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1 | INTRODUCTION

Abstract

One of the main expected responses of marine fishes to ocean warming is decrease
in body size, as supported by evidence from empirical data and theoretical modeling.
The theoretical underpinning for fish shrinking is that the oxygen supply to large
fish size cannot be met by their gills, whose surface area cannot keep up with the
oxygen demand by their three-dimensional bodies. However, Lefevre et al. (Global
Change Biology, 2017, 23, 3449-3459) argue against such theory. Here, we re-
assert, with the Gill-Oxygen Limitation Theory (GOLT), that gills, which must retain
the properties of open surfaces because their growth, even while hyperallometric,
cannot keep up with the demand of growing three-dimensional bodies. Also, we
show that a wide range of biological features of fish and other water-breathing
organisms can be understood when gill area limitation is used as an explanation. We
also note that an alternative to GOLT, offering a more parsimonious explanation for
these features of water-breathers has not been proposed. Available empirical evi-
dence corroborates predictions of decrease in body sizes under ocean warming
based on GOLT, with the magnitude of the predicted change increases when using

more species-specific parameter values of metabolic scaling.
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beautiful wildlife movies, which are all wonderfully adapted to their

environment, within which they thrive and run and swim with effort-

Apart from shifts in distribution and phenology, one of the main
responses of poikilothermic organisms to warming is decrease in body
size (Baudron, Needle, Rijnsdorp, & Marshall, 2014; Daufresne,
Lengfellner, & Sommer, 2009; Forster, Hirst, & Atkinson, 2012; Gard-
ner, Peters, Kearney, Joseph, & Heinsohn, 2011; Ohlberger, 2013;
Sheridan & Bickford, 2011). A fundamental factor that cuts across the
mechanisms relating warming and decrease in body size is biological
constraints on size-related physiological and ecological processes
(Atkinson, 2004; Ohlberger, 2013; Pauly, 1997). In the case of water-
breathing ectotherms, we suggest that it is the geometric limitation of
the growth of gills, and the responses of metabolism to temperature,
that lead to a decrease in maximum body size under warming.

Physical constraints (see Table 1) of this sort may not be appar-

ent when we see the animals surrounding us in the wild or in

less grace. This, however, is a superficial impression, as many of the
occurrences we perceive as expressions of these animals’ behavior
are, in fact, responses to physical constraints that even millions of
years of evolution could not circumvent. Given these constraints,
when environmental conditions change, the biology of organisms is
forced to change, especially in the case of poikilotherms.
Approaching maximum physiology capacity imposed by physical
constraints is costly to the fitness of the animals, thus the evolution
of biological processes and ecological behavior will avoid capacity
maxima. As a result, the biological implications of the physical con-
straints are often not directly interpretable from physiological mea-
surements over a very short timeframe relative to the lifespan of
animals. The cost for animals to approach their maximum physiologi-
cal capacity is that their survivorship, growth and fecundity are
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TABLE 1 Glossary of important technical terms used in this paper

Terms
Active metabolism

Allometry

ds

Dimensional tension

Gill-oxygen limitation theory

GOLT
Hyperallometry

Isometry

Limiting factor

Maintenance metabolic rate

Maximum metabolic capacity

Metabolism

Open surfaces

Physical constraints

Routine metabolic rate

Standard metabolic rate

?Refer to another entry.

Definition
Maximum metabolic capacity

A term coined by Julian Huxley (1887-1975) to characterize the growth an organism’s part when it
proceeds at a rate different (“allo” = other) from that of the organism’s body as a whole (see also *Hyper-
and ®Hypoallometry)

The power linking gill surface area with body weight in water-breathers. The value of dg appears to vary
between about 0.2 (*hypoallometry) and »1 (*hyperallometry), but is limited between 0.7 and 0.9 in most
postlarval teleost and adult elasmobranchs, for reasons discussed in the text

Our term for the interactions of biological (and other) processes wherein the growth of a process in a
certain dimension (typically a surface) limits the growth of a related process unfolding at a higher
dimension (typically a volume). Dimensional tensions strongly impact the architecture of growing
organisms because they cannot easily be circumvented by evolutionary adaptation

An ensemble of mutually compatible hypotheses about the respiration of water-breathing animals (fishes
and aquatic invertebrates) based on the fact that the rate of oxygen supply by the gills of (at least the
adult form of) these animals constrains their activities and performance

See ?Gill-oxygen limitation theory

A form of growth wherein a dimension (length, surface areas, or volume) of a body part or organ increase
in size faster than the rest of the body. Here used mainly to characterize the increase of the surface area
of the gills of fish, relative to their weight. Note that ®lsometry: ®dg = 2/3, Hypoallometry: dg < 2/3, and
2Hyperallometry: dg > 2/3

A term characterizing the growth of an organism'’s organs when it proceeds at the same (“iso” = same) rate
as the body as a whole, or at the expected rate (e.g., for a surface to grow with a power of 2/3 of the
corresponding volume, or °dg = 0.667). The converse is Allometry (see also *Hyper- and *Hypoallometry)

A variable which, when increased, causes the performance of a system to increase. The concept is
understood since Julius von Liebig (1803-1973) demonstrated that increasing agricultural productivity, at
any time, was a matter of providing more of the single element that constrained productivity (e.g.,
phosphorus), and not more of all the nutrients that are required overall

The weight-specific consumption of oxygen by fish that allows their survival under natural conditions (i.e.,
in habitats with prey and predators, and other stressors), or in simulated natural conditions, but not
allowing for somatic growth. See also ?Standard (or basal) metabolic rate and *Maximum metabolic
capacity

Here the highest performance, metabolic or otherwise (e.g., a displayed in flight from a predators) that can
be exhibited by an animal. Such performance, also known as “active metabolism”, can generally be
sustained only for a short time because it reduces the long-term fitness of the animal in question (see
Figure 1). Thus, comparison of performance between different animal species should not be based on
maximum metabolic capacity

In general, the interactions of chemicals inside a living organism; here more narrowly defined as its
consumption of oxygen. Note that this consumption reflects the supply of oxygen to the organism cells,
and not the amount of oxygen these cells could process or actually need to perform their normal
activities, i.e., their demand. Not differentiating between supply and demand makes it difficult to
understand the metabolism of fish under stress, e.g., when they suffer from tissue hypoxia due to
elevated water temperature

The surface of a body organ (e.g., the skin or the gills) that is in direct contact with an outside medium.
Open surfaces can be used for the transfer of heat, or gas (O,, CO,), or liquid (sweat). In this, open
surfaces differ from the outer surfaces of internal organs (e.g., the liver), which only separate them from
other organs

The nonbiological processes or features that have shaped the evolution of organisms and still shape their
performance (see also ®Limiting factors). Examples are the gravitational force, or the dissolubility of
oxygen in water

The weight-specific consumption of oxygen by fish under laboratory conditions roughly similar to those in
their natural habitat (minus predators to avoid and prey to chase). See also Standard (or basal) metabolic
rate and *Maximum metabolic capacity

The weight-specific consumption of oxygen by fish under laboratory conditions that only allow from the
fish to survive (while remaining unfed); roughly similar to “basal” metabolism. See also ®Routine metabolic
rate and *Maximum metabolic capacity
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FIGURE 1 Schematic representation of the inter-relationships
between maximum and standard metabolic rate (see Table 1),
survival and the frequency distribution of metabolic rate through
time (modified from Priede, 1985)

reduced (Figure 1), and thus their overall fitness as well (Priede,
1985). For example, although a plaice (Pleuronectes platessa) can
swim (rather than rest on the sea floor), they will not be that active
frequently, to search for food for example, because they have to be
close to their maximum physiological capacity to do so, which is
energetically costly and will reduce their fitness over the longer term
through reduction in survivorship from decrease in growth and
increase in predation mortality (Bakun, 2010; Fonds, Cronie,
Vethaak, & Van der Puyl, 1992). Indirect effects of physical con-
straints of this sort are difficult to identify in physiological experi-
ments lasting for a few minutes, hours, or even days. In the wild, the
biological limits imposed by physical constraints generally are well
below the maximum physiological capacity as identified in physiolog-
ical experiments (Portner, Bock, & Mark, in press).

Concentrating on the physical constraints to which fish are
exposed made it possible to explain the basic patterns of size, growth
and reproduction and their relationship with environmental changes
(Pauly, 2010). For fish, the growth of the primary respiratory surface
area (gills) is the geometrical/physical constraint that explains a wide
range of biological and ecological patterns (Gillooly, Gomez, Mavro-
diev, Rong, & McLamore, 2016; Pauly, 2010). Based on this, a theory,
hereafter called Gill-Oxygen Limitation Theory (GOLT, Table 1), can
be derived (Pauly, 2010) which provides the conceptual basis for mod-
els and projections of the effects of ocean warming on fish body sizes
(Cheung and Pauly, 2016; Cheung et al., 2013). However, Lefevre,
McKenzie, and Nilsson (2017) argue against the GOLT, based on ad
hoc arguments from misinterpreted physiological experiments. Specif-
ically, Lefevre et al. (2017) argue that respiratory surface areas in
fishes reflect metabolic needs instead of a constraint to metabolism
because gill surface area can increase linearly in proportion to gill vol-
ume and body mass. By arguing that the oxygen consumption of fish
reflects their demand, rather than the supply that their gills can pro-
vide, Lefevre et al. (2017) eliminate, per definition, the possibility of
an undersupply of oxygen to the body of fishes. However, we must
maintain the distinction between oxygen supply through the gill and
oxygen demand by a living body’s cells, if only to understand the
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effects on water-breathers of a scarcity of oxygen in the water sur-
rounding them (Kramer, 1987).

Here, based on the distinction between oxygen supply and
demand, we present a new summary outline of the GOLT and
explain why the argument provided by Lefevre et al. (2017) do not
refute it. We examine the validity of GOLT in light of the followings
criteria: (1) the hypothesis must be testable in principle, and (2) the
ability of the hypothesis to predict observations different from those
used to derive them in the first place. Also, a given hypothesis will
be preferred over an alternative if it is (3) more parsimonious; (4)
explains observations in widely different subfields or fields; and (5) is
consistent (or “consilient”) with related, well-corroborated theories.
Finally, we suggest that fish physiology needs to be connected to
fish ecology and evolution, as exemplified by Pauly (1981, 2010),
Portner, Peck, and Hirse (2006) and Cheung et al. (2013), if we are
to explain and project the expected responses of marine fishes to
global change.

2 | BIOLOGICAL SURFACES AS A
UBIQUITOUS CONSTRAINT

An uncircumventable constraint occurs across all animal groups
when various surfaces of animals limit the size of the three-dimen-
sional bodies that these surfaces (S) are features of. The cross-sec-
tion of the legs in terrestrial animals, or the respiratory epithelium of
water-breathers would be strongly limiting to the growth of the
organisms in question if they grew isometrically, i.e., as the square of
their length (L) or Sio = a-L2. Thus, they grow faster, or hyperallo-
metrically, as S, = a-L", with 2 < n < 3, the latter limit referring to
the fact that volumes and hence mass (or here: weight), generally
grows in proportion to L2 (see Froese, 2006).

One vivid example of the limitation of three-dimensional bodies
of an organism would be the cross-section of the eight filiform legs
of harvester spiders, also known as “daddy longlegs” (e.g., Leiobu-
num rotundum), compared to the elephantine legs of some tarantu-
las (e.g., the giant birdeater Theraphosa blondi), whose body is
orders of magnitude heavier than that of harvestmen. This hyperal-
lometric growth occurred, over evolutionary time, because in ter-
restrial systems, gravity is often the limiting factor for the size of
animals, which experience this constraint as a “dimensional tension”
between the cross area of their legs and the volume of their bod-
ies. Evolution has responded to this via a hyperallometric increase
of the cross-section of their legs, which means that the filiform
legs of the harvester spiders would prevent them from growing a
heavy body.

The respiratory system of insects also involves such dimensional
tension, i.e., one that limits their growth (Verberk et al., 2016). The
body space occupied by their trachea and tracheoles, which supplies
oxygen (O,) to their cells, becomes, in larger species, so large that
there is little space left for other organ systems, e.g., muscles to pro-
pel the insect in question. This results in the theoretical maximum
length of beetle-shaped insects (stick insects have other limitations)
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being estimated as about 17 cm, which is the size of Titanus gigan-
teus, a longhorn beetle from tropical South America (Kaiser et al.,
2007), and the largest living beetle on record. The singular limitation
that the bauplan and trachea/tracheoles of insects impose on their
size is lifted when the ambient oxygen system is elevated, and hence
the giant dragonfly (Meganeuropsis permiana) of the Permian (Ward,
2006).

In the water, where gravity is irrelevant and where trachea/tra-
cheoles would not work, the dimensional tension alluded to above
takes other forms. In large marine mammals such as whales, whose
body is insulated against heat loss by a thick layer of blubber, dump-
ing the heat that is produced by the massive muscles within the
body can become difficult. Nonfeeding whales can dump excess heat
via their flukes and flippers (Castellini, 2000), which, like the tongue
used for the same purpose by many terrestrial mammals, can be
insufficient when a chase is prolonged. This was well known to wha-
lers chasing wounded whales, to San hunters in Botswana, who run
antelopes to near death (Liebenberg, 2013), and even to wolves
chasing caribou.

3 | DIMENSIONAL TENSION IN FISH

Fishes are constrained neither by gravity nor excess heat. In fact,
several species of very active fish have found ways of turning excess
heat into resources (Carey, Teal, Kanwisher, Lawson, & Beckett,
1971). In water-breathing fishes and invertebrates (henceforth “fish”),
the dimensional tension (see Table 1) to which all life on Earth (and
elsewhere, as we might see when we begin to study extraterrestrial
life) manifests itself in the need to extract O, from a highly viscose
medium (compared to air), which does not contain much O, (again,
compared to air), in which diffusion is 300,000 times slower than in
air (Forster et al., 2012; Pauly, 2010).

Moreover, there is no escaping Fick's Law, implying that the
amount of O, that can diffuse into a body of a fish per unit time
is proportional only to the O, partial pressure difference between
its blood and the surrounding water (which had a clear upper limit),
the inverse of the water-blood distance (WBD, i.e., the thickness
of the respiratory epithelium, which must have an upper limit), and
the respiratory surface (Fick, 1855; Gillooly et al., 2016), which is
also limited. Thus, an experiment that ablated enough gill filaments
of rainbow trout (Oncorhynchus mykiss) to reduce their gill area by
approximately 30% led to decrease in oxygen uptake and critical
swimming speed by 27% and 22%, respectively (Duthie & Hughes,
1982). The effects of gill ablation on fish’ activities correspond clo-
sely to expectations from GOLT. Note that it is difficult to “add”
gill area experimentally to test for the effects of more gills. Thus,
an alternative way of testing the effects of gill area on body activi-
ties of fishes is through comparisons between related species
(Pauly, 2010); the results of which also matching expectation from
GOLT.

Even though GOLT predicts that they are ultimately gill-area lim-
ited (see Diaz-Pauli, Kolding, Jeyakanth, & Heino, 2017), fish such as

guppies, whose diminutive size implies inherently high surface/vol-
ume ratios have little difficulty extracting the little oxygen they
require from the water surrounding them. This is consistent with the
fact that their gills grow isometrically (see Table 1), or nearly so
(Table 2). Indeed, gills growing hypoallometrically occur in the Philip-
pine goby (Mistichthys luzonensis), one of the smallest fish (and verte-
brate) of the world, whose gill surface grows with a weight
exponent (dg, see Table 1) of about 0.60 (See Table 2 and Pauly,
1982, based on Te Winkel, 1935).

This is also the reason why von Bertalanffy (1938, 1951), work-
ing with guppies where S ~ a-L2, erroneously thought that his equa-
tion, based on the exponent (n=2) for the surface limiting
metabolic rate, was “physiologically” correct: he did not realize that a
surface could grow hyperallometrically (i.e., with n < 2, see above).
This error can be remedied, and a generalized von Bertalanffy
growth function (VBGF) defined which allows for n # 2 (Pauly,
1981, 2010), but this is not followed upon here.

However, and here we are directly confronting the critique of
Lefevre et al. (2017), we are well aware that for most fish larger
than guppies, gills do grow hyperallometrically (see Table 2), i.e., that
“[glills are folded surfaces, not spheres” (Lefevre et al., 2017).
Indeed, the very fact that in most fish, gills grow hyperallometrically
is an indication that the O,—supply that these fish experience is a
limiting factor (Table 1) for them, and does not meet their demand.
Although catabolism may scale with body mass with an exponent of
<1, it does not affect the constraints of gill respiratory surface area
on growth (Figure 2).

4 | LETTERS IN AN UNREAD BOOK
VERSUS GILL LAMELLAE

Lefevre et al. (2017) attempt to demonstrate that the metabolic rate
of fish cannot be limited by the overall respiratory surface of their
gills by arguing that gill lamellae are analogous to the letters making
up the words in a book, and whose number per unit of a book’s vol-
ume can remain constant, whatever its three linear dimensions (i.e.,
height, width, and depth).

However, just as books are meant to be opened and their let-
ters and words apprehended sequentially, gill lamellae must have
oxygen-rich water flowing through them to fulfill the function for
which they have evolved (see Hughes, 1966 and Hughes and Mor-
gan, 1973 for details on the blood circulation across gill lamellae).
This function is achieved either by pushing a “sieve” of gill lamellae
against the water (ram-ventilation, similar to a car’s radiator; Ste-
ven, 1972) or by a buccal pump which pulls water across that sieve
(Brainerd & Ferry-Graham, 2005).

Once the water has crossed that sieve, it is largely depleted of O,
(Johansen, 1982; Park, Kim, & Kim, 2014; Steven, 1972), and thus they
would be no point to direct it into another sieve. Thus, while lamellae
can be stacked along the height and width dimensions, they cannot be
stacked in depth. That the depth dimension cannot be accessed is why
the overall respiratory surface of the gill cannot keep up with a
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TABLE 2
weight of individual fishes

Taxa dg do2
Mystichtys luzonensis 0.601 -
Gambusia affinis - 0.63
Poecilia reticulata - 0.667
Cyprinus carpio 0.794 -
Various marine fishes - 0.80
Various freshwater fishes - 0.81
Various fishes 0.811 0.826
Katsuwonus pelamis 0.85 -

T. thynnus + T. albacares 0.88 -
Thunnus thynnus 0.90 -
Teleostean fish larvae (until metamorphosis)  >1.0? >1.0

Ciobsl hangeBiclopy MYU TRV

lllustrative values of the powers of weight in proportion to gill surface area (dg) and metabolism (do,) increase with the body

Reference(s) and remarks

Pauly (1982), based on Te Winkel (1935), pertaining to one of the smallest
vertebrates in the world, reading a maximum length of 1.5 cm and a weight
of 0.03 g

Winberg (1960), based on Maksudov (1940)

von Bertalanffy (1951) working with guppies, and erroneously believing that they
validated his “2/3 rule” for all fishes

Oikawa and Itazawa (1985), for carp <1 g (see bottom of this table and Figure 1)
Winberg (1961), based on a classic review on the then extent literature
Winberg (1961), based on a classic review on the then extant literature

De Jager and Dekkers (1975), based on species whose gill surface area was
estimated and whose metabolic rate was measured, both as a function of
body weight. De Jager and Dekkers (1975) assumed that dg and do, were
necessarily identical, and averaged the two values to d = 0.82

Muir and Hughes (1969), based on 4 skipjack tuna
Muir and Hughes (1969), based on 5 bluefin + 2 yellowfin tuna
Muir and Hughes (1969), based on 19 bluefin tuna

De Sylva (1974), Oikawa and ltazawa (1985; see also Figure 2), Giguere, Coté,
and St-Pierre (1988), Bochdansky and Leggett (2001). Teleost larvae can grow
with dg and do, >1.0 because their fast-growing gills complement the important
contribution (at this stage) of the body and primordial median fin fold

®The respiratory surface here includes the primordial median fin fold and the body.

6 —

10

105 =
FIGURE 2 Respiratory area of carp 104
(Cyprinus carpio), redrawn from Oikawa and
Itazawa (1985), illustrating its fast
hyperallometric growth in teleost larvae 103 |-
(dg > 1) and early fingerlings (dg > 1), and ‘QE
the slower, but still hyperallometric growth E 102 = 1200
of its gills in juveniles and adults g NE 0556
(dg = 0.794). The inset shows the gill area © £
in juvenile and adults, divided by the 3 10 = 800
corresponding body weight and plotted -%
against that same body weight. The 1 i 600
resulting scope for growth (which requires B 400
0,) declines with body weight, down to a % Weot —— Wea2
level (at Woo1, of Waop) Where all the 10" % 200 =W Cocsiog.ooemetan
available O, is used for maintenance. g " Maintenance metabolism )
Higher temperatures, by increasing 10-2 0 500 1000 1500 2000 2500
metabolic rate, will shift the asymptotic Body weight (g)
weight from W, to Weo, irrespective of
assumptions or data on the shape of the 1073 I I l I I I I
maintenance metabolism (dotted lines, see 103 1072 107" 1 107 102 103 10
Table 1) Body weight (g)
growing volume (the growing body of the fish, and the head space Sepulveda, Bull, & Graham, 2010), or their thickness, which

available for its gills), and why growing fish cannot simply add gill
lamellae to maintain their weight-specific gill area.

Note that this argument is independent of the shape of the
lamellae, which may be triangular, rectangular or filiform (Wegner,

determines the “WBD” (De Jager & Dekkers, 1975; Graham,
2006), or the interlamellar distance, which is small in ram-ventila-
tors such as tuna, and larger in other fishes (Hughes, 1966; Park
et al., 2014).
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5 | THE USE OF GOLT FOR EXPLAINING
ANOMALIES

A test to GOLT is provided by the fact that it provides explicit con-
straints to the values of certain parameters, and thus provides crite-
ria to re-examine results that do not conform to expectations, and

to identify anomalies.

5.1 | Exponential growth of fish larvae

Because of geometrical/physical constraints, adult fish cannot grow
gills whose surface remains proportional to their weight. Indeed, if
they could, they would. Teleost larvae can (see how in De Sylva,
1974; Bochdansky & Leggett, 2001) and this is consistent with the
fact that their bodies grow exponentially, usually as a function of
their food intake and temperature (Overnell & Batty, 2000). In this,
they differ radically from postmetamorphosis teleosts, which cannot,
simply by adding gill lamellae, keep up with the body weight they
are supposed to supply with O, (Figure 2).

Another perceived anomaly of GOLT is the case of the rainbow
trout (O. mykiss), in which dg is 3.443 (Morgan, 1971; Satora &
Wegner, 2012) . These estimates of dg, at first sight, may appear
incompatible to prediction from GOLT. However, the range for body
weights to which this high value applies is 0.068-0.100 g, which cor-
responds to larval rainbow trout.

Similarly, Satora and Wegner (2012), based on Hughes (1966)
present a dg estimate of 1.168 for Atlantic horse mackerel Trachu-
rus trachurus, ranging in weight from 12 to 135 g. Atlantic horse
mackerel reached up to 70 cm, corresponding to slightly above
2 kg (see www.fishbase.org). Thus, the upper limit of the range of
sizes studied so far corresponds with the lower 6.7% of the real-
ized range of body weight of Atlantic horse mackerel. Given the
previous consideration on initially high dg values declining with
increasing body size, it is not unreasonable to expect that the
study of respiratory area in larger specimen would yield a lower
estimate of dg.

Thus, the high dg in the early ontogenic stages of teleosts (e.g.,
in rainbow trout and Atlantic horse mackerel) is consistent with the
expectation from GOLT, which allows values of dg to be »1 in lar-
val teleosts, which, then gradually transits to a value <1, when the
“head space” occupied by the gills becomes crowded, as illustrated
here for carp Cyprinus carpio (Figure 2). This is consistent with the
fact that the growth rate of (postmetamorphosis) fish does not in-
crease with length (as is the case with exponential growth) but de-
creases throughout their lives (if one omits seasonal growth
oscillations), and why their growth rate in weight starts to decline
at about 30% of the maximum weight they are capable of reaching
in a given habitat. These features are well captured by the VBGF
for length and weight growth (Beverton & Holt, 1957; Pauly,
2010), which is the reason why thousands of authors have used
the VBGF to describe the growth of fish and aquatic invertebrates
(see www.fishbase.org for the former and www.sealifebase.org for
the latter).

5.2 | Hyperallometric growth of gills in adult tunas

The power linking respiratory surface (S) and body weight (dg), which
ranges between 0.70 and 0.85 in most (postmetamorphosis) mid-size
fish, rarely reaches unity, although it can get close, notably in tuna
(Table 2). Indeed, the interlamellar distance of tuna gills is so small that
it can be measured in terms of O, molecules (Stevens, 1992). Conse-
quently, they must use ram-ventilation to irrigate their gills, and can-
not tolerate coastal (i.e., turbid) waters, which can explain why tunas
occur only in open oceanic waters. Therein, they occupy, geographi-
cally vast habitats which are, however, ecologically and thermally nar-
row, and which is increasingly being “compressed” because of the
expansion of oxygen minimum zones (Prince & Goodyear, 2006).

In other words, while one can easily conceive of gills with an
allometry nearly equal to 1, the constraints this imposes on actual
fish are very hard to overcome, as not all fish, in all habitats, can
have gills such as tuna. Indeed, ram-ventilation, such as used by
tunas is energetically costly, particularly for larger individuals. For
example, the O, consumption of swimming tuna scales with body
weight with an exponent >1 (Gooding et al., 1981; Graham & Laurs,
1982) . Tuna in the wild spend most of the time swimming well
below their maximum sustainable speed and slightly above their min-
imum swimming speed (Carey & Olson, 1981; Priede, 1985). Thus,
oxygen supply through the gill essentially limits the activities and

growth of even the fish with the most elaborate gills.

5.3 | The case of the common thresher shark
(Alopias vulpinus)

Wegner (2016), based on Wotton et al. (2015), lists an estimate of
dg = 1.03 for the common thresher shark Alopias vulpinus. However,
this estimate is based on smaller specimens (7.9-91.5 kg). For larger
individuals (60-180 kg), Wegner (2016) provided an estimate of
dg = 0.41, along with even lower values of dg for two rays. All three
cases of low dg were linked to a note stating that they refer to “spe-
cies not included in scaling exponent means due to low sample size
or a limited size range in comparison to other species”. Wootton
et al. (2015) also suggest that the low estimate (dg = 0.41) is an
error “likely due to the limited range of body size sampled”.

Yet the sample sizes used for estimating the two slopes are com-
parable (n = 9 vs. 6), while the body size range associated with the
“wrong” estimate of dg is much larger than with the “correct” esti-
mate. Wegner (2016) assumed that dg was “wrong”, then proposed
the ad hoc hypothesis that “the high scaling exponent for the gill
surface area of the common thresher shark A. vulpinus (1.03) may
reflect an increased ability for regional endothermy (and hence dis-
proportional increase in oxygen demand).”

However, such anomalies can be readily explained by GOLT.
The estimates of gill area for large common thresher sharks, origi-
nally published by Emery and Szczepanski (1986), are fully com-
patible with those for the smaller individuals (Figure 3). It is just
that the space available for the growth of gills in thresher sharks
had a “head start”, and that the volume of the gill apparatus
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FIGURE 3 Relationship between gill respiratory area and body
weight of common thresher shark as reported in Wegner (2016).
The data used to estimate the high mean value of dg, as reported in
Wegner (2016), are represented by the open dot, while the
perceived anomalous values by Wegner (2016) and Wootton et al.
(2015) that result in a lower dg are represented by the black dot.
Note the compatibility between the two datasets

catches up with the available volume in the head of thresher
sharks only when they are large (beyond about 40 kg, see Fig-
ure 3). From then on, the growth of gill area is strongly hypoallo-
metric, i.e., becomes limiting for the growth of the common
thresher shark.

What the resolution of this anomaly documents is that in elas-
mobranchs, as suggested by the other low values of dg in Table 3.3
of Wegner (2016), the transition from fast- to slow-growing gill
areas may occur at relatively larger sizes than in teleosts, where it
appears to occur just after metamorphosis, at the fingerling stage
(see Figure 2 and Table 2).

6 | HYPOTHESES THAT EXPLAIN MORE
THAN EXPECTED

An important point here is the broad explanatory power that
emerges from the theory that gills are limiting for the growth of fish.
Notably, this provides an explanation for a suite of questions for
which straightforward explanation has been wanting, especially in
term of being compatible or “consilient” with each other (Wilson,
1999). Consilience is important for real scientific advances, which
usually turn out to be explaining more than the questions they were
originally supposed to answer. In our case, some of these questions

are:

® Why fish grow as can be described by a simple asymptotic func-
tion (with growth rate declining linearly with length), i.e., in the
manner described by the von Bertalanffy equation, as demon-
strated in thousands of cases (see, e.g., FishBase at www.fishba

se.org);
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® Why the growth performance of fish, and the maximum size they
reach is proportional to the size of their gills, other things being
equal (Pauly, 2010);

® Why, within a species and hence similar gill anatomy and O,
requirements, the fish occurring at higher temperatures remain
smaller than those at lower temperatures, as often reported by
taxonomists, e.g., Randall, Earle, Pyle, Parrish, and Hayes (1993),
who noted that “tropical fishes living near the limit of their toler-
ance for low temperature grow to larger size at such tempera-
tures.” (See also Gunter, 1950; Ricker, 1979; Smith-Vaniz,
Collette, & Luckhurst, 1999);

® Why the size at which fish reach first maturity is related to their
maximum size in a given environment and both are reduced when
its temperature is increased or its ambient O, is reduced, as e.g.,
demonstrated in Nile tilapia (Oreochromis niloticus) by Kolding,
Haug, and Stefansson (2008) and in guppies by Diaz-Pauli et al.
(2017) through explicit tests of the hypotheses in Pauly (1984);

® Why the larger individuals of a given species have a longer
spawning season than smaller individuals, which may experience
skipped spawning (Jgrgensen, Ernande, Fiksen, & Diekman, 2006;
Pauly, 2010);

® Why the females in most fish species reach larger sizes than the
males, even though they allocate far more energy to their gonads
(Pauly, 1989, 2010);

® Why it is that the large fish of a given species are more sensitive
to temperature increase such as presently occurring, or can be
expected from global warming (Di Santo & Lobel, 2017; Neuhei-
mer, Thresher, Lyle, & Semmens, 2011; Tirsgaard, Behrens, &
Steffensen, 2015);

® Why the food conversion efficiency of large individuals of a given
species lower than that of smaller individuals (other things being
equal; see Gerking, 1971; Pauly, 2010);

® Why stress in fish, which “has been identified as a diversion of
metabolic energy from routine, maintenance and anabolic to non-
routine activities” (Radull, Kaiser, & Hecht, 2002; citing Barton &
Schreck, 1987) reduces their growth (e.g., McCormick et al., 1998);

® Why larger individuals of a given species occur in deeper, cooler
water and undertake wider seasonal migrations (Heincke, 1913;
Pauly, 2010);

® Why young/small teleost exhibit daily rings on their otoliths (and
young squids on their statoliths) which are invisible in older/larger
individuals (Pauly, 1998, 2010); and

® Why a number of other phenomena previously considered biolog-
ical riddles (see Pauly, 2010) can also be explained straightfor-
wardly when following up on the implications of gills being
responsible for the O, supply to the bodies of fish, but not neces-
sarily meeting their demand.

We suggest that GOLT, which straightforwardly explains these
phenomena, is superior to alternative hypotheses, mainly because it
offers a parsimonious, coherent explanation for these phenomena,
rather than a series of ad hoc reiterations of the problems at hand.
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7 | USE OF MORE PRECISE SCALING
EXPONENTS EXACERBATE SHRINKING

Scaling between gill surface area or oxygen demand and body
weight varies between species (Table 2; Lefevre et al., 2017), which
also affects the sensitivity of their growth to warming. The standard
VGBF assumes a scaling exponent of 2/3 (Table 2; von Bertalanffy,
1951). Cheung et al. (2013) adopted a scaling exponent close to the
value used in the standard VBGF (0.7) in their model to predict the
effects of warming on maximum body size, while acknowledging that
the exponent can vary. Lefevre et al. (2017) suggested this relatively
low value was chosen in order to generate a stronger shrinking
effect than—they presume—using higher value would have gener-
ated.

We show that this is not the case, first by recalling the key equa-
tion of Cheung et al. (2013):

%:H-Wﬁ’—k-wf, (1)

where W is body weight, t is time and H and k are coefficients for
anabolism and catabolism. In line with Pauly (1981, 2010, and see
above), anabolism, i.e., the synthesis of new proteins, was considered
to be limited by oxygen supply to the body, and hence by gills that
grow in proportion to WY, with d < 1. Catabolism, on the other hand,
driven by the spontaneous denaturation of these proteins all over
the body, is assumed proportional to its mass, i.e., b = 1, if mainly to
simplify calculations (We discussed above the implications of b < 1
which may be observed in some fishes). At higher temperature, cata-
bolism increases because protein denaturalization increases, along
with other added energetic cost to the fish such as increased mem-
brane permeability and ion pumping. From Equation 1, asymptotic
body weight (W) is derived from:

H\ @
we= ()" @

Cheung et al. (2013) predicted a decrease in the value of H/k
under warming. However, if d takes a different value, this will also
affect We. For example, with d = 0.7, a fish population with an ini-
tial value of Wo, = 10,000 g and a decrease in H/k under warming
by 5% is projected to have a Wo, of 8,430 g, i.e., a decrease of
approximately 16%. However, with d = 0.85, the decrease in We
would be of 29%, other things being equal.

Since k is also dependent on d, we re-ran the growth model
described in Cheung et al. (2013) for 754 species of exploited mar-
ine fishes with two sets of exponent d. We investigated two sets of
assumptions: (1) the exponent is 0.7 in all cases (as in Cheung et al.,
2013) and (2) the exponent varies with maximum size of fishes: small
fishes (maximum length < 30 cm) = 0.7, medium fishes (maximum
length 30-60 cm) = 0.8, and large fishes (maximum length > 60
cm) = 0.9 (roughly corresponding to Figure 1.2 in Pauly, 2010). Max-
imum length estimates were based on FishBase (www.fishbase.org).
We then compared the decrease in Wo, between these two sets of
assumption.
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FIGURE 4 Projected changes in asymptotic weight (%) given an
increase of water temperature of 1 degree of warming relative to
the current (1971-2000) temperature in each species’ distribution
under two different assumptions for the values of the scaling
exponent d, in contrast to the guess in Lefevre et al., 2017). The
vertical lines above and below the boxes represent upper and lower
limits of the estimates, respectively. The upper and lower boundaries
of the boxes represent the 75th percentile and 25th percentile, and
the thick black lines represent the median

The projected decrease in W, per degree Celsius warming rela-
tive to mean current (1971-2000) water temperature of their range
is substantially higher and more variable with the size-dependent
exponent compared to a constant value of 0.7 (Figure 4). The med-
ian decreases in Wo, under d = 0.7 and d = 0.7 to 0.9 under warm-
ing were predicted to be 13.9% per °C and 24.9% per °C,
respectively, while the standard deviation across species increases
by an order of magnitude in the latter case.

The biological implication of these results is that fish whose gills
grow almost as fast as their weight (e.g., tuna) are physiologically
more sensitive to warming. As discussed earlier, such elaborate gill
development enables these fish to have an oxygen-demanding,
active life-style. However, it also renders them more sensitive to
increased oxygen demand from warming or decrease in oxygen sup-
ply. Thus, they move actively to follow specific isotherms and avoid
lower oxygen area. Alternative estimate of the coefficient b < 1 for
the catabolism term in Equation 1 would not alter the conclusion,
given the constraint that fish stops growing when anabolism =
catabolism (i.e., H-W? —k-W?5 = 0) where W, is the asymptotic
weight of the fish. On the other hand, the shrinkage of body
size under warming may be lower with b < 1, which needs to be
examined in future studies.

Thus, in contrast to the guess of Lefevre et al. (2017) that higher
scaling exponents “would have significantly reduced the future tem-

perature effects,” we show that the use of higher scaling exponents
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exacerbates the projected decrease in maximum body size under
warming. To wit: the use of d = 0.7 by Cheung et al. (2013) led to
conservative results, i.e., to a strong underestimation of the effect of
global warming on the size of fish. Interestingly, the stronger
decreases in body size for larger species predicted by the model is
consistent with the meta-analysis conducted by Forster et al. (2012).
Future studies should further examine this dimension of the predic-

tion from our model with observations.

8 | PERCEIVED ANOMALIES OF GOLT
THAT ARE ACTUALLY NOT ANOMALOUS

Lefevre et al. (2017) mention a number of phenomena which, they
suggest, contradict the GOLT. Here, we deal with these alleged
anomalies in no particular order, and show that the phenomena in
question are consistent with GOLT:

® |t is true that tropical groupers (Family Serranidae) can get really
large. But when they are adults, they are extremely passive, and
feed by ambush, suddenly opening their mouth and sucking in
passing fish and invertebrates (Collins & Motta, 2017). Indeed,
large species can be expected to be among the fish most affected
by the warming of their environmental temperature (Johansen,
Messmer, Coker, Hoey, & Pratchett, 2016; Johansen et al., 2015);

® |t is true that the sunfish (Mola mola) grows to a large size, and
occur in tropical waters. However, when adult, sunfish barely
move, resting sideways on or near the surface (hence the name)
and slurping jellyfish. Young and small sunfish (with relatively lar-
ger gill area per unit weight) display a completely different, active
behavior (D. Pauly, personal observations, December 29, 1997,
Monterey Aquarium);

® |t is true that at first sight, the fact that the largest fish on Earth,
the whale shark (Rhincodon typus), occurs in the tropics is discon-
certing. It is, however, well documented that this slow-growing
fish (Pauly, 2002) spends only half of its time at the surface, the
rest being spent on descending into and ascending from deeper,
cooler water (Gleiss, Norman, & Wilson, 2011), as do, incidentally,
most large tuna, so that on the average, they experience subtropi-
cal or lower temperatures. Indeed, it would be interesting to check
if whale sharks use counter-current mechanisms in their large gills
to dump heat when they are in cold waters, as whales do through
their flukes when they overheat;

® |efevre et al. (2017) suggest that feeding “leads to a transient
oxygen demand [...] which reflect the metabolic cost of digesting
and assimilating the meal, hence ‘growing”. Not so: growth
occurs only when fish (or any other organism) synthesize its own
proteins (anabolism), which require ATP, which itself requires O,
for its own synthesis. Having a stomach full of half-digested prey
is not “growing”. As illustrated in Figure 1 and confirmed by
physiological evidence examined in Portner et al. (in press), fish
can function at maximum physiological capacity in the short term;
however, it is the long-term physiological performance that
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constraints the growth of fishes over ecologically relevant time
frame, a fact not considered in Lefevre et al. (2017).

® |efevre et al. (2017) state that in “our field, it is generally
accepted that a species oxygen demand determines the size of
their respiratory area, not the other way round.” This can be re-
expressed in evolutionary terms, e.g., by stating that a specific
individual of given species of fish will inherit a gill size that was
sufficient for its ancestors to grow in the appropriate time to a
size appropriate for their reproduction. However, this being true
does not preclude this very same fish from being O, limited in
the course of its ontogeny, in specific conditions, e.g., when it is
exposed to a temperature increase in a French river;

® That “the oxygen consumption of different tissues in an animal
vary by more than one order of magnitude and fishes are no
exception” as pointed out by Lefevre et al. (2017). However, it is
irrelevant to the argument of von Bertalanffy, quoted in Pauly
(2010) that “catabolism occurs in all living cells of a fish, and is
therefore directly proportional to the mass of the fish’s body"—
unless we are willing to assume that the relative contribution of
tissues of fish (muscles, integuments, bones, etc.) to their overall
body mass changes radically in the course of their ontogeny;

® Figure 2b in Lefevre et al. (2017) implies that maintenance meta-
bolism per unit may be higher than in small fish than in adult of a
given species, which is reasonable (Figure 2). However, it is not
reasonable to assume that, as body mass increases, the decrease
of maintenance metabolism can continue without limit, i.e., it
must have a lower limit, below which a fish’ living cells cannot
function. Thus, O, is needed to resynthesize proteins that spon-
taneously denature, and in the case of the large grouper and sun-
fish mentioned above, to suck in or slurp prey, and to digest it,
etc. This minimum metabolic level, which will occur at smaller
sizes when higher temperatures cause protein to be denatured

faster, is what limits the size of fish (Figure 2).

9 | DISCUSSION

Lefevre et al. (2017) concede that “global warming may lead to
reduction in average body size and size-at-age of fish (see Munday
et al., 2008; Daufresne et al., 2009; Baudron et al., 2014)" , but sug-
gest that “underlying mechanisms be investigated [...] using sound
physiological knowledge and principles”. Firstly, we demonstrated
here that GOLT provides a parsimonious explanation for the manner
that fish growth can be constrained by the physical geometry of the
gill respiratory area, and consequently, its ability to take up oxygen
from waters. Secondly, GOLT explains a wide range of phenomena
and perceived anomalies of fish biology and ecology that are directly
or indirectly related to fishes’ oxygen needs and growth without the
need to invoke different ad hoc hypotheses. Thirdly, through the use
of a mathematical model, we demonstrate that GOLT is able to pre-
dict the decrease in body size of marine fish under warming, which
intensifies when realistic parameters are selected. All of this is also
consistent with the evidence presented by physiologists (e.g.,
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Portner et al., in press), who also demonstrated that fish exposed to
high temperatures cannot meet their increased oxygen demand (see,
e.g., Bozinovic & Portner, 2015; Portner & Knust, 2007; Portner
et al., 2006).

It is often easier to develop ad hoc unconstrained hypotheses
that are then used to explain individual cases than to develop gener-
alizable theory capable of explaining perceived anomalies, e.g., the
high value of dg in the common thresher shark reported in Wegner
(2016) and Wootton et al. (2015). This is well illustrated by Lefevre
et al. (2017), who suggest that it “is essential that the correct under-
lying mechanisms be investigated and identified, and that projection
of the effects on fish populations be modeled using sound physio-
logical knowledge and principles” and that “other mechanisms must
be at play in French river fishes” in the context of a study that
shows the decrease in body size of fishes in a French river. Thus,
instead of developing a different explanation for each instance of
these phenomena, for each species, we show that the GOLT can
provide a unified explanation. With GOLT, we do not need to
assume that the fish of French rivers use physiological mechanisms
to respond to temperature increase that are different from those of
other fish. In addition, GOLT could be used to predict similar phe-
nomenon for fishes in Spanish rivers, or other European river fishes,
without assuming that these fishes are physiologically constrained in
a manner fundamentally different from one another.

Finally, it is true, as Lefevre et al. (2017) note, that GOLT is not
mentioned in the physiology textbooks of Schmidt-Nielsen (1997)
and Evans and Clairborne (2006). Similarly, what we now know as
‘plate tectonics’ were not mentioned in some geology textbooks until
way in the 1970s (Oreskes, 1999). This is due to scientific progress,
which requires textbooks to be updated when a new understanding

of previously unexplained processes emerges.
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Ocean warming is expected to cause a decrease in body size of marine fishes. Such phenomenon is explained by the Gill-Oxygen Limitation
Theory (GOLT)—under warming, the oxygen supply to large fish size cannot be met by their gills, whose surface area cannot keep up with the
increased oxygen demand by their three-dimensional bodies. A wide range of biological features of fish can be understood when GOLT is used
as an explanation. Available empirical evidence of fish shrinking under warming corroborates predictions based on GOLT. It is important to con-

sider GOLT in understanding responses of fishes to global change.



