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Abstract: Hummingbirds (family Trochilidae) are among the smallest endothermic vertebrates representing an extreme,
among birds, in their physiological design. They are unique in their ability to sustain hovering flight, one of the most ener-
getically demanding forms of locomotion. Given that hovering metabolic rate (HMR) in hummingbirds scales allometrically
as M0.78 (M is mass), we tested the hypothesis that variation in HMR may be correlated with variation in maximal enzyme
activities (Vmax values) of key enzymes in glucose and fatty acid oxidation pathways in the flight muscles of four species of
hummingbirds ranging in body mass from 4 to 20 g. We also estimated metabolic flux rates from respirometric data ob-
tained during hovering flight. The data are striking in the lack of correlation between Vmax values and flux rates at most
steps in energy metabolism, particularly at the hexokinase and carnitine palmitoyltransferase reactions. In the context of hier-
archical regulation analysis, this finding suggests that metabolic regulation (resulting from variation in substrate, product, or
allosteric regulator concentrations) dominates as the proximate explanation for the interspecific variation in flux. On the
other hand, we found no evidence of hierarchical regulation of flux, which results from variation in Vmax and is based on
variation in enzyme concentration [E]. The evolutionary conservation of pathways of energy metabolism suggests that “one
size fits all” among hummingbirds.

Résumé : Les colibris (famille des Trochilidés) sont parmi des plus petits vertébrés endothermes, et présentent une physio-
logie extrême chez les oiseaux. Le vol sur place, l’une des formes de locomotion les plus coûteuses, est une caractéristique
qui leur est propre. Sachant que le coût métabolique du vol sur place (HMR) chez les colibris est fonction allométrique de
M0,78 (M est la masse), nous avons testé l’hypothèse selon laquelle HMR pourrait être corrélé aux changements d’activité
maximale (Vmax) d’enzymes jouant un rôle clé dans les processus d’oxydation du glucose et des acides gras dans les muscles
du vol chez quatre espèces de colibris dont la masse varie de 4 à 20 g. En parallèle, nous avons également estimé les flux
métaboliques à partir de données de respirométrie mesurées durant le vol sur place. Contrairement à notre hypothèse, au-
cune corrélation entre Vmax et les flux métaboliques n’a été trouvée, en particulier pour les réactions métaboliques impli-
quant l’hexokinase et la carnitine palmityl transférase. Dans le cadre d’une analyse de régulation hiérarchique, ces résultats
indiquent que la régulation métabolique (provenant de changements de substrat, produit ou effecteur allostérique) explique
le mieux les variations interspécifiques de flux métabolique. D’un autre côté, nous n’avons mis en évidence aucun signe de
régulation hiérarchique du flux métabolique, c'est-à-dire aucun changement de Vmax dû à un changement de concentration en
enzymes [E], provenant d’une régulation de l’expression génique. La conservation au fil de l’évolution de ces processus
métaboliques suggère l’existence d’une « taille métabolique unique » chez les colibris.

Introduction

Hummingbirds (Trochilidae) are characterized by their
small size, extreme physiological design, and extraordinary
aero-acrobatics. Trochilidae represent one of the largest avian
families, comprising 330 species that weigh between 2 (Cu-
ban Bee Hummingbird, Mellisuga helenae (Lembeye, 1850))
and 22 g (Giant Hummingbird, Patagona gigas (Vieillot,
1824)) (Dunning 1993; Cotton 1996; Dickinson 2003). Hum-
mingbirds are unique among birds in their capacity for sus-
tained hovering flight, which is one of the most energetically
demanding forms of locomotion (Weis-Fogh 1972). During
hovering (Lasiewski 1963; Bartholomew and Lighton 1986;

Suarez 1992; Clark and Dudley 2009) and fast forward flight
(Berger 1985; Clark and Dudley 2009, 2010), they display
some of the highest mass-specific rates of metabolism known
among vertebrate animals. Even higher metabolic rates are
achieved in other contexts (e.g., flight in hypodense air; see
Chai and Dudley 1995). During flight, 90% or more of
whole-body _Vo2 (rate of oxygen consumption) and _Vco2
(rate of CO2 production) values are accounted for by flight
muscle mitochondria (Suarez 1992; Taylor 1987). Therefore,
under steady-state conditions, gas-exchange rates can be used
to estimate rates of muscle ATP turnover and flux rates
through pathways of substrate oxidation (Brand 2005; Suarez
et al. 1990).
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Previous studies on Rufous (Selasphorus rufus (Gmelin,
1788)), Anna’s (Calypte anna (Lesson, 1829)), and Broad-
tailed (Selasphorus platycercus (Swainson, 1827)) humming-
birds revealed that recently ingested sugar directly fuels hov-
ering metabolism in fed individuals; in contrast, fasted
hummingbirds rely mainly on fatty acid oxidation (Suarez et
al. 1990; Welch et al. 2006, 2008). The high rates of sugar
and fatty acid oxidation during flight are made possible by
high enzymatic flux capacities in the pectoral muscles
(Suarez et al. 1986, 1990). However, such biochemical data
have been obtained only from S. rufus. Given the range of
body sizes among hummingbirds, an important question is
whether there might be interspecific variation in the enzy-
matic capacities for substrate oxidation. A recent study inves-
tigating scaling relationships between energy expenditure and
body mass in hummingbirds showed that hovering metabolic
rate (HMR) scale allometrically as M0.78 (where M is mass)
among species ranging from 3 to 20 g (Fernández 2010; Fer-
nández et al. 2011). In addition, not all hummingbird species
engage in hover-feeding behaviour; some species perch while
drinking floral nectar (Carpenter 1976). The reduced ener-
getic cost of foraging might be reflected in the evolutionary
design of pathways of energy metabolism in the flight
muscles of such species.
In principle, interspecific variation in metabolic rates (e.g.,

during hovering) as in the present context might be based on
variation in flux capacities in bioenergetic pathways, which is
measurable in vitro as the maximal enzyme activities (Vmax
values of metabolic enzymes) (Newsholme and Crabtree
1986; Suarez 1996; Darveau et al. 2005). Variation in Vmax
results from variation in enzyme concentration, [E], given
the relationship Vmax = [E] × kcat, where kcat is the catalytic
efficiency or turnover number of each enzyme molecule (in
interspecific studies of animals with similar body tempera-
tures, kcat values of enzyme orthologs can be assumed to be
invariant (Hochachka and Somero 2002). Alternatively, en-
zyme concentrations may not vary interspecifically; instead,
interspecific variation in metabolic rates may be based on
metabolic regulation resulting from variation in substrate,
product, or allosteric regulator concentrations.
In this study, we tested the hypothesis that the qualitative

“design” of pathways of energy metabolism (Suarez et al.
1990) is highly conserved among hummingbirds. In addition,
we hypothesize size-related, quantitative variation in Vmax
values that may partly account for the allometry of HMR.
We measured in vitro the Vmax values of key enzymes in
pathways of glucose and fatty acid oxidation in the flight
muscles of four species of hummingbirds found along the
Andes (Oasis Hummingbird (Rhodopis vesper (Lesson,
1829)), Green-backed Firecrown (Sephanoides sephaniodes
(Lesson, 1827)), Andean Hillstar (Oreotrochilus estella (Or-
bigny and Lafresnaye, 1838)), and P. gigas), ranging in body
mass from 4 to 20 g. These species cover 88% of the full
range of body masses among the Trochilidae. Like all other
hummingbirds, these species are obligate nectarivores and
engage in hovering-feeding behaviour, except for O. estella.
This species inhabits exclusively high elevations (above
~3000 m above sea level (asl)) and often perches to obtain
the nectar; it even breaks off flowers to drink nectar while
on the ground (Carpenter 1976; M.J. Fernández, personal ob-
servation). We also estimated metabolic flux rates from re-

spirometric data obtained during hovering flight (Fernández
2010; Fernández et al. 2011). The data are interpreted in the
context of “hierarchical regulation” analysis (ter Kuile and
Westerhoff 2001; Suarez et al. 2005), which makes the dis-
tinction between variation in flux based on variation in [E],
referred to as hierarchical regulation (resulting from variation
in some aspect of gene expression), and metabolic regulation
(resulting from mass-action or allosteric effects).

Materials and methods

Animals, tissue sampling, and storage
Hummingbirds were captured in Chile using mist nets be-

tween March and July 2002. Patagona gigas (n = 4), O. estella
(n = 4), and R. vesper (n = 4) were captured in northern
Chile, Chusmiza (19°40′S, 69°10′W; ~3583 m asl), and S. se-
phaniodes (n = 3) were captured in central Chile (33°17′S,
71°11′W; ~600 m asl). Hummingbirds were transported to the
Pontificia Universidad Católica de Chile in Santiago (33°27′S,
70°40′W; ~520 m asl), where they were euthanized by thora-
cic compression. Flight muscles were dissected out, immedi-
ately frozen in liquid N2, and stored in cryovials at –80 °C
until transported in dry ice to the University of California,
Santa Barbara, USA. Flight muscles were stored at –80 °C un-
til 2008 when maximal enzyme activities were measured. En-
zyme activities remained stable for at least 6 years when stored
at –80 °C, based on a comparison of enzyme activity between
our flight muscle samples for P. gigas collected in 2002 and
flight muscle samples (kindly provided by the Museum of
Vertebrate Zoology at the University of California Berkeley)
from three P. gigas collected in Peru in June–August 2006.
Except for PFK, which was not detectable in any of the tis-
sues, mean Vmax values for the rest of the enzymes were not
significantly different when comparing samples collected at
different times, during 2002 and 2006 (Wilcoxon test: all
P > 0.07).

Tissue preparation for enzyme assays
Tissue preparation was implemented as described by Suarez

et al. (2009). Muscles (~40 mg) were minced with fine scis-
sors and homogenized, using a Pro 200 homogenizer (Pro
Science, Oxford, CT, USA), in 9 volumes of homogenizer
buffer. The homogenizer buffers used in this study where:
25 mmol·L–1 HEPES (pH 7.0), 50 mmol·L–1 imidazole
(pH 7.1), 50 mmol·L–1 Tris-Cl (pH 7.2) or 50 mmol·L–1 so-
dium phosphate (pH 7.4) with 2 mmol·L–1 EDTA, 0.5% (v/v)
Triton X-100, and 5 mmol·L–1 b-mercaptoethanol (added be-
fore homogenization), except in the case of assays requiring
5,5′-dithiobis (2-nitrobenzoic acid) (i.e., in citrate synthase
(CS) and carnitine palmitoyltransferase (CPT) assays). The in-
dicated pH values were measured at room temperature. Ho-
mogenates were sonicated using a Microson Ultrasonic Cell
Disruptor model No. MS-50 (Heat Systems Ultrasonics Inc.,
Farmingdale, New York, USA) and then centrifuged for
4 min at 10 000g at 4 °C using an IEC Micromax refrigerated
microcentrifuge (Needham Heights, Massachusetts, USA).
Supernatant fractions in microcentrifuge tubes were kept in
ice until assays were completed.

Maximum enzyme activities
We measured Vmax of seven enzymes involved in the glu-
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cose and fatty acid oxidation pathways. Four enzymes
participate in carbohydrate metabolism: (1) glycogen phos-
phorylase (GP; EC 2.4.1.1) catalyzes the degradation of gly-
cogen; (2) hexokinase (HK; EC 2.7.1.1) catalyzes glucose
phosphorylation and entry into the glycolytic pathway; and
(3) 6-phosphofructokinase (PFK; EC 2.7.1.11) is an allosteric
enzyme that may play a role in the control of glycolysis;
(4) L-lactate dehydrogenase (LDH; EC 1.1.2.3) catalyzes a
near-equilibrium reaction that under certain conditions may
lead to net lactate production. Two mitochondrial enzymes
involved in the fatty acid oxidation pathway were measured:
(1) 3-hydroxyacyl-CoA dehydrogenase (HOAD; EC 1.1.1.35)
is an enzyme in the b-oxidation pathway and (2) carnitine O-
palmitoyltransferase (CPT; EC 2.3.1.21) is an enzyme that
mediates the transport of long-chain fatty acid across the mi-
tochondrial membrane by catalysing transesterification reac-
tions with coenzyme A and carnitine. Although we refer to
the activity measured simply as CPT in this paper, we note
that it is likely that the assay measured CPT-2 and not CPT-
1 because of the use of Triton X-100 in the homogenization
buffer (see Suarez et al. 2009). We measured citrate synthase
(CS; EC 2.3.3.1), which catalyzes the first reaction in the
Krebs cycle and serves as a mitochondrial marker (Moyes
2003). Assay buffers used in this study were the same as re-
ported by Suarez et al. (2009). Briefly, we used 50 mmol·L–1

Tris-Cl (pH 8.35) for PFK, CPT, and CS; 50 mmol·L–1 imi-
dazol (pH 7.25) for HOAD; 50 mmol·L–1 sodium phosphate
(pH 7.4) for GP; and 50 mmol·L–1 HEPES (pH 7.15) for HK
and LDH. The assays were done in duplicate, as described by
Suarez et al. (1986). We used a Shimadzu UV-160U record-
ing spectrophotometer at 39 °C; temperature was maintained
using a Grant circulating water bath (model LTD 6 Grant In-
struments Ltd., Cambridge, UK). Each enzyme measurement
had a control (background) obtained without one substrate.
Control rates were measured and subtracted from rates ob-
tained with all substrates present. We varied substrate con-
centrations to obtain Vmax values, ensuring that substrates
were saturating and not inhibitory. Coupling enzymes, when
needed, were added in excess; this was verified by varying
the activities added to assay mixtures.

Data analysis
Difference in enzyme activities between species were ana-

lysed using a Kruskal–Wallis test followed by a Wilcoxon
post hoc test. Systematic changes in enzyme activity and
flux rates in vivo with body mass (M) were tested using least
squares linear regression of mean values against M. Correla-
tion between mean flux rate in vivo (Fernández 2010; Fer-
nández et al. 2011) and mean flux capacity in vitro
measured in this study was tested using a Spearman’s corre-
lation test. All statistical analyses were performed using R (R
Development Core Team 2010).

Results
Mean values for Vmax in four trochilid species, ranging in

mean body mass from 4.7 to 16.3 g, are given in Table 1.
The mean Vmax values for HK, LDH, CPT, and GP were not
found to differ significantly between species, despite the dif-
ferences in their body mass (Kruskal–Wallis test, P > 0.06;
for detailed statistics see Table 2). However, we found a sig-

nificant difference in mean values of CS (Kruskal–Wallis
test; c2

½3� = 9.58, P = 0.022) and HOAD (Kruskal–Wallis
test; c2

½3� = 9.33, P = 0.025). A posteriori Wilcoxon tests
showed that CS activity was higher (203.3 mmol·min–1·
(g wet mass)–1) in the smallest hummingbird (i.e., R. vesper;
4.7 g) and significantly different from the other species (Wil-
coxon test; S. sephaniodes: P = 0.05; O. estella: P = 0.02;
P. gigas: P = 0.02). The lowest CS activity (148.1 mmol·
min–1·(g wet mass)–1) was found in the medium-sized species
(i.e., S. sephaniodes; 5.5 g), which had the greater variance
compared with the other species. The difference found in CS
between species was not dependent upon body mass (CS ∝
M–0.07; r2 = 0.02, P = 0.44). HOAD activity was higher in
S. sephaniodes (343.3 mmol·min–1·(g wet mass)–1). However,
a posteriori Wilcoxon tests showed that HOAD activity in
S. sephaniodes was not significantly different compared with
the other species (Wilcoxon test; R. vesper: P = 0.06; O. es-
tella: P = 0.11; P. gigas: P = 0.06). The only significant dif-
ference found in HOAD activity was between O. estella
(7.6 g) and P. gigas (16.3 g) (Wilcoxon test; P = 0.03).
Also, the variation in HOAD between species was not ac-
counted for by body mass (HOAD ∝ M–0.16; r2 = 0.23, P =
0.07). In general, therefore, Vmax values were largely inde-
pendent of body mass.
ATP turnover and metabolic flux rates during hovering

were estimated using respirometric data (Fernández 2010;
Fernández et al. 2011) (Table 3). Muscle mass scales isomet-
rically with body mass in hummingbirds; on average, flight
muscle mass consists of 26% of total body mass (n = 23 spe-
cies (Altshuler and Dudley 2002); n = 4 species (M.J. Fer-
nández, unpublished data)), where 90% or more of whole-
body rates of oxygen consumption occurs (Suarez 1992; Tay-
lor 1987). Assuming that only glucose is oxidized and a P/O
ratio (ATP molecules synthesized/O atom consumed) of 2.41
(Brand 2005), mean ATP turnover rate for R. vesper, S. se-
phaniodes, O. estella, and P. gigas would be 461.3 ± 22.9,
480.9 ± 30.4, 333.2 ± 22.3, and 356.1 ± 15.7 mmol·g–1·
min–1 (mean ± SE), respectively. To sustain the above rates
of ATP turnover, hummingbirds require the oxidation of glu-
cose at a rate between 10.4 and 19.0 mmol·g–1·min–1. When
fasted hummingbirds oxidize fatty acids (e.g., palmitate) dur-
ing hovering, the rates of oxidation would be between 2.0
and 3.7 mmol·g–1·min–1, with a P/O ratio of 2.09 (Brand
2005). Mean values for glucose and palmitate oxidation rates
during hovering flight are given in Table 4. For both sub-
strates, the oxidation rates differ significantly between species
(Kruskal–Wallis test: c2

½3� = 10.99, P = 0.01). Specifically,
S. sephaniodes require oxidation rates 44% higher on both
substrates (glucose and palmitate) compared with O. estella
(Table 4). Through a least square linear regression, we found
that body mass accounted for 33% of the variability in flux
rates through the glucose and long-chain fatty acid oxidizing
pathways (flux rates ∝ M–0.19; r2 = 0.33, P = 0.02).
Within species, the mean body mass of the individuals

used for respirometry (Fernández 2010; Fernández et al.
2011) was not significantly different from those used for the
enzyme Vmax measurements (Wilcoxon test; S. sephaniodes:
P = 0.88; R. vesper: P = 0.08; O. estella: P = 0.85; P. gigas:
P = 0.63). Given this, it is reasonable to compare steady-
state flux rates at each enzymatic step (v) with enzyme Vmax
values. At the HK and CPT, steps v and Vmax were not sig-

Fernández et al. 987

Published by NRC Research Press

C
an

. J
. Z

oo
l. 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

Po
nt

if
ic

ia
 U

ni
ve

rs
id

ad
 C

at
ol

ic
a 

de
 C

hi
le

 o
n 

05
/0

9/
16

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



nificantly correlated (Spearman’s rank correlation; HK: P =
0.417; CPT: P = 0.333). If it is assumed that only glucose is
oxidized during hovering, then the fractional velocity (v/Vmax)
at the HK step varies from 0.67 to 0.95. On the other hand, if
only palmitate is oxidized, the v/Vmax at the CPT step ranges
from 0.44 to 0.84 (Table 4).

Discussion

Design of pathways of energy metabolism
The high Vmax values for HK, CPT, and CS indicate high

capacities for the catabolism of glucose and long-chain fatty
acids, as well as high mitochondrial capacities for oxidative
metabolism, consistent with the scheme proposed by Suarez
et al. (1990). These high enzymatic flux capacities make pos-
sible the high rates of sugar and fatty acid oxidation (Suarez
et al. 1986, 1990; Welch et al. 2006), allowing hummingbirds
to switch between these fuels, depending on prandial state
and flight behaviour. Qualitatively, the four Chilean species
are identical to S. rufus (Suarez et al. 1986, 1990) in terms
of the overall design of pathways of energy metabolism.
Also in common with S. rufus, HK and CPT in the Chilean
species operate at high fractional velocities (v/Vmax) during
hovering flight when either glucose or fatty acid is oxidized
(Table 4). Thus, the high rates of glucose and fatty acid oxi-
dation during flight are achieved through high capacities for
flux, as well as the operation of key enzymes at high frac-
tional velocities (Suarez et al. 1990). Hummingbird flight
muscle LDH activities are lower than in other avian species,
especially those that possess flight muscles consisting of fast-
twitch, glycolytic fibers (Crabtree and Newsholme 1972), in-
dicating low capacities for anaerobic glycolysis. This is con-

sistent with the design of their fast-twitch, oxidative fibers for
highly aerobic exercise (Grinyer and George 1969; Suarez et
al. 1991; Welch and Altshuler 2009).

Maximum capacities for flux
A recent study (Fernández 2010; Fernández et al. 2011)

showed that HMR scales positively with body mass (HMR ∝
M0.78); consequently, mass-specific HMR scales negatively
with mass (HMR/M ∝ M–0.21). Given the influence of body
mass on rates of energy expenditure (McNab 2002) and the
allometric scaling of HMR among hummingbirds, it is reason-
able to hypothesize the occurrence of mass-dependent varia-
tion in enzymatic flux capacities in pathways of energy
metabolism. Allometry in the Vmax values of oxidative en-
zymes has been observed previously in the locomotory
muscles of pelagic fishes (Somero and Childress 1990) and
mammals (Emmett and Hochachka 1981). It was therefore
somewhat surprising to find no interspecific variation among
hummingbirds in Vmax values for most of the enzymes in-
volved in glucose and fat oxidation pathways, except for CS
and HOAD. However, body mass did not explain the varia-
tion in the Vmax values of CS and HOAD. Given the use of
CS as an index of mitochondrial content (Suarez et al. 1991;
Moyes 2003), our results suggest the absence of a consistent
pattern of mass-dependent variation in mitochondrial content
in hummingbirds. Even O. estella (the high-elevation, perch-
ing species) displayed Vmax values well within the range of
values found across species in this study. However, given the
small number of species included here, it is not possible to
disentangle the influences of feeding behaviour and altitude.
The enzymatic flux capacities at the CS and HOAD reac-

tions are far greater than flux rates through the citric acid
cycle and fatty acid oxidation, respectively. We are aware of
no evidence in the biochemical literature that these enzymes
exert significant control over these pathways. In contrast,
there is some evidence from metabolic control analysis that
CPT may have significant control over fatty acid oxidation
(Spurway et al. 1997; Eaton et al. 2001). HK plays a signifi-
cant regulatory role over glucose oxidation in exercising
muscles (Fueger et al. 2004). Thus, the observed interspecific
variation in Vmax values for CS and HOAD may have little or
no functional significance. Our data do not support the hy-
pothesis that quantitative “biochemical adaptation” in flux ca-
pacities has occurred within trochilids. Instead, they suggest
that “one size fits all”, i.e., that enzymatic flux capacities are
not quantitatively adjusted in relation to interspecific varia-
tion in body mass. This implies that interspecific variation in

Table 1. Body mass (g) and maximum enzyme activities (Vmax; mmol·min–1·(g wet mass)–1) in flight muscles of four hummingbird species.

R. vesper S. sephaniodes O. estella P. gigas
Enzyme Mean ± SE n Mean ± SE n Mean ± SE n Mean ± SE n

Body mass 4.7±0.2 4 5.5±0.5 3 7.6±0.2 4 16.3±1.3 4
Hexokinase (HK) 22.3±1.0 4 17.5±1.3 3 17.3±1.3 4 17.3±2.8 4
L-Lactate dehydrogenase (LDH) 275.7±8.2 4 378.2±31.0 3 275.8±22.5 4 268.7±9.2 4

Carnitine O-palmitoyltransferase (CPT) 4.7±0.3 4 3.9±0.8 3 5.1±0.7 4 4.0±0.1 4
Citrate synthase (CS) 203.3±7.4 4 148.1±13.6 3 153.7±10.1 4 172.4±9.7 4
Hydroxyacyl-CoA dehydrogenase (HOAD) 258.5±23 4 342.3±18.7 3 291.8±11.3 4 231.9±4.5 4
Glycogen phosphorylase (GP) 32±2.9 4 54.4±4.8 3 34.4±3 4 31.9±0.7 4

Note: Common names are Oasis Hummingbird (Rhodopis vesper), Green-backed Firecrown (Sephanoides sephaniodes), Andean Hillstar (Oreotrochilus
estella), and Giant Hummingbird (Patagona gigas).

Table 2. Kruskal–Wallis test showing the difference in maximum
enzyme activities (Vmax) in flight muscles between four humming-
bird species (Oasis Hummingbird (Rhodopis vesper), Green-backed
Firecrown (Sephanoides sephaniodes), Andean Hillstar (Oreotro-
chilus estella), and Giant Hummingbird (Patagona gigas)).

Enzyme c2 df P
Hexokinase (HK) 6.22 3 0.101
L-Lactate dehydrogenase (LDH) 6.28 3 0.100

Carnitine O-palmitoyltransferase (CPT) 2.65 3 0.448
Citrate synthase (CS) 9.58 3 0.022*
Hydroxyacyl-CoA dehydrogenase (HOAD) 9.33 3 0.025*
Glycogen phosphorylase (GP) 7.45 3 0.068

Note: *, P < 0.05.
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flux through pathways of glucose and fatty acid oxidation is
achieved through modulation of enzyme activities, rather than
adjustments in [E] resulting from interspecific variation in
gene expression.

Metabolic regulation dominates over hierarchical
regulation
We showed that Vmax values at the HK and CPT steps are

independent of body mass, whereas flux rates at both steps
(estimated from respirometric data) showed negative allomet-
ric scaling with body mass (mass explains 33% of the varia-
bility in oxidation rates). The lack of a positive correlation
between flux rates and enzyme Vmax values suggests that var-
iation in flux is not due to “hierarchical regulation” but in-
stead is due to “metabolic regulation” at the HK and CPT
steps, in the scheme proposed by ter Kuile and Westerhoff
(2001) and applied by Suarez et al. (2005) to the allometric
variation in flight metabolic rates in Panamanian orchid bees.
On the other hand, muscle power output would be ex-

pected to drive the interspecific variation in metabolic rates.
Wingbeat frequency and stroke amplitude are the most im-
portant parameters that modulate muscle power (Ellington
1984). Altshuler and Dudley (2003) showed that wingbeat

frequency decreases as M–0.21, whereas stroke amplitude is
independent of body mass (Altshuler et al. 2010). If we
make the assumption that muscle stress and strain scale iso-
metrically across hummingbird species, then we would expect
muscle volume-specific (or mass-specific) power output
(Pennycuick and Rezende 1984) to scale negatively with
mass. Because muscle power output determines the steady-
state rates of ATP turnover during exercise and oxidative
pathways support aerobic ATP turnover rates, then it follows
that mass-specific power output would drive the scaling of
metabolic rate. These relationships likely underlie the finding
that body mass explains 33% of the variation in rates of ATP
turnover, as well as glucose and palmitate oxidation rates.
The rates at which muscles perform mechanical work deter-
mine their ATP hydrolysis rates, whereas these drive rates of
ATP synthesis by oxidative pathways and mitochondrial O2
consumption drives O2 flux through the cardio-respiratory
system from the external environment.
Hierarchical regulation involves the variation of flux via

alterations in Vmax, based on variation in [E]. This may result
from variation in some aspect of gene expression (ter Kuile
and Westerhoff 2001). The data presented here are inconsis-
tent with hierarchical regulation of flux at the metabolic steps

Table 3. Body mass (g) and mass-specific metabolic rate during hovering flight (HMR; mL O2·g–1·h–1)
for four hummingbird species (n is sample size).

R. vesper S. sephaniodes O. estella P. gigas
Mean ± SE n Mean ± SE n Mean ± SE n Mean ± SE n

Body mass 4.2±0.1 5 4.7±0.2 5 7.5±0.3 3 18.7±1.5 3
HMR 37.1±1.8 38.7±2.4 26.8±1.8 28.7±1.3

Note: Respirometric data was adapted from Fernández et al. (2011). Briefly, _Vo2 were obtained from a hum-
mingbird feeder altered to function as a respirometry mask pulling air at 1000 mL·min–1. The oxygen depletion in
the sampled respiratory flow corresponded to the amount of oxygen consumed by the bird over the duration of the
feeding bout (see Bartholomew and Lighton 1986). We estimated HMR from the area under the curve of oxygen
concentration versus time, divided by the total duration that the bird’s head was inserted in the mask. Common
names are Oasis Hummingbird (Rhodopis vesper), Green-backed Firecrown (Sephanoides sephaniodes), Andean
Hillstar (Oreotrochilus estella), and Giant Hummingbird (Patagona gigas).

Table 4. Required substrate oxidation rates (mmol·g–1 ·min–1), maximum possible rates of flux
and fractional velocities (v/Vmax) through hexokinase (HK) and carnitine palmitoyltransferase
(CPT) in flight muscles of four hummingbird species during hovering flight.

Oxidation rate

Required Maximum possible v/Vmax

Mean ± SE n Mean ± SE n HK CPT
Glucose oxidation
R. vesper 16.0±0.8 5 22.3±1.0 4 0.72
S. sephaniodes 16.6±1.0 5 17.5±1.3 3 0.95
O. estella 11.5±0.8 3 17.3±1.3 4 0.67
P. gigas 12.3±0.5 4 17.3±2.8 4 0.71

Palmitate oxidation
R. vesper 3.1±0.1 5 4.7±0.3 4 0.66
S. sephaniodes 3.2±0.2 5 3.9±0.8 3 0.84
O. estella 2.2±0.1 3 5.1±0.7 4 0.44
P. gigas 2.4±0.1 4 4.0±0.1 4 0.60

Note: In the calculations, it was assumed that 90% of _Vo2 was due to flight muscles (Suarez, 1992)
and that flight muscle mass was 26% of total body mass (Altshuler and Dudley 2002; M.J. Fernández,
unpublished data). Stoichiometries of glucose and palmitate oxidation were from Brand (2005). Common
names are Oasis Hummingbird (Rhodopis vesper), Green-backed Firecrown (Sephanoides sephaniodes),
Andean Hillstar (Oreotrochilus estella), and Giant Hummingbird (Patagona gigas).
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examined. On the other hand, metabolic regulation involves
variation in flux resulting from modulation of enzyme activ-
ities by the concentrations of substrates, products, or allo-
steric regulators. In hierarchical regulation analysis (ter Kuile
and Westerhoff 2001), when hierarchical regulation is ruled
out, metabolic regulation remains as the working hypothesis.
Thus, we propose that over an evolutionary time scale, hum-
mingbirds retained a highly conserved set of pathways for
muscle energy metabolism. Both qualitatively and quantita-
tively, “one size fits all” and interspecific variation in flux in
pathways of energy metabolism is primarily driven by varia-
tion in muscle power output. However, “one size fits all”
should be regarded as a working hypothesis and tested fur-
ther with a larger number of species using the method of
phylogenetically independent contrasts (Felsenstein 1985).

Acknowledgements
This work would not have been possible without the gen-

erous help of M.V. López-Calleja in the field. We thank
S. Gross for discussions during the development of this
study, as well as S. Beissinger and J. McGuire for helpful
comments on the manuscript. We are grateful to J.M. Rojas
and P.H. Valdujo for their help with statistics and to M. Beau-
lieu for his translation of the abstract. We also thank the
reviewer for useful suggestions. This study was funded
by a U.S. National Science Foundation research grant
(IOB 0517694) to R.K.S., FONDAP 1501-0001 grant to
F.B., and a Fulbright Fellowship to M.J.F. All measurements
were conducted according to Chilean law under permit SAG-
1485 of Servicio Agrícola y Ganadero, Chile.

References
Altshuler, D.L., and Dudley, R. 2002. The ecological and

evolutionary interface of hummingbird flight physiology. J. Exp.
Biol. 205(16): 2325–2336. PMID:12124359.

Altshuler, D.L., and Dudley, R. 2003. Kinematics of hovering
hummingbird flight along simulated and natural elevational
gradients. J. Exp. Biol. 206(18): 3139–3147. doi:10.1242/jeb.
00540. PMID:12909695.

Altshuler, D.L., Dudley, R., Heredia, S.M., and McGuire, J.A. 2010.
Allometry of hummingbird lifting performance. J. Exp. Biol.
213(5): 725–734. doi:10.1242/jeb.037002. PMID:20154187.

Bartholomew, G.A., and Lighton, J.R.B. 1986. Oxygen consumption
during hover-feeding in free-ranging Anna hummingbirds. J. Exp.
Biol. 123: 191–199. PMID:3746193.

Berger, M. 1985. Sauerstoffverbrauch von Kolibris (Colibri cor-
uscans und C. thalassinus) beim Horizontalflug. Edited by W.
Nachtigall. BIONA Report No. 3. G. Fischer, Stuttgart, Germany.
pp. 307–314.

Brand, M.D. 2005. The efficiency and plasticity of mitochondrial
energy transduction. Biochem. Soc. Trans. 33(5): 897–904. doi:10.
1042/BST20050897. PMID:16246006.

Carpenter, F.L. 1976. Ecology and evolution of an Andean
hummingbird (Oreotrochilus estella). Univ. Calif. Publ. Zool.
106: 1–74.

Chai, P., and Dudley, R. 1995. Limits to vertebrate locomotor
energetics suggested by hummingbirds hovering in heliox. Nature
(London), 377(6551): 722–725. doi:10.1038/377722a0.

Clark, C.J., and Dudley, R. 2009. Flight costs of long, sexually
selected tails in hummingbirds. Proc. R. Soc. Lond. B Biol. Sci.
276(1664): 2109–2115. doi:10.1098/rspb.2009.0090. PMID:
19324747.

Clark, C.J., and Dudley, R. 2010. Hovering and forward flight
energetics in Anna’s and Allen’s hummingbirds. Physiol. Bio-
chem. Zool. 83(4): 654–662. doi:10.1086/653477. PMID:
20455711.

Cotton, P.A. 1996. Body size and the ecology of hummingbirds.
Symp. Zool. Zool. Soc. Lond. 69: 239–258.

Crabtree, B., and Newsholme, E.A. 1972. The activities of
phosphorylase, hexokinase, phosphofructokinase, lactate dehydro-
genase and the glycerol 3-phosphate dehydrogenases in muscles
from vertebrates and invertebrates. Biochem. J. 126(1): 49–58.
PMID:4342385.

Darveau, C.-A., Hochachka, P.W., Roubik, D.W., and Suarez, R.K.
2005. Allometric scaling of flight energetics in orchid bees:
evolution of flux capacities and flux rates. J. Exp. Biol. 208(18):
3593–3602. doi:10.1242/jeb.01777. PMID:16155230.

Dickinson, E. 2003. The Howard and Moore complete checklist of the
birds of the world. 3rd ed. Princeton University Press, Princeton,
N.J.

Dunning, J.B. 1993. CRC Handbook of avian body masses. CRC
Press, Boca Raton, Fla.

Eaton, S., Fukumoto, K., Duran, N.P., Pierro, A., Spitz, L., Quant,
P.A., and Bartlett, K. 2001. Carnitine palmitoyl transferase I and
the control of myocardial b-oxidation flux. Biochem. Soc. Trans.
29(2): 245–249. doi:10.1042/bst0290245. PMID:11356163.

Ellington, C.P. 1984. The aerodynamics of hovering insect flight. VI.
Lift and power requirements. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 305(1122): 145–181. doi:10.1098/rstb.1984.0054.

Emmett, B., and Hochachka, P.W. 1981. Scaling of oxidative and
glycolytic enzymes in mammals. Respir. Physiol. 45(3): 261–272.
doi:10.1016/0034-5687(81)90010-4. PMID:7036306.

Felsenstein, J. 1985. Phylogenies and the comparative method. Am.
Nat. 125(1): 1–15. doi:10.1086/284325.

Fernández, M.J. 2010. Flight performance and comparative energetics
of the giant Andean Hummingbird (Patagona gigas). Ph.D.
dissertation, Department of Integrative Biology, University of
California, Berkeley.

Fernández, M.J., Dudley, R., and Bozinovic, F. 2011. Comparative
energetics of the giant hummingbird (Patagona gigas). Physiol.
Biochem. Zool. 84(3): 333–340. doi:10.1086/660084. PMID:
21527824.

Fueger, P.T., Hess, H.S., Posey, K.A., Bracy, D.P., Pencek, R.R.,
Charron, M.J., and Wasserman, D.H. 2004. Control of exercise-
stimulated muscle glucose uptake by GLUT4 is dependent on
glucose phosphorylation capacity in the conscious mouse. J. Biol.
Chem. 279(49): 50956–50961. doi:10.1074/jbc.M408312200.
PMID:15456776.

Grinyer, I., and George, J.C. 1969. Some observations on the
ultrastructure of the hummingbird pectoral muscles. Can. J. Zool.
47(5): 771–774. doi:10.1139/z69-133. PMID:5343375.

Hochachka, P.W., and Somero, G.N. 2002. Biochemical adaptation:
mechanism and process in physiological evolution. Oxford
University Press, Oxford, U.K.

Lasiewski, R.C. 1963. Oxygen consumption of torpid, resting, active,
and flying hummingbirds. Physiol. Zool. 36: 122–140.

McNab, B.K. 2002. The physiological ecology of vertebrates: a view
from energetics. Cornell University Press, Ithaca, N.Y.

Moyes, C.D. 2003. Controlling muscle mitochondrial content. J. Exp.
Biol. 206(24): 4385–4391. doi:10.1242/jeb.00699. PMID:
14610025.

Newsholme, E.A., and Crabtree, B. 1986. Maximum catalytic activity
of some key enzymes in provision of physiologically useful
information about metabolic fluxes. J. Exp. Zool. 239(2): 159–
167. doi:10.1002/jez.1402390203. PMID:3746230.

Pennycuick, C.J., and Rezende, M.A. 1984. The specific power

990 Can. J. Zool. Vol. 89, 2011

Published by NRC Research Press

C
an

. J
. Z

oo
l. 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

Po
nt

if
ic

ia
 U

ni
ve

rs
id

ad
 C

at
ol

ic
a 

de
 C

hi
le

 o
n 

05
/0

9/
16

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

http://www.nrcresearchpress.com/action/showLinks?crossref=10.1098%2Frstb.1984.0054
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1038%2F377722a0
http://www.nrcresearchpress.com/action/showLinks?pmid=14610025&crossref=10.1242%2Fjeb.00699
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1086%2F284325&isi=A1985AAK4600001
http://www.nrcresearchpress.com/action/showLinks?isi=A1984SD68300025
http://www.nrcresearchpress.com/action/showLinks?pmid=20455711&crossref=10.1086%2F653477
http://www.nrcresearchpress.com/action/showLinks?pmid=12124359
http://www.nrcresearchpress.com/action/showLinks?pmid=4342385
http://www.nrcresearchpress.com/action/showLinks?pmid=20154187&crossref=10.1242%2Fjeb.037002
http://www.nrcresearchpress.com/action/showLinks?pmid=15456776&crossref=10.1074%2Fjbc.M408312200
http://www.nrcresearchpress.com/action/showLinks?pmid=11356163&crossref=10.1042%2FBST0290245&isi=000169416300045
http://www.nrcresearchpress.com/action/showLinks?pmid=7036306&crossref=10.1016%2F0034-5687%2881%2990010-4
http://www.nrcresearchpress.com/action/showLinks?pmid=19324747&crossref=10.1098%2Frspb.2009.0090
http://www.nrcresearchpress.com/action/showLinks?pmid=3746230&crossref=10.1002%2Fjez.1402390203
http://www.nrcresearchpress.com/action/showLinks?pmid=12909695&crossref=10.1242%2Fjeb.00540
http://www.nrcresearchpress.com/action/showLinks?pmid=16155230&crossref=10.1242%2Fjeb.01777
http://www.nrcresearchpress.com/action/showLinks?pmid=21527824&crossref=10.1086%2F660084
http://www.nrcresearchpress.com/action/showLinks?pmid=3746193&isi=A1986D157800013
http://www.nrcresearchpress.com/action/showLinks?system=10.1139%2Fz69-133
http://www.nrcresearchpress.com/action/showLinks?pmid=16246006&crossref=10.1042%2FBST20050897


output of aerobic muscle, related to the power density of
mitochondria. J. Exp. Biol. 108: 377–392.

R Development Core Team. 2010. R: a language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. Available from http://www.r-project.org/.

Somero, G.N., and Childress, J.J. 1990. Scaling of ATP-supplying
enzymes, myofibrillar proteins and buddering capacity in fish
muscle: relationship to locomotory habit. J. Exp. Biol. 149: 319–
333.

Spurway, T., Sherratt, H., Pogson, C., and Agius, L. 1997. The flux
control coefficient of carnitine palmitoyltransferase I on palmitate
beta-oxidation in rat hepatocyte cultures. Biochem. J. 323(1): 119–
122. PMID:9173869.

Suarez, R.K. 1992. Hummingbird flight: sustaining the highest mass-
specific metabolic rates among vertebrates. Experientia, 48(6):
565–570. doi:10.1007/BF01920240. PMID:1612136.

Suarez, R.K. 1996. Upper limits to mass-specific metabolic rates.
Annu. Rev. Physiol. 58(1): 583–605. doi:10.1146/annurev.ph.58.
030196.003055. PMID:8815810.

Suarez, R.K., Brown, G.S., and Hochachka, P.W. 1986. Metabolic
sources of energy for hummingbird flight. Am. J. Physiol. 251(3):
R537–R542. PMID:3752286.

Suarez, R.K., Lighton, J.R.B., Moyes, C.D., Brown, G.S., Gass, C.L.,
and Hochachka, P.W. 1990. Fuel selection in rufous humming-
birds: ecological implications of metabolic biochemistry. Proc.
Natl. Acad. Sci. U.S.A. 87(23): 9207–9210. doi:10.1073/pnas.87.
23.9207. PMID:2251266.

Suarez, R.K., Lighton, J.R.B., Brown, G.S., and Mathieu-Costello, O.
1991. Mitochondrial respiration in hummingbird flight muscles.
Proc. Natl. Acad. Sci. U.S.A. 88(11): 4870–4873. doi:10.1073/
pnas.88.11.4870. PMID:2052568.

Suarez, R.K., Darveau, C.-A., and Hochachka, P.W. 2005. Roles of

hierarchical and metabolic regulation in the allometric scaling of
metabolism in Panamanian orchid bees. J. Exp. Biol. 208(18):
3603–3607. doi:10.1242/jeb.01778. PMID:16155231.

Suarez, R.K., Welch, K.C., Jr., Hanna, S.K., and Herrera, L.G.M.
2009. Flight muscle enzymes and metabolic flux rates during
hovering flight of the nectar bat, Glossophaga soricina: further
evidence of convergence with hummingbirds. Comp. Biochem.
Physiol. Part A Mol. Integr. Physiol. 153(2): 136–140. doi:10.
1016/j.cbpa.2009.01.015. PMID:19535035.

Taylor, C.R. 1987. Structural and functional limits to oxidative
metabolism: Insights from scaling. Annu. Rev. Physiol. 49(1):
135–146. doi:10.1146/annurev.ph.49.030187.001031. PMID:
3551793.

ter Kuile, B.H., and Westerhoff, H.V. 2001. Transcriptome meets
metabolome: hierarchical and metabolic regulation of the
glycolytic pathway. FEBS Lett. 500(3): 169–171. doi:10.1016/
S0014-5793(01)02613-8. PMID:11445079.

Weis-Fogh, T. 1972. Energetics of hovering flight in hummingbirds
and in Drosophila. J. Exp. Biol. 56: 79–104.

Welch, K.C., Jr., and Altshuler, D.L. 2009. Fiber type homogeneity of
the flight musculature in small birds. Comp. Biochem. Physiol.
Part B Biochem. Mol. Biol. 152(4): 324–331. doi:10.1016/j.cbpb.
2008.12.013. PMID:19162216.

Welch, K.C., Jr., Bakken, B.H., Martínez del Rio, C., and Suarez,
R.K. 2006. Hummingbirds fuel hovering flight with newly-
ingested sugar. Physiol. Biochem. Zool. 79(6): 1082–1087.
doi:10.1086/507665. PMID:17041873.

Welch, K.C., Jr., Herrera, L.G., and Suarez, R.K. 2008. Dietary sugar
as a direct fuel for flight in the nectarivorous bat Glossophaga
soricina. J. Exp. Biol. 211(3): 310–316. doi:10.1242/jeb.012252.
PMID:18203985.

Fernández et al. 991

Published by NRC Research Press

C
an

. J
. Z

oo
l. 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

Po
nt

if
ic

ia
 U

ni
ve

rs
id

ad
 C

at
ol

ic
a 

de
 C

hi
le

 o
n 

05
/0

9/
16

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

http://www.nrcresearchpress.com/action/showLinks?pmid=1612136&crossref=10.1007%2FBF01920240
http://www.nrcresearchpress.com/action/showLinks?pmid=19162216&crossref=10.1016%2Fj.cbpb.2008.12.013
http://www.nrcresearchpress.com/action/showLinks?pmid=3752286
http://www.nrcresearchpress.com/action/showLinks?pmid=18203985&crossref=10.1242%2Fjeb.012252
http://www.nrcresearchpress.com/action/showLinks?pmid=2052568&crossref=10.1073%2Fpnas.88.11.4870
http://www.nrcresearchpress.com/action/showLinks?pmid=19535035&crossref=10.1016%2Fj.cbpa.2009.01.015
http://www.nrcresearchpress.com/action/showLinks?pmid=3551793&crossref=10.1146%2Fannurev.ph.49.030187.001031
http://www.nrcresearchpress.com/action/showLinks?pmid=9173869
http://www.nrcresearchpress.com/action/showLinks?pmid=8815810&crossref=10.1146%2Fannurev.ph.58.030196.003055
http://www.nrcresearchpress.com/action/showLinks?pmid=17041873&crossref=10.1086%2F507665
http://www.nrcresearchpress.com/action/showLinks?pmid=2251266&crossref=10.1073%2Fpnas.87.23.9207
http://www.nrcresearchpress.com/action/showLinks?pmid=16155231&crossref=10.1242%2Fjeb.01778
http://www.nrcresearchpress.com/action/showLinks?isi=A1990CU58500020


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


