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Abstract

To better understand life in the sea, marine scientists must first quantify how
individual organisms experience their environment, and then describe how
organismal performance depends on that experience. In this review, we first
explore marine environmental variation from the perspective of pelagic or-
ganisms, the most abundant life forms in the ocean. Generation time, the
ability to move relative to the surrounding water (even slowly), and the pres-
ence of environmental gradients at all spatial scales play dominant roles in
determining the variation experienced by individuals, but this variation re-
mains difficult to quantify. We then use this insight to critically examine
current understanding of the environmental physiology of pelagic marine
organisms. Physiologists have begun to grapple with the complexity pre-
sented by environmental variation, and promising frameworks exist for pre-
dicting and/or interpreting the consequences for physiological performance.
However, new technology needs to be developed and much difficult empiri-
cal work remains, especially in quantifying response times to environmental
variation and the interactions among multiple covarying factors. We call on
the field of global-change biology to undertake these important challenges.
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1. INTRODUCTION

In their quest to better understand current patterns and predict future trends for life in the sea,
marine scientists must characterize a chain of effects that connects the physical environment to
the performance of individuals, their ecological interactions, and the interactions among (and
evolution of) populations. This is a gargantuan task. Our limited goal in this review is to analyze
the first link in that chain: how the magnitude and time course of changes in environmental drivers
affect the physiological performance of individual marine organisms.

We approach this task by considering two classes of fundamental questions regarding the inter-
actions between environmental variation and physiology. The first involves accurately quantifying
environmental variation from a pelagic marine organism’s perspective: How much change does an
individual see over the course of its lifetime? How rapidly, how frequently, and how predictably do
those changes occur? In what ways do multiple factors covary? We then turn to the physiological
consequences of environmental variation: How does physiological performance in a fluctuating
environment differ from our predictions from static conditions? How rapidly can physiology ad-
just to a shifting environment? How do the effects of multiple environmental factors interact?

Answers to these questions are not easily generalized (and in some cases are altogether lacking),
exposing the challenges that currently hinder attempts to understand and predict the biological
consequences of environmental variation. While we do not directly address the impacts of climate
change (for reviews, see Doney et al. 2012, Levin & Le Bris 2015, Boyd et al. 2016), it is clear
that progress in forecasting long-term impacts of climate change on the marine ecosystem relies
on a more complete, nuanced understanding of how individual organisms experience the patterns
and cope with the physiological exigencies of environmental variation. In short, this exploration
reveals more about what we need to know than the relatively little we currently understand.

2. PATTERNS OF ENVIRONMENTAL VARIATION IN THE SEA

Marine life is subject to the same environmental drivers as life on land, although the effects of-
ten differ greatly in magnitude. As on land, light intensity in the ocean affects visual predators’
foraging ability and, by governing the rate of photosynthesis, controls the flow of energy into the
food web. Much more so than air, however, seawater effectively absorbs and scatters light, so most
of the ocean habitat is dark (Jerlov 1976). Unlike the terrestrial environment, where atmospheric
pressure varies by at most 0.75 atm, hydrostatic pressure in the ocean increases by 1 atm with each
10 m of depth, with effects on a variety of cellular processes (Somero et al. 2017, Yancey 2020).
As with other aquatic life—but in contrast to life on land—marine organisms are impacted by
the concentration of dissolved materials: salts, which determine seawater’s salinity (with effects on
its density and organisms’ osmotic balance); hydrogen ions (i.e., pH, which affects many physi-
ological processes); oxygen (necessary for aerobic metabolism); carbon dioxide, bicarbonate, and
carbonate (necessary as reactants in photosynthesis and for the production of calcareous shells
and skeletons); silicate (needed for diatoms’ armor); and a wide variety of mineral nutrients (e.g.,
nitrate and ammonium, phosphate, and iron). Interactions among these variables can be complex.
For example, the concentration of nutrients can control the rate of phytoplankton’s photosynthesis
and growth, and thereby affect pH and the availability of O, and CO,.

In addition to these factors, two properties of seawater have fundamental consequences for
how organisms experience environmental variation. First, seawater’s thermal conductivity is 23
times that of air (Denny 1993). As a consequence, with few exceptions (e.g., cetaceans and a few
sharks and tunas), marine organisms are the same temperature as the surrounding seawater—a
stark contrast to many terrestrial ectotherms, whose body temperature can be 20-40°C different
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from the ambient temperature (Gates 1980; Denny 1993, 2016). As a result, marine organisms’
options for behavioral thermoregulation differ in scale and timing from those on land.

Second, unlike air, seawater’s density is close to that of living things. Taking advantage of the
resulting buoyancy, the vast majority of marine organisms (in terms of both number of individu-
als and taxonomic diversity) drift with the water mass in which they are embedded: a planktonic
lifestyle. Small adjustments to buoyancy offer the potential for vertical migration (e.g., Villareal
& Carpenter 2003, Gemmell et al. 2016), but while they move up or down, migrators still drift
with any horizontal flow. As a result, many marine organisms move with the oceanic weather, re-
ducing the variation they experience. This is a stark contrast to most terrestrial organisms, which
encounter environmental variation as the weather comes to them. When addressing issues of ma-
rine environmental variability, our default should therefore be to view the world from a perspective
that moves with the fluid: a Lagrangian rather than an Eulerian reference frame. As we discuss
below, movement relative to the fluid (often under behavioral control) can significantly alter the
variation experienced by an individual.

The Lagrangian perspective does not apply to sessile or sedentary benthic organisms, although
it does apply to their planktonic larvae. For benthic organisms living at the oceans’ margins (e.g.,
reef-forming corals and inhabitants of intertidal rocky shores), the environment varies so drasti-
cally that its effects have garnered much attention (e.g., Helmuth 2002, Somero 2002, Lesser &
Farrell 2004, Connor & Gracey 2011, Denny etal. 2011, Oliver & Palumbi 2011, Dong etal. 2017,
Suggett & Smith 2020, Marshall et al. 2021). However, these hypervariable environments are not
representative of the ocean as a whole, and we instead focus our attention on pelagic organisms
in open-ocean habitats.

2.1. Variation from the Organism’s Perspective

Although the marine environment varies through space, the gradient in a driver is seldom so steep
that organisms can sense the difference from one part of their body to another. Instead, organisms
experience variation through time (Dowd et al. 2015, Woods et al. 2015, Dillon et al. 2016), either
as environmental drivers change at fixed points in the Lagrangian reference frame or as individuals
move from one location to another within that frame. The temporal variation experienced by an
organism in any environmental factor x is quantified by the total derivative, D:
Dx dx dx
E = E + ua 1.
Here, u is speed measured along path s in the direction of travel (be it up, down, or sideways).
The term dx/d¢ is the rate of change of x at each point, #(dx/ds) is the advective component of
temporal variation, and the variation experienced by an individual accumulates as D accrues over
the individual’ lifetime. Therefore, to understand the environmental variation experienced from
an organism’s perspective, at a minimum we need to know how fast the environment changes
(dx/dt), how the environment differs from one place to the next (dx/ds), how fast the organism
moves (), and how much time the organism has to accrue experience (i.e., how long it lives).
General patterns relating body size to life span and speed allow for preliminary insights. Among
marine taxa, generation time (a proxy for life span) tends to increase with body size (Figure 1a).
Most marine biota are small, however, and therefore have short generations. Approximately 48%
of marine biomass—the bacteria, archaea, picoplankton, and ciliates that numerically dominate
oceanic life—is distributed among tiny organisms (length L < 0.1 mm; Bar-On et al. 2018), with
generation times typically less than 2.5 days. For the 75% of marine biomass comprising indi-
viduals with L < 1 cm—that is, for virtually all marine primary producers and herbivores and a
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Figure 1

General trends in the generation time and speed of travel of marine organisms. (#) Generation time, which
tends to increase with body length. To a reasonable approximation, log19 G = 0.602 logig L + 2.77 (revised
from Denny 2008), where G is generation time (in days) and L is body length (in meters). Bars denote
approximate ranges in G and L. (b) Speed of travel. Data are from Kierboe (2011) (plankton), Miklasz &
Denny (2010) (diatom sinking), Videler (1993) and Webb (1975) (nekton), McHenry & Jed (2003) (jellyfish),
Sutherland & Madin (2010) (salps), and Gough et al. (2019) (cetaceans).

substantial fraction of primary predators—the generation time is less than 40 days. Only for the
rare organisms with L > 1 m are generation times commonly greater than a year.

The rate at which marine organisms move through the surrounding water by sinking or swim-
ming is also positively correlated with size (Figure 1b). Because most marine organisms are

Denny  Dowd



Annu. Rev. Mar. Sci. 2022.14. Downloaded from www.annualreviews.org

Access provided by Stanford University - Hopkins Marine Station on 10/13/21. For personal use only.

MA14CHO04_Denny ARjats.cls July 19,2021 7:23

small, they travel slowly; the 48% of biomass with L < 0.1 mm typically swims or sinks less than
50 m/day, or less than 125 m in an average lifetime. This limited excursion constrains the extent of
an environmental gradient they can traverse and reduces the likelihood of experiencing repeated
fluctuations. Larger organisms live longer and can travel farther (e.g., ~2 km/day for L ~ 1 cm),
potentially encountering more environmental variation overall, as well as repeated fluctuations.
We note that movement relative to the fluid is often under organisms’ control, so behavior can
have a substantial impact on the environmental variation organisms experience.

With these size-dependent patterns in hand, we explore how the temporal (dx/d¢) and spatial
(dx/ds) gradients in marine environmental drivers affect the magnitudes and rates of variation
encountered by individual organisms.

2.2. Variation Experienced by Drifting Organisms

The magnitude of temporal variation experienced by drifting organisms varies greatly depending
on whether they live in the surface mixed layer (where substantial change can occur within a
generation) or at greater depth (where change is often too slow to affect physiology directly).

2.2.1. Temporal variation in the mixed layer. Global average temperature in near-surface
waters is increasing as the climate changes at a rate of ~0.01°C/year (Rhein et al. 2013), but in
addition to that slow trend, the physical environment of the mixed layer is sufficiently dynamic that
even small, short-lived planktonic organisms can experience substantial environmental variation.
When the sea is calm (so that mixing is minimal), water within 1-2 m of the surface can vary by 5°C
on a sunny day. Similarly, illumination in the photic zone can change substantially over the lifetime
of even the shortest-lived marine organisms. Irradiance changes through the day as the sun travels
across the sky (Gates 1980) and varies on a scale of minutes as clouds obscure the sun. At depths
of less than ~10 m, light intensity can fluctuate multiple times per second as surface waves focus
and defocus incident light, potentially amplifying intensity more than threefold (Schubert et al.
2001). As noted above, O, and CO, concentrations and pH can change through biological action,
and in the surface mixed layer their rates of change, like those of illumination, can be substantial
(Hofmann et al. 2011, Sutton et al. 2019).

2.2.2. Variation in the ocean interior. By contrast, for drifting organisms below the
pycnocline—the rapid increase in salinity at the base of the mixed layer—most environmental
drivers vary little over even the longest generation times. For instance, several physical and bio-
logical factors are leading to vertical expansion and horizontal shoaling of the oxygen minimum
zone (OMZ) in mesopelagic waters (Gilly et al. 2013). But the temporal change in oxygen con-
centration at a given depth amounts to only 0.16-0.60% of saturation per year. The co-occurring
shifts in CO, concentration and pH proceed at similarly sluggish rates (Doney et al. 2009). Tem-
perature in the ocean interior is increasing due to climate change, but only slowly: 0.004°C/year
in the Southern Ocean, and 0.0005°C/year as a global average (Rhein et al. 2013).

2.3. Advective Variation

If individuals are capable of moving relative to the water, the potential for encountering environ-
mental variation increases, often drastically. The ocean contains spatial gradients in environmental
drivers at scales from whole ocean basins to micrometers. When coupled with the speed at which
organisms move, these gradients control the advective component of temporal variation (Equation
1). To highlight these effects, we explore five illustrative oceanic gradients.
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2.3.1. Light intensity. Temporal variation in light intensity due to the sun’s travel, clouds, and
wave focusing is augmented by the variation encountered as phytoplankton sink or are transported
vertically by internal waves and turbulence. Vertical velocities due to sinking (typically ~10~> m/s)
are much lower than those induced by internal waves (up to ~2 cm/s; Denman & Gargett 1983)
and turbulence (up to ~3 cm/s, although typically less; D’Asaro 2001), so the latter two account
for the highest rate of variation. Near the surface in clear water, a vertical velocity of 3 cm/s would
cause noontime irradiance to change by 0.9 W/(m?-s), much greater than the maximum rate of
0.07 W/(m?s) due to the shifting solar angle of incidence.

2.3.2. The thermocline. In much of the ocean, in addition to the pycnocline and its associated
vertical gradient in mineral nutrients, the thermocline provides substantial spatial variation acces-
sible to vertically mobile animals, often as a concomitant to their diel vertical migration (DVM).
Temperature differences across the thermocline vary greatly with location and season, but they
can approach 20°C. The gradient in temperature is typically on the order of 0.05°C/m and can
be as high as 0.5°C/m (Pickard 1964, Kennish 1989). Consider, for instance, the rate of change
of temperature for copepods—the ocean’s most abundant herbivores—as they swim through the
thermocline during their daily vertical migration. At a garden-variety gradient of 0.05°C/m, a
copepod swimming at 3 cm/s will experience a rate of change of 0.09°C/min. In a steep gradient,
this could be as high as 0.9°C/min. In either case, both the magnitude and rate of change are far
in excess of what it would encounter if it drifted for a day in the middle of the mixed layer (<1°C,
<0.001°C/min) or moved 100 m vertically through the ocean interior (<0.1°C, <0.002°C/min).
For larger organisms, faster swimming speeds translate into greater rates of encountered envi-
ronmental change. For a fish or squid swimming at 1 m/s through a steep thermocline, the water
temperature could change by 20°C in less than a minute—a potential thermal shock—although
for large-bodied organisms (such as sharks and tunas), the corresponding rate of change of body
temperature would be buffered by the animal’s thermal mass (Gates 1980). Fronts—large-scale
horizontal gradients often associated with mesoscale eddies and coastal currents—can be created
by the convergence or divergence of water masses, providing gradients in temperature, salinity,
and nutrients analogous to those of the thermocline, although these horizontal gradients are typ-
ically much less steep than those in the thermocline.

When considering temperature effects on physiology, the frequency with which the thermo-
cline or front is crossed can be as important as the rate and magnitude of change encountered
while traversing the gradient. A wide variety of organisms (everything from copepods to small
fish and jumbo squid) complete one cycle of vertical migration per day (Hays 2003). Others, such
as tunas and whales, may cross the thermocline tens of times per day (e.g., Howell et al. 2010,
Lawson et al. 2010, Goldbogen et al. 2011).

2.3.3. Pressure. Across a variety of marine taxa, 300-800-m vertical displacements—
corresponding with pressure changes of 30-80 atm—are not uncommon (e.g., Madigan et al. 2015,
Maas et al. 2018, Coffey et al. 2020, Tutasi & Escribano 2020, Liszka et al. 2021). Diel movements
of this amplitude occur even within the deep sea below the apparent influence of any surface-light
zeitgeber (van Haren & Compton 2013, Tutasi & Escribano 2020). For these vertically migrating
organisms, change in pressure often coincides with a change in temperature and/or oxygen levels

(Seibel 2011).
2.3.4. The oxygen minimum zone. Asdead organic matter sinks below the surface mixed layer,
it is decomposed by bacteria, which consume oxygen in the process. As a result, the O, concen-

tration in the water column decreases from a near-saturated value of 5-6 mg/L near the surface
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to a minimum near zero at a depth of 600-800 m, forming the OMZ (Gilly et al. 2013). Below
that minimum, decomposition is effectively complete, so respiration is negligible, and the O, con-
centration rises with increasing depth as oxygen-rich waters of the deep ocean are encountered.
Although the magnitude of change across the oxygen gradient is large—for most organisms, the
difference between abundant availability and severe hypoxia—the gradient of O, concentration
in the OMZ is shallow, typically 0.005-0.01 mg/(L-m). For a copepod migrating vertically in this
gradient at 3 cm/s, the rate of change of O, concentration would be 0.009-0.018 mg/(L-min).
As noted above, vertical migration in the OMZ and from the OMZ to the surface mixed layer
(Tutasi & Escribano 2020) coincides with a considerable shift in temperature and pressure. We
discuss below how this inherently multifactorial transition has potentially complex physiological
ramifications.

2.3.5. Small-scale gradients. While light attenuation, the thermocline, pressure, and the OMZ
have received considerable attention from oceanographers, important environmental gradients
occur at the much smaller scales relevant to the numerically dominant organisms in the ocean—
bacteria, archaea, phytoplankton, and protists—and these gradients have received less study. At
this small scale, physiologically important solutes (e.g., oxygen, carbon dioxide, and nutrients)
are transported primarily by molecular diffusion, and gradients can be extreme. For example, at
night, if the ambient oxygen concentration is 6 mg/L (typical of near-surface water) and a respiring
phytoplankton cell with a radius of 10 jum absorbs every oxygen molecule that arrives atits surface,
the gradient 10 um away from the cell is a whopping 3 x 10° mg/(L-m) (Kisrboe 2008). Bacteria
are attracted to the carbohydrates released by phytoplankton, and in the process can traverse this
gradient (Kierboe 2008). Moving at a speed of 10 um/s down the oxygen gradient, a bacterium
would experience a rate of change of available oxygen of 4 mg/(L-s), taking less than 2 s to go
from an oxygen-saturated to a nearly anoxic microenvironment. If the phytoplankter (or other
organism) creating the concentration gradient sinks, the gradient is drawn out into a trail in the
object’s wake, but the magnitude of the gradient—and hence its effect—is similar (Kierboe 2008).
During the day, when the phytoplankter is photosynthesizing, the gradient is reversed, and the
same bacterium would experience high oxygen concentrations. Thus, at this microscopic scale,
organisms can experience magnitudes and rates of change far in excess of what a larger organism
would experience in a vertical migration to or from the ocean’s OMZ; a migrating animal would
have to swim at more than 50 m/s to encounter the same rate of change. Gradients in pH, CO,,
and nutrients in the vicinity of phytoplankton (or other small organisms) can be similarly steep.

Extreme as they are, these diffusion-mediated concentration gradients become negligible at
distances more than a few tens of micrometers away from the cell (or of the trail in its wake). As a
result, this extraordinary spatial variability is experienced as temporal variation by only the smallest
marine organisms. But, as noted above, these smallest organisms comprise approximately half of
marine biomass and are a key component of marine ecosystems. Thus, diffusion-scale gradients
have substantial potential to affect life in the oceans.

2.4. Describing Temporal Patterns of Variation

Although the examples explored previously describe the magnitudes of environmental change an
individual organism might encounter, they amount to only snapshots of the overall time course
of variation. The temporal pattern of an environmental driver can be better summarized by
the factor’s power spectrum. The power spectrum of a series of data (the Fourier transform of
the series’ autocovariance function) tells us how the series’ total variance is distributed among
temporal or spatial frequencies (Diggle 1990, Denny 2016). The area under the spectrum between
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Figure 2

Frequency patterns of variation in sea-surface temperature and their relationship with generation time. (#) Temporal power spectra of
sea-surface temperature in the North Pacific open ocean (PAPA; black), the California Current [California Current Ecosystem Mooring
2 (CCE2); green), and a California estuary (Elkhorn Slough; 7ed). In all of these spectra, but especially in the estuarine spectrum, the
peaks at frequencies higher than 2/day quantify fluctuations that account for the slightly non-sinusoidal pattern of the daily (1/day) and
tidal (~2/day) variations, and would not themselves be noticed by organisms. For the estuary, a small peak is evident at the bimonthly
spring—neap frequency of the tides. Vertical red and blue lines indicate frequencies of 1/year and 1/day, respectively. () Accrued
variance in body temperature as a function of generation time for the major groups of marine organisms depicted in Figure 1. For this
heuristic exercise, we unrealistically assumed that body temperature equaled sea-surface temperature. Values were generated by
integrating the spectra in panel # between the highest frequency and the frequency (or, inversely, the period) associated with the average
generation time. For example, a hypothetical copepod’s physiology can adjust to changes in temperature that fluctuate once per hour, a
frequency of 24/day, and the species has a generation time of 4 weeks, corresponding to a frequency of 0.036/day. Integrating the
spectrum between these two frequencies quantifies the total variance in temperature relevant to this species’ physiology. Oceanic data
are from the NOAA Ocean Carbon Data System (Sutton et al. 2019); Elkhorn Slough data for the Azevedo Pond monitoring site are
from the NOAA National Estuarine Research Reserve System (NERRS) System-Wide Monitoring Program’s Centralized Data
Management Office website (http://www.nerrsdata.org).

any two frequencies is the variance associated with that range of frequencies. Spectra for temporal
variation of sea-surface temperature in the northeast Pacific Ocean provide a heuristic example
(Figure 2a). (These spectra represent data taken at fixed locations in the ocean; spectra from
measurements taken in a Lagrangian reference frame would be preferable but are currently not
available.) Several messages emerge from a comparison of spectra among these particular marine
habitats. First, the overall amount of variation (the total area under the curve) differs from one
location to another in this area of the ocean: little variance in open-ocean sea-surface temperature,
more in a coastal current, and even more in an estuary. Second, although in each spectrum there
is a peak of variation at a frequency of 1/day associated with solar heating, the bulk of variation
is spread out among the lower frequencies associated with the tides and variation in atmospheric
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forcing (weather) and the seasons. Spectra showing this pattern of increasing variance with
decreasing frequency are said to be reddened, an analogy to light spectra dominated by low-
frequency (red) light. The degree of reddening is proportional to the slope of the spectrum on a
log-log plot (as in Figure 24). In general, marine environmental spectra (with slopes of —0.75 to
—1.5) are redder than terrestrial spectra (—0.1 to —0.75) (Steele 1985, Vasseur & Yodzis 2004).

The characteristics of marine power spectra have profound implications for the total variation
experienced in an individual’s lifetime. As a heuristic exercise, we used the spectra in Figure 24
to calculate the total variance in temperature an organism would encounter as a function of its
lifetime. Accrued variance increases nonlinearly with increasing generation time (Figure 25), and
the shape of this response differs among habitats, with total variance encountered converging only
for the longest-lived organisms. Short-lived organisms might experience considerable variance
associated with tidal or daily fluctuations in a coastal habitat (Figure 25), but similar organisms
would experience relatively little variance in the open ocean. We look forward to similar analyses
based on time series taken from the organism’s perspective.

Multiple environmental factors often interact to affect physiology, but understanding the con-
sequences of these interactions requires information about how the various factors are correlated
through time. For instance, pressure, temperature, and oxygen concentration each vary with depth.
As aresult, during its daily vertical migrations an organism would experience cycles in these factors
at the same temporal frequency (1/day). But pressure and temperature are negatively correlated—
as the organism ascends, pressure decreases and temperature typically increases (i.e., their fluc-
tuations are 180° out of phase)—and this negative correlation must be taken into account when
considering the interacting physiological effects of temperature and pressure. Temperature and
oxygen concentration likewise fluctuate during vertical migration, but they are typically positively
correlated (in phase)—temperature and oxygen concentration both tend to increase as the ani-
mal ascends. Just as the power spectrum quantifies the characteristic frequencies at which a single
environmental factor varies, the cross spectrum for two environmental factors identifies the fre-
quencies at which the stressors are correlated, and the accompanying coherence and quadrature
spectra together quantify the frequency-specific phase shifts between factors (see, e.g., Bendat &
Piersol 1986).

For planktonic organisms, spectra of marine environmental drivers would ideally be calculated
from time series taken in the Lagrangian reference frame relevant to the organism in question.
Direct measurement of such time series is exceedingly difficult, however, resulting in the current
dearth of available data on the temporal experiences of individual organisms. However, compu-
tational approaches can potentially substitute for direct measurements. For example, temporal
variation in mixed-layer light intensity can be modeled from information regarding turbulence in-
tensity and internal wave amplitude and frequency (Denman & Marra 1986), and computational
methods have recently been developed for tracking surface water masses (Lagrangian coherent
structures; LeHahn et al. 2018) and drifting larvae (e.g., McVeigh et. al 2017, Gary et al. 2020).
Coupled with data from Argo buoys (e.g., for temperatures at depth; PacIOOS 2021), these indi-
rect approaches have the potential to provide long-term Lagrangian time series of physiologically
relevant environmental factors for planktonic organisms. For large, mobile organisms (e.g., tunas,
sharks, turtles, whales, and squid), advances in technology have made it possible to attach data-
logging tags that provide high-resolution time series of the factors they encounter as they sample
the environment (e.g., Southwood et al. 1999, Schaefer et al. 2007, Gilly et al. 2013, Goldbogen
etal. 2017). Chemical analyses of hard parts (such as otolith element or isotope ratios; Kerr et al.
2007) offer another potential avenue for describing time series of environmental experience. De-
veloping similar approaches for the microbiota that numerically dominate in the oceans represents
a significant technological challenge.
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In summary, most marine organisms are small and planktonic, and the environmental variation
they encounter depends in large part on how long they live. However, if an organism can move
through the water, the temporal pattern of variation it experiences is often governed by its speed
and the spatial gradients available to it. Lifetime, speed, and the availability of gradients are all
affected by the organism’s size, with both very small organisms (with the largest gradients) and
very large organisms (with the greatest speeds) having perhaps the highest potential to encounter
environmental variation in their lifetimes. Much work remains before marine scientists can fully
translate their understanding of oceanographic patterns and processes into environmental time
series for individual marine organisms.

3. PHYSIOLOGICAL CONSEQUENCES OF ENVIRONMENTAL
VARIATION IN THE SEA

The biological consequences of the patterns of environmental variation just described remain
understudied (Dowd et al. 2015, Wahl et al. 2015, Boyd et al. 2016, Morash et al. 2018). Ideally,
experimental designs targeting the physiological consequences of variation should be informed
by detailed knowledge of those patterns. Unfortunately, for a large fraction of marine (and other)
organisms, we know too little about the rates, amplitudes, and frequencies of change encountered
by individuals over a lifetime (Woods et al. 2014, Dowd et al. 2015).

Are there shortcuts to be taken from generalized oceanic patterns of variation to organismal
(or ecological and evolutionary) impacts? In our opinion, no, because important biological com-
plexities interfere at the critical step of translating environmental variation into physiological per-
formance. First, unlike physical aspects of the environment, physiology has few general rules that
can be applied across taxa. For example, it is straightforward to calculate for a given shift in tem-
perature the resulting changes in seawater density and buoyancy (Denny 1993). But for that same
temperature shift, the idiosyncrasies of physiology complicate estimation of its biological impacts.
We might attempt to estimate the resulting change in metabolic rate, for instance, using the tradi-
tional Qy relationship (the typical doubling-to-tripling of physiological rates for a 10°C increase
in temperature) or universal allometric relationships that describe the scaling of metabolic rate
as a function of body mass (Gillooly et al. 2001), but these estimates would have dubious accu-
racy. Qo values vary among species, and within a species they may vary over ontogeny, over the
range of temperatures tested (e.g., Hopkins & Cech 1994, Rosa & Seibel 2010), and between acute
(e.g., during vertical migrations) and chronic (e.g., seasonal) temperature shifts (Neer et al. 2006,
Costa et al. 2013). Similarly, estimates of allometric exponents range widely among species (White
et al. 2019). Relationships between physiology and pH or dissolved oxygen are even less direct.
For example, the critical oxygen threshold at which organisms shift from aerobic to anaerobic
metabolism ( P;.) is species specific (Seibel 2011); the definition of hypoxia thus depends on the
organism. Furthermore, unlike physical rules, physiological sensitivities to environmental shifts
often have the capacity to change, either via acclimatization (or accumulated damage; Williams
et al. 2016) during one individual’s lifetime or via longer-term processes, including transgenera-
tional plasticity (Salinas & Munch 2012, Ryu etal. 2018, Rivera et al. 2021) and/or evolution (Kelly
etal. 2011, Schaum & Collins 2014). For example, cyclical exposure to hypoxia in qingbo fish led
to a decrease in P (Dan et al. 2014). The magnitude, rate, and persistence of these temporal
adjustments also vary from one organism to the next. These physiological complexities render
extrapolation directly from environmental patterns to ecological and/or evolutionary predictions
challenging.

In the absence of suitable shortcuts, we advocate for a concerted empirical effort to quantify the
physiological consequences of environmental variation, particularly in scenarios where organisms
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experience simultaneous fluctuations of several variables during their lifetime (Wahl et al. 2015).
In the interest of space, we do not review the effects of univariate environmental shifts on specific
physiological traits (Somero et al. 2017). However, several important observations emerge from
this body of knowledge.

First, performance in a varying environment can differ dramatically from performance under
constant conditions (e.g., Ruel & Ayres 1999, Estay et al. 2014, Vasseur et al. 2014, Dowd et al.
2015). Therefore, it is imperative that experimental designs explicitly incorporate realistic patterns
of environmental variation. Unfortunately, much of our knowledge has been derived from single-
step experiments in which organisms are abruptly (and unrealistically) moved from one constant
environmental state to another. This approach, combined with only a few time points of analysis
(as is typical), makes it impossible to discern the temporal dynamics of physiological responses
in relation to natural patterns (Tanner & Dowd 2019). Other complications abound. Amplified
light intensity due to focusing by surface waves can damage photosynthetic machinery and/or
cause photorespiration, and the effect of light fluctuations in different frequency bandwidths is
still uncertain (Walsh & Legendre 1983, Stramski et al. 1993, Graham et al. 2017). Diel vertical
migrators exhibit circadian rhythms in oxygen consumption rates, even when these organisms are
held in constant conditions (Maas et al. 2018).

The second observation is that few, if any, temporal environmental changes encountered by
marine organisms are limited to a single variable, whereas traditional experimental designs fre-
quently address one variable at a time. There are legitimate arguments for this reductionist exper-
imental approach, but as we outline below, the combined effects of superimposed environmental
fluctuations may not be predictable from single-variable (and single-step) experiments. In other
cases, we may be neglecting altogether variables that might alter the experimental results.

3.1. Frameworks for Predicting the Physiological Effects
of Environmental Variation

We discuss two promising, complementary frameworks for predicting and evaluating the effects
of environmental variation on physiological performance, highlighting important underlying as-
sumptions and limitations of each. Where possible, we offer examples of physiological insights
gained from these frameworks. Ultimately, progress will most likely derive from synthetic ap-
proaches to problems of environmental variation, using these and other perspectives such as bioen-
ergetics and dynamic energy budgets (Kooijman 2010, Nisbet et al. 2012).

3.1.1. Performance curves and scale-transition theory. Performance curves, a variant of re-
action norms, quantify the effect of an environmental parameter on some metric of physiological
performance. These curves have long been a standard tool in ecophysiology (Huey & Stevenson
1979), most prominently in thermal physiology (Angilletta 2009). Interest in their applicability
to fluctuating environmental conditions surged following Ruel & Ayres’s (1999) (re)introduction
of biologists to Jensen’s inequality, an inherent consequence of nonlinear averaging in which a
function’s value at constant average conditions does not equal the average of the function’s values
when conditions vary. On its own, the performance-curve framework offers one means of gener-
ating null predictions of the physiological impacts of environmental variation (Estay et al. 2014),
but like all predictions, these must be evaluated against empirical data.

The first step is to measure performance (P) in a series of constant conditions to generate a
performance curve. Here, we use the thermal performance curve as an example, but the approach
can apply to any environmental variable. Scale-transition theory (Chesson et al. 2005) is then used
to estimate performance in the presence of environmental variation (reviewed in Dowd etal. 2015).
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Scale-transition theory states that, to a first approximation, average performance in a variable

thermal environment, P(T), is

P(Ty=P(T)+ %P” (T) 0. 2

Here, P(T') is performance at the average temperature, T'; o' is the variance of temperature en-
countered by an organism; and P”(T") is the second derivative, which describes the function’s cur-
vature, evaluated at the average temperature.Several predictions have arisen from the application
of Equation 2 (e.g., Ruel & Ayres 1999, Estay et al. 2014, Vasseur et al. 2014, Dowd et al. 2015).
First, this framework forecasts that variation around the mean increases mean performance where
the P"(T) of the static performance curve is positive, and variation decreases performance where
P"(T) is negative. Integrative physiological traits such as growth rate—which have unimodal per-
formance curves with a negative P"(T") throughout—are substantially reduced in fishes reared in
fluctuating thermal environments (Morash et al. 2018), generally supporting these predictions.
Similarly, a recent thorough study of a coastal phytoplankton species showed that scale-transition
theory accurately predicted decreased population growth rates in a fluctuating temperature regime
(Bernhardt et al. 2018). However, there are counterexamples (Niehaus et al. 2012, Kingsolver et al.
2015, Marshall et al. 2021). Koussoroplis et al. (2017) generated a set of diagnostic tools for differ-
entiating the underlying causes of these different outcomes. Specifically, they distinguished several
categories of time-dependent effects, including reserve/inertia, stress, acclimation, and compen-
sation. Although elegantly described, these categorizations merely facilitate post hoc analysis in
the face of empirical data, rather than allowing a priori prediction of performance patterns under
realistically fluctuating scenarios. A comprehensive, mechanistic explanation for why nonlinear av-
eraging makes accurate predictions in some scenarios but not in others still eludes physiologists.
To fill this gap, physiologists must account for effects of both the amplitude (i.e., whether con-
ditions enter ranges that induce damage) and frequency (i.e., whether conditions fluctuate faster
than the organism can respond) of environmental changes. Once sufficient empirical performance
data are collected, it may prove possible to draw useful generalizations across organisms, environ-
mental variables, and/or the frequencies of fluctuations; at the moment, any such generalizations
would be premature.

The second prediction derived from this framework is that suboptimal is optimal—that is,
organisms in fluctuating environments perform best at mean temperatures below their static op-
timal temperature (Martin & Huey 2008). Whether this prediction applies to marine taxa remains
an open question. Bernhardt et al. (2018) found that most of the phytoplankton species in their
meta-analysis were collected at locations with mean sea-surface temperatures below their static
thermal optimum (4.26°C lower on average). Third, a subtle but potentially critical prediction
of performance-curve approaches is that an individual’s temporal variation in performance should
increase as it experiences environmental fluctuations near either end of its thermal window (Dowd
etal. 2015). This third prediction has received little empirical attention. In general, relatively little
work has been done to evaluate the predictions of the performance-curve framework for variables
other than temperature.

There are at least four important limitations to the application of performance curves and
scale-transition theory. First, Equation 2 is reasonably accurate only when variation in the envi-
ronment is small compared with the breadth of the performance curve. When the temporal (or
spatial) series of the environmental driver is known or can be simulated, this problem can be solved
by directly averaging the resulting performance values (Benedetti-Cecchi 2005). The second, and
much more severe, limitation is that scale-transition theory makes the rash assumption that an
organism’s physiology does not adjust (or, perhaps more accurately, that it adjusts instantaneously;
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Roitberg & Mangel 2016) to changes in the environment. The resulting predictions are thus
purely mathematical, ignoring well-documented physiological phenomena such as acclimatiza-
tion, stress hardening, and carryover effects (Schulte et al. 2011, Dowd et al. 2015, Kingsolver
etal. 2015, Williams et al. 2016). Rather than approaching deviations from those predictions with
skepticism, we should probably be more surprised to observe data consistent with the predictions
of scale-transition theory. Important progress will be made by deducing the mechanistic causes
of disparities between performance-curve-based null predictions and empirical observations
(Koussoroplis et al. 2017). Third, the static performance-curve measurements are typically made
in laboratory settings, which may differ in other substantive ways (e.g., food quality) from the nat-
ural environments to which we wish to extrapolate. There are no easy solutions to this limitation.
Finally, scale-transition approaches on their own cannot account for the lagged physiological
consequences of unusual or extreme events (Dowd et al. 2015, Kingsolver & Woods 2016).

In light of these limitations, extensions or modifications of the performance-curve framework
are appealing. Roitberg & Mangel (2016) presented a model incorporating time-dependent shifts
in the thermal performance curve’s shape following acute heat or cold stress, but this heuristic
model is not yet explicitly parameterized by empirical physiological data concerning carryover
effects of thermal stress on performance metrics. When combined with measurement of physio-
logical response times, this approach holds great promise. A second potential modification, one
we have not seen implemented, would be to incorporate in the scale-transition approach only the
portion of variance associated with particular frequencies. From the power spectrum of measured
conditions, it would be possible to extract either the variance associated with the dominant fre-
quencies that impact an individual in its lifetime or the fraction of total variance associated with
frequencies of physiological importance. Of course, this approach would also rely on physiological
data to identify those important frequencies.

3.1.2. Physiological response times. As noted above, the standard performance-curve frame-
work fails to incorporate acclimatization and related temporal shifts in physiological state. One
way to approach this shortcoming is via measurements of the characteristic physiological response
time—the time required for a system to respond to change by reaching (or returning to) steady
state. For example, for an organism exposed to a step increase in temperature, the consequent pro-
duction of heat-shock proteins might reach 90% of its eventual maximum level within 3 h. Note
that the response time of an upward change in input need not be the same as the response time to
a downward change (Moyen et al. 2020a,b), and this nuance requires more thorough evaluation
in physiological studies.

Knowing an organism’s physiological response times allows one to appropriately assess the pat-
tern (e.g., the spectrum; Figure 24) in which the environment varies over an organism’ lifetime.
The inverse of frequency (i.e., the period) indicates how much time must pass to complete one
full cycle. If the period of dominant environmental fluctuations is shorter than the response time,
little is gained by an organism attempting to compensate for those fluctuations (Denman & Marra
1986). By contrast, fluctuations with periods longer than the response time may be nearly perfectly
compensated by physiology. Of course, this relies on the physiological response also being of suf-
ficient magnitude to cope with the amplitude of environmental fluctuations. Other complications
can intrude here. Several physiological components might respond to a shift in the environment
but have different response times, making it difficult to meaningfully characterize “the” response
time. Nonetheless, even approximate estimation of physiological response times can be a useful
first step when exploring the interaction between environmental variation and performance.

Unfortunately, measurements of response times are rare in the literature, owing at least in
part to the difficulty of repeatedly monitoring an organism’s physiological status. In this respect,
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rapid light curves and pulse amplitude modulated (PAM) fluorescence techniques—which allow
noninvasive, rapid characterization of the photosynthetic machinery’s current state and its respon-
siveness to changing conditions—provide a distinct advantage for researchers studying response
times of the ocean’s primary producers (Juneau & Harrison 2005, Ralph & Gademann 2005).
Using data derived from similar approaches, Denman & Marra (1986) developed a response-time
model for marine phytoplankton acclimating to fluctuating light levels. The model explicitly ac-
counted for the lagged, inhibitory effects of prior light exposure on photosynthetic capacity, and
by so doing accurately predicted a reduced photosynthetic rate at midday despite high irradiance
levels. Importantly, the model demonstrated that photoacclimation must occur with a response
time shorter than the period of the light fluctuations if it is to rescue photosynthetic rates from
the depressing effects of Jensen’s inequality. In a similar example, estimates of turbulent mixing
were combined with photosynthetic-rate response times to illustrate that if the physiological re-
sponse is slow relative to the timescale of changes in light intensity (due to turbulence-induced
depth change), cells mixed closer to the surface would be unable to capitalize on the favorable light
conditions (Lewis et al. 1984). On days with less mixing, however, cells near the surface would en-
joy high photosynthetic rates. Light-based techniques also benefit from a detailed mechanistic
understanding of photoinhibition and other processes that govern response times (e.g., damage to
the PsbA subunit of photosystem II; Key et al. 2010). Analogous, noninvasive approaches to real-
time monitoring of metabolic physiology in marine animals would represent a significant leap
forward. The key limitation of this response-time framework is that it demands time-consuming
physiological measurements under a variety of conditions, but this should not dissuade marine
scientists.

Like scale-transition theory, the response-time framework leads to predictions that can guide
empirical physiological studies. First and foremost, the plasticity and flexibility of physiological
performance are predicted to be a function of the dominant spectral components of experienced
variation. Specifically, to have mitigating effects on average performance, the response time for
physiological plasticity should be shorter than the period(s) with the highest spectral power. En-
vironmental histories dominated by low-frequency variation—for example, a long-lived organism
experiencing primarily seasonal cycles of sea-surface temperature in the open ocean (Figure 22)—
would be expected to promote (or permit) slow response times. These slow responses might be
overlooked by all but the longest physiological studies, perhaps being misinterpreted as a lack
of physiological plasticity altogether. At the other extreme, it is unlikely that physiological plas-
ticity would respond to fluctuations at very high frequencies; the energetic costs of constantly
rewiring the biochemical infrastructure would be excessive. Instead, physiological consequences
of very-high-frequency fluctuations are more likely driven by passive effects on biochemical and
physiological systems (e.g., Schulte et al. 2011). In between these extremes, outcomes of fluctuat-
ing conditions likely depend on the relationship between frequency and the response times of key
physiological processes (e.g., Graham et al. 2017).

Rigorous tests of these predictions again require experimental designs and timescales that
match the nature of the environmental fluctuations as experienced by each type of organism. We
suspect that additional physiological data from these sorts of studies will provide nuanced refine-
ments of past observations. For example, a meta-analysis of the plasticity of thermal tolerance
limits found no correlation with a rough index of seasonality (Gunderson & Stillman 2015). A
more refined approach might map the kinetics of plasticity onto the dominant frequencies (and
amplitudes) of variation experienced over a generation in each species’ habitat. In summary, em-
pirical physiological response times, which are relatively straightforward (albeit time-consuming)
to measure, have great potential to refine our predictions of the physiological consequences of
environmental variation.
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3.2. Environmental Variation Is Often Inherently Multivariate

The frameworks just described are relatively well developed for single environmental factors such
as temperature and light, but, as noted in Section 2.4, many environmental gradients in the sea are
inherently multivariate. Covarying parameters can have complex impacts on physiological func-
tion that are difficult to predict a priori. Simultaneous or sequential shifts in multiple parameters
can generate additive, antagonistic (a second factor offsets or mitigates effects of the first), or syn-
ergistic (a second factor amplifies impacts of the first) effects on physiological performance (Crain
etal. 2008, Calosi et al. 2013, Todgham & Stillman 2013, Gunderson et al. 2016). For example, a
prominent theory proposes that oxygen limitation should synergistically exacerbate the effects of
thermal stress for aquatic organisms (Pértner 2010). While there are data supporting this theory,
there also exists a growing list of counterexamples that raise questions about the universality of
this synergistic effect (Jutfelt et al. 2018 and references therein).

We explore the inherent complexity of physiological responses to multiple fluctuating parame-
ters using two examples of broad significance to life in the oceans. The first involves phytoplankton
in the ocean’s surface mixed layer, where they experience vertical movements due to turbulence,
internal waves, sinking, and in some cases their own behavior. These vertical movements result in
roughly cyclical changes in ambient light intensity (generating fluctuations that are superimposed
on the day-night cycle), nutrients (typically higher concentrations at depth), and often tempera-
ture (lower near the thermocline). For mobile dinoflagellates, vertical movements appear to bal-
ance a need for light with access to nutrients at depth (e.g., Cullen 1985, Watanabe et al. 1988),
leading to an inherent temporal separation of nutrient acquisition and nutrient utilization. In the
case of an experimental freshwater phytoplankton community (admittedly not marine, but one
of the most comprehensive recent examples), thermal fluctuations decreased population growth
rates overall, as predicted by scale-transition theory (Gerhard et al. 2019). However, the influence
of temperature fluctuations interacted with N:P nutrient ratios to reshape the thermal perfor-
mance function in a complex fashion. To fully capture the experience of individual phytoplankton
cells in the mixed layer, physiological experiments will need to mimic fluctuations in all of these
parameters simultaneously.

For the second example, we consider DVM, one of the most dramatic movements of biomass
on the planet. As noted previously, this behavior is exhibited by a wide range of marine organisms,
which potentially encounter daily fluctuations of several variables. Of these, the relationships be-
tween oxygen availability (less at depth, especially if DVM is of sufficient amplitude to reach the
OMZ) and temperature have received the most attention (Seibel 2011). In some cases, it has been
hypothesized that these factors offset one another. For example, Calanus copepods may benefit en-
ergetically from reduced energy expenditures during the deep, hypoxic portion of their diel cycle
(~110-m amplitude). Routine aerobic metabolic rates decreased roughly sevenfold when cope-
pods were sequentially exposed to a 14°C decrease in temperature followed by a gradual decrease
in dissolved oxygen (Svetlichny et al. 2000). Similarly, the apparent P for Nordic krill is lower
at 7°C than at 15°C due to a concomitant decrease in metabolic turnover (Strémberg & Spicer
2000), making them ostensibly more tolerant of hypoxia when in cold water. In other respects,
however, physiological data suggest that animals that practice DVM might be pushing their func-
tional limits. The amphipod Phronima sedentaria may tolerate elevated near-surface temperatures
only for the duration of its diel residence high in the water column; longer exposures induced ther-
mal stress (Elder & Seibel 2015). In jumbo squid, there is an 82% decline in aerobic metabolic rate
under low-temperature, low-oxygen conditions typical of deep dives, with anaerobic metabolism
offsetting only a small percentage (~7%) of this metabolic depression (Rosa & Seibel 2008). The
associated constraints on ATP turnover rates while at depth limit metabolic processes for much
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of a squid’s life. Similarly, the Nordic krill mentioned above appear to approach their physiolog-
ical limits for supporting metabolism via anaerobic pathways when at depth (Spicer et al. 1999).
Furthermore, Spicer & Stromberg (2002) hypothesized that these krill metabolize the respira-
tory pigment hemocyanin when they are food limited during the deep phase of their diel cycle.
This nutritional use of hemocyanin further compromises the ability to acquire oxygen to support
feeding activity on the next ascent. In light of these examples, we suggest that the physiological
ramifications of DVM are anything but straightforward.

Two additional points merit consideration. First, as noted above, much of what we do know
about DVM physiology is derived from single-step experiments (e.g., Saborowski et al. 2000,
Strémberg & Spicer 2000, Liszka et al. 2021), in which organisms are either collected at one
of two depths or transferred in the laboratory between two disparate environmental conditions.
The constraints of ship time and space likely play a role in these experimental-design choices, but
this logistical constraint cannot be used to dismiss the need for more realistic experiments that
re-create fluctuating conditions.

Second, laboratory experiments regarding the physiology of DVM have nearly always ne-
glected to account for the effects of hydrostatic pressure changes that inherently accompany
DVM. Even moderate amplitudes of migration near the surface (70-100 m; e.g., Spicer et al.
1999, Hifker et al. 2017) involve roughly order-of-magnitude changes in ambient pressure. For
the wide variety of organisms that traverse even greater vertical distances each day, changes in
pressure can reach nearly 100 atm. This hidden variable can impact a variety of physiological
processes and structures, including enzyme substrate-binding kinetics and membrane proper-
ties (Somero 1992, Yancey 2020). For example, changes in pressure of less than 75 atm can ap-
preciably reduce the binding affinity of metabolic enzymes for their substrates (Somero 1992).
Membrane composition also shifts in a consistent manner with increasing depth of capture
in fishes, implying the need for physiological compensation for pressure changes (Cossins &
MacDonald 1984, Cossins & Macdonald 1986). The inner mitochondrial membrane, in particu-
lar, is packed with enzymes of the electron transport chain, and the structural flexibility of these
enzymes in their lipid environment is crucial for aerobic ATP production (Somero et al. 2017). A
pressure change of a few tens of atmospheres (i.e., a change in depth of a few hundred meters) can
disrupt neuronal conductance and the movement of solutes across membranes of shallow-dwelling
organisms (Somero 1992). Given these intricate connections, and the rapid daily pace of pressure
change during DVM, it is reasonable to hypothesize that pressure effects could alter some previ-
ously documented patterns—for example, regarding combined effects of temperature and oxygen
on aerobic metabolic rates. Unfortunately, the effects of pressure on the physiological function
of organisms practicing DVM and other vertical movements remain almost entirely undescribed
(Yancey 2020). Vertically migrating animals may modulate extrinsic factors, such as the cellular
concentrations of protein-protective piezolytes [e.g., trimethylamine N-oxide (TMAO); Yancey
et al. 2014, Yancey 2020], as they move through the water column. However, even if these mech-
anisms maintain roughly constant functional capacity, they may be energetically costly to adjust
on a diel basis. What remains to be clarified are the effects of combined and repeated fluctuations
in pressure, temperature, dissolved oxygen, and/or pH that are experienced during DVM.

Once the relevant environmental patterns are known, the greatest challenges to implementing
the necessary multivariate experiments are technological. It is fairly routine to manipulate tem-
perature, oxygen, salinity or even pH in a cyclical fashion in the laboratory. Similarly, advances in
technology now allow not only for precise control of shifting irradiance levels but also for ma-
nipulation of the spectral characteristics of light reaching photosynthetic organisms. Although
manipulating more than one of these factors at a time is much less common, there are recent
examples of systems that enable complex experimental fluctuations (e.g., Paganini et al. 2014,
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Bonnefond et al. 2016, Burrell et al. 2016, Huesemann et al. 2017, Dinh et al. 2020). However,
given the constraints of high-pressure chambers, combining the study of any of these parameters
with fluctuations in pressure represents a much more significant hurdle. In light of the importance
of the information that would result, we call on marine scientists and engineers to swiftly develop
the technology necessary to include pressure in the list of covarying environmental factors that
can be manipulated in physiological measurements.

Can we apply the predictive frameworks outlined above for incorporating the physiological
effects of multiple covarying parameters? Fortunately, others have recently laid the foundation.
For example, Koussoroplis et al. (2017) described a mathematical approach that extends scale-
transition theory to include both parameter-specific and covariance effects of multiple parameters
on performance. This mathematical framework allows researchers to partition the variance in
performance among these contributing factors. Application of this approach to marine systems
may be facilitated by the fact that many environmental drivers are strongly correlated, thereby
constraining the number of possible environmental scenarios that must be evaluated.

4. CONCLUSION: RECONCILING ENVIRONMENTAL VARIATION
WITH PHYSIOLOGICAL PERFORMANCE

Due to the idiosyncrasies of biological systems, there currently is no substitute for empirical physi-
ological studies of marine organisms facing realistic patterns of environmental variation. That said,
depending on the ultimate objectives, these investigations do not necessarily require a detailed,
mechanistic understanding at the level of cells or molecules. Rather, in many instances it may be
sufficient, at least at the outset, to treat physiological mechanisms as a black box, measuring sim-
ple, integrative, and ecologically relevant response variables such as growth rate or reproductive
output. Even so, the complexity of individual environmental experiences and the nuances of mul-
tifactorial environments will demand far more complex experimental designs than are currently
the norm (Dowd et al. 2015, Wahl et al. 2015, Koussoroplis et al. 2017). Once patterns are de-
scribed at this integrative level, it is incumbent upon physiologists to fill in the mechanistic details
that produce outputs from the black box, and specifically to better characterize response times
for physiological processes such as photoacclimation, the turnover of transient carbon (Halsey
& Jones 2015) in phytoplankton, membrane restructuring, and TMAQO accumulation. This more
detailed level of understanding may very well be needed to forecast mechanistic responses beyond
the range of current conditions—for example, in the context of climatic changes that may alter
the frequency, magnitude, or covariance patterns of environmental fluctuations (Wahl et al. 2015,
Boyd et al. 2016).

Climate change may also increase the frequency of extreme deviations from the norm, dur-
ing which environmental drivers exceed individuals’ physiological tolerances (e.g., Rahmstorf &
Coumou 2011). These extreme events, which we have not addressed, can have substantial conse-
quences for population dynamics and evolution. Only recently have they become a focus for study
in marine systems (e.g., Denny et al. 2009, Frolicher etal. 2018, Harris et al. 2018, Dowd & Denny
2020, Oliver et al. 2021). As with lesser variations, understanding the biological consequences of
extreme events will require a mechanistic understanding of physiology.

Unfortunately, knowledge of mean patterns within a population (as discussed above) may not be
sufficient to accurately predict the future. There has been relatively little consideration of regional,
inter-day, and inter-individual variation in patterns of environmental variation experienced, or of
variation in the physiological capabilities to cope with those environmental changes. For example,
in the context of DVM, there is the possibility of partial migration within a single population (Frost
1988, Cresswell et al. 2009, Ogonowski et al. 2013). In other species, discrete life-history stages
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occupy different depth ranges or otherwise vary in their environmental experiences (Yancey 2020).
Ultimately, marine physiologists require a better understanding of how performance varies among
individuals in a population, how much of this variation among individuals is genetically (and/or
epigenetically) determined, and whether the dominant axes of that inter-individual variation align
with selective pressures imposed by global change.

Furthermore, our discussion has focused on patterns of variation within one individual or-
ganism’s lifetime, whereas populations have the potential to respond over generations. Indeed,
recent work with Ostreococcus demonstrated that populations adapted to fluctuating pCO, levels
had greater potential to respond to further shifts in pCO, than populations adapted to the mean
(Schaum etal. 2016). The same species exhibits greater adaptive potential in populations that have
maintained higher physiological plasticity due to their exposure to environmental fluctuations
(Schaum & Collins 2014). Recent work in short-lived terrestrial arthropods shows that seasonal
fluctuations—which are experienced as monotonic trends by any one generation—elicit seasonally
oscillating evolutionary changes in physiology (Bergland et al. 2014). More observations of these
biological nuances will help to fully parameterize the potential for species to respond to global
change.

To then translate species-specific patterns to larger-scale ecological forecasts, we also must
better appreciate whether species within a community have similar performance responses to the
same types of fluctuations and whether they experience the environmental change differently (e.g.,
Broitman et al. 2009, Kroeker & Sanford 2022). For example, sympatric species may differ in the
typical amplitude of DVM, particularly when there is a pronounced OMZ (Tutasi & Escribano
2020).

These important long-term research goals are predicated on a more refined understanding of
the patterns of present-day environmental variation in the sea—specifically, how marine organ-
isms experience the oceanic weather (Bates et al. 2018)—and of the consequences for individuals.
Barring that knowledge (and it s a high bar), our ability to predict, and thereby potentially to ame-
liorate, the effects of climate change will be severely constrained. We call on the field of global
change biology to develop the necessary technology and undertake the difficult empirical work
required to achieve these invaluable insights.
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