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Gigantism, temperature and metabolic rate
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The mechanisms dictating upper limits to animal body size are not well understood. We have analysed
body length data for the largest representatives of 24 taxa of terrestrial poikilotherms from tropical,
temperate and polar environments. We find that poikilothermic giants on land become two-three times
shorter per each 10 degrees of decrease in ambient temperature. We quantify that this diminution of
maximum body size accurately compensates the drop of metabolic rate dictated by lower temperature.
This supports the idea that the upper limit to body size within each taxon can be set by a temperature-
independent critical minimum value of mass-specific metabolic rate, a fall below which is not compatible

with successful biological performance.
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1. INTRODUCTION

The relationship between metabolic rate and body size has
been predominantly studied in terms of body size as
independent, and metabolic rate as dependent, variables
and not vice versa, e.g. Peters (1983). However, several
studies suggest that certain critical values of metabolic rate
may set limits to animal body size. For example, in a study
of unicells, poikilotherms and homeotherms, Robinson
et al. (1983) noted the smallest representatives of each
group have a nearly uniform mass-specific metabolic rate.
This suggests that the smallest size within each group can
be dictated by this uniform value of mass-specific
metabolic rate. Geiser (1988) found that mammals
hibernating at low body temperature reduce their
metabolic rate down to approximately 0.1 W kg ™!
spective of body size. Singer ez al. (1993) suggested that
the maximum body size in mammals is prescribed by this
minimum value: as far as mass-specific metabolic rate
decreases with growing body size, no further growth of
body size is expected when this critical value is reached.
Makarieva et al. (2003) proposed that the maximum
amount of metabolically active biomass of plants attain-
able at a given ambient temperature and solar irradiance is
similarly dictated by a minimum temperature-indepen-
dent mass-specific metabolic rate ¢.;, compatible with
viability of living tissues.

In this paper we report evidence which further supports
the idea that the upper limit to body size within each taxon
can be set by a temperature-independent critical mini-
mum value of mass-specific metabolic rate ¢,, a fall
below which is not compatible with successful biological
performance. Mass-specific metabolic rate decreases with
increasing body size but, in poikilotherms, grows with
ambient temperature. Compensation of the size-related
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drop in mass-specific metabolic rate by higher tempera-
ture extends the permitted range of body sizes for which
4> qmin- Hence, the maximum body sizes attained by
species inhabiting warmer environments should be larger
than the maximum body sizes attained by species from the
same taxon but living at lower temperatures. Here we test
these predictions by analysing body lengths of the largest
representatives of 24 poikilotherm taxa from the tropical,
temperate and polar environments.

Investigation of maximum body sizes across diverse
taxa and climatic zones requires extensive faunistic
descriptions of the studied areas. We chose Great Britain
and Colorado, USA as two well studied sites in the
temperate zone and Wrangel Island (71°N, 179°W,
Russia) as a representative polar territory (the whole
island (22 257 km?) is occupied by state nature reserve
with relatively well studied fauna). As far as species lists for
tropical countries are relatively fragmentary, we identified
world’s largest species in each of 24 taxa and determined
their geographic ranges, to find that all of them inhabit
tropical areas. For each region we calculated mean daily
temperature 7 of the six warmest months presumably
corresponding to maximum activity of poikilotherms. For
the tropics, 7 was averaged over typical locations of the
investigated species. For Wrangel Island, T'was calculated
as the mean for June, July and August, the only three
months with mean temperature above 0°C. Temperature
data were taken from Landsberg (1969-1984).

2. RESULTS AND DISCUSSION

Our analysis revealed that by linear body size, table 1, the
largest tropical species of terrestrial poikilotherms exceed
the largest representatives of the same taxa from Colorado,
Great Britain and Wrangel Island by 2.3, 2.9 and 6.1
times, respectively. Body size change parallels the pro-
gressive decrease in mean ambient temperature: 7T=26°C

© 2005 The Royal Society



Gigantism, temperature and metabolic rate

2326 A. M. Makarieva and others

"3 [1PYS
“I1oweIp Apog

‘uedsSury

oF SYISoAf sInsug 6¢ $NID]assa1 snaoydopuuayr) cl¢ (Q) sisuaopoutoy snuvin, SpaIezI|

061 X1I0U XUIDN 0s2C Jafiuaivd swydonu g 006 (Q) smwmogas uoyakJ syBUS

N 4 vuvuiod xyopy LZ (V) punvyov vuuvydp 5S[tBUS pue]

8% SISUDUIPUO] SIJNIOAPULILT) 8¢ Gv) svs18 snmidaaasondsuyoiy sopadirux

0L snauvai21qns snpydojdvr 11 vyduouidjod vipuadojors 0¢ (S) varuvsLs vipuadojosg sopadnuad

c0 UPJOLYSUIPIOU DIUISTT 1 SLUISDAAD] SNILUQUIN'T v'e (S) «oufof snjripouryyy GSWIOMTLIED
G0 UN2INIZSOJOY UANIPIQUIOLT, 9'1 (V) wn1i03ou11 wnqQuioiy10uL( SYO11 ‘sl

cZ'1 saduay vsoredojy e +ds sapawojo( [« sapoovyd vutjodouoydry 9L (S) “ds vsoydv.ay ], s1opids
c'C SNIUBPNS SNUDQY] [« SNIDAID SNUDQD], 09 (S) souoy svpluoinnr) SIIY PAUIOY-1I0Ys

L1 4010quN342G SUUIUIOLI] (7% vsoutLof sisda e (S) g so4ay/ sisda sdsem 1opids

T $na40quadiy snquiog 2 SLAIS2.4.42] SnQuiog Ve snowvejisuuad snquiog 6'¢ (Q) ommyd apyovsapy $39q
1 DIOUINSUDS DIVULLO] c'1I SNUDINIADY SNIOUOGUIDT) I'¢ (Q) sv3i3 smiouoduvy) siue

6’1 SI7]00UDIUNAL SNQDIDL) 9'¢ SNIDILIIUL SNQDADT) v'e SNIDSUOJ SNYIDULLSD] ) (Q) sapopifyd a8 outiopy S9[199q punoid
Gl SNQA29 SNUDINT 9 DUDZDUL SNUDINJOPNIS] Al (S) svydajo puosvSapn S9[199Q ProdBqeILdS

81 “ds wmdoaay, 6 $I0INANGS SAIVSUT] LT (S) snouvsis snuviry S9[192q pauloy-3uof
(o 2 12020USNY DADUOJIOIL] ¢l $04oID DIUOLYITS Gl vIVIOPO PYJISE 8¢C (S) rurddiuso viuvsiyJ, LSypowr
09 vI01SDS D125 6 uovyIDUL OYIAV] Gl snappnvamut oido g (o4 (Q) avapuvxapp vi21doYIUL) LSAIPIaNNg
vl 04312 UOS 0T (S) smwmaovo sndasdopsajn LSOI[oswEp

01 A042quir XOU 11 smunl Xoup” 91 (V) punssuadur vangviaf LSdIguogeIp

€8°0 SMID]Ja1S SNYIUDXOJIYD) 0'¢ SLDIUY] DAIDUDY G9 SNUDILIIULD SNA2IOYI] 11 (S) snmuxvut sn42201y12°] s8nq ann
'z SYDIUSLIO DIID]T 8¢ DUDILIDUD DIZUD]GLIS] () (V) so4a20u1ys 01y150UDJOLIDIN SIUOBOIYO0D

(e DULSSIPLILG DIUOSINY] () WNIOJiQUIOY.L UNIIUIIOLILINT 1 (Q) “01042q112 $2751UKJOLID N sueiaidoyiio

[94 DUDJNILND DINILfUO] [94 DUDJNILIND DINILfAO] 8L (H) puvamoiay vinprqo | sSimied

€0 1203p0.405 DULOIOST 9'0 SILL0I1SUO] STA2I0UL]], ¢ (d) w12s1n0.40 VJJ2QOIVAD] spreidurids
1 sa10ads 7 sa10ads 7 sa10ads 7 saroads uoxel

pue[s] [98ueiy\ UO 15931€]

urelnrg 1e910) ur 1sa51e|

OpeIo[0D) UI 189518E]

sordon a1 ur 1s9818]

(*3sanbax uodn

SIOUINE 91 WOIJ d[qe[IBAR 18 SUONdLIOSIP SI10ds J0J $90IN0S "BOLJY TV {BOLIDWY [BIIU)) PUR YINOS ‘S ‘BI[BIISNY Y ‘BISAB[B|\ PUB BIUBIO( ‘O pUB[S] USPH 1S ‘H ‘sourddIfiyg ‘J :sa10ads
[eordoa1 13818 91 JO A11[BOO] [BIUULIUOD 1BIIPUIL $19)0BIQ UI SIS1197] "BIIB PIIPNIS Y1 UL UOXEB] B UIIIM PIUTRLIL (PI1BIS ISIMISYIO SSIA[UN YISUS[ APOQ) SIIISWINUID UL JZIS APOoq I18dUl] 189318 )
*sarnieIodws] JUSIQUIR JUSIPIP 18 SUIAI] SWISYIO[YI0d [BLIISILIS] JO JZIS APOq WNWIXBN T 3[QR],

Proc. R. Soc. B (2005)



Gigantism, temperature and metabolic rate A. M. Makarieva and others

2327

Table 2. Differences in maximum linear body sizes versus differences in environmental temperatures in terrestrial poikilotherms.
(Notes: 7 is the number of taxa used in the comparison; Rog is the observed ratio between body lengths of the largest
representatives of the taxa considered in the compared territories, table 1; Ry is the theoretical ratio predicted from equation
(2.2) using Q;9=2.3 and the observed temperature difference AT between the compared territories; 6 = ((Rtg — Rog)/Rrr) X
100% is the relative difference between the observed and theoretically predicted values.)

Ros
comparison n AT (°C) range meant1 s.e. Ry 0 (%)
Tropics—Colorado 18 8 1.2-8.03 2.394+0.37 2.10 —14
Tropics—Great Britain 23 12 1.6-6.8 3.234+0.29 3.04 —6
Tropics—Wrangel Island 9 22 1.77-13.3 6.09+1.13 7.66 +20
Colorado—Great Britain 17 4 0.67-2.65 1.4240.13 1.45 +2
Colorado—Wrangel Island 7 16 1.09-7.83 3.571+0.89 4.40 +19
Great Britain—Wrangel Island 8 12 1.0-3.6 2.114+0.28 3.04 +31

for the tropics, 7= 18°C for Colorado, T=14°C for Great
Britain and 7=2°C for Wrangel Island.

Within poikilothermic taxa mass-specific metabolic
rate g grows with decreasing body size, but declines
with decreasing temperature, qocM’“Ql(OT‘_T")/(IODC),
where M is body mass, T, is reference temperature,
Q10 is typically 2-2.5 and « is typically in the vicinity of
1/4 or 1/3 (Peters 1983). At a given temperature the
largest species feature minimum mass-specific metabolic
rate gmin- If gmin 1S universal for the taxon and
independent of temperature, g, =const, then for the
largest species with body masses M; and M, living at
temperatures 717 and 7, we have
Ml—an(g“l—To)/(lo"C) _ MZ—anz)"z—To)/(IO"C). 2.1)

Assuming that body shape is conserved within a
given taxon, L o« M">, we obtain the following ratio for

maximum linear body sizes L; and L, found at
temperatures 71, and 75:
Rry =Ly/L, = Q3719 (2.2)

where AT=T,—T>.

Theoretically predicted ratios Rry calculated using
mean representative values Q;0=2.3 and «=0.3 for the
temperature differences AT between the studied areas
agree well with the observed mean ratios Rpp. For
example, the largest terrestrial poikilotherms in Colorado
are on average Rog=1.421+0.13 (s.e.) times longer than
their counterparts in Great Britain (averaging is done over
n=17 taxa studied in both Colorado and Great Britain,
table 1). Temperature difference between Colorado
and Great Britain is AT=4°C, which gives Rpy=
2.304/3X03) = 1 45 Relative difference 6= ((Rtu— Rog)/
Rrp) X100% between the theoretical and observed value
is 0=+2%. Corresponding figures for comparison
between the other geographic regions studied are given
in table 2. The discrepancy between theoretical and
observed values ranges from —14% to +31% and is
larger for comparisons involving fewer taxa. For the three
comparisons involving more than 15 taxa, the discrepancy
between the observed and theoretical values ranges from
—14% to +2%, table 2.

The obtained theoretical ratios Rry between body
lengths of the largest species of a given taxon living at
different ambient temperatures can be independently
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tested by involving geographic regions different from
those studied in the present paper. For example, the
Antarctic Peninsula is situated at approximately the same
latitude as Wrangel Island and features comparable
temperatures. Hence, the prediction obtained for Wrangel
Island that the largest polar species should be on average
7.7 times shorter in body length than the largest tropical
species from the same taxon should apply to the Antarctic
Peninsula as well. If, e.g. the largest tropical mite is about
16 mm in length, table 1, the largest mite on the Antarctic
Peninsula should be able to reach about 2 mm in body
length. This prediction is excellently confirmed by
Alaskozetes antarcticus, the largest free-living mite on the
Antarctic Peninsula (Block & Convey 1995).

The agreement between theory and data indicates that
in the largest terrestrial poikilotherms from different
climatic zones the expected decrease in metabolic rate
caused by lower ambient temperature can be fully
compensated by their smaller maximum body sizes. This
suggests that the upper limit to body size within taxa can
be set by a critical temperature-independent minimum of
mass-specific metabolic rate ¢.,;,, which prohibits attain-
ing larger size at lower ambient temperatures (Singer ez al.
1993; Seebacher et al. 1999; Makarieva et al. 2003).

Possible uniformity of g, across different taxa, i.e.
whether the largest representatives of different taxa in
different climatic zones feature similar mass-specific
metabolic rates, warrants investigation. Singer ez al.
(1993) found that mammals, independent of body size,
do not tolerate a decrease of mass-specific metabolic rate
below approximately 0.1 W kg~ !. It is interesting that the
largest African centipede with measured metabolic rate
(Cormocephalus morsitans, body mass 3.7 g, T=20°C) has
a resting metabolic rate of approximately 0.3 W kg™ '
(Klok er al. 2002), which coincides by the order of
magnitude with the critical ¢.,;, value for mammals. For
comparison, resting metabolic rate of males of the largest
Antarctic tick Ixodes uriae (body mass 7 mg, T=5°C) is
0.22 W kg~ ! (Lee & Baust 1982) while resting metabolic
rate of one of the world’s largest frogs, the African bullfrog
Pyxicephalus adspersus (body mass 1kg, T=20°C) is
0.14 W kg~ ' (Loveridge & Withers 1981). These values
for the largest representatives of taxa characterized by
strikingly different body sizes and environmental tempera-
tures are remarkably similar to each other and to the g,
value for mammals.
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Oxygen concentration in the air is over an order of
magnitude higher than that of water-dissolved oxygen.
This means that per unit exerted drag force of the
ventilatory muscles aquatic animals are unable to inhale
as much oxygen as do air-breathing animals. Thus, even if
at the microscopic scale the assimilation of oxygen by body
cells of aquatic and terrestrial organisms is equally rapid
(i.e. independent of the ambient oxygen concentration),
metabolism of aquatic animals can be nevertheless limited
by low oxygen concentrations in their environment due to
the higher cost of delivering a unit oxygen mass into the
organism via the body—environment interface. This can
explain the difference in gigantism patterns between our
study (larger poikilothermic giants at higher tempera-
tures) and the study of benthic amphipods (Chapelle &
Peck 1999), where largest body sizes were observed at
lowest ambient temperatures associated with highest
concentrations of dissolved oxygen. In terrestrial poiki-
lotherms, the rate of oxygen uptake from the environment
likely becomes a limiting factor during periods of
maximum activity (e.g. flight), when metabolic rates in
the regime of oxygen balance can exceed 500 W kg~ ' and
oxygen demand is very high (Harrison & Lighton 1998).
(Note that the fact that such high rates have never been
observed in oxygen-balanced aquatic animals unambigu-
ously points to limitation of metabolic rate by low oxygen
concentration in aquatic media.) Gigantism of extinct
winged insects can be therefore related to atmospheric
hyperoxia (Dudley 1998; Harrison & Lighton 1998).
However, how elevated oxygen concentration translates
into the observed gigantic insect sizes has not been
theoretically quantified. Our study provides a quantitative
tool for analysing higher ambient temperature as another
factor possibly responsible for gigantism in extinct air-
breathing poikilotherms. Under otherwise similar environ-
mental conditions elevation of ambient temperature by
10°C could bring about a several-fold rise in maximum
linear body size depending on the characteristic Q;q value
for each taxon.
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identification of the largest animals from different taxa
and geographic zones willingly provided to the authors by
A.B. Babenko, A.S. Baker, A.D. Barber and the British
Myriapod and Isopod Group, O.E. Berlov, P. Convey,
S.A. Corbet, S.P. Hopkin, I. M. Kerzhner, V.I. Kuznetsov,
J.A. Marshall, A. Moreno, G. Ramel, D.E. Walter and
Z.-Q. Zhang. R. Poulin has generously shared with us his
unpublished dataset on body sizes in ticks. Special thanks are
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