it modulates
ecological responses to ocean warming. For example, organisms in more
thermally variable environments are often more acclimatized and/or adapted
to temperature extremes and are thus less sensitive to anthropogenic heat-
waves. Considering both trend and variability highlights the importance of
processes like legacy effects and extinction debt that influence the rate of
community transformation.
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INTRODUCTION

For most of the last 10,000 years, the physical conditions in marine ecosystems have been nearly
stationary. Stationarity does not mean unchanging (Ryo et al. 2019). It means that you can think of
each year’s temperature as being drawn from a probability distribution with a stable mean and stan-
dard deviation. Changes occur, but they occur through natural variation around the mean. These
variations can come from daily shifts in the weather and longer-term, large-scale modes of cli-
mate variability like the El Nifio Southern Oscillation (ENSO) or, the Pacific Decadal Oscillation
(PDO).

Marine communities are made up of species that are adapted to the prevailing local conditions.
Thermal conditions can be characterized by the mean temperature, the amplitude of the annual
cycle, and the interannual variability. These characteristics of ocean temperature strongly influ-
ence countless aspects of the physiology and ecology of marine organisms, the composition and
diversity of marine communities, and even the structure and dynamics of marine food webs.

To characterize these features globally, we used monthly sea surface temperature data from
the National Oceanic and Atmospheric Administration extended reconstructed sea surface tem-
perature data set to identify the month for every location where the maximum temperature is
typically observed. The difference in temperature between the warmest and coolest month shows
a strong latitudinal gradient, with seasonal amplitude increasing from the equator to the poles
(Figure 1a). The seasonal amplitude is then further elevated in the northwest Pacific and north-
west Atlantic due the influence of the continents on the weather. A similar latitudinal pattern
exists in the interannual variability over the period 1982-2020 during the locally warmest month
(Figure 1b). However, regions like the eastern tropical Pacific stand out as a region of elevated
variance, reflecting the strong influence of ENSO.

The community of species at a location reflects the region’s inherent natural variability. For
example, in the absence of intense fishing, Atlantic and Pacific cod are large and long lived. Their
large body size allows them to produce huge quantities of eggs (Barneche et al. 2018), and their
long life spans give them many years of attempted reproduction. These traits allow them to be suc-
cessful in the highly variable, boom-or-bust conditions of their subpolar environments (Pershing
& Stamieszkin 2020).

Climate change is now shattering any assumptions of stationarity. Since 1900, the oceans have
absorbed 3 x 10% J of energy trapped by human-caused greenhouse gas emissions (Cheng et al.
2021). At the surface, the spatial fingerprint of ocean warming is not uniform. Since 1982, the
regions around the North Atlantic subpolar gyre have warmed at an above average rate while
the center of the gyre has cooled (Figure 1c¢). This pattern has been linked to a slowdown in the
Atlantic meridional overturning circulation (Caesar et al. 2018, 2021). The Mediterranean and
North Pacific have also warmed rapidly. At the same time, the Southern Ocean and eastern tropical
Pacific have cooled somewhat. The cooling in the Southern Ocean is likely due to an increase in
wind-driven transport of sea ice (Haumann et al. 2020), while the pattern in the tropical Pacific is
most likely due to the fact that the last few years of data collection occurred during the cool phase
of the PDO.

The purpose of this review is to advance our understanding of how marine ecosystems
have changed and will change in response to climate change. We are specifically interested in
understanding the limitations of current approaches and identifying experimental, conceptual,
and theoretical approaches necessary to understand the new ocean. A key theme of our review is
that climate change in the ocean is both smooth and spiky. By smooth, we mean that there are
clear temperature trends driving change. For example, Harris et al. (2022) interpreted warming
as a press perturbation. By spiky, we mean that there is natural, inherent variability on top of the
trend. The smooth trends and spikes from variability interact, and understanding how processes
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Figure 1

Sea surface temperature conditions (°C) around the world. () Seasonal amplitude defined as the difference
between the warmest and coolest months at each location in the 1982-2011 climatology. (4) Standard
deviation of annual temperatures in the warmest month over the period 1982-2020. (¢) Linear trend in
temperature in the warmest month. Methods based on Pershing et al. (2019) and described further in the
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within organisms and communities filter these interactions is the key to understanding how
marine ecosystems will change over the next century.

We begin by considering how organisms and communities adapt or adjust to both smooth and
spiky changes. We then review processes including legacy effects and extinction debt that influ-
ence the rate at which communities adjust to changes in the physical environment. We consider
processes that serve as constraints that limit the ability of species to move horizontally or vertically
to track changes. Finally, we conclude with a synthesis and research recommendations.

HEATWAVES, ADAPTATION, AND THE CENTRAL
ROLE OF VARIABILITY

One of the fundamental aspects of evolution is that organisms are adapted to the historical con-
ditions in their environment. Traditionally, ecologists have been able to focus on variability in the
physical conditions in their systems of study. Variability is one factor that influences the combi-
nation of species and traits in a community. Variability also introduces the possibility of extremes
or spikes that function as pulse perturbations and can have an outsized impact on communities
(Yang et al. 2008, Harris et al. 2022). This suggests that we need to think about warming and other
smooth changes relative to the variability inherent in the system.

The upward trend due to global warming is making extreme events ever more likely.
Pershing et al. (2019) considered how trend and variability interact to produce unusual temper-
atures. They considered the variability as an inherent feature of the ecosystem and the warming
trend as an external driver of change. The same temperature trend will lead to a greater chance
of an extreme in a lower variability ecosystem than in a high variability environment. Most ocean
locations have warming trends near 0.02°C/y and variance around the trend near 0.3° during their
warmest months of the year (Figure 24). These conditions, which currently exist off South Africa,
mean that an extreme temperature (defined as monthly temperature exceeding the 95th percentile
relative to the 30 year mean) should occur four times more frequently in today’s climate than in
the past (20% instead of 5%). Regions like the Galapagos and the Channel Islands, United King-
dom, that have weak trends and historically high variability had little change in the probability
of these extremes over the time period considered. Several regions with strong trends had very
high probabilities of extremes. The Gulf of Maine (trend = 0.054°/y, variability = 0.9°) should
experience an extreme 30% of the time. While the Eastern Caribbean and Eastern Mediterranean
have lower trends (0.034°/y and 0.045°/y, respectively), their relatively low temperature variability
(0.5° and 0.6°, respectively) lead to a higher (36%) chance of extremes.

Thermal stress has led to the mortality of benthic foundation species in each of these three
regions with a high probability of temperature extremes. For example, populations of seagrass
(Posidonia oceanica) endemic to the Mediterranean experienced leaf necrosis and shoot mortality
during a period of high sea surface temperature in summer 2021 (Stipcich et al. 2022). Future
losses of up to 75% of seagrass habitat in the Mediterranean are projected from climate models
(Chefaoui et al. 2018). Mass mortalities of gorgonians and 24 other sessile invertebrate species
coincided with anomalously high temperatures across 6 areas of the Mediterranean Basin in 2003
(Garrabou et al. 2009). In the Caribbean, coral reefs have been subjected to more than a century of
warming (Bove et al. 2022) and thus multiple episodes of coral bleaching and mortality beginning
in the mid-1980s (Eakin et al. 2009, Selig et al. 2010, Muniz-Castillo et al. 2019). In the Gulf of
Maine, die-offs of kelp were observed at an offshore ledge during heatwaves in 2012 and 2016 that
contributed to a decline in kelp density (Witman & Lamb 2018). Overall, the exceptional pace of
warming in the Gulf of Maine has led to an increase in temperate species and a loss of subarctic
species (Pershing et al. 2021).
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Figure 2

Interaction between trends and events. (#) Distribution of interannual standard deviation in sea surface temperature (°C) during the
warmest month plotted against trend over the period 1982-2020. The shaded hexagons indicate the number of 2°-by-2° ocean regions
with the combination of standard deviation and trend. The ovals highlight the conditions in specific regions of interest. The shading
and size of the ovals indicate the change in the probability of a 5% event assuming a static baseline. For example, the strong trend and
low variance mean that the Eastern Mediterranean currently has a 36% chance of exceeding this threshold. Methods are based on
Pershing et al. (2019) and described further in the Supplemental Material. () Diagram depicting how trend and variability interact to
produce events. The yellow region represents the interannual variability around the mean (dashed line). The solid black line indicates
the actual temperature in each year. The three events highlighted by colored circles all have the same temperature. Initially, this is an
extreme such as a heatwave that is well outside the variance (red circle). The onset of warming brings the second event (b/ue circle) to the
edge of the variance, and continued warming means that the third event (green circle) corresponds to the expected mean.

One of the ways that the trend and variability are currently interacting in the ocean is in the
formation of marine heatwaves. Marine heatwaves are commonly defined as five or more consecu-
tive days above the 90th percentile temperature for that day (Hobday et al. 2016). This definition
has been applied by more than 800 studies referring to marine heatwaves. For temperature, there
is strong evidence that variability is not changing (Alexander et al. 2018) and that the increase in
marine heatwaves is not being driven by an increase in variance (Oliver et al. 2021).

The biggest challenge of using the Hobday et al. (2016) definition is determining how to define
the baseline thatis used to define the temperature thresholds. In most studies, the baseline is based
on a fixed 30-year reference period (for example, 1981-2010). When compared to a fixed baseline
period, the number of heatwave days increases as the local mean temperature increases (Oliver
et al. 2018). The increase in heatwaves defined in this way is particularly prominent in climate
projections. For example, Frolicher et al. (2018) estimated that a marine heatwave that would
occur with probability 0.01 in a preindustrial baseline climate would occur with probability 0.4 in
2080 under high CO, emissions.

Jacox (2019) argued that a fixed-baseline approach muddies the understanding and interpre-
tation of marine heatwaves. They point out that at present, El Nifio events are a major driver
of marine heatwaves in the eastern Pacific. However, under a fixed baseline approach, eventually
La Nifia conditions could produce heatwave conditions. Understanding the consequences of a
baseline is particularly important when considering the biological impacts of marine heatwaves
or ecological surprises (Oliver et al. 2018, Pershing et al. 2019). A short baseline period that is
updated frequently would identify events that are likely to have an impact on a system that can
adjust quickly, while a longer baseline period may be appropriate for slower-adjusting systems or
for long-lived species (Oliver et al. 2021).
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We show an idealized interaction between a smooth warming trend and variability (Figure 25).
In this conceptual model, we assume that variability does not change. This assumption is consistent
with analyses based on observations and models that suggest that temperature distributions do not
change in response to warming (Alexander et al. 2018) and that the increase in marine heatwaves
is not being driven by an increase in variance (Oliver et al. 2021). While temperatures are likely
best approximated solely by a shift in the mean, this is not true for all environmental variables.
For example, ocean warming increases the probability of tropical cyclones reaching higher storm
categories (Kossin et al. 2020). This will potentially lead to increased variance in storm-driven
disturbance. In the model shown in Figure 25, a temperature spike or heatwave occurs at the first
labeled point. These conditions push the system beyond the historical range. This event is likely
to have a strong impact on the system, especially if it comes during a critical season or during the
warmest part of the year. Because of the trend, this temperature extreme is likely to occur again in
a few years. Under a fixed baseline model, we would expect this event to have the same impact as
the first event. However, it is possible that the first extreme event altered the system, for example,
by extirpating a previously common species, so that it leads to less noticeable changes. Finally,
within a few years of additional warming, what was once an extreme is now the mean.

The process by which organisms and thus communities respond to repeated events is central
to understanding the ecology of climate change in the ocean. Changes to species composition in
response to frequent disturbance can lead to increased resistance to future events. If the return
time of heatwaves and other disturbances is shorter than the time needed for population recov-
ery, impacts can decline as disturbance-sensitive individuals and species are weeded out of the
community.

Individuals, populations, and communities that inhabit locations where environmental condi-
tions are inherently variable are often more resistant to acute, extreme events. This hardening
via exposure to extreme conditions can arise from a wide variety of mechanisms. At the individual
level, acclimatization or hormetic priming (Costantini 2014) to environmental extremes can occur
(simultaneously) via numerous pathways including epigenetic mechanisms, such as DNA meth-
ylation, and changes in the associated microbiome of an organism (Stillman 2003, Putnam 2021,
Somero 2010). These phenotypic changes can sometimes, to a limited degree, be passed onto off-
spring (Byrne et al. 2020, Putnam 2021). Populations can become less sensitive to extremes via
the cumulative acclimatization of constituent individuals and also through selection for genotypes
that are phenotypically plastic or less sensitive to the stressor (Somero 2010). Natural selection
for resistant genotypes is also a widely demonstrated mechanism that can reduce population-level
sensitivity to extremes.

At the community level, acute events can reduce the abundances of sensitive species through se-
lective mortality based on their physiological, morphological, or life history traits. Such selection
of resistant species is a common community-level response to severe disturbance that simulta-
neously increases resistance and alters species and trait composition (and subsequently ecosystem
functioning). The combination of these (and other) mechanisms that underlie increased resistance
following a disturbance event or period of variable conditions is sometimes referred to as a legacy
effect or ecological memory. An example is the reduced sensitivity of tropical coral communi-
ties to subsequent events following hurricanes or heatwaves (Witman 1992, Stuart-Smith et al.
2018, Edmunds 2019, Hughes et al. 2019). The implications of this adaptation to environmen-
tal variability—essentially made possible by ecological variability (i.e., acclimatization, adaptation,
changes in species composition, etc.)—are that ecological history matters and thresholds change
over time. This means that the impact of the same temperature (e.g., the three events in Figure 25)
becomes less noticeable with each successive occurrence.
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RATE PROCESSES PREDICTING GLOBAL CHANGES
IN MARINE BIODIVERSITY

Temperature extremes are causing local extinctions and colonizations that are subsequently lead-
ing to rapid changes in the geographic ranges of marine species. Typically, species ranges are
shifting toward higher latitudes, away from warmer areas where heat waves have exceeded organis-
mal thermal thresholds (causing local extirpations). Cumulatively, ongoing range shifting of many
(and possibly most) marine species is changing regional-to-global patterns of species richness and
composition.

A variety of approaches have been used to forecast changes in global patterns of marine biodi-
versity in the near- to mid-term future (i.e., 2050-2300) under different emissions scenarios. All
published models assume a smooth future of gradual change, they assume that species declines are
due to the trend rather than infrequent extremes (variance), they do not consider geographic vari-
ability in temporal variability (spatiotemporal variance), and they assume that dispersal and range
expansion is smooth (and largely unlimited). These shortcomings—all based on a gradual change
mindset in which past and future variance is regionally homogeneous—may have substantially
affected study outcomes.

Most projections of future changes in species distribution or community properties like rich-
ness are based on models that are fundamentally equilibrium theories. Species distribution models
based on thermal niches assume that species track their preferred temperature conditions as they
move poleward during warming. While these models may be appropriate for end-of-century con-
ditions (an assertion that is fundamentally untestable), they are clearly inadequate for predicting
the response to marine heatwaves. For example, many squid species are able to rapidly track
changes in temperature. Longfin squid moved into the Gulf of Maine during the 2012 heatwave
(Mills etal. 2013), and Humboldt squid extended their range 1,000 km during the series of El Nifio
events in the early 2000s (Zeidberg & Robison 2007). However, many benthic invertebrates do
not have this ability. Their distributions shift due to differential reproductive success and mortality
combined with dispersal. This process is much slower and may be constrained by other ecosystem
changes. The difference in the rate at which species can move is creating novel communities with
properties that have not been studied or even predicted.

Other equilibrium theories such as macroecological predictions relating diversity to temper-
ature or even the distribution of biomes face similar problems (e.g., Allen et al. 2002, Rombouts
et al. 2011). These concepts or relationships were based on observations of ecosystems that had
experienced a long period of stationary conditions (bounded variability on top of a stable mean).
The community of organisms had the opportunity to adjust to the prevailing conditions. These
theories suggest where the community at a location may be headed under a certain temperature
change, but they do not indicate how long it will take to get there or what the community will
look like in the intervening years. For example, several climate scenarios such as Shared Socio-
economic Pathways (SSP) 1-2.6, reach a stable global mean temperature later in the century. We
would expect communities to reach the ideal conditions envisioned by equilibrium theories years
to decades after the temperature stabilizes. Scenarios like SSP3-7.0 project continued warming
throughout the century. Theories that assume stationarity or equilibrium conditions should be
used cautiously in these conditions, yet most projections include them.

All published efforts to forecast future geographic patterns of species richness essentially pre-
dict the future distributions of real or simulated species from current estimated thermal tolerances
or observed or expected rates of migration. Although these environmental niche models (ENMs)
or bioclimate envelope models are powerful and appealing, they have several limitations. For ex-
ample, species-specific thermal sensitivities are based on extant distributions, geographic affiliation
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with temperature, and the assumption that temperature is largely controlling population distribu-
tions. Additionally, species migrations are sometimes assumed to match the climate velocity (i.e.,
changes in surface isotherms) of temperature or other factors. It is clear that for many species,
resource limitation, enemies (predators, competitors, parasites, etc.), the presence of mutualists,
and myriad other factors strongly influence distributions and colonization success. ENMs gener-
ally also fail to account for adaptation or acclimatization, thereby overestimating local extinction.
Thus, some approaches probably overestimate both extinction and migration success and likely
exaggerate changes in richness and turnover (i.e., compositional shifts).

Historically, marine species richness was highest in warm equatorial seas, especially in the west-
ern equatorial Pacific. Generally, marine biodiversity forecasts predict declines in species richness
in at least part of the equatorial seas and gains in higher latitudes (Chaudhary et al. 2021). Species
invasions and extinctions are both generally predicted to be greatest in the Arctic. Although local
extinctions for tropical marine species are predicted to be high, most models predict that a sub-
stantial fraction will shift their ranges to higher latitude, thereby avoiding global extinction. All
published studies forecast a rapid global redistribution of marine species and consequently high
degrees of turnover and compositional change. In all cases, the degree of change is strongly de-
pendent on the emissions pathway and magnitude of environmental change. However, the timing,
extent, direction, and geographic patterns of changes in marine species richness are surprisingly
study specific and highly dependent on assumptions about specific factors causing mortality (e.g.,
deoxygenation versus thermal stress), the capacity of species to shift their ranges poleward, and
possibly other aspects of study design.

The first global-scale effort to model the geographic redistribution of species (Cheung et al.
2009) was based on an ENM that used known ranges and temperature affinities combined with
climate models to forecast future distributions of commercially harvested fishes and the resulting
geographic patterns of extinctions and invasions. The model is relatively sophisticated in that it
incorporated population dynamics and projected larval dispersal based on known current patterns
and pelagic larval duration and estimated dispersal distance. The Cheung et al. (2009) model pre-
dicted that invasions will be far more likely in the Arctic and in areas of the Southern Ocean.
Extinction frequency was more spatially variable but generally highest in the Southern Ocean,
warm equatorial seas (especially the central and western Pacific), and the North Atlantic. Thus, the
greatest species turnover and changes in richness were predicted to occur in the fastest warming
and coolest marine region.

A follow-up study (Jones & Cheung 2015) using a similar approach but based on an ensemble
of ENMs predicted similar patterns of extinction and colonization for 802 commercially har-
vested species. Under the high emissions scenario [representative concentration pathway (RCP)
8.5] extinction probability by 2050 was 12% in tropical seas (between 10 N and 10 S latitude) and
4% globally. Indicative of the model’s high confidence in species’ capacity to shift their ranges
poleward, 97% of species did so at a median rate of 26 km per decade.

Garcia Molinos et al. (2015) expanded on this work, using an ENM to project the future
distributions of 12,796 species from 23 phyla, most of which were not commercially harvested
(Figure 3). The study included sessile species such as bryozoans, bivalves, and corals. Although
it was dominated by fishes (9,475 of the 12,796 species) some, including butterflyfishes, wrasses,
and other benthic species, are relatively site attached. Like the models in Cheung et al. (2009) and
Jones & Cheung (2015), the Garcia Molinos et al. (2015) model projected high extinction fre-
quencies in tropical seas, especially the coral triangle region around Indonesia. They also found
extensive and rapid poleward range shifts and high invasion frequency by 2100 under RCP 8.5,
especially in the Arctic but also in the tropical western Pacific.
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permission from Garcfa Molinos et al. (2015).

The challenge of viewing ocean ecosystem changes through a smooth or equilibrium view
can be illustrated using the concept of climate velocity. Pinsky et al. (2013) documented range
shifts in commercial fish and invertebrates associated with temperature changes. They concluded
that these species are following isotherms, meaning they are moving at the climate velocity. The
challenge with interpreting this result is in understanding exactly the timescales involved. By con-
sidering the climate velocity and distribution shifts over many decades, their study takes a smooth
view of ocean ecology. Studies of the same data that consider higher frequency variability find a
diversity of responses to temperature, with some species tracking conditions and others lagging
(Schuetz et al. 2019).

It is also worth considering whether the smooth view of species distribution changes will
continue to hold. The conclusions of Pinsky et al. (2013) apply to a period (1968-2011) when
global temperatures were rising at 0.16°/decade (see Supplemental Material). Over the follow-
ing decade, the rate of global warming increased to 0.22°/decade. A key question is, At what rate
of change can key species assemblages move together? Revisiting some of the foundational papers
on range shifts and climate change as global warming accelerates would provide insights into these
mechanisms.

In essence, the ENMs project the state that ecosystems should tend toward, assuming past
processes are still valid. What they are unable to capture is whether communities will be able to
keep up with the idealized state. This is especially true under the high CO; scenarios like RCP
8.5 in which change is rapid and continues throughout the century. Understanding the processes
that determine the rate of community transformation is therefore critical to understanding when
or even whether these long-range projections actually apply. The rate of change in ecosystems is
closely tied to the history in that community.

TEMPORAL DYNAMICS

Ecosystem history is encapsulated in the temporal dynamics of communities, with an effect
emerging sometime after prior exposure to a stressor described as a legacy effect and the length
of time between the exposure and the effect as a time lag (Essl et al. 2015, Ryo et al. 2019).
Ecological memory refers to the ability of past experiences to explain present or future responses
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of an ecological system (Ryo et al. 2019), while extinction debt is a type of a legacy effect leading
to the local extinction of species (Tilman et al. 1994, Kuussaari et al. 2009).

Long-lived organisms experience multiple temperature anomalies (spikes) superimposed on a
trend of increasing temperature (Figure 2b). The initial exposure to a temperature anomaly may
have a greater impact than subsequent anomalies. At the individual level of organization, shocks
from initial temperature anomalies could lead to reduced growth and reproduction and higher
mortality relative to subsequent anomalies (spikes). This may result in demographic changes such
as reduced population growth rates and recruitment and smaller population sizes. The effect of
winnowing individuals of different species killed by the initial anomaly may be manifested in
changes in species composition and diversity at the community level. Since regional marine ecosys-
tems vary widely in terms of the magnitude of temperature anomalies and the frequency at which
they recur (Figures 1 and 24), it is possible that regional variation may underlie legacy effects.

The frequency of disturbance from episodic temperature anomalies defines the return time of
the stressor and the capability to recover (White & Jentsch 2001, Witman & Dayton 2001). Organ-
isms living in ecosystems experiencing a high frequency of temperature anomalies may experience
residual effects of antecedent anomalies. Time lags can vary from days to years depending on the
physiology and thermal sensitivity of the organism and level of ecological organization. Physi-
ological stress may be imposed with the shortest time delay, such that mortality and its ultimate
effects on community change (Pratchett et al. 2008, Rhoades et al. 2023) and range shifts (Hiddink
et al. 2015) may be lagged by weeks to years from the event.

Although multiple large temperature anomalies are typically attributed to negative ecological
effects (Garrabou et al. 2022), there is some evidence that multiple anomalous warming events
closely spaced (clustered) in time have less-deleterious effects than randomly spaced ones (Dal
Bello et al. 2017) or than those that recur at low frequency. Indeed, ecological legacy effects may
be positive from an evolutionary standpoint if they precondition individuals to environmental
change, leading to acclimation, adaptation, or rapid evolution. Recent studies of thermal shocks
in coral reefs (Pratchett et al. 2008, Hughes et al. 2019, Hackerott et al. 2021) highlight legacy
effects. For example, in a review of ecological memory in corals, Hackerott et al. (2021) found that
colonies with prior stress exposure (temperature shocks, bleaching) bleached less severely during
subsequent periods of anomalously high temperatures. This type of positive legacy effect varies by
coral species and the composition of the coral symbiont community (Claar et al. 2020) and with
the magnitude and duration of the thermal anomaly. However, the generality of positive legacy
effects of temperature spikes remains unknown, as prior exposure to high temperatures can also
lead to coral mortality on the second exposure (Grottoli et al. 2014) or have no effect (Hughes etal.
2017). Species-specific legacy effects may influence coral diversity and dominance in the long run
by winnowing sensitive species or by increasing the abundance of species responding positively to
prior thermal anomalies. The loss of reef structures from coral bleaching creates legacy effects in
reef fish communities (Garpe et al. 2006, Pratchett et al. 2008), with declines in the abundance and
diversity of coral-reef fishes lagging by 3 years or more after the initial thermal disturbance. These
studies attributed changes in reef fish assemblages to the delayed effect of structural collapse of
dead corals, which reduces overall topographic complexity of coral-reef habitats, particularly on
Indo-Pacific reefs formerly dominated by acroporid corals.

Extinction debt is typically studied as a consequence of disturbance-generated loss of a physical
habitat created by a foundation species such as trees, seagrass beds, or corals for those species
associated with the habitat structure (Tilman et al. 1994, Jackson & Sax 2010). The magnitude of
and time to species loss following a temperature anomaly or disturbance depends on whether the
associated species are habitat specialists or generalists, their dispersal ability, and the size of the
focal habitat thatis disturbed (Kuussaari et al. 2009, Hylander & Ehrlén 2013, Watts et al. 2020). In
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contrast to terrestrial plant communities, knowledge of extinction debt in marine communities is
limited (Stone et al. 1996, Lefcheck et al. 2016). Anomalously low temperatures during the 2007-
2008 La Nifia event killed structurally complex finger coral foundation species, which led to an
extinction debt of 32-49 months for the communities of mobile invertebrates associated with the
coral habitat (Rhoades et al. 2023). Some of the most well documented examples of the impacts
of recurrent high temperature anomalies come from Mediterranean subtidal ecosystems where
heat waves occurred during the summers of 1999, 2003, and 2006 (Garrabou et al. 2019, 2022).
The heat waves created mass mortalities of gorgonian foundation species, sponges, and other
sessile invertebrate species. However, extinction debt is presently not a central focus of research
on marine heat waves (Harris et al. 2022, Smith et al. 2023).

CONSTRAINTS ON CHANGE

In the previous section, we argued that state-dependent processes like legacy effects can interact
with the variability in the system and either accelerate or slow the rate of change. A fundamental
unanswered question concerns whether the changes envisioned by models that assume smooth
change or rest on equilibrium assumptions are even possible. In other words, what are the con-
straints or barriers—physical or biological—that species and communities will encounter as the
environment changes?

Light is a fundamental barrier that is not generally included in many ENMs. Organisms that
move poleward will encounter greater amplitudes of seasonal changes in day length and reduced
light intensity during the summer. This effect is most extreme near the poles and could provide a
fundamental limit for algae and for visual predators like fish (Pershing & Stamieszkin 2020). Light
levels decline exponentially with depth, making the vertical contrasts even more extreme (Caves
& Johnsen 2021). No matter what the temperature is, the vertical range of organisms like algae
or zooxanthellate corals that are dependent on photosynthesis is limited to the euphotic zone.

How temperature trends and temperature variability change in the vertical dimension along
depth gradients in the ocean has implications for the potential of deep habitats to serve as refuges
from warming surface waters (Figure 4). The depth refuge hypothesis (Glynn 1996, Bongaerts
et al. 2010, Thatje 2021) has three elements, predicting (#) that the survival of deep dwelling or-
ganisms will be greater than that of shallow ones in a warming ocean, (b) that organisms can escape
stressful warm shallow waters by colonizing or migrating to deep cooler habitats, and () that deep-
dwelling populations represent a reproductive source for shallow ones (Hughes & Tanner 2000,
Lesser et al. 2009). The hypothesis is set up by the vertical structure of the water column, with a
surface mixed layer of warmer water overlying deeper, cold water with a transitional thermocline
in between (Fiedler 2010) during stratified conditions (Figure 44).

A majority of the studies supporting the depth refuge hypothesis concern sessile species such
as corals, generally finding reduced coral bleaching at depth, consistent with the cooler thermal
environments of deep reefs. Studying local oceanographic conditions in the Bahamas and South
Africa (Riegl & Piller 2003) and at three island groups across the Pacific, Wyatt et al. (2020)
found that upwelling areas can provide a thermal refuge for corals. Internal waves were the likely
upwelling driver in the Bahamas (Riegl & Piller 2003) and in Panama, French Polynesia, and
Okinawa (Wyatt et al. 2020). Milleporid hydrocorals at 11 m depth survived warming from two
El Nifio events, while those at shallow, warmer depths (2-5 m) were driven to local extinction in the
Gulf of Chiriqui, Panama (Smith et al. 2014). Similarly, bleaching-induced mortality of acroporid
corals was lower at 6-8 m depths than at shallower ones (Bridge et al. 2013). In a comprehensive
study of 153 coral species responses to bleaching in the Maldives, Muir et al. (2017) discovered that
nearly three-quarters of the shallow (3-5 m deep) species had deep (24—30 m) individuals with
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(@) Conceptual diagram of temperature depth refuge under mean conditions, with additional constraints of (b) deep cold water, and

(¢) variable conditions. (#) The solid black curve represents a typical summer temperature profile with a distinct thermocline. The
dashed vertical lines indicate the upper and lower temperature limits of a species. In the first scenario (panel #), warming has made the
surface waters too hot (orange). Deep cold waters (blue) are below the species thermal tolerance, and with no other limitations, a broad
depth refuge is created (white). (b)) Adding a lower temperature limit (Ttnin) (dashed line) means that deep waters are too cold (blue) and a
temperature refuge exists in the middle depths (white). (c) The same environment with daily temperature variability from internal waves
or other high frequency processes. The green region depicts the range of temperatures around the mean condition, with the red curve
showing the overall variability. Because of variability, the upper depth limit moves deeper and the lower limit is slightly shallower. The
depth refuge coincides with the zone of maximal temperature variability, which could make the refuge either more unstable or
beneficial to organisms inhabiting it via acclimation (ecological hardening). Abbreviations: Tinax, upper temperature limit of a species;
Timin, lower temperature limit of a species.
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lower incidences of bleaching from the 2016 El Nifio event. A nonlinear decline of bleaching with
depth on the Great Barrier Reef was documented for 62.5% of coral species, while shallow reefs
experienced higher thermal stress than deep ones (Baird et al. 2018).

With the added ability to change their depth distribution by migration, mobile species are
moving deeper. For example, Dulvy et al. (2008) reported that 28 species of demersal fish were
moving at a rate of 3.6 m/decade down to cooler depths. Phytoplankton can achieve a refuge in
deep tropical and subtropical regions (Jorda et al. 2019). However, not all target depth refuge envi-
ronments are within an organism’s fundamental niche, as modeling emissions scenarios predicted
that pelagic organisms will encounter novel shallow and deep thermal boundaries by 2080-2100,
challenging their capacity to adapt (Santana-Falc6n & Séférian (2022). Considering mobile ec-
totherms, Thatje (2021) argued that their ability to escape warming, shallow environments by
changing their bathymetric distribution requires acclimation to temperature and pressure in or-
der to meet their oxygen demands. In crustaceans and mollusks, acclimation leads to increased
pressure and temperature tolerances (Thatje 2021). Generally, there is more support for the first
two predictions of the depth refuge hypothesis than for deep reefs as a reproductive source for
shallow populations (Bongaerts et al. 2017).

Whether deeper, cooler water habitats actually provide a refuge from shallow warming is
controversial. In addition to studies supporting the hypothesis, there are investigations that have
found either limited support or no support (Bongaerts et al. 2017, Frade et al. 2018, Venegas et al.
2019). For example, bleaching does not decline with depth universally for all coral species, leading
Bongaerts et al. (2017) to state that it should not be considered an ecosystem-wide hypothesis. In
broad surveys of coral reefs at 457 reef sites across the central and western Pacific, Venegas et al.
(2019) found no depth refuge from heat stress for corals down to 38 m. An evaluation of the deep
refuge hypothesis on the Great Barrier Reef by Frade et al. (2018) provided insight that may
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partially reconcile the opposing views of the depth refuge hypothesis, as they found that the ability
of the deep reef to serve as a refuge from warming varies temporally. There was a lower incidence
of bleaching on deep (40 m) versus shallower (5-25 m) reef sites during the 2016 El Nifio event,
but this effect was transient, as it disappeared when the upwelling season ended (Frade et al. 2018).

Moving deeper to escape warm surface water (Figure 44) may not work if the ambient temper-
ature at depth is below the organism’s thermal tolerance (7,,in) (Figure 4b) or if its bathymetric
distribution is constrained by factors other than temperature. Light is a key limiting factor for all
photosynthesizing organisms including corals with zooxanthellae. Due to the absorption of light
in sea water, illumination decreases exponentially with depth, so a cool habitat in the mesophotic
zone may not be a suitable depth (Figure 4b,c) for zooxanthellate corals if light levels are too
low. Oxygen saturation, another limiting factor, declines from the surface to the oxygen minimum
zone at depths ranging from 200 to 1,000 m (Levin 2003), challenging organisms to meet their
metabolic demands (Thatje 2021). The availability of hard-substrate habitat required for the set-
tlement and persistence of epifaunal invertebrates may be an additional constraint, as it declines
with depth as the substrate of rocky coastal areas, islands, and carbonate reefs grades into the
sediment-covered habitats of the deep ocean (Weissburg et al. 2014).

Temperature variability and its influence on organisms seeking bathymetric refuges changes
with depth. The characterization of temperature variability along depth gradients depends on the
range of depths considered and the physical driver. A synthesis of published studies of depth-
dependent temperature variability suggests a curvilinear pattern across a broad bathymetric range
(Figure 4c). Variability increases from the surface mixed layer to a maximum associated with a
range of thermocline depths and then ultimately declines to the comparatively isothermal envi-
ronment of the deep sea (Figure 4¢). For example, temperature variability at 15 and 28 m depth
was greater than at 6 m above a pinnacle in the Gulf of Maine where the thermocline was regularly
downwelled by internal waves (Witman et al. 1993). In an exceptionally broad thermocline (50—
200 m) over coral reefs in Palau, the range of temperatures in an internal wave regime was 1-2°C
at 2-35 m, increasing to 2 t0 4.5°C at 55—90 m depth (Wolanski et al. 2004). Similarly, the thermal
environment generated by internal waves on the deep slopes of coral reefs generated a broader
temperature range at 35 than at 7 m depth (Leichter et al. 1996) and at 25 m than at 5 m depth
(Sheppard 2009). Conductivity, temperature, and depth (CTD) profiles in the Gulf of Chiriqui in-
dicated a narrow temperature standard deviation in surface waters, a maximal standard deviation
at 40 m depth, and a narrow deviation again at 60 m (Smith et al. 2014). In the Mediterranean,
the coefficient of variation of summer temperatures from 5-40 m increased with depth at one out
of four sites and displayed the curvilinear pattern (Figure 4c) at two out of four sites (Bensoussan
et al. 2010). CTD profiles from four oceanic regions displayed the lowest temperature variability
at the greatest depths (Fiedler 2010).

A depth refuge superimposed on the vertical structure of the water column (Figure 4) shows
that the size of the potential thermal refuge, i.e., depths below the organism’s maximum temper-
ature tolerance, 7., (Figure 44) is larger than the realized depth refuge, which is constrained
by deep water that is colder than the organism’s lower physiological tolerance limit (7 )
(Figure 4b.c). This indicates there is a limit to how deep an organism can disperse to achieve
greater survival in deeper thermal environments. Superimposing the curvilinear pattern of
temperature variability across depth on Figure 4¢ suggests that shallow populations and com-
munities living at thermocline depths will experience high temperature variance (Figure 4c)
and likely an unstable depth refuge compared to those at subthermocline depths. Whether
living at thermocline depths represents a cost (instability) or a benefit (hardening, acclimation
with repeated variability) to organisms seeking a thermal refuge remains an important topic
for future investigation. It stands to reason that organisms living in low temperature variability
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environments at subthermocline depths will be more affected by the trend than the variance in
temperature as the ocean warms (Figure 2).

CONCEPTUAL MODEL

Our review highlights the need to understand how marine ecosystems respond to the interaction
of smooth climate trends and spiky natural variability. We now present a conceptual model that
synthesizes the processes outlined above to show the value in this approach.

We envision an ecosystem experiencing a warming trend (Figure 54). As in Figure 1, we
depict the trend as an envelope of conditions around the mean. The actual temperature time series
is drawn from the distribution. We represent the community as a distribution of species across
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Figure 5

Conceptual diagram of ecological processes in response to both mean and variability. (#) A portion of the temperature time series from
Figure 1 with observed values (so/id line), mean (dashed line), and variability (yellow shading), along with five annual events highlighted
with red circles. (5) The state of a community during the five highlighted events. For each event, we depict the community in the
location as a distribution of species across two trait axes. The vertical axis indicates the temperature tolerance of species in the
community, and the horizontal axis indicates the response rate (for example, through population growth or mobility). For each event,
we show the mean temperature (dark /ine) and the idealized community state (dashed square) that would occur if the ecosystem were held
at that temperature for many years. During Event 1, the realized community (black polygon) is similar to the idealized community
because conditions have been stationary. During Event 2, the idealized state has shifted in response to a heatwave, but only portions of
the idealized state space have been occupied. Species in the purple shaded region are outside the idealized state. They are present but
declining, indicating extinction debt. During Event 3, the temperature has declined, but portions of the community (green shading)
remain at the previous levels. These are legacy effects that accelerate movement of the state during the next warm event. During

Event 4, portions of the community encounter constraints (gray circles) that keep a portion of the state space from being filled. These
constraints and extinction debt keep the state from matching the idealized distribution even though the ecosystem conditions are at the
mean. The discrepancy will depend on the rate of change and the rates of the ecological processes depicted.
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two trait axes (Figure 5b). The vertical axis indicates the temperature tolerance of species in the
community, and the horizontal axis indicates the response rate (for example, through population
growth or mobility). We assume that if the mean is held steady for several years and the variance
is fixed (i.e., the system is stationary) that the community will approach an idealized state depicted
as a dashed square. At the beginning (Figure 5, Event 1), the mean conditions have been steady,
and we expect that the realized community would be similar to the idealized community.

As warming commences, the ecosystem experiences a heatwave (Event 2), with temperatures
well above the historical variance. The idealized state tracks the temperature; however, the pro-
cesses in the community are not fast enough to perfectly track the conditions. This means that
only portions of the idealized state space have been occupied. Species outside the idealized state
are present but declining, indicating extinction debt.

During Event 3, the temperature has declined and the idealized state shifts, but portions of the
community remain at the previous levels. These are legacy effects that accelerate movement of
the state during the next warm event.

The final two events both have temperatures comparable to Event 2, though these are increas-
ingly common conditions. Due to the legacy effects, the community in Event 4 is closer to the
idealized state than during the first heatwave. During Event 4, portions of the community en-
counter constraints that keep a portion of the state space from being filled. The final event has a
temperature that is now the new mean of the system; however, because the system is constantly
changing due to the trend, it does not yet match the idealized state. Extinction debt and the pres-
ence of constraints keep the state from matching the idealized distribution. The discrepancy will
depend on the rate of change and the rates of the ecological processes depicted.

1. The trend of increasing mean temperature interacting with natural temperature vari-
ability results in anomalous warming events such as heat waves that are deleterious to
marine life. It is important to recognize that temperature variance per se is not generally
increasing. Rather, the anthropogenic trend is extending the peaks of natural variability
beyond ecological thresholds.

2. There is a large degree of geographic variability in temperature trends and temperature
variability. The interplay between the two parameters is an overlooked component of cli-
mate change. It highlights regions where the rising trend underlies high (Gulf of Maine,
Caribbean and Mediterranean Seas) probabilities of exceptional warming events and
ecological surprises. Foundation species in these regions have experienced substantial
climate-related changes.

3. Temperature events like heatwaves must be defined against a baseline. The choice of the
baseline period, and whether the baseline is updated, changes our view of marine heat-
waves or ecological surprises (fitness loss, population declines, diversity loss, community
shifts). A longer baseline period may be suitable for long-lived species or slower-adjusting
systems, while shorter baseline periods that are updated frequently would tend to identify
events impacting a system that can adjust quickly.

4. In terms of temperature change, we now live in a nonstationary world. A primary ob-
jective of climate change ecology is to document, understand, and forecast ecological
responses to climate change with an equilibrium mindset. Yet communities are in a
nonequilibrium state in response to heatwaves and other disturbances.
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5. Models of species distributional changes in horizontal (i.e., latitude, longitude) and ver-

tical (depth) dimensions in the ocean emphasize species following isotherms with little
attention to other constraints besides temperature on species responses. These other
limiting factors include light, oxygen, and substrate type. Failure to acknowledge these
limitations may overestimate the ability of species to escape stressful temperatures and
may underestimate extinctions and losses of ecosystem functions.

. Aspects of temporal variation such as the frequency of repeated temperature anoma-

lies and delays in ecological changes (legacy effects) following anomalies are central to
understanding the different ecological impacts of climate change. These processes can
either accelerate or slow the rate of change and adaptation. There is growing evidence
that sessile organisms like corals in more variable thermal habitats are more resistant to
thermal anomalies via ecological hardening.

. Temperature variability and its influence on organisms seeking bathymetric thermal

refuge changes with depth. The relationship between depth and sensitivity to heatwaves
depends on the extent of depths considered and the type of oceanographic driver and
is highly location dependent. Locations conducive to internal waves are commonly, but
not always, associated with depth refuges.

. Future marine climate change ecology should consider both the temperature trend and

inherent temperature variability, how they interact to exceed thresholds producing ex-
treme events (Figure 5), and how they vary regionally to affect individuals, populations,
and communities.

. A key question in models forecasting future species distributions is at what rate of change

can key species assemblages move together? The difference in the rate at which species
can move is creating novel communities with properties that have not been studied or
even predicted.

. Published models of species range changes assume a smooth future of gradual change

where species declines are due to the trend rather than infrequent extremes (variance),
they do not consider geographic variability in temporal variability, and they assume
that dispersal and range expansion are smooth (and largely unlimited). Future modeling
efforts need to incorporate these aspects in order to make more realistic predictions.

. Current studies tend to focus on the immediate or short-term impacts of temperature

anomalies. There is a need for comprehensive research on the ecological consequences
of temporal variation in temperature anomalies including cumulative negative (fitness
loss) and positive (acclimation, ecological hardening) effects of repeated events and
lagged responses of varying duration, including extinction debt. Ignoring extinction debt
can lead to underestimates of biodiversity loss following heat waves and other thermal
anomalies.

5. Most models of the ecological consequences of marine climate change concern hori-

zontal range shifts (latitudinal, longitudinal) and do not consider that organisms may
shift their ranges vertically, with depth, to avoid thermal stress in shallow water. The
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depth refuge hypothesis frames these vertical changes, yet more research is needed
to rigorously evaluate it, including field measurements of organism fitness, seasonal
variation in thermal regimes, and temperature variability across broad ranges of depth.
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