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Summary. The capacity for sustained, terrestrial locomo- 
tion in the cockroach. BIaberus discoidalis, was deter- 
mined in relation to running speed, metabolic cost, aer- 
obic capacity, and ambient temperature (T, = 15, 23, and 
34 ~ acclimation temperature=24 ~ Steady-state 
thoracic temperature (T,~s) increased linearly with speed 
at each T,. The difference between T~s~ and T~ was similar 
at each experimental temperature with a maximum in- 
crease of 7 ~ Steady-state oxygen consumption (l?O2~s) 
increased linearly with speed at each T, and had a low 
thermal dependence (Qa0 = 1.0 - 1.4). The minimum cost 
of locomotion (the slope of the 1202~ ~ versus speed func- 
tion) was independent of T,. Cockroaches attained a 
maximal oxygen consumption (~)2max)" ]/02max increased 
with T, from 2.1 ml O2" g-~" h -1 at 15 ~ to 4.9 ml 
02 �9 g-~ �9 h-~ at 23 ~ but showed no further increase 
at 34 ~ l;O2ma~ increased 23-fold over resting I;O 2 at 
23 ~ 10-fold at 34 ~ and 15-fold at 15 ~ Endurance 
correlated with the speed at which lh:)2m,~ was attained 
(MAS, maximal aerobic speed). Temperature affected 
the kinematics of  locomotion. Compared to cockroaches 
running at the same speed, but higher temperatures 
(23-34 ~ low temperature (15 ~ increased protrac- 
tion time, reduced stride frequency, and reduced stability 
by increasing body pitching. The thermal independence 
of the minimum cost of locomotion (Cm~,), the low ther- 
mal dependence of ~)2ss (i.e., y-intercept of the VO2s s 
versus speed function), and a typical Qlo of 2.0 for l?Ozm,x 
combined to increase MAS and endurance in B. discoid- 
alis when T~ was increased from 15 to 23 ~ Exercise- 
related endothermy enabled running cockroaches to at- 
tain a greater [ z O  2 . . . .  metabolic scope, and endurance 

Abbreviations. T ambient temperature; T t thoracic temperature; 
Ttss steady state thoracic temperature during exercise; Tt,e~ t thoracic 
temperature during rest; I;O 2 oxygen consumption; 17Ozre~t oxy- 
gen consumption during rest; l/O2s s steady-state oxygen consump- 
tion during exercise; l;Ozm,x maximal oxygen consumption; MAS 
maximum aerobic speed; C i, minimum cost of locomotion; 
te,,~ endurance time 
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capacity at 23 ~ than would be possible if Tts S remained 
equal to T,. The MAS of B. discoidalis was similar to that 
of other arthropods that use trachea, but was 2-fold 
greater than ectotherms, such as salamanders, frogs, and 
crabs of a comparable body mass. 

Key words: Endurance - Locomotion - Energetics - 
Temperature - Insects 

Introduction 

Speed, aerobic capacity, metabolic cost, and temperature 
can all interact to set the capacity for sustained locomo- 
tion (John-Alder and Bennett 1981; Full et al. 1988). 
Sustainable terrestrial locomotion in mammals (Seeher- 
man et al. 1983), lizards (John-Alder and Bennett 1981 ; 
Seeherman et al. 1981), salamanders (Full 1986; Full et 
al. 1988), and crustaceans (Full 1987) is highly correlated 
with the speed at which maximal oxygen consumption is 
attained (MAS, maximum aerobic speed). At speeds 
higher than the MAS, anaerobic metabolism supple- 
ments aerobic sources and correlates with decreasing 
endurance. An increase in aerobic capacity or decrease 
in the metabolic cost of locomotion can increase en- 
durance, because maximal oxygen consumption (1702m a x) 
will not be attained until higher speeds (Bennett and 
John-Alder 1984; Full 1987; Full et al. 1988; John-Alder 
et al. 1983; John-Alder and Bennett 1981). 

Surprisingly, the capacity for terrestrial locomotion 
in insects has not been quantified in relation to speed, 
aerobic capacity, and metabolic cost. It is well known 
that during flight some species have the capacity to in- 
crease oxygen consumption (~202) 200-fold above resting 
rates (Bartholomew 1981; Bartholomew et al. 1981). 
These high aerobic rates are made possible by mitochon- 
dria-packed flight muscles and an extensive tracheal sys- 
tem for oxygen delivery directly to muscles. The factorial 
increase in 1202 during terrestrial locomotion ranges from 
4 to 33-fold (Bartholomew and Casey 1977a, b; Bart- 
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holomew and Lighton 1985; Herreid and Full 1984; 
Herreid et al. 1981b). However,  it is not  known whether 
these are maximal  rates or whether insects even attain a 
VO2max during terrestrial locomotion.  

The metabolic cost of  terrestrial locomotion has been 
determined in cockroaches, beetles, crickets and ants 
(Bartholomew and Lighton 1985; Full et al. 1990; Her-  
reid and Full 1984; Herreid et al. 1981b; Jensen and 
Holm-Jensen 1980; Lighton 1985; Lighton et al. 1987). 
When the min imum metabolic cost to move a gram of  
body mass one meter  is calculated, it follows the same 
function of  body mass as other pedestrians, but shows 
over a 6-fold variat ion at any given mass (Full et al. 
1990). Together, the uncertainty in VO2~a~ and the varia- 
tion in the cost of  locomotion make  predictions of  MAS 
and endurance capacity in insects unreliable. 

A third variable, temperature,  is known to affect 
1702 . . . .  metabolic cost, and, therefore, the capacity for 
sustained activity. The enormous aerobic capacity of  
insect flight is coupled with endogenous heat  product ion 
which makes flight possible even at low temperatures 
(Bartholomew and Lighton 1986; Casey and Hegel-Little 
1987; Casey and Joos 1983; Heinrich 1974; Iteinrich and 
Buchmann 1986; Morgan  and Heinrich 1987). For  many  
species, an elevated thoracic temperature  (T~) is required 
before flight can be initiated because muscle contraction 
frequency is temperature  dependent (Nicolson and Louw 
1982; Bar tholomew and Heinrich 1978; Heinrich and 
Buchmann 1986; Chappell  1984; Casey and Joos 1983; 
Josephson 1981). 

In contrast  to flight, insect terrestrial locomotion is 
possible over a wide range of  tissue temperatures.  Alpine 
and arctic insects are active below 0 ~ (Baust and Miller 
1970; Morrissey and Edwards 1979). Desert  beetles can 
locomote at 45 ~ (Edney 1971). In many  insects, such 
as ants and cockroaches, running speed is strictly depen- 
dent on temperature  and is undoubtedly limited by the 
tlaermal dependence of  muscle contraction rates and limb 
cycling frequencies (McConnell  and Richards 1955; Sha- 
pley 1924). Other insect species are less dependent on 
ambient  temperature  (T,) and have the capacity to el- 
evate body temperatures during terrestrial activity as 
they do in flight or during preflight warm-up  (Bar- 
tholomew and Casey 1977a, b; Bar tholomew and Ligh- 
ton 1986; Bartholomew and Heinrich 1978; Morgan  
1987). 

Bar tholomew and Casey (1977a) suggested that el- 
evated body temperatures not only serve to minimize 
preflight warm-up  time, but also facilitate aerobically- 
supported terrestrial activity. Presumably,  elevated tem- 
peratures resulting f rom increases in T, or endogenous 
heating lead to increases in 1~O 2 that  are associated with 
enhanced endurance capacity. Unfortunately,  in species 
capable of  sustained endothermy it is difficult to separate 
the energy cost o f  running f rom the cost of  elevating 
body temperature  above Ta. For  example, in giant tropi- 
cal flies no correlation is found between l/O 2 and running 
speed (Bartholomew and Lighton 1986). An elevated 
~)2max with increasing temperature  is not sufficient to 
allow increased endurance. If the elevated (/Ozm,., is ac- 
companied by a substantial increase in the cost of  loco- 

motion,  then VO2max could actually be attained at lower 
speeds and result in a reduced endurance. 

i In the present study, we measured the capacity for 
i terrestrial locomotion in the cockroach, Blaberus dis- 
coidalis, by exercising these insects on a treadmill at a 
range of  speeds and ambient  temperatures.  Our  objec- 
tives were: 1) to define the effect of  speed and tem- 
perature on the metabolic cost o f  locomotion;  2) to 
discover whether insects have a [702max and, if so, to 
characterize its thermal dependence; 3) to determine if a 
correlation exists between the speed at ~O2max and en- 
durance capacity;  and finally, 4) to reveal whether or not 
insects moving on land have a relatively greater capacity 
for activity than other pedestrians. 

Materials and methods 

Blaberus discoidal& (body mass=4.15 g+0.10 SE), native to Co- 
lumbia, Venezuela, and most islands in the Gulf of Mexico (Guthrie 
and Tindall 1968), were obtained from Carolina Biological Supply 
Company. Cockroaches were housed in individual plastic con- 
tainers with a layer of cedar shavings. Animals were given water and 
Purina Puppy Chow, ad libitum. All cockroaches were kept on a 
local photoperiod at ambient temperatures (24 • 2 ~ 

Thoracic temperature (T) was measured at ambient tem- 
peratures (T) of 15.2 ~ SD, 26.2 ~177 SD, and 

o a . . . .  34.2 C • 0.30 SD. After anesthetizing the anamals with COg, ther- 
mocouples (0.3 mm diameter constantan/copper, Omega Engineer- 
ing) were inserted through the membrane between the mesonotum 
and metanotum to a depth of 1-1.5 mm and secured with a small 
drop of cyanoacrylate. Thoracic temperature was measured using 
a digital thermometer (Wescor, Model TH-65) to a resolution of 
one-tenth of a degree centigrade. Cockroaches were given a mini- 
mum of 60 min to recover from any anesthesia effects. Pilot studies 
comparing unanesthetized and previously anesthetized animals 
showed no signifcant difference in 1)O2 or running performance 
after 60 min when the anesthetic had worn off. Prior to exercise, 
cockroaches were given an additional 30-90-rain rest period within 
the treadmill chamber to equilibrate to T. In five animals abdomi- 
nal temperatures were measured at 34 ~ using a similar technique 
(i.e., thermocouples inserted dorsally, mid-abdomen). 

Resting thoracic temperature (Ttrest) was determined just prior 
to exercise after animals had been motionless for at least 10 min. 
During exercise, T t was recorded once per minute until it attained 
a steady-state (T,~) for 1 min or the animal fatigued. Control 
experiments were conducted to measure chamber heating as a func- 
tion of tread belt speed. Increases in chamber temperature were not 
a function of speed and averaged 0.0 ~ (• SD) at 15 ~ 0.6 ~ 
(• SD) at 26 ~ and 0.6 ~ (• SD) at 34 ~ 

Oxygen consumption was measured at a T of 15, 23, and 
34 ~ Cockroaches were exercised on a treadmill enclosed in an 
airtight lucite respirometer. Ambient temperature was controlled by 
placing the respirometer in an incubator (Lab-Line, Ambi-Hi-Lo 
Chamber). Oxygen consumption was determined by open-flow res- 
pirometry (Herreid et al. 1981 a). Flow rate was 90 ml - min-i. Air 
leaving the chamber passed through a filter containing Drierite to 
remove water vapor. The oxygen concentration of air exiting the 
chamber was measured using an electrochemical oxygen analyzer 
(S-3A/11, Ametek), interfaced with a chart recorder (Omega Engi- 
neering, Model RD2030), or a computer (IBM/AT) via an analog 
to digital converter (Cyborg). 

Cockroaches were weighed and given a 30-rain rest period in 
the respirometer prior to exercise. At the end of this time period, 
the T, of cockroaches was 90-100% equilibrated with T. Resting 
oxygen consumption (VO2~t, defined as the rate at which 190~ 
varied by less than 5%) was attained in approximately 15 rain. 
Resting rates for individual animals were calculated by averaging 
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120? over a 5-15 rain period during which the animal remained 
motionless. Animals that did not walk, but pumped their abdomens 
or intermittently fluttered their wings were considered to be at rest. 
Resting rates were not recorded if the animal did not rest quietly 
for at least 5 rain. 

Following rest, animals were exercised for 20 rain at a single 
speed. Animals attained steady-state oxygen consumption (1202s~, 
the rate at which 120 z varied by less than 5% during exercise) in 
approximately 3 min. Oxygen consumption was measured con- 
tinuously during rest and exercise. Each animal was exercised at 4-6 
different speeds ranging from 0.1 to 1.0 km �9 h -  ~. The slowest speed 
was chosen so that animals walked consistently without extraneous 
movements. The highest speed represented the rate at which animals 
attained VO2~ for approximately 5 min, but fatigued within 10-15 
min. 1202~ ~ was calculated by averaging the lzO2 for 5-10 min after 
an exercising animal attained a steady-state. Individuals were tested 
only once a day. All VO2 values were corrected to STPD (Herreid 
et al. 1981a). 

Endurance capacity was measured at ambient temperatures of 
15, 23, and 34 ~ Following a 30-rain rest period, cockroaches were 
exercised to fatigue at a single speed. An animal was considered 
fatigued when three criteria were met: (1) its rear legs could not 
cycle as fast as the tread belt; (2) its head and abdomen dragged on 
the tread belt; and (3) it would not run after being prodded using 
two series of four rapid reversals of the tread belt direction. An 
experiment was terminated if the animal did not walk consistently 
or if endurance exceeded 2 h. 

Cockroaches were video taped with a high-speed camera (Vi- 
deo Logic CDR660) at 180-300 frames - s - t  while running on the 
treadmill at a T of 15, 23 and 34 ~ Three animals were filmed at 
each T from thae side at 0.3 kin '  h 1. The top of the head, the tip 
of the abdomen, and the tarsus of the third leg were painted for 
better visibility. Video frames were grabbed and digitized using a 
motion analysis system (Peak Performance Tech. Inc.). Stride fre- 
quency, contact time (i.e., the duration of a stride a leg is in contact 
with the ground), and body pitching were calculated from the 
digitized data. 

In all statistical analyses that follow, the 0.05 level of signifi- 
cance was used. 

Results 

Resting behavior 

A t  15 ~ an imals  b e g a n  res t ing wi th in  10 ra in  and  ex- 
h ib i ted  only  in t e rmi t t en t  a n t e n n a e  wav ing  and  head  
movemen t s .  A t  23 ~ a n d  34 ~ some an imals  fai led to 
rest  du r ing  the a l lo t t ed  30 min,  whereas  o thers  s t oppe d  
m o v i n g  af ter  10-15 min.  Ac t iv i ty  dur ing  rest  pe r iods  
inc luded  w a n d e r i n g  a r o u n d  the chamber ,  wedging  
aga ins t  the  bar r ie rs ,  and  c l inging to the sides o f  the 
chamber .  Whi l e  res t ing at  34 ~ an ima l s  of ten sat  with 
their  bodies  ra ised  a n d  their  wings  lifted. M o s t  an imals  
exhib i ted  a b d o m i n a l  p u m p i n g  and ,  t o w a r d s  the end o f  
the  30 rain,  a few even d i sp l ayed  some wing f lut tering.  N o  
b o d y  rais ing,  a b d o m i n a l  p u m p i n g ,  or  wing f lu t ter ing was 
obse rved  dur ing  rests a t  15 or  23 ~ 

Thoracic temperature at rest 

W h e n  p laced  at  a To o f  15 ~ T, coo led  to wi th in  
0.2 ~  SE o f  a m b i e n t  in 66 m i n •  0.5 SE. A t  a T, 
o f  34 ~ T, coo led  to wi th in  0.2 ~ • 0.01 SE o f  a m b i e n t  
wi th in  65 m i n •  0.8 SE. D u r i n g  exper iments  c o n d u c t e d  
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Fig. 1. Kinetics of thoracic temperature (Tt) increase for a cock- 
roach running at 0.5 (�9 0.75 (!I,), and 0.9 k m - h  -1 (~) at an 
ambient temperature (T)  of 34 ~ The time required for T t to 
attain steady-state (Tt~) or 50% Tt~ ~ did not correlate with speed 
or T 
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Fig. 2. Schematic diagram of an infrared video thermograph. Dorsal 
or top view of a cockroach on a treadmill exercising at 0.6 km�9 h-1 
at an ambient temperature of 24 ~ 

at  26.2 ~ an imals  began  exercise at  a thorac ic  tem- 
p e r a t u r e  o f  26.0 ~ :k 0.05 SE. 

Kinetics of thoracic temperature increase 

The  t ime requ i red  for  rtres t to a t t a in  T~ss du r ing  exercise 
d id  n o t  cor re la te  wi th  speed or  T a a lone,  bu t  was weak ly  
co r re l a t ed  wi th  the  in te rac t ion  be tween  these two var ia-  
bles ( A N C O V A :  F(2.7o)=3.2; P = 0 . 0 5 ) .  Likewise,  the  
t ime t aken  to a t t a in  50% Tt~s was no t  co r re l a t ed  wi th  
speed or  Ta alone,  bu t  was weak ly  co r re l a t ed  wi th  the 
in te rac t ion  o f  speed and  Ta ( A N C O V A "  F{2,70)=3.1; 
P = 0.05). F igu re  1 i l lus t ra tes  a typ ica l  t ime-course  o f  Tt 
increase  for  a c o c k r o a c h  runn ing  at  a T, o f  34 ~ at  three  
speeds.  

Steady~state thoracic and abdominal temperature 
during exerc&e 

In f r a r ed  v ideo  t h e r m o g r a p h y  (Hughes  Inc.)  showed tha t  
the head  and  t h o r a x  o f  cock roaches  was s ignif icant ly 
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Fig. 3. The difference between steady-state thoracic temperature 
during exercise (TtJ and during rest (Tt~t) versus speed for ambient 
temperatures of 15 (o), 26 ( x ), and 34 ~ (m). 
Tt~-T~t=5.30(_+l.72)v-0.04 (n=25; rZ=0.62) at 15~ 4.59(__ 
0.89)v + 0.45 (n = 27; r 2 = 0.82) at 26 ~ and 4.09(+_ 1.11)v + 1.03 at 
34~ (n=38; rZ=0.61), where v represents speed (km-h-l), and 
slopes are given followed by _+95% confidence interval in parenthe- 
ses. The slopes of the regressions were not significantly different, 
whereas the y-intercepts were different and increased with increas- 
ing ambient temperature 

warmer than their immediate environment throughout 
exercise, indicating that the observed increases in T, re- 
sulted from heat production (Fig. 2). Abdominal tem- 
perature did not show a large increase over ambient 
temperatures in the thermographs or during ther- 
mocouple measurements at 34 ~ (at 0.8 k m - h  -~ 
abdominal - ambient temperature = 0.33 ~ + 0.10 SE; 
n=5) .  

The difference between Tt~ and Tt,,~, increased with 
increasing speed at all experimental temperatures 
(Fig. 3). There was no significant difference in the slopes 
of  the regression equations relating (Tt~Tt,e~t) and 
speed (homogeneity of slopes: F(2,s7)--- 0.60; P =  0.59). 
The y-intercepts were significantly different and in- 
creased with increasing T, (ANCOVA: P < 0.05). 

Resting oxygen consumption 

Resting oxygen consumption (~202re~t) varied significantly 
with temperature (ANOVA: F(z,ss)= 34.0; P <  0.001; 
Fig. 4; Table 1). The Q~o effect was 1.7 from 15 to 23 ~ 
2.4 from 23 to 34 ~ and 2.0 from 15 to 34 ~ 

Steady~state oxygen consumption during exercise 

At all experimental temperatures, 1202~ ~ increased linearly 
with speed (Fig. 4; Table 1). Ambient temperature had 
a significant effect on the y-intercept rates (ANCOVA: 
F ( 2 , 8 9 )  ~-- 5 0 5 ;  P <  0.001). At a T, of 15 ~ the y-intercept 
was approximately 33% lower than at a T, of  23 or 34 ~ 
The minimum cost of transport, C~.,  defined as 
the amount  of  oxygen needed to move 1 gram of  animal 
1 kilometer, and represented by the slopes of the regres- 
sion equations (Taylor et al. 1970), was not significantly 
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Fig. 4. Oxygen consumption during rest and exercise for cock- 
roaches running at Ts of 15 ~ (�9 23 ~ (x), and 34 *C (m). 
Resting oxygen consumption (l)O2r~t) exhibited a Q10 of 2. Steady- 
state oxygen consumption (I~Oz~0 increased with speed to a maxi- 
mum value (VO2r n a• at all T~s. Maximum aerobic speed (MAS) was 
similar at 23 and 34 ~ but was significantly lower at 15 ~ 

different at 15, 23, or 34 ~ (homogeneity of  slopes: 
F(2,87) = 2.0, P=0.1) .  

Maximal oxygen consumption 

Insects attained ~D2max , def ined as the rate of oxygen 
consumption at which an incremental increase in speed 
results in no further increase in 1;O2. Temperature signif- 
icantly affected (/O2m,x (P=0.03; Fig. 4; Table 1). Rates 
at 23 and 34 ~ were not significantly different, but both 
were greater than the riOz~ax at 15 ~ (Table 1). The speed 
at l)Ozm,x (maximum aerobic speed, MAS) was similar at 
23 and 34 ~ and was approximately 0.8 kin" h -1 
(Fig. 4). At 15 ~ MAS was substantially decreased 
(0.27 kin" h- l ) .  The maximum aerobic factorial scope 
(VOzmax/~O2rest) was  highest at 23 ~ intermediate at 
15 ~ and lowest at 34 ~ (Table 1). 

Endurance 

At all ambient temperatures, endurance capacity de- 
creased with increasing speed (Fig. 5). There was a 
significant difference in the slopes of log-transformed 
data relating endurance and speed at 15, 23, and 34 ~ 
(ANCOVA: P<0.05).  Animals at 23 ~ showed the 
greatest endurance capacity over the range of speeds 
tested (te,n=0.101v-Z'84; where te,n is in hours and v is 
in k m ' h - 1 ;  r2=0.88), followed by those at 34 ~ 
(te,~=0.099v-Z.z~ r2=0.92). Animals at 15 ~ had the 
poorest endurance (t~,~ = 0.028v- ~.77; r 2 = 0.52). 

Kinematics of locomotion 

Stride frequency, protraction time (i.e., time required to 
move a leg forward), contact time, and body pitching 
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Table 1. Aerobic metabolism of Blaberus discoidalis at rest and during exercise as a function of ambient temperature 
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Ambient temp 1~02 .... ~2SS (ml O2/g h) v s  [~)2max (/02max/VO2rest 
(~ (ml 02" g-  1 . h-  1 speed (v, km. h-  1 (ml Oz" g- 1 . h-  1 

15 0.144-0.02 1702~ = 6.24(+2.43)v + 0.51 2.11 • 15.1 
(n = 13) (n = 18; r 2 = 0.65) (n = 6) 

23 0.21 4- 0.02 /202~ = 5.50(+ 0.80)v + 0.75 4.87 + 0.20 23.2 
(n = 11) (n=43; r2 = 0.83) (n = 11) 

34 0.54~: 0.04 gOzs s = 6.44(_+ 0.80)v + 0.76 5.664-0.27 10.5 
(n = 35) (n = 27; r 2 = 0.89) (n = 6) 

All values are 4-one standard error. 
:k values in parentheses are 95 % confidence intervals for the slope 
l;I)2,o,, oxygen consumption of inactive animals during at least 5 rain prior to exercise. 
/;O2~ ~, steady state oxygen consumption determined during at least 5 min of constant running. 
I)Dz . . . .  maximal oxygen consumption attained when an incremental speed increase resulted in no further increase in oxygen consumption 
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Fig. 5. Endurance capacity as a function of speed for animals 
running at T ' s  of 15 (o), 23 (x), and 34 ~ ("). Cockroaches 
running at a T of 23 ~ show the greatest endurance, followed by 
those at 34 ~ Animals running at a T of 15 ~ show the poorest 
endurance. Experiments were terminated after 2 h if the animal had 
not yet fatigued 

(i.e., a long the longitudinal  axis) were no t  significantly 
different for 23 and 34 ~ (paired t-test, P > 0 . 3 1 ;  Figs. 
6 and 7). P ro t rac t ion  time and b o d y  pitching increased 
at 15 ~ compared  to 23 ( P =  0.05) or  34 ~ ( P =  0.02). 
Stride f requency decreased at 15 ~ (P = 0.05 for  23 ~ 
P =  0.012 for  34 ~ Con tac t  time was no t  significantly 
affected at 15 ~ relative to 23 or  34 ~ The path  o f  the 
tarsus showed a larger vertical c o m p o n e n t  at  15 ~ com-  
pared to 34 ~ (Fig. 7). 

Discussion 

Thoracic temperature and oxygen consumption 
during rest 

While resting at a T, o f  15, 23, and 34 ~ the T, re~t of  
B. discoidalis equilibrated with T~. Unlike B. discoidalis. 
some inactive insects have been shown to sustain a b o d y  
temperature  substantial ly different f rom T, (Chappell  
1984; M o r g a n  and  Bar tho lomew 1982). M o r g a n  and 
Bar tho lomew (1982) demons t ra ted  that  inactive scarab 
beetles (Megasoma elephas) mainta in  T t at  20 ~ when 
the T, is reduced below 10 ~ The l?o2rost o f  these beetles 
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Fig. 6A, B. Kinematics of steady-state locomotion at 15, 23, and 
34~ for a cockroach running at 0.3 kin- h -1. A Stride frequency 
decreased significantly at 15 ~ compared to 23 and 34 ~ B Swing 
time or protraction time was significantly increased at 15 ~ 

increases with the magni tude  o f  the (Tt-T~) gradient,  
indicating that  endogenous  heat  p roduc t ion  produces  the 
temperature  difference between animal  and environment .  
l?O2re~ t in B. discoidalis showed a temperature  coefficient 
similar to tha t  observed in ectotherms (Herreid et al. 
1981b; John-Alder  and  Bennett  1981; Table  1). 

Thoracic temperature during exercise 

Flying insects can increase b o d y  tempera ture  by as much  
as 30.0 ~ above T, ( M o r g a n  1987). Increases in T, 
associated with terrestrial l ocomot ion  range f rom 3 to 
16 ~ (Bar tho lomew and  Casey 1977a, b ;  Bar tho lomew 
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production observed, as well as some of  the propulsive 
force during running. These muscles are bifunctional and 
participate in flight and running. Further tests are needed 
to verify the source of  the heat production. 

Surprisingly, B. discoidal& appeared to have no abil- 
ity to transfer heat to the abdomen to facilitate cooling, 
even at 34 ~ (Fig. 2). Abdominal temperatures never 
increased. In contrast, Sphinx moths (Heinrich 1970), 
bumblebees (Heinrich 1972), and a variety of other in- 
sects (Chappell 1982; Willmer 1982) have been shown to 
transfer heat between abdomen and thorax. 

Oxygen consumption and metabolic cost o f  locomotion 

C 34o  
Fig. 7A-C. Spatial model showing the kinematics of steady-state 
locomotion at 15 and 34~ for a cockroach running at 
0.3 kin. h -~ . Pitching of the body increased significantly at 15 ~ 
(i.e., oscillation of horizontal line representing the body axis) and 
resulted in a decreased stability. At 15 ~ leg protraction or swing 
time increased, as legs were lifted much higher off the ground. 
Path of hind leg tarsus shown 

and Lighton 1986; Chappell 1984; Morgan 1987). The 
maximum increase in T~ for B. discoidalis was 7 ~ This 
capacity does not appear to be common to all members 
of the genus. B. giganteus increases T~ by only 1-3 ~ 
when running at the same speeds as B. discoidalis 
(Bartholomew and Lighton 1985). 

Flight muscles apparently generate the bulk of  the 
heat during both flight and running (Heinrich I974; 
Bartholomew and Casey 1977a, b). Evidence for the use 
of flight muscles comes from the study of  African dung 
beetles. In these insects the temperature of the metatho- 
rax, where the flight muscles are located, is higher than 
that of  the prothorax and vibrations of the metathorax 
are visible (Bartholomew and Heinrich 1978). Large bee- 
tles can increase thoracic temperatures by vibrating flight 
muscles while walking or during pauses between periods 
of walking. These insects have been found to walk with 
little or no body temperature increase, suggesting that leg 
muscles alone are insufficient for substantial heat 
production (Kammer 198t). 

In the case of B. discoidalis, however, heat produc- 
tion and terrestrial locomotion appear to be tightly cou- 
pled. The 7", of  B. discoidal& did not increase unless the 
animal was running. The rate of increase in Tt and the 
incremental increase in Tt with an increase in speed was 
similar at each 7", (Figs. 1 and 3). These results suggest 
that endogenous heat production may be obligatory and 
a by-product of  locomotion. Our dissections of B. dis- 
coidalis have revealed that the muscles originating from 
the mesonotum and inserting on the coxa are very well 
developed and probably responsible for both the heat 

In the first energetic study of controlled exercise in in- 
sects, Herreid et al. (1981a) showed that lzO2s S increased 
linearly with speed. A linear increase with speed has been 
found in a wide variety of  vertebrates and invertebrates 
(Bennett 1982; Full 1987; Taylor et al. 1982), including 
other insects (Bartholomew and Lighton 1985; Herreid 
and Full 1984; Lighton 1985; Fig. 5, Table 1). The 
present data on B. discoidalis showed a similar pattern 
at speeds below l;Oz~,x (Fig. 4). 

Steady-state l)O 2 in B. discoidalis showed very little 
thermal dependence (Q~o = 1.0-1.4) at any speed even 
though T, or T, ss changed by nearly 20 ~ (Fig. 4). The 
elevation of T t and the concomitant increase in  gOzs s did 
not mask the increase due to locomotion as in some other 
insects (Bartholomew and Lighton 1986). Herreid et al. 
1981b) found that the Madagascar hissing cockroach, 
Gromphadorina portentosa, required more energy per 
unit time at any speed when T a is increased (i. e., elevated 
y-intercept of the VO 2 versus speed function). However, 
the Q~0 of 1)O2~ s decreased from 1.9 to as low as 1.1 as 
speed increased (i.e., slope of  the 1202s ~ versus speed func- 
tion was independent of temperature). Similar trends for 
~rO2s s a n d  n e t  V O  2 (i.e. ~202~ ~ - gO2rest) have been reported 
for lizards, although much variation is present in the 
thermal dependence (Bennett and John-Alder 1984; 
John-Alder and Bennett 1981; John-Alder et al. 1983; 
Moberly 1968; Rome, 1982). 

The slope of the 1)'O2~ s versus speed function for 
B. discoidalis, which represents the minimum energy 
required to move a given distance (i.e., Cmin, the mini- 
mum cost of locomotion), was independent of  Ta (Fig. 4; 
Table 1). Herreid et al. (1981) found that Cmi, was also 
independent of temperature in the strictly ecothermic 
cockroach, G. portentosa. This result appears to be very 
general, as it has been reported for several species of  
lizards as well (Bennett and John-Alder 1984). 

Cr,~, for a variety of animals, including mammals, 
birds, lizards, salamanders, crustaceans, and insects fol- 
lows a predictable pattern based on body mass 
[Cm~, = 10.8 M -~ where Cmi n is in J �9 kg -1 " m -~ and M 
is in kg (Full 1989; Taylor et al. 1970]. Small animals use 
more energy to move a gram of mass one meter than 
large animals. Although the value for B. discoidalis falls 
within the 95% confidence interval for pedestrians of a 
similar mass, the C~,  is approximately twice that pre- 
dicted from the above relationship (i.e., approximately 
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6 ml 0 2 " g  - I  "kin -~ versus the predicted 2.85 ml 
0 2  . g- 1. kin- ~, see Table 1). Since Tt~ increased linearly 
with speed (Fig. 3), a Q~0 effect on 1202~ could partially 
explain the increased C~n. If/?O2~ ~ increased with a Q~0 
of 2 at each speed, then the increase in Cmt, could be 
explained by the rise in T,~. However, since T~ does not 
change Cm~, significantly, there is no reason to believe 
that a change in T~ would have a different effect. Thus, 
if an increase in T,~ increased the y-intercept alone, as T, 
does, then the Tt~ elevation would increase the predicted 
slope to only 3.3-3.5 ml 0 2 " g  -1" km -1. In this case, 
heat production would not explain the greater than 
predicted C~,. Other components of muscle function, 
unrelated to temperature probably contribute to the el- 
evated cost, just as they do in animals that have no 
endogenous capacity for increasing body temperature 
(Full 1990). 

Maximum oxygen consumption 

Cockroaches appeared to attain a l~O2max during terre- 
strial locomotion (Fig. 4). At each temperature FOEs s did 
attain rates which did not increase with an increase in 
speed. The significant decrease in endurance as the MAS 
was approached is consistent with this finding. The aer- 
obic factorial scope of 10-23 was within the range re- 
ported for walking beetles [i.e., 16-33; Bartholomew and 
Casey (1977b)], but did not approach the aerobic capac- 
ity observed during flight. 

Maximal oxygen consumption in B. discoidalis had 
a Q~o of 2.4 from 15 to 23 ~ (i.e., using Tt~s not T~), but 
did not increase from 23 to 34 ~ (Fig. 4). The ~)2max of 
lizards shows a similar thermal dependence at low tem- 
peratures and is likewise less sensitive to temperature 
changes at the higher range of ambient temperatures 
(Bennett 1982; John-Alder and Bennett 1981). 

Endurance capacity 

Endurance of B. discoidalis was correlated with the MAS 
(Fig. 5). Animals running at a T~ of 15 ~ showed the 
least endurance, fatiguing rapidly at speeds greater than 
0.20-0.25 km �9 h-1. At these speeds animals running at 
a Ta of 23 ~ sustained locomotion for well ovcr 2 h. 
Cockroaches running at T, of 23 or 34 ~ had a similar 

MAS and exhibited comparable endurance at speeds 
near MAS. These results support the contention of a 
correlation between MAS and declining endurance that 
is found in mammals (Seeherman et al. 1981), lizards 
(John-Alder and Bennett 1981; Bennett and John-Alder 
1984; Seeherman et al. 1983), ghost crabs (Full 1987), 
and salamanders (Full 1986; Full et al. 1988). 

Cockroaches running at a T~ of 23 ~ had a greater 
capacity to sustain locomotion at 0.3-0.6 km" h-1 rela- 
tive to 34 ~ We do not know why animals running at 
a To of 34 ~ (Ttss = 39 ~ had a reduced endurance 
capacity compared to those at 23 ~ even though MAS 
were similar. At this high To, the obligatory heat 
produced during locomotion could have caused a heat 
load which impaired function. Flying insects, such as the 
flower scarab, suspend flight when thoracic temperatures 
exceed 41 ~ (Heinrich and McClain 1986). 

Cockroaches exercising at 15 ~ had much lower 
endurance than at 23 or 34 ~ (Fig. 5). The reduced MAS 
was accompanied by significant changes in the kinemat- 
ics of locomotion (Figs. 6 and 7). Compared to animals 
running at the same speed but higher temperatures, cock- 
roaches running at low temperature showed increased 
protraction time, reduced stride frequency and reduced 
stability by increasing body pitching. These results sug- 
gest that a whole suite of changes accompany a decrease 
in temperature to 15 ~ Assumptions of comparable 
locomotor kinematics as a function of temperature must 
be carefully tested, especially when attempting to infer 
muscle function from whole body measurements (Rome 
1982). 

Interaction of metabolic cost, VO2max and temperature 

Higher rates of VO2max alone do no not necessarily result 
in greater endurance. Full et al. (1988) showed that 
l;'Ozmax and metabolic cost interact to determine MAS 
and endurance. The advantages associated with an in- 
crease in VOzmax at increased temperatures could be off- 
set if metabolic costs of locomotion were highly thermal 
dependent. An increased l;O2m~x, (Qlo = 2.0), the ther- 
mal independence of Cmin, and the low thermal depen- 
dence of submaximal l;O 2 (i.e., y-intercept) did combine 
to increase MAS and endurance of B. discoidalis when T~ 
was increased from 15 to 23 ~ Similar results have been 
rcported in lizards where an increase in T, allows animals 

Table 2. Comparison of the energetics and performance of Blaberus discoidal& and a hypothetical ectotherm without the capacity for 
retension of endogenous heat to elevate thoracic temperature 

AmbientTemp y_intercept(mlOz.g-1 h 1) l)O2max(mlO2.g 1.h-1 ) 

(~ Measured Predicted Measured Predicted 
MAS (kin- h 1) 1202max/I?O2 .... 

Measured Predicted Measured Predicted 

15 0.51 0.51 2.1 1.9 0.27 0.24 15.1 13.6 
23 0.75 0.89 4.9 3.3 0.75 0.42 23.2 15.7 
34 0.76 1.90 5.7 7.1 0.76 0.90 10.5 13.1 

~2rest values are actual resting values from Table 1. 
MAS, maximum aerobic speed or the speed at maximal oxygen consumption 
y-intercept is the intercept of the steady state oxygen consumption versus speed function 
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Fig. 8. Experimental and theoretical oxygen consumption as a 
function of speed for B. discoidalis running at 15, 23, and 34 ~ 
Experimental or measured values are shown in bold lines. Theoreti- 
cal values are shown as dashed lines. Theoretical values were cal- 
culated using the 1;O~ versus speed, and thoracic temperature 
(T~) increase versus speed relationships for B. discoidalis running 
at a T, of 15 ~ (see Table 2). At the measured MAS for B. discoida- 
lis running at a T~ of 15 ~ Tt would increase by 1.5 ~ Using 
this temperature, and a Q10 of 2, 1;O2~ and MAS were calculated 
for a case in which cockroaches did not exhibit endothermy. From 
this theoretical relationship between I;O2~ and speed, hypothetical 
1;O2~ versus speed functions were predicted for cockroaches whose 
T t remained equal to T, running at 23 and 34 ~ 
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Fig. 9. Steady-state oxygen consumption as a function of speed for 
animals of mass 1-6 g at temperatures ranging from 21 to 27 ~ 
The end of each regression line is an approximation of maximal 
oxygen consumption (1702m~) and maximal aerobic speed (MAS). 
Values for insects other than B. discoidalis may be underestimates. 
The hatched region bounds data on lunged and lungless salaman- 
ders (Full 1986; Full et al. 1988), frogs (Walton, unpublished), and 
crabs (Full 1987). C 1-C7 are cockroaches (Bartholomew and Ligh- 
ton 1985; Herreid et al. 1981; Herreid and Full 1984), B1-B3 are 
beetles (Full et al. 1990; Lighton 1985), and M1 is a centipede 
(Full 1989) 

to attain a higher VO2max at faster speeds and results in 
a greater endurance capacity, al though at a higher ener- 
getic cost (John-Alder and Bennett 1981; John-Alder  et 
al. 1983; Bennett and John-Alder  1984). Bennett and 
Rubin  (1979). have used the increase in MAS due to an 
increase in VO2,,,x with temperature  coupled with the 
thermal independence of  C~,~. to address the question of  
the evolution of  endothermy. 

Endothermy may have affected the endurance capac- 
ity of  B. discoidalis. The effect on energetics can best be 
seen by comparing our data to a theoretical case in which 
B. discoidalis could not increase Tt above T~ during 
locomotion (Table 2; Fig. 8). Based on the T, increase 
versus speed function (Fig. 3), Tt would increase by 
1.5 ~ above Ta at the measured MAS for a cockroach 
running at 15 ~ (0.27 k m � 9  h - l ) .  Using this value, and 
assuming a Q~o of 2, we predicted what the l;Ozmax and 
MAS would be with no endogenous heat production. 
With these theoretical rates of VO2m,x and the MAS, 
we constructed a 1;O2,~ versus speed relationship for a 
hypothetical case in which B. discoidalis remained at 
15 ~ at all speeds. Cmi, was taken to be independent 
of  temperature.  F rom this relationship, using a Q10 of  2, 
we predicted what the y-intercept, lAD 2 . . . .  MAS, and 
~:)2max/~ZO2rest values would be for cockroaches running 
at 23 and 34 ~ if body temperature remained equal to 
Ta during exercise. At  a T, of  23 ~ the actual value of  
l;Ozm~x is 48% greater than the predicted value. The mea- 
sured MAS is 79% greater than predicted, whereas the 
actual y-intercept value is about  15 % less than predicted. 
On the other hand, at a T, of  34 ~ measured values of  
~)2max, ]ZO2max//~2rest, and the MAS are 15-20% lower 
than predicted values. These calculations suggest that  
endothermy substantially increased aerobic capacity and 
endurance at a Ta of  23 ~ but not  at a Ta of  34 ~ 

Compared  to ectotherms that  have been measured 
during controlled exercise, B. discoidalis has a substan- 
tial capacity for sustained locomotion.  The MAS is 2- 
fold greater than that measured in salamanders (Full 
1986; Full et al. 1988), frogs (Walton unpublished), and 
crabs (Full 1987) of  a comparable  body mass. However,  
the endurance capacity of  B. diseoidalis is certainly not 
exceptional (Fig. 9). Cockroaches,  beetles and centipedes 
with limited or no capacity of  endothermy attain a sim- 
ilar MAS. Interestingly, the animals with highest maxi- 
m u m  aerobic speeds have oxygen delivery systems using 
trachea. 
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