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Abstract

When entering torpor, oxygen consumption decreased prior to the decline in body temperature for all 15 marmots
used in this study. Most mean (1o values were greater than 3.0, which supports metabolic inhibition rather than passive
decline of metabolism because of the drop in body temperature. Changes in conductance were minimal and could not
account for the changes in metabolism.
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Pezrome

Ilpu exode & oyenenenue nompe6renue Kucnopood YMeHbUWIOCE 00 CHUNCENUs memnepamypsi mena y ecex 15
CYpKOE, OXBAUEHHBIX OAHHBIM uccredosanueM. bonvuuncmeo cpednux snauenuii Q1 Gouto Gonvuee wem 3.0, ymo cxopee ii
nodoepocusaem noddsnenue MemaboNuImMa, vem e2o NACCUBHOE CHUNCeHIe U3-30 hadenus memnepamypol mena. Hamenenus
npoecOUMOCIIY LY MUHUMANLHBL 1 He MOSTY 8RUAMb HA USMEHEHUS 6 MemAGONUIME.

Knrouesnie cno6a: oyenenenue, cuusicenue memaboausma,, nompebnenue xucnopoda, O 15, BDOSOOUMOCHD.

Résumé

Chez les 15 mammottes utilisées dans cette étude, lors de leur entrée en torpeur, leur consommation
d’oxygéne décrolt avant que leur température corporelle décline. La plupart des valeurs moyennes de Qio étalent
supérieures 3 3,0, ce qui supporte I'hypothése d’une Inhlbition du métabolisme plutét que celle d’un déclin passif du
métabolisme du fait d’une chute de la température. Les changements de conductance étajent minimaux et ne
pourralent pas expliquer les variation du métabolisme.

Mots-clés : Torpeur, dépression métabolique, consommation d’oxygéne, Qio, conductance.
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Introduction

Hibernating mammals reduce their energy metabolism to a fraction of their euthermic metabolic rate
(VO,). This reduction in metabolic heat production (M) represents the primary step for entering torpor.
However, an animal’s ability to reduce M and its relationship with body temperature (T's) regulation remains
unclear (Snyder & Nestler 1990; Heldmaier & Ruf 1992). The reduction of VO, can be explained by two
different mechanisms. Reduction of energy metabolism could be a physical effect of temperature (Qy0) (Geiser
1993) or an active inhibition of metabolism (Heldmaier ef al 1993b).

Metabolism may be reduced if Ty decreases and VO, follows passively. Thus, low Qo values suggest
that VO, declines as a consequence of a decline in Tg (Kayser 1964, Geiser 1988). Ty declines because cold-
induced thermogenesis is inhibited which in turn reduces VO, followed by a thermal effect on tissue metabolism
(i.e., Qyp) that causes further cooling; Qo ranges from 2.0 to 2.8 in several species (Snapp & Heller 1981). In
contrast, the high Qo observed in several species (Kayser 1961, Wang & Hudson 1971) suggests that
metabolism is reduced by a combination of lowered Ty and metabolic depression (Geiser 1988, Storey & Storey
1990, Malan 1993) or solely as the result of active metabolic inhibition (Heldmaier & Ruf 1992). It has been
further argued that much of the confusion regarding metabolic depression and Q, effects is a result of changes
in conductance (Snyder & Nestler 1990).

In this paper we demonstrate that during entry into torpor VO, clearly declines and the decrease in Ty
follows. We further examined the role of Q;, and conductance in the reduction of VO,.

Materials and methods

The capture, transportation, housing, and procedures for measuring VO, and Ty of the 15 yellow-bellied
marmots (Marmota flaviventris) used in this study are described elsewhere (Woods ef al 1998). Ty and VO,
were measured through one entire torpor bout for each animal or a group of three young; in a few instances a
second bout was recorded. Additional measurements were made at ambient temperatures lower than the
hibernating temperatare. VO,, Tp and ambient temperature (T,) during normothermy and torpor were used to
calculate Qo and conductance for each animal for each bout of torpor. Qo was calculated from the following
formula:

10

R> Tz - Ta1.

Q= where Ry is the VO, at Tgq and R; is VO, at Tgy.
Ry
Conductance was calculated as:
VO,
C= where C = conductance
(Te-Ta)

Resuits and discussion
Entering Torpor

When entering torpor, VO, decreased prior to the decline in Ty in all marmots. For example, in YF2275,
VO; reached its minimal value in seven hours, whereas T required 28 hours to reach its minimum value (Fig.
1). We observed a short burst of VO, prior to the decline in oxygen consumption which then fell to almost zero
before rising to a minimal stready-state. This pattern, which allows Ty to be lowered passively according to
predictions of cooling curves, is similar to that observed in Spermophilus lateralis (Heldmaier ef al 19935).

The decline in VO, followed by a decrease in Ty supports an active inhibiton of metabolic rate (Lyman
1982). This sequence of a rapid decrease in VO, followed by a slow decline in Ty also occurred in M. marmota
(Heldmaier et al 1993a), M. monax (Lyman 1958), and S. richardsonii (Wang 1979). The same pattern was
present in the entrance into daily torpor in Peromyscus maniculatus (Nestler 1990). The mechanisms that induce
metabolic depression were not examined in this study, but clearly the marked reduction of VO, prior to the
decline in Ty demonstrates that entering torpor is not caused by Q,, effects.
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Qo

- Q.o was calculated from differences between VO, and T of normothermic animals in their thermalneutral
zone and VO, and Ty of torpid animals (Geiser 1988). Qo values were similar to those of enzyme and tissue
metabolism that have Qyo's of 2 to 3 (O'Connor & McKeever 1950), which suggests that the reduction of VO,
can be explained by the biochemical effects of Qo (Kayser 1964, Snapp & Heller 1981). We measured mean
Quo values between 1.7 and 35.89; most mean values exceeded 3.0 (Table 1). Values greater than 3.0 indicate
that the reduction in VO, cannot be explained by Qo alone because the rate of decline in VO; is greater than that
predicted from the biochemical effects of Q.

Qo values for animals at a T, of 10°C were higher during the initial phases of entering torgor when Tp
was between 35° and 25°C than when Ty was lower (Table 1). In contrast, animals at a T4 of 6°C exhibited
higher values of Qo when Tp varied from 25%t0 15°C (Table 1). However, the overall Q;, from 35° to 15°C was
similar in both groups of animals. Possibly T, may affect the pattern of metabolic suppression, but more study
is needed.

Table 1.

Qo values at different temperature ranges for marmots at 6°C and 10°C T
(T = ambient temperature).

Ta (°C) Temperature Range (°C) Hican Q1o 5D N
10 35-15 3.51 1.03 5
6 35-15 3.74 0.94 10
10 35-30 4.93 1.65 5
10 30-25 35.89 67.36 5
10 25-20 2.47 1.69 5
10 20-15 1.70 1.27 5
6 35-30 4.14 2.10 10
6 30-25 4.94 4.39 10
6 25-20 13.39 22.82 10
6 20-15 5.97 10.48 10
Conductance (C)

Endotherms regulate Tp by balancing heat production and heat loss. The rate of heat loss, expressed as
conductance (C), can be affected by regulating either heat production or heat loss. Tg is regulated rather than the
converse relationship of Tp regulating heat production. Therefore, Q;, may not be a valid measure of metabolic
control in endotherms. Thus, the reduction in VO, during entrance into torpor may occur through the regulation
of C (Snyder & Nestler 1990).

Conductance remained low during torpor, increased rapidly during arousal, and declined precipitously
during entry into torpor (Fig. 2). This decrease in conductance during entry into torpor contrasts with the
increased conductance reported previously (Snapp & Heller 1981, Lyman 1982). Increased C during entrance
into torpor could facilitate the reduction of Ty and the decrease of C during arousal could permit greater heat
gain (Snapp & Heller 1981). Thus, changes in C enable the animal to maintain a higher Ty than T, under
conditions of low VO, (Snyder & Nestler 1990). The high conductance that we measured during arousal
apparently was transitory as conductance rapidly decreased while Ty increased (Fig. 2). This transitory increase
in C possibly occurred because of the rapid increase in VO,, which would initially increase C. The rapid
decrease in C from its peak value would facilitate the increase in Tg, as postulated by Snapp & Heller (1982).

However, yellow-bellied marmots by changing C did not significantly regulate changes in Ts. The only
effective way to increase total conductance is to increase the evaporation of water because changes in dry
condnctance would not provide sufficient heat loss in the short time period of arousal and re-entry. Marmots
probably rely on metabolic water to meet their water needs during hibernation (Armitage ef al 1990). The use of
water to cool during re-entry would exceed the amounts of water available from metabolism. The pattern of
conductance during a torpor bout (Fig. 2) suggests that conductance is maintained at a minimal level to conserve
energy and that heat is lost passively. There is a short time period of higher C that corresponds with the initial
phase of re-entry into torpor, which suggests that C has a minor role in facilitating heat loss.
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We conclude that the observed patterns of VO,, Tp, and C during hibernation in the yellow-bellied
marmot support that entry into torpor occurs as a result of the inhibition of metabolism with the decline of Ty
following passively. This pattern is consistent with the view that marmots (and probably other hibernating
ground-dwelling sciurids) are energy conservers that attempt to minimize energy costs during both the
homeothermal and heterothermal phases of their annual cycle (Melcher et ol 1989, Armitage ef al 1990,
Armitage & Salsbury 1992, 1993).
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Fig. 1. Body temperature (Tg) and oxygen consumption (VO,) during entry into torpor by young female 2275.
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Fig. 2. Body temperature and conductance (C) during a bout of torpor by young male 2255. C = mi 0-/hr/°C.
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