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Climate and physiology shape biogeography, yet the range limits of species can rarely
be ascribed to the quantitative traits of organisms"
geographical range boundaries of species coincide with ecophysiological limits to

acquisition of aerobic energy* for aglobal cross-section of the biodiversity of marine

3, Here we evaluate whether the

animals. We observe a tight correlation between the metabolic rate and the efficacy
of oxygen supply, and between the temperature sensitivities of these traits, which
suggests that marine animals are under strong selection for the tolerance of low O,
(hypoxia)®. The breadth of the resulting physiological tolerances of marine animals
predicts a variety of geographical niches—from the tropics to high latitudes and from
shallow to deep water—which better align with species distributions than do models
based on either temperature or oxygen alone. For all studied species, thermal and
hypoxic limits are substantially reduced by the energetic demands of ecological
activity, atrait that varies similarly among marine and terrestrial taxa. Active
temperature-dependent hypoxia thus links the biogeography of diverse marine species
tofundamental energetic requirements that are shared across the animal kingdom.

The provisioning of energy to organismsin their natural environment
isakey determinant of fitness. The energetic demands of ectothermic
organismsincrease with temperature and activity, and must be met by
anadequate supply of oxygen (0,) and food. At aminimum, physiologi-
calsurvivalrequires that the supply of energy matches the maintenance
costs of an organism in a resting state; these energy demands vary by
body size, temperature and species®’. Additional energetic costs are
incurred by the growth and activity required for ecological survival,
which depend on lifestyle and ecological niche and typically increase
energy expenditure several-fold above resting rates®’.

Energy provision canbe limited by O, if its availability falls short of the
metabolic demands of the organism, inducing a hypoxic condition'
Thisis more commonin aquatic environments due to the slower diffu-
sion of O, in water thanin air®. The effects of an acute reduction in O,
on population fitness caninduce considerable die-offs'*'*; however, the
presence of metabolic barriers in habitats under stable conditions are
difficult to observe. Recent analyses suggest that the current latitude
and depth limits of several marine ectothermic species coincide with
an O, pressure thatisjustadequate to fuel the energy demand for physi-
ological maintenance and sustained ecological activity*'*". Here we
evaluate the metabolic causes and biogeographical consequences of
the constraints to aerobic energy by combining a mathematical model
of temperature-dependent hypoxiawith laboratory and field datafrom
the broadest-available diversity of marine animal species.

Temperature-dependent O, tolerance

The aerobic energy balance of an organism can be represented by
aMetabolic Index* (@), which is defined as the ratio of O, supply to
resting demand (Fig. 1a and Methods):
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where a;, is the resting metabolic rate per unit body mass (B) at a
reference temperature (7,), and as is the efficacy of O, supply per
unit body mass and the O, pressure (po ) of the ambient medium
(units are described in Fig. 1and the Méthods). The ratio of ap/as
defines a first key physiological trait of an organism: its resting vul-
nerability to hypoxia at the reference temperature, V; = ap/as, which
is measurable as the lowest O, pressure (P,;,) that can sustain resting
metabolicdemand (@ =1) (Fig.1a). Theinverse of hypoxia vulnerability
is hypoxia tolerance, whichis denoted A,=1/V,, as defined previously*.
A second key trait, E,, is the sensitivity of hypoxia vulnerability to
temperature (7), which is described by the exponential Arrhenius
function (Fig. 1a) (Boltzmann constant, k) and is equal to the differ-
ence between the temperature variation in the metaboli4c rate (E,)
and the O, supply (£;), suchthat E,= E,— E,(Methods). The exponent
¢is the allometric scaling of the supply-to-demand ratio, which is
typically near zero'.

A third component of the energetic balance of an organism is the
0, needed to fuel growth and essential ecological activities. In ter-
restrial animals, sustained metabolic rates range from 1.5 to 7 times
those at rest, a ratio termed the sustained metabolic scope (SMS)%°.
For aquatic aerobic organisms, such levels of activity would increase
theresting vulnerability to hypoxia from V; to ahigher value, V;,x SMS,
whichrequires that the minimum @ of agiven speciesinits environment
increases above its resting minimum (which is set to 1, see above) by
the same factor, denoted @,;.. The ratio SMS will depend on the ecol-
ogy and life history of each species. This ecological traitis not directly
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Fig.1| Relationships among species traits that govern the temperature-
dependent vulnerability to hypoxia of marine animals. a, Curves of

constant Metabolic Index (@) trace the Po, required to satisfy the O, demand of
species for resting (blue) or active (red) metabolic rates. b-e, The resting curve of
eachspecies is defined by ahypoxia vulnerability (V;,) and its temperature
sensitivity (£,), each of which reflect separate traits for O, supply and demand

(b, d) and their covariation (c, ). Active curves, which are increased from the
resting curve by sustained activity (SMS), require a correspondingly higher @
(@) (Fig.4). The intersection of @ curves with atmospheric Po, define the upper
thermal limits of aerobic metabolism (AT,,,,) (Fig.5). b, ¢, Hypoxia vulnerability
(V,; atm) and O, demand at rest (b; a,,; pmol O, h™ g, log,, scale) vary widely
among species but are uncorrelated because the metabolic rate and the efficacy
of the O, supply (¢; as; pmol O, h™ g**atm™) are strongly correlated (Extended
DataTable1).d, The temperature dependence of the hypoxia vulnerability (E,; eV)

measured in marine species, but it can be estimated from the maximum
metabolicrates, while @, canbe inferred as the lowest value of @ that
bounds the geographical distribution of a species*. If values of @,
match those of SMS, this strongly indicates that there is an energetic
limit on marine species habitats.

Tocharacterize the variation in these traits across diverse marine ani-
malspecies, we analysed published physiological rates and thresholds
(Methods), and the global geographical distributions of the species
(OBIS; https://obis.org/). The dataset of 199 species includes 145 species
with temperature-dependent metabolic rates and associated param-
eters (4 and ap; hereafter called ‘metabolic traits’) (Extended Data
Fig.1a) and 72 species with temperature-dependent hypoxia thresholds
and corresponding parameters (E, and V;; hereafter called ‘hypoxic
traits’) (Extended Data Fig. 1b and Supplementary Table 1). The spe-
ciesspan morethan eight orders of magnitudein body size, inhabit all
ocean basins and biomes (Extended Data Fig. 1c), belong to five phyla
(Annelida, Arthropoda, Chordata, Cnidariaand Mollusca) and broadly
butincompletely sample the metabolic, geographical and taxonomic
diversity of the ocean.

558 | Nature | Vol 585 | 24 September 2020

c
500
V, =0.02 —
2 400 ] + }
g L
g s 3 . V, =0.05
2. 200 'y v o
ot .
@ 100 ° °
fon
0 _ L L L L
0 5 10 15 20 25 30
Metabolic rate (log,, (ap))
e
3
S

is shifted to lower values than that of resting metabolic rate (£,; eV) because

the O, supply accelerates with temperature (that s, £,= £, — E, > 0), partially
compensating the thermal rise in metabolic demand. e, The relationship between
E,and E4 (dotted line; slope <1) (Extended Data Table 1) suggests that species with
astronger metabolic response to temperature also exhibit stronger
compensatory O, supply mechanisms (Extended Data Fig. 2b). Values of £, are
within the range predicted for diffusion (yellow shading) and empirically
estimated from rates of the ventilation and circulation of animals in cool waters
(blue shading; 0.55+ 0.15eV (mean +s.d.) and warm waters (red shading;
0.04+0.18 eV (mean +s.d.)) (Extended DataFig. 3). c, e, Data (points and error
bars, or centred dot, if the error bars are shorter than marker) are mean + s.e.m. for
species with n>2 temperature values. See Supplementary Table 1 for the number
ofindependent experiments for each species, and Extended Data Table 1 for
statistics on the two-sided t-tests of the trait correlations.

Physiological trait diversity

Resting metabolic rates normalized by temperature and body mass
vary by orders of magnitude among all 145 species (Fig. 1b), but remain
within the range found across the tree of life’®. The critical O, pressures
also show a well-defined distribution of resting hypoxia vulnerability
across species (Fig. 1b). Although metabolic rates are a direct driver
of hypoxia vulnerability, the two traits are uncorrelated across spe-
cies, and a, exhibits greater interspecies variation than does V,. These
observations suggest that animals with a high metabolismalso have a
high efficacy of O, delivery. Indeed, the absolute metabolic rates and
coefficients of O, supply are highly correlated among species (Fig. 1c
and Extended Data Table 1), which indicates that thereis astrong selec-
tive pressure for toleranceto low O,, even for species that live outside
relatively small ocean regions commonly termed hypoxic zones?.
The temperature sensitivity of metabolic rates within species exhibits
substantial variation across species (Fig. 1d). The mean value, stand-
ard deviation and range of £4(0.69 + 0.36 eV, 0.1-2.0 eV) are similar to
the thermal acceleration of the metabolic rates of organisms that are
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Fig.2|Spatial distributions of the Metabolic Index and species with
distinct temperature sensitivities. a, Northern shrimp (Pandalus borealis)
fromthe north Atlantic, Pacificand Arctic Oceans. b, Small-spotted catshark
(Scyliorhinus canicula) from the eastern Atlantic Ocean and Mediterranean
Sea.c,Seasquirt (S. plicata), acosmopolitan tunicate. The Metabolic Index is
computed from monthly climatological measurements using the traits of each
species, and averaged annually and over its longitudinal range in OBIS
(http://iobis.org) for mapping (northern shrimp,180°-45°E; catshark,

observed across the tree of life?. The temperature sensitivity of hypoxia
vulnerability also varies widely across species (Fig. 1d), but £, has a
smaller mean, standard deviation and range (0.4 + 0.28,-0.2-1.3 eV)
thatincludes negative values. The differencesin £, relative to £, reflect
the effect of temperature on O, supply (£5), the positive mean value
(0.29 + 0.23 eV) of which suggests that the supply of O, also acceler-
ates with temperature?. The temperature effect on the supply of O,
therefore counteracts, and for species with £, < 0, even exceeds the
thermalincrease in metabolic rates.

To confirmtherole of the O, supply in moderating the temperature
sensitivity of the vulnerability to hypoxia, we estimated the thermal
response of three processes that transport O, from ambient fluid to
body tissue: the ventilation of water past the organism, the diffusion
of O, through the boundary layer at the water-body interface and the
internal transport of O, by animals that have circulatory systems. Dif-
fusive O, fluxesincrease withtemperature in proportion to gas diffusiv-
ity (k) andincrease inversely to the decrease in kinematic viscosity (v).
The ratio of gas diffusivity to kinematic viscosity—the Schmidt num-
ber (Sc=uv/k)—predicts a diffusive O, flux®for which the temperature
dependence, E,, lies between 0.21and 0.42 eV (Extended Data Fig. 3a).
This range encompasses the mean value of £ that was inferred fromall
species for which £,and E, can both be estimated (Fig. 1e), but cannot
account for its full interspecies range.

The ventilation of O, to and circulation in the body may also modify
the temperature sensitivity of hypoxia tolerance** (Extended Data
Fig.3b). Both ventilation and circulation rates increase with temper-
ature in cooler waters (£, = 0.55+ 0.15 eV (mean + s.d.)) (Fig. 1e and
Extended Data Fig. 3c), but the response decreases or even reverses
in warmer conditions (£, = 0.04 + 0.18 eV (mean + s.d.)) (Fig. 1e and
Extended DataFig.3c). These thermal responses of the O, supply com-
bined with those of metabolic demand (£,) can account for nearly the
entirerange of the temperature-dependence of hypoxia vulnerability
(E,). Moreover, the stronger thermal response of the ventilation and
circulation rates in cool compared with warm waters is consistent
with the weaker temperature sensitivity of species vulnerability to
hypoxia (lower E,) that is observed under cold relative to warm con-
ditions (Extended Data Fig. 3d). Thus, both biological and physical
responses of the O, supply to temperature reduce the temperature
sensitivity of hypoxia vulnerability, relative to that of the metabolic
demand alone. The compensation of faster metabolic rates at higher
temperatures by amore rapid O, supply indicates that thereisastrong
selective pressure for oxygen supply to meet demand across the range
of inhabited temperatures.
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20°W-15°E; seasquirt, all longitudes). The species have similar hypoxia
vulnerability (V;, around 0.10-0.16 atm), but their temperature sensitivities
(E,) vary widely (northernshrimp, E,= 0.9; catshark, £,~ 0.2; seasquirt,
E,=~-0.2)yielding different @ gradients across latitude and depth. Asingle
lower limit of @ bounding each speciesrangeis contoured (®;; blacklines),
along with climatological isotherms (grey lines, in °C) and observed species
occurrences (blue dots) (Methods).

Linking physiology to biogeography

The variation in temperature-dependent hypoxia traits suggests that
species experience distinct geographical patterns of hypoxia risk
(Fig. 2). In the upper ocean, both temperature and P, decrease with
depth, but often have opposing gradients with latitude; temperature
decreases as subsurface Po, increases away from the Equator. The
resulting spatial variation in {0 depends on the strength of these gra-
dients, and on the temperature sensitivity parameter, E,. For species
with strongly positive values of E,, @ decreases towards the warm low-O,
waters of the shallow tropics (Fig. 2a). However, positive E, also weak-
ens any vertical decrease in @, because the decline in ambient O, is
compensated by aslower metabolic rate, which extends the potential
habitat of species into deeper waters. By contrast, for species with
E, <0, the highest @ is found in tropical waters, but declines rapidly
with depth below the surface due to both lower O, levels and cooler
temperatures (Fig. 2c). The diversity in temperature-dependent
hypoxiatraits suggests that species thatare limited by low @ conditions
may occupy distinct ocean habitats with global coverage, from shallow
tropical waters to high-latitude and deep water, with a continuum of
patterns in between (Fig. 2b).

To test whether the range of the predicted geographical habitat
niches corresponds to the actual distributions of marine species, we
extracted global occurrence data™ for all species in the physiologi-
cal database. For the 72 species with Metabolic Index parameters
(E,, V1), distribution data were available for most species (n=68), and
the sampling resolution of many species was sufficient to reveal clear
range boundaries in depth and latitude (Fig. 2 and Extended Data
Figs.4,5). These datainclude three species that have similar V/, but span
the full range of E,, from strongly positive (£, = 0.9, northern shrimp)
to slightly negative (£, =-0.2, sea squirt) and an intermediate value
(E,= 0.2, small-spotted catshark), which predict the distinct aerobic
habitat distributions of these species (Fig. 2). Inall three species, range
boundaries in latitude and in depth are closely aligned with a single
value of @ above which the populations are widely distributed and
below whichreported occurrences are rare andisolated. Geographical
range boundaries across a range of depths, latitudes and longitudes
also coincided with single isopleths of @ in other well-mapped species
(Extended Data Fig. 4), including species that span multiple ocean
basins or different sides of the same basin (Extended Data Fig. 5).

The boundaries of the geographical ranges of species are more
strongly aligned with the Metabolic Index thanwith either temperature
orp, alone(Flg 2and Extended DataFigs. 4-7). This canbe observed
geographlcally in vertical cross-sections, range boundaries follow a
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Fig.3| Temperature and P, state-space habitat for three marinespecies
fromdifferent phyla, oceanbasins and latitude ranges. a, Summer flounder
(Paralichthys dentatus), afish from the subtropical eastern Atlantic Ocean.

b, Nautilus (Nautilus pompilius),amollusc from the tropical Indo-Pacific
Ocean.c,Seasquirt (S. plicata), acosmopolitan tunicate. The frequency of
reported occurrences of each species (log,,-transformed values) ateach
temperature (°C) and Po, level (atm) is coloured. Water conditions withno
reported occurrences of the species are white, and localities withno modern
oceanvolumeare shaded grey. Measured critical Po, levels (P.,;; black dots)

constant @ value, but tend to cross multiple isotherms (Fig. 2 and
Extended Data Figs. 4, 6). In mid-latitude species, range boundaries
leanequatorward at shallower depths, opposite to the poleward tilt of
isotherms (Fig.2a, band Extended Data Fig. 4a-e). At the surface, range
limits canbereached as @ declines towards the Equator, even without
agradientin Po, (Extended DataFigs. 4a-e, 6a, c).

The allgnment of range boundaries with @is most easily observed,
however, by projecting the biogeography of species onto the tem-
peratureandp state-space that they inhabit (Fig. 3). Across species
from distinct phyla and multiple ocean basins, including those with
sparse spatial sampling, the state-space habitat map reveals strong
correlations between the temperatures and Po, levels that bound the
occurrences of species. These relationships are consistent with the
expectations based on the Metabolic Index of each species, with oppo-
site slopes for species with positive and negative £, values, but are
incongruent with habitat limitation by either a single temperature or
Po, level. The predictive ability of @ to discriminate between inhabited
and uninhabited ocean regions is better than that of temperature for
92% of species, better than Py for 67% of species, and better than
both temperature and Po, for 63% of species (Methods and Extended
DataFig.7).

That the species habitat boundaries coincide with a lower @ value
suggests that an aerobic barrier limits the geographical ranges of
marine animals (Figs. 2, 3). We determined the range-bounding value,
@, forall of the species with hypoxiatraits and georeferenced location
data, using two independent methods that yield convergent results
(Methods and Extended Data Fig. 8a,b). The average of @, is approxi-
mately 3.3 (interdecile range, 1.3-6.5) (Fig. 4). For all species, waters
with lower @ values exist within their inhabited depth range, but lack
confirmed sightings (Extended Data Fig. 8c).

If @ is the operative habitat barrier for marine species, its values
should correspond to their sustained metabolic rates relative to rest.
Long-termenergetic demand is not directly measured for marine organ-
isms, but short-term experimental estimates of maximum-to-resting
rate ratios (MMR/RMR) provide an empirical upper bound on SMS
(Methods). We find a strong correlation between biogeographically
inferred @, and laboratory measured MMR/RMR values (Extended
Data Fig. 9 and Extended Data Table 1), which suggests that SMS lies
approximately midway between the resting and maximum rates
(thatis, SMS = wy + (1 - wr)(MMR/RMR); (see Methods, equation 7);
wg=0.4+0.17 (mean £ s.d.), n =14) (Extended Data Fig. 9), consistent
withindependent estimates of SMS from carbonisotopesinthe otoliths
of Atlantic cod?. Applied to the broadest compilation of MMR/RMR
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indicate the measured threshold for maintaining the resting metabolicratein
laboratory experiments (Supplementary Table 1) and are fitted to the
MetabolicIndex (equation (1) when @ =1(bottom dashed lines). The
boundaries of inhabited ocean conditions follow aMetabolic Index curve,
whichis elevated above the P, curve by afactor @, (top dashed lines) that
represents theratio oftheactive-to-resting metabolicrate. Contrary to
observations, aspecies for which the range is limited by temperature or Po,
alone would have a state-space occupancy delineated by a vertical or
horizontal line, respectively.

ratios, this scaling yields an interspecies distribution of SMS (n=106)
(Fig.4a) thatis statistically indistinguishable from that of @, (Fig. 4a,
Extended Data Table 1). The @, values of the few sessile species that
we analysed (Styela plicata, Lophelia pertusa and Crassostrea gigas)
were among the lowest (Fig. 3¢ and Supplementary Table 1), which is
consistent with their less-active lifestyles. Together, these observa-
tions provide strong evidence that @ corresponds to SMS, and thus
represents an energetic barrier to the geographical ranges of species.

Theinterpretation of @, asthe ratio of sustained active-to-resting
metabolic rates can be further evaluated by comparingits frequency
distribution across marine species to the SMS data that were directly
and independently measured for terrestrial taxa*®, including mam-
mals, birds and reptiles (Fig. 4b). The available data reveal no signifi-
cant differences between the distribution of marine @, and marine
and terrestrial SMS distributions (Fig. 4, Extended Data Table 1),
which supports the suggestion that @, is an operative limit on the
geographical ranges of marine species. These results also suggest
that the ratios of active-to-resting metabolic rates are afundamental
trait that represents ecological and life-history variation across the
animal kingdom.

The SMS of marine taxa has important implications for empirical
metrics of thermal tolerance that are widely used to infer the climate
sensitivity of marine species. By elevating O, demand, ecological and
life-history activity increases the vulnerability to hypoxiafromarest-
ing threshold (V;), to an active one, V; x @, that is a key operative
constraint on marine geographical ranges. Similarly, because hypoxia
tolerance decreases with temperature for most species, ecological
activity also reduces the maximum temperature at which aerobic
metabolism can be sustained. Maximum temperatures for aerobic
metabolism can be derived from the Metabolic Index (Fig. 1a) as the
temperature at which P, reaches the atmospheric O, pressure (P,,,)
appliedin experimental determinations of thermal tolerance? (Meth-
ods). The distribution of this aerobic thermal limit, denoted AT,,,,,,
evaluatedinarestingstate (@=1, ATis) is highly variable among spe-
cies (Fig.5a), owing to the diversity of hypoxiatraits (E,and V;,). For all
species, AT}y is considerably higher than the temperatures that are
encountered by the organisms in their natural habitats®***, and for
most speciesitis higher thantemperatures found inthe ocean (Fig. 5a).
Similar findings have beenreported based on observed critical thermal
maxima, termed CT,,,,, measured by the loss of physiological perfor-
manceinarestingstate®. Indeed, the frequency distributions of AT[Sk
and CT,,,, are remarkably similar (Fig. 5a and Extended Data Fig. 4a-d).
In four of the seven species for which both thermal tolerance metrics
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a, Histograms of the lowest values of @ in the habitat of aspecies—that s, @
(bars, light grey for species with fewer than10 occurrences)—and SMS estimated
from measurements of maximum-to-resting metabolic rate ratios* (line;

see Methods). b, Histogram of SMS for terrestrial species determined in field
studies®. The interspecies distributions of @ are indistinguishable from those
of marine and terrestrial SMS (Extended Data Table 1), suggesting that @is the
operative limit that most frequently acts on the warm temperature and low O,
edge of the geographical range of marine species (but see Fig. 3c).

areknown, AT occurs at atemperature at or below CT,,,, (Extended
DataFig. 10). This correspondence may reflect an aerobic basis for
thermal tolerance?, although the link remains controversial® ¢, What-
ever the underlying physiological basis for this similarity, both meas-
ures suggest that although there is a large ‘thermal safety margin’in
the face of climate warming®*, these are derived from, and applicable
to, only astate of rest.

Under the ecologically relevant energetic demand (@ = @_,;,), the
active aerobic thermal maximum, AT2S,, falls well below AT}SSE (Fig. 5b).
Indeed, calculated values of AT, closely correspond to the maximum
occupied environmental temperatures of individual species (Extended
DataFig.10). Across species, the distribution of AT3S:, tracks the global
volumetric frequency of ocean temperatures. Thus, species with sub-
stantial apparent thermal safety margins at rest are in fact likely to be
at the limit of their active thermal tolerance in the ocean® and will
experience habitat compression even at modest levels of warming and
without any depletion of O,.

Implications

Theenergetic balance of organismsis a powerful framework for explain-
ingbiogeographical patterns fromtemperature-dependent hypoxictol-
erances and constituent metabolic rates that have been well studied for
decades* . Geographical range limitsimposed by aerobic energy con-
straints apply toagreater diversity of ocean species, physiologies and
habitats than previously investigated*'¢, from tropical to high-latitude
waters and from shallow to deep ocean niches. Our results thus extend
and strengthen the hypothesis that temperature-dependent hypoxia
has amajor role in biogeography, by mediating how ocean tempera-
tureand O, are experienced by organisms with diverse environmental
tolerances and geographical niches. The global applicability of such
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Fig.5| Thermal tolerance of species measured inlaboratory studies (CT,,,,)
and predicted from the Metabolic Index (AT,,,,). a, Histograms of the aerobic
thermal maximaatrest (AT5y; coloured bars) of species derived from
measured hypoxia traits and critical thermal maxima (CT,,,,; greenline), which
were derived fromloss of physiological function experiments. Grey lines
depicttherelative frequency of global upper ocean temperatures (solid,
monthly depth-resolved upper150 m; dotted, satellite-based daytime Sea
Surface Temperature (Methods), scaled to the peak number of species for
visualization. b, Active AT, based on the hypoxia traitsand @, of all species.
Activity levels reduce thermal tolerance from values well above ocean
temperatures (grey lines) for species atrest (a) to temperatures that limit
species ranges (b). AT,,,, is the maximum aerobic temperature permitting
atmospheric p,,tomeet resting or active metabolic O, demands, computed
(see Methods) by solving for Tinequation (1), with Po, =P, .mand @=1(for
resting AT[S) or @ = @, (for active AT,

constraints supporttheir use to predict patterns of extinction caused
by climate change in the geological record*® and in the future.

Sustained activity levels and the metabolic traits—the resting meta-
bolicrate andits temperature sensitivity—that underlie aerobic energy
barriers are not substantially different from the values observed in
terrestrial biota. However, the hypoxia traits that shape those ener-
getic barriers—resting hypoxia vulnerability and its temperature
sensitivity—cannot be derived from metabolic traits alone because
of the strong compensation by O, supply mechanisms. Species with
fast metabolisms exhibit rapid O, supply rates (Fig. 1c and Extended
DataFig.2), while those with high metabolic temperature sensitivities
show strong thermal responses of O, extraction (Fig. 1e and Extended
Data Fig. 2). The constituent traits of active hypoxia vulnerability are
also correlated: species with a lower resting hypoxia vulnerability
have a higher active to resting metabolic rate ratio (Extended Data
Fig. 2). These correlations act to narrow the interspecies ranges of
all three key traits (Extended Data Fig. 2) and suggest that there are
strong physiological trade-offs and selective pressures, the nature
and causality of which remain unresolved. Whatever their mechanistic
origins, these trade-offs and constraints have resulted in a breadth
of temperature-dependent hypoxia tolerance and associated spatial
habitat limits that allow species to collectively exploit the full range of
aerobic conditions found in the modern ocean.
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The dataneeded to calibrate the Metabolic Index and diagnose the
relative role of O, supply and demand can be derived from standard
respirometry data, but currently the number of sampled species
comprises only a small fraction of the total marine biodiversity. They
include few species without circulatory systems; species without a
clear P (‘oxyconformers’); or species pairs with well-characterized
predator-prey or other ecological relationships that may modulate the
physiological response to climate change. A systematic and concerted
effort to expand data on Metabolic Index parameters across a wider
variety of marine biota, especially those with rich biogeographical data,
and populations that may adapt hypoxia traits over regional scales
or between generations, will be key to further evaluating the role of
temperature-dependent hypoxia in shaping marine biogeography,
ecological interactions and habitat loss in a warming climate.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-020-2721-y.

1. Violle, C., Reich, P. B., Pacala, S. W., Enquist, B. J. & Kattge, J. The emergence and promise
of functional biogeography. Proc. Natl Acad. Sci. USA 111, 13690-13696 (2014).

2. Angilletta, M. J. Thermal Adaptation: A Theoretical and Empirical Synthesis (Oxford Univ.
Press, 2009).

3. Sunday, J. M., Bates, A. E. & Dulvy, N. K. Global analysis of thermal tolerance and latitude
in ectotherms. Proc. R. Soc. B 278, 1823-1830 (2011).

4. Deutsch, C., Ferrel, A., Seibel, B., Portner, H.-O. & Huey, R. B. Ecophysiology. Climate
change tightens a metabolic constraint on marine habitats. Science 348, 1132-1135
(2015).

5. Mandic, M., Todgham, A. E. & Richards, J. G. Mechanisms and evolution of hypoxia
tolerance in fish. Proc. R. Soc. B 276, 735-744 (20009).

6. Seibel, B. A. & Drazen, J. C. The rate of metabolism in marine animals: environmental
constraints, ecological demands and energetic opportunities. Phil. Trans. R. Soc. Lond. B
362, 2061-2078 (2007).

7. Brey, T. An empirical model for estimating aquatic invertebrate respiration. Methods Ecol.
Evol.1, 92-101(2010).

8.  Peterson, C. C., Nagy, K. A. & Diamond, J. Sustained metabolic scope. Proc. Natl Acad. Sci.
USA 87, 2324-2328 (1990).

9. Hammond, K. A. & Diamond, J. Maximal sustained energy budgets in humans and
animals. Nature 386, 457-462 (1997).

10.  Fry, F. E. J. Effect of the environment on animal activity. Univ. Tor. Stud. Biol. Ser. 55, 1-62
(1947).

1. Brett, J. R. Energetic responses of salmon to temperature. A study of some thermal
relations in the physiology and freshwater ecology of sockeye salmon (Oncorhynchus
nerka). Am. Zool. 11, 99-113 (1971).

12.  Portner, H.-O. & Farrell, A. P. Physiology and climate change. Science 322, 690-692
(2008).

13.  Piiper, J., Dejours, P., Haab, P. & Rahn, H. Concepts and basic quantities in gas exchange
physiology. Respir. Physiol. 13, 292-304 (1971).

14. Chan, F. et al. Emergence of anoxia in the California current large marine ecosystem.
Science 319, 920 (2008).

15. Diaz, R. J. & Rosenberg, R. Spreading dead zones and consequences for marine
ecosystems. Science 321, 926-929 (2008).

16.  Wishner, K. F. et al. Ocean deoxygenation and zooplankton: very small oxygen differences
matter. Sci. Adv. 4, eaau5180 (2018).

562 | Nature | Vol 585 | 24 September 2020

17. Howard, E. M. et al. Climate-driven aerobic habitat loss in the California current system.
Sci. Adv. 6, eaay3188 (2020).

18. Nilsson, G. E. & Ostlund-Nilsson, S. Does size matter for hypoxia tolerance in fish?

Biol. Rev. Camb. Philos. Soc. 83, 173-189 (2008).

19. Delong, J. P, Okie, J. G., Moses, M. E., Sibly, R. M. & Brown, J. H. Shifts in metabolic
scaling, production, and efficiency across major evolutionary transitions of life.
Proc. Natl Acad. Sci. USA 107, 12941-12945 (2010).

20. Deutsch, C., Brix, H., Ito, T., Frenzel, H. & Thompson, L. Climate-forced variability of ocean
hypoxia. Science 333, 336-339 (2011).

21. Dell, A. 1., Pawar, S. & Savage, V. M. Systematic variation in the temperature
dependence of physiological and ecological traits. Proc. Natl Acad. Sci. USA 108,
10591-10596 (2011).

22. Verberk, W. C. E. P, Bilton, D. T., Calosi, P. & Spicer, J. . Oxygen supply in aquatic
ectotherms: partial pressure and solubility together explain biodiversity and size
patterns. Ecology 92, 1565-1572 (2011).

23. Emerson, S. & Hedges, J. Chemical Oceanography and the Marine Carbon Cycle
(Cambridge Univ. Press, 2008).

24. Kristensen, E. Ventilation and oxygen uptake by three species of Nereis (Annelida:
Polychaeta). II. Effects of temperature and salinity changes. Mar. Ecol. Prog. Ser. 12,
229-306 (1983).

25. Gehrke, P. C. Response surface analysis of teleost cardio-respiratory responses to
temperature and dissolved oxygen. Comp. Biochem. Physiol. A 89, 587-592 (1988).

26. Spitzer, K. W., Marvin, D. E. Jr & Heath, A. G. The effect of temperature on the respiratory
and cardiac response of the bluegill sunfish to hypoxia. Comp. Biochem. Physiol. 30,
83-90 (1969).

27. Kielland, @. N., Bech, C. & Einum, S. Warm and out of breath: thermal phenotypic
plasticity in oxygen supply. Funct. Ecol. 33, 2142-2149 (2019).

28. Chung, M.-T., Trueman, C. N., Godiksen, J. A., Holmstrup, M. E. & Grankjeer, P. Field
metabolic rates of teleost fishes are recorded in otolith carbonate. Commun. Biol. 2, 24
(2019).

29. Portner, H.-O. Oxygen- and capacity-limitation of thermal tolerance: a matrix for
integrating climate-related stressor effects in marine ecosystems. J. Exp. Biol. 213,
881-893 (2010).

30. Verberk, W. C.E. P, Durance, I., Vaughan, |. P. & Ormerod, S. J. Field and laboratory studies
reveal interacting effects of stream oxygenation and warming on aquatic ectotherms.
Glob. Change Biol. 22,1769-1778 (2016).

31.  Verberk, W.C.E. P, Leuven, R. S. E. W., van der Velde, G. & Gabel, F. Thermal limits in
native and alien freshwater peracarid Crustacea: the role of habitat use and oxygen
limitation. Funct. Ecol. 32, 926-936 (2018).

32. Sunday, J. M., Bates, A. E. & Dulvy, N. K. Thermal tolerance and the global redistribution of
animals. Nat. Clim. Change 2, 686-690 (2012).

33. Verberk, W. C. E. P. et al. Does oxygen limit thermal tolerance in arthropods? A critical
review of current evidence. Comp. Biochem. Physiol. A192, 64-78 (2016).

34. Lefevre, S. Are global warming and ocean acidification conspiring against marine
ectotherms? A meta-analysis of the respiratory effects of elevated temperature, high CO,
and their interaction. Conserv. Physiol. 4, cow009 (2016).

35. Jutfelt, F. et al. Oxygen- and capacity-limited thermal tolerance: blurring ecology and
physiology. J. Exp. Biol. 221, jeb169615 (2018).

36. Ern,R., Norin, T., Gamperl, A. K. & Esbaugh, A. J. Oxygen dependence of upper thermal
limits in fishes. J. Exp. Biol. 219, 3376-3383 (2016).

37. Deutsch, C. A. et al. Impacts of climate warming on terrestrial ectotherms across latitude.
Proc. Natl Acad. Sci. USA 105, 6668-6672 (2008).

8. Sunday, J. M. et al. Thermal-safety margins and the necessity of thermoregulatory
behavior across latitude and elevation. Proc. Natl Acad. Sci. USA 111, 5610-5615 (2014).

39. Rummer, J. L. et al. Life on the edge: thermal optima for aerobic scope of equatorial reef
fishes are close to current day temperatures. Glob. Change Biol. 20, 1055-1066 (2014).

40. Penn, J.L., Deutsch, C., Payne, J. L. & Sperling, E. A. Temperature-dependent hypoxia
explains biogeography and severity of end-Permian marine mass extinction. Science 362,
eaat1327 (2018).

41. Killen, S. S. et al. Ecological influences and morphological correlates of resting and
maximal metabolic rates across teleost fish species. Am. Nat. 187, 592-606 (2016).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2020


https://doi.org/10.1038/s41586-020-2721-y

Methods

Derivation of the Metabolic Index

The MetabolicIndexis defined as per a previous study* as the ratio of the
rates of the O, supply to and demand by an organism. In general, both
ratesare dependent on temperature (7) and body mass (B). Following
standard metabolic scaling, the O, demand can be written:

D=apB%exp {_k—id(% - TLJ}' (2)

where the rate coefficient (ap) has units of O, per unit body mass per
time (we use pmol 0,g>*h™). Itis scaled by the exponential Arrhenius
function of absolute temperature, which captures the temperature
dependence often described by a Q10 factor*2. When estimating param-
eters, the body mass is normalized to the median experimental body
mass so that it is non-dimensional. Thus, when 7= T, an organism of
median body mass has aresting metabolic rate of D =a,

The supply of O, to the body may also scale with body size, temper-
ature and ambient O, pressure (poz)’ such that:

$=as(T)B°p,, 3)

The function d&,(T) represents the efficacy of the O, supply. Itisarate
coefficient (in pmol 0, g¥* h'atm™), but becomes an absolute
mass-normalized rate (umol O, g>* h™) only when multiplied by the
ambient O, pressure (we use units of atm). The exponent, g, for the
allometric scaling of the O, supply with body mass is typically very
similar to that of O, demand'®, although the two may differ.

The temperature dependence of &(7T) may be complicated, as it
reflects the combined effect of multiple steps in the O, supply chain,
including ventilation and circulation rates that are under biological
control, as well as diffusive O, flux across the water-body boundary.
Because diffusive gas fluxes are governed by physical and chemical
kinetics, their temperature dependence follows the known scaling of
gasexchange across adiffusive boundary layer®. Standard gas exchange
models are well approximated by an Arrhenius function (Extended
DataFig. 3a):

ag(T)=asexp {_ki{]l' - Tlfj} (4)

where the scalar coefficient as has the same units as the function a(7),
butisaconstant that does not depend on temperature. The same equa-
tion canbe applied to ventilation rates and circulationrates, although
in contrast to diffusion, for biological rates a single E, value will not
necessarily apply over the entire temperature range of a species
(Extended Data Fig. 3b). Even so, equation (4) provides a flexible
formula for biological fluxes that vary nonlinearly with temperature
over afinite temperature range.

Inserting equations (2)-(4) into the definition of the Metabolic Index,
we get:

SB,T,py) 1 Ef1 1
_ 2 _ 1 pe Lol 2 _ 1
>~ e WP OzeXp{kB[T Tref} R
where
£=0-6, (6a)
E,=E4—E, (6b)
and
Vy=ap/ag (6¢€)

The defining formula (equation (5)) is identical to equation (1) in the
main text, and to the previously described formula given by ref. *. It dif-
fersinform from that described previously* becauseitis normalized to
areference temperature (T,.¢) such that when 7= T, (here specified at
15°C), the coefficient (as/ap=1/V,, whichis denoted A, in the previous
study*) is the inverse of P, at that reference temperature. We have also
chosen a more intuitive annotation for the allometric exponents (o,
for‘supply’and 8, for ‘demand’). The only substantial difference in this
formulation is that the contributions of the O, supply and demand to
the temperature sensitivity of hypoxia tolerance (thatis, F,) are made
explicit, rather than being accounted for implicitly (for example, see
supplementary figure 2 of the previous study*). This allows the net
temperature dependence of the tolerance of hypoxia to be partitioned
into supply and demand effects using equations (6a)-(6c).

Data compilation and parameter estimation

The physiological parameters of the Metabolic Index (@) are derived
fromlaboratory measurements of hypoxic thresholds (P,;) and resting
metabolic rates (D) at multiple temperatures. The measurements are
taken from published literature, adding to previous compilations”**,
The original studies and parameter values are listed in Supplementary
Table 1, and yield 145 species with metabolic rate parameters, and 72
species with hypoxia parameters (including four based on lethal thresh-
olds (LCs)). The species with P, datarange over 8 orders of magnitude
inbody mass, from 5 phyla (Annelida, Arthropoda, Chordata, Cnidaria
and Mollusca), including 31 malacostracans, 26 fishes, 9 molluscs,
2 copepods, and1species each forascidians, thaliasceans, scleractinian
corals and annelid worms.

Metabolic traits (6, a,, Ey) are derived from fitting equation (2) with
mass-normalized resting metabolic rates (umol O, h™g™**) that have
been experimentally determined at multiple temperatures. Hypoxia
traits (¢, V, and E,) are derived by substituting paired experimental
temperatures and P,;, data (atm) in equation (5) (as variables Tand
pol), and solving for the parameters that give @ =1, the conditionin
which the physical O, supply and resting metabolic demand are bal-
anced. Parameters describing the net O, supply (as and E;) were esti-
mated from equations (6a)-(6c), thatis, as = ap/V,, and E,= £, — E,,, for
the subset of species for which P_;; and metabolic rates are both avail-
able at multiple temperatures. The temperature dependence of the
net O, supply is compared to independent estimates based on the
individual steps in the O, supply chain: diffusion, ventilation and
circulation (Extended Data Fig. 3). With species for which body mass
varied by less than a factor of 2, we set § =3/4 and €= 0, values that
typify most species, including those investigated here.

We analysed the parameters of the Metabolic Index in two comple-
mentary ways. First, we compare the interspecies frequency distri-
butions of each parameter, which emphasizes the diversity of traits
and theirrelationships across marine biota, and enables comparisons
between traits that are notall measured inall species. Second, we exam-
ine the intraspecies relationships between traits whenever multiple
traits from the same species are available. Such analyses provide a
more direct test of physiological mechanisms, but are taxonomically
restricted and more sensitive to random errors in the experimental
determination of parameters.

We use MATLAB's nonlinear fitting routine (fitnlm.m) to solve for
speciestraits (parameters) that minimize the squared residual errors.
Wereportthe central estimate of each parameter, the Pearson correla-
tion coefficient (r*) and the Pvalue based on two-sided Student’s t-tests,
and the number of raw observations in Supplementary Table 1. With
species parameters obtained from equations (1), (2), (6), relationships
betweentraits are subsequently analysed using a standard linear least
squares MATLAB routine (regress.m). Regression parameters, their 95%
confidenceintervals, correlation coefficients (), the Pvalue based on
two-sided t-tests and the number of raw observations for each relation-
ship arereported in Extended Data Table 1.
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To maximize the number of species analysed, we include those
for which experiments were conducted at as few as 2 temperatures.
However, allreported relationships among traits were confirmed using
the subset of species (n =14) for which regressions of metabolic rates
and P, data against temperature were statistically significant (P<0.05,
two-tailed t-test) (Extended Data Fig. 2).

Determination and validation of @,

Thelimiting value of the Metabolic Index in each species habitat (@),
was estimated by pairing specieslocation data with hydrographic con-
ditions at those locations. Occurrence data were downloaded from
the Ocean Biodiversity Information System (OBIS; http://iobis.org) in
September 2019. Of the 72 species with hypoxia traits, OBIS contains
georeferenced presence data for 68. To estimate the hydrographic
conditions at each specimen location, we used monthly climatological
temperature and O, fields at a resolution of 1° latitude and longitude
and at 33 depths from the World Ocean Atlas**°. For analysis of tem-
perature at the seasurface (z=0m) (Fig.5), we include the diurnal tem-
perature range from satellite remote sensing (data downloaded from
https://www.ghrsst.org/ghrsst-data-services/products/) to estimate
the globally resolved peak daytime surface temperatures.

Species occurrences were paired to hydrographic data by binning
them to the World Ocean Atlas grid for every month based on the loca-
tions provided in OBIS. Hydrographic conditions were determined
at the central depth of the minimum and maximum depths reported
by OBIS, or from either depth alone if only one metric was provided.
Occurrences were discarded if the range of conditions within that
depth range differed from the central estimate by more than 2 °C for
temperature or 20% for O,. For occurrences that did not have depth
information altogether, we assigned aminimum depth at the sea sur-
face and maximum depth at the seafloor”. In cases in which even this
maximum uncertainty in depths satisfied the error tolerance (2 °C
for temperature and 20% for O,) the location data were retained.
The Metabolic Index (that is, equation (5)) was computed based on
species-specific traits and the paired hydrographic datafor the occu-
pied sites of each species.

Of the more than 1.5 million OBIS occurrences used here, only
0.1% mapped to climatological conditions in which @ falls below 1.
This environmental condition is physiologically unsustainable, yet
may arise from transient species movements, or amismatch between
the climatological temperature and O, fields used to compute @ and
the true insitu hydrographic conditions at the time occurrence data
wererecorded. Only three species in our dataset had more than 5% of
OBIS occurrences for which @ <1, and two of them (Sergia tenuiremis
and Sergia fulgens) are known to be vertical migrators. Because of
thelikelihood that these occurrences do not reflect viable long-term
habitats, butinstead are being used as atemporary refuge that requires
metabolic suppression, we report the @.;, values that do not include
such locations. Of the three species with more than 5% of locations
that had @ <1, the removal of those points affected the estimate
@_... by <0.3 for two of them (S. fulgens and M. pammelas), and thus
has a negligible effect on our results. We report the @, estimates
both with and without the inclusion of rare locations for which @ <1
(Supplementary Table1).

We evaluated the @ value that best defines the boundary of the geo-
graphical range of each speciesin twoindependent methods, which use
identical data but differ in the degree of data aggregation over space
and time. The first equates @ with the lower tail in the frequency
distribution of @ across all occupied sites in OBIS, for each species.
The second computes the @ value that maximizes its predictive skill
in segregating inhabited and uninhabited grid cells globally, using a
machine-learning technique. The two methods, which are described
below, give highly consistent results (Extended Data Fig. 8a), but the
first approach is presented in the main text (Fig. 4), owing to its con-
ceptual and computational simplicity.

Occurrence histogram. The ecological parameter, @, is estimated
from the cumulative distribution function as the value of @ above which
the most of the occurrences of each species are found (5th and 10th
percentiles). The two values yield similar @ values, and their range
encompasses the @, derived from a machine-learning algorithm
(see ‘The Fi-score’; Extended Data Fig. 8a), but can be applied objectively
tospecies for which the three-dimensional distribution is too complex
or sparsely sampled to identify a clear boundary to the geographical
range. We present the median of @, in our primary results, butinclude
both valuesin Supplementary Table 1.

As sampling density decreases, the lowest observed @ value may
not reflect the true minimum within a species habitat. However, we
found that the distribution of @, for all species was similar regardless
of samplingintensity (Extended DataFig. 8b), and not biased towards
higher values of @ (Fig. 4). We therefore did not restrict the analysis
based on the number of occurrences.

The F,-score. We evaluated the ability of @ to separate the ocean into
inhabited and uninhabited portions for each species, using astandard
statistical categorization metric, the F;-score*®*°, The F;-score is com-
puted based onthe presence and absence of aspeciesonaregular grid
(latitude, longitude, depth and month), for which the environmental
conditions fall above and below a threshold value, which we varied.
The value of the environmental threshold that yields the maximum
Fi-scoreisthe one that best segregates global grid cellsinto inhabited
and uninhabited conditions for the environmental parameter of inter-
est. @, is estimated as the @ value that optimizes the predictive skill
of categorizing habitat (maximum F-score).

The F;-score is calculated as the harmonic mean of precision and
recall, withequal weighting given to both measures. Precision measures
the probability that the presence of the species in waters for which
d= .. isatruepositive (TP; specimenreportedinthe spaceinwhich
they are predicted to occur) rather than afalse positive (FP; specimen
reported in a space predicted to be below the @ threshold). Recall is
the probability that a specimenis actually reported where @ > @,
(thatis, how likely isatrue positive relative to a false negative (FN); miss-
ing observations above @_;,). In terms of these variables, the F;-score
canbe expressed as:

_ 2TP
~ 2TP+FN+FP

-1
-1 . . -1
+
Flz[recall precision ] @)

2

This metric does not give weight to true absence data (species
known to be not present), which are infrequently and inconsist-
ently reported in marine species data. It is thus well suited to cat-
egorization problems based on OBIS data. A model with perfect
precision and recall would have F,=1. The absolute F;-score cannot
be meaningfully compared between species, as it depends on the
total number of grid cells included, as well as the total number of
occupied sites. However, when applied to the same species and
geographical region, the variations in F;-scores between different
values of the same environmental parameter, or between different
environmental parameters (for example, @ versus T), are ameaning-
fulmetric for the relative skill of agiven parameter and its threshold
value. Optimal F;-scores were used to compare the predictive skill
of different environmental parameters.

Comparison to SMS. To determine whether @, is consistent with
independent estimates of the ratio of active-to-resting metabolic rates,
we compared the frequency distributions of both metrics. An appro-
priate direct comparison of the habitat constraint (@) to metabolic
rate ratios would be based on active metabolic rates sustained over
the time scales of population maintenance (termed ‘SusMR’). Such
rates are not measured in marine species. However, maximum rates
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of metabolism are commonly measured in laboratory experiments.
Long-term sustained metabolic rates can be expressed as a weighted
average of the maximum rates (MMR) obtained under extreme exertion
and the minimum rates that apply in a state of rest (RMR):

SusMR = wy x RMR + (1 - wy) x MMR

where wy represents the effective weight of the resting state in the
time-mean sustained metabolic rate. Dividing both sides by RMR, and
noting the definition of SMS (SMS = SusMR/RMR), yields the equation
inthe main text:

SMS =wg + (1- wg)(MMR/RMR), (8)

which canberearranged, substituting the definition of factorial aerobic
scope (FAS = MMR/RMR) to estimate the weighting factor, wy:

FAS - SMS
R TFAs-1 ©)
Carbonisotope analyses of the otoliths of Atlantic Cod*? suggest that
SMS = 2, whereas FAS® ranges from 3.3 to 3.8, yielding a range of w;
from 0.39 to 0.47. We estimated the weighting of resting metabolic
rates (thatis, wy) using the measured ratios of MMR/RMR and @_;, for
the species in our dataset (Supplementary Table 1), and find a mean
and interspecies variation (s.d.) (wg = 0.40 + 0.17, n = 14; Extended
Data Fig. 9 and Supplementary Table 1) that is consistent with the
direct geochemical estimate for cod. Extending the mean value
from these 14 species to a broader group of species with measured
FAS* (n=106) but no SMS or @_,;,, we find a distribution of SMS that
is statistically indistinguishable from the overall distribution of @,
(Extended Data Table 1). Interspecies variation in the estimates of wy
probably reflects both real biological differences in activity levels
and the substantial methodological uncertainties that originate from
bothlaboratory rates (MMR and RMR) and biogeographically derived
@, values. Regardless of the precise values of wy and their uncertain-
ties, the fact that they are all positive (FAS values are at or above @)
and that @, is significantly correlated with laboratory-derived SMS
and MMR/RMR measurements (Extended Data Table 1 and Extended
Data Fig. 9) indicates that aerobic energy availability is a habitat
constraint.

Estimation of AT,,,,. The maximum temperature at which aerobic res-
piration can be sustained is estimated by extrapolating the empirical
relationship between P, and temperature to the mean atmospheric
28 (P,.m), at which CT,,, experiments are carried out. We thus find the
solution to the equation:

E[ 1 1] 1
A()F;tm exp { kB |:ATmaX Tref :|} - {d)crit

Because the P, data are all below P,.,,, the solutions to this equation
(AT,..,) are necessarily extrapolated beyond the experimental range
of temperatures over which £, is estimated. If £, was constant across
the full range of temperatures, this extrapolation would only be influ-
enced by therandomerrorsin P, measurements, but would notincur
asystematic bias across all species, yielding a histogram of AT,,,,, with
a robust mean value. However, the available data indicate that £,
increases systematically (albeit slightly) with temperature (Extended
DataFig. 3). We correct for this bias in the extrapolation of P, curves
tothe aerobic thermal maximum, by including anempirically derived
linear increase in £, with temperature, as discussed next.

The slope of the relationship (denoted by the derivative of E, with
respect to temperature, d£,/dT) is estimated in multiple ways, to
evaluate the uncertainty in these extrapolations. First, we use the

restingAT

activeAT,,,

(10)

intraspecies difference in £, among species for which it can be sepa-
rately estimated both above and below T, as discussed in the main
text and shown in Extended Data Fig. 3. This yields a mean intraspe-
cies dE,/dT=0.036 eV/°C (0.55 eV/15 °C, where 15 °C is the differ-
ence between the two temperature bins 0-15 °C and 15-30 °C).
Second, we consider the differences in E, between colder waters
(T < T,s) and warmer waters (T > T,.;) for all species. This estimate,
dE,/dT=0.013 eV/°C (0.2 eV/15 °C; Extended Data Fig. 3) gives a lower
value because it includes interspecies variation. Finally, as a third
method for estimating the potential variation in £, with temperature,
wedirectly fit the P, curves (equation (5) for all species with more than
2 temperatures, including a linear relationship between £, and tem-
perature. We discard any fits that predict a P, that declines towards
zero athightemperatures (7> 30 °C), as this would imply an unrealistic
(infinite) tolerance for hypoxiaat high temperatures. Asasecond check
on the curve fits, we compare the Akaike information criterion (AIC)
for the model with alinear increase in E, to our standard model with
aconstant E,. We only retain those curve fits in which the AIC did not
decrease, indicating that the additional parameter did not reduce the
information content of the model despite the additional parameter.
Across species, this yieldsamean value of d£,/dT=0.022 eV/°C, which
falls in between the previous two values. We apply this interspecies
meanvalue as adefault value for all species (Fig. 5), since it yields results
that are not biased relative to values derived from species-specific
dE,/dTwherever both are available (Extended Data Fig.10). The range
of dE,/dT estimates is used to generate the error bars of the estimates
of AT, plotted in Extended Data Fig. 10.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The datausedin thisstudy are described in the Methods. The data that
supportthe findings of this study are available from the corresponding
author upon reasonable request.

Code availability

The MATLAB codeis available at GitHub (https://github.com/cadeutsch/
Metabolic-Index-Traits).
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Indian Oceans are labelled. Maps of the occurrences of individual species are
available at https://obis.org/.
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and the elevated hypoxia vulnerability under activity (V,, x @) (c) all exhibit
significant correlations (standard linear regression, two-tailed ¢-test, P< 0.05)
between their constitutive parameters, regardless of whether we use all 72
species (dashed lines) or the subset of 14 species (dotted lines) for which the
traits themselves were derived from statistically significant fits to equations

(1) and (2) (see Methods and Extended Data Table 1). As in Fig. 1, points and error
bars (centred dot, if shorter than marker) are mean + s.e.m. for species with more
than two independent experimental temperatures. See Supplementary Table 1
for the number of independent temperature experiments used for each species.
The number of species used in each correlationisn=48 (a,b) and n=56 (c).

See Extended Data Table 1 for statistics on two-sided ¢-tests of trait correlations.
d-f, Observed diversity in resting hypoxia vulnerability (V},) (d), its temperature

sensitivity (£,) (e) and active hypoxia vulnerability (V,, x @) (), is measured as
theinterquartile range (IQR) among all species (red bars). We also quantified
the diversity in species traits in the absence of observed correlations in the
underlying metabolic traits. The correlations are removed by replacing species
variationin theindicated parameter with the interspecies mean value.

The diversity of the resulting trait is recomputed from the IQR (blue bars).
Specifically, we replace the variable a (a) with its mean value to derive a new
distributionand IQR of V; (d, blue bar); replace the variable £, (b) with its mean
value to derive a new distribution and IQR of £, (e, blue bar) and replace the
variable @, (c) with its mean value to derive a new distribution and IQR of the
active hypoxiatolerance (V, x @ f, blue bar). For all three central traits, the
correlation and putative trade-offs among the underlying constitutive
parameters act to reduce the interspecies diversity of the trait that governs
habitat range limits.
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midpoint of all data. Histograms of activation energyin each temperature
range (insets) are significantly different (two-sample Kolmogorov-Smirnov
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Extended DataFig. 4 |Spatial distributions of the Metabolic Index,
temperature and p,, compared to occurrences of species that occupy
diverselatitude and depthranges. a-e, Species inhabit mid to high latitudes.
f-h, Speciesare found in tropical waters. Fields of @ (colours), temperature
and O, pressure are zonally averaged over the longitudinal range of each
species. a, Cyclopteruslumpus (95°W-35°E). b, Tautogolabrus adspersus
(50-80°W).c, Gadus morhua (75°W-40 °E).d, Zoarces viviparus (10 °W-30 °E).
e, Gadusogac (110 °W-40 °E).f, Penaeus aztecus (40-120 °W). g, Funchalia
villosa (100 °W-40 °E). h, Gennadasvalens (100 °W-47 °E). Observed species
occurrencesare plotted (blue dots). Asingle lower limit of ® bounding each
speciesrangeis contoured (®,;; black lines) alongside isotherms of
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Latitude

temperature (whitelines; °C) andisopleths ofpoz(grey lines; atm). Published
upper thermallimits (CT,,,,) are contoured ingreen where available, based on
maximum monthly ocean temperatures (°C). Green asterisks denote species
for which CT,,,, occurs above allmapped maximum monthly temperatures.
For most species, @, more skilfully categorizes occupied habitat than either
upper temperature limits or lower polconsidered individually. Thisskillis
shown by theratio of F-scores of @ relative to temperature or to Po,
(inparentheses, respectively) from the full four-dimensional species
distribution. For G. morhua, the monthly range of @, is also mapped (dashed
blacklines). For G. ogac, mapped occurrences, ® and water properties are from
the Atlantic Oceanonly. Land regions are shaded in grey.
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for S. leucopsarus (d). By contrast, no single maximum temperature or
minimum Po, isconsistent witheach species’ range limitacross those regions.
Theincreased skill of @, is encapsulated by the higher F-scores of @ relative
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four-dimensional species distribution. Occurrence data for each species are
shown (blue dots).
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Extended DataFig. 6 | Spatial distributions of the P. borealis, S. canicula
andS. plicata compared with the Metabolic Index, temperature and P,
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Forallspecies, @, more skilfully categorizes occupied habitat than either
temperature limits or lowerp0 considered individually. This skill is shown
by the higher ratio of Fi-scores of @relative to temperatureortop,,

(in parentheses, respectively) from the full four-dimensional species
distribution. Occurrence datafor each species are shown (blue dots).
Regions forzonal averaging are asin Fig.2.
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Extended Data Table 1| Summary statistical tests of the relationships between metabolic and hypoxia traits and between
distributions of @, and SMS

Relationship Statistical Test Coefficients Correl.
(+95% C.1.) (r)
0.65

as=adp+h Linear regression Slope (a): 17.0 (13.3, 20.7) 5.1e-12 48 Fig. 1F
2-sided t-test Inter. (b): 32.0 (3.5, 60.5) ED Fig. 2A

E, =aE4+b Linear regression Slope (a): 0.59 (0.43-0.75) 0.55 1.5e-9 48 Fig. 1G
2-sided t-test Inter. (b): -0.02 (-0.13, 0.09)

E, =aEs+b Linear regression Slope (a): 0.40 (0.24,0.56) 0.36 6.5e-6 48 ED Fig. 2B
2-sided t-test Inter. (b): 0.02 (-0.09, 0.13)

@, =aV,+b Linear regression Slope (a): -0.19 (-0.29, -0.09)  0.22 2.8e-4 56 ED Fig. 2C
2-sided t-test Inter. (b): 4.05 (3.5, 4.6)

@, = a FAS+b Linear regression Slope (a): 0.55 (0.37, 0.74) 0.78 3.2e-5 14 ED Fig. 8

(FAS=MMR/RMR)  2-sided t-test Inter. (b): 0.65 (-0.26, 1.55)

@, Vs SMS Kolmogorov- N/A N/A 0.79 58,50  Fig.4A,C

(terrestrial) Smirnov (2-sample)

@, vs SMS Kolmogorov- N/A N/A 0.67 58,76  Fig.4A,B

(marine) Smirnov (2-sample)

SMS (marine) vs  Kolmogorov- N/A N/A 0.47 76,50  Fig. 4B,C

SMS (terr.) Smirnov (2-sample)

All correlations are determined by standard linear regression (computed using MATLAB's function regress.m) and indicate statistically significant relationships (P < 0.05) between traits.
All comparisons among histograms were evaluated by a two-sample Kolmogorov-Smirnov tests and indicate that significant differences in the underlying frequency distributions cannot be
detected (P> 0.05) with the data.
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