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ABSTRACT

Nine species of voles (genus Mlcrotus) and one species of mouse (genus Mus) from four
different latitudes were used for respirometry to obtain resting metabolic rates (RMR) and
average nocturnal metabolic rates (ANMR). After this animals were subjected to carcass
analysis. No differences in RMR and ANMR between microtine populations from different
latitudes were found, due to seasonal acclimatization in the field and acclimation during
captivity. Northern populations have a lower water content than the southern populations.

Metabolic rates and body composition are positively correlated with latitude, due to an
increase in body mass and heart+kidney weight.

Keywords: Microtus Metabolic rate  Body composition Latitude

TABLE OF CONTENTS

1. Introduction 1
2. Material & Methods 2
3. Results 5
5
7

3.1. Restmg Metabolic Rates

3.1.1. Mass Dependence

3.1.2, Latitude 10
3.2, Average Nocturnal Metabolic Rate 11
3.2.1. Mass Dependence 11
3.2.2, Latitude 14
3.3. Body Composition 15
3.3.1. Heart+kidney dependence 16
3.3.2, Mass dependence 19
3.3.3. Latitude 21
4, Discussion 22
5. References 23

Appendix I 26




1. INTRODUCTION

At higher latitudes food availibility is reduced, life expectancy decreases, while mortality increases.
High reproductive rates have to compensate for these losses. In a reproductive season that is shorter
at higher latitude, litter size must increase. Northern animals of the same or closely related species
are therefore expected to have a higher work load and hence a higher metabolic rate. Bertin (1990)
found that laboratory mice, reared at 22 °C have a higher metabolic rate than mice reared at 28 °C.
Elgar & Harvey (1987) showed differences in metabolic rate between several rodent families, which
they explained by habitat or diet. Scholander et a/ (1953) found a positive correlation between
metabolic rates (at four different temperatures) and latitude in poikilotherms. Data collected by
Weathers (1979) and Ellis (1984) compiled literature data and showed that tropical bird families have
a slightly reduced BMR for their body size. Hails (1984) found the same for a variety of tropical
birds, which he compared with birds from temperate regions of the same weight. Bozinovic &
Rosenmann (1988, 1989) found a latitudinal effect on metabolism for cricetid rodents. Bozinovic &
Contreras (1990) found the same for two octodontid species.

For small homeotherms the arctic winter air can be 90 °C colder than the body temperature, while
it is 24 hours dark. In the arctic summer, air may only be 10 °C colder than the animal, while it is
24 hours light. These seasonal changes in temperature and light-dark cycle (photoperiod, light
intensity and duration of twilight) are more moderate with declining latitudes and get extremely
small at the equator. This affects the behaviour of animals and has attracted the interest of several
investigators: Aschoff (1969); Daan & Aschoff (1975); Lankinen (1986) and Pittendrigh (1989) found
a correlation between rhythmicity of behaviour and latitude. Hansson & Hettonen (1985) and Lindén
(1988) observed geographical variations in predator-prey cycli. Lord (1960) and Tast (1982) found
positive correlations between both litter size and mortality on latitude in American mammals, while
Klomp (1970) found the same for clutch size in birds. Curio (1989) found a negative correlation
between life expectancy and latitude in birds.

Daan et al (1989; 1990a; 1990b) found that high basal metabolic rate (BMR) and daily energy
expenditure (DEE) is due to an association of metabolically active tissue (heart and kidney) in both
birds and mammals. Rensch & Rensch (1956) and Graves (1991) found that high latitude species had
a relatively higher organ weight than species from lower latitudes.

The aim of this research is to investigate within a closely related group of mammals, the Microtine
voles, there is an association between metabolic rate, body composition and latitude.

Several investigators have found that Microtine voles have a relatively high mass-independent
metabolic rate compared to other mammals (Packard, 1968; Hayssen & Lacey, 1985; Elgar & Harvey,
1987). They apparentely evolved 2 million years B.P. in the boreal regions of Asia (Hooper,1949;
Zakrzewski, 1985). It is possible that their high metabolic rates are adaptive to allow for increased
thermogenesis during low temperature stress. (Packard, 1968; Zakrzewski, 1985). Voles are able to
persist and even thrive in very cold climates. For example Microtus miurus occurs exclusively in
northwest Canada and Alaska (Rose & Birney, 1985). Microtines are poorly adapted to conserve water
or to thermoregulate (because of thick fur and short ears) at high temperatures, which it avoids by
utilization of self-dug burrows and by being predominantly nocturnal (Birney, pers. observ.).
Nowadays voles are spread out over Eurasia and North America. The southern borders of their
distribution in America and Europe is at about 30 °N: Niethammer, 1982; Hoffmann & Koeppl,1985.




2. MATERIAL & METHODS
Origin and maintenance

Rodents from Spitsbergen (78 °N), Alaska (65 °N), The Netherlands (53 °N) and In’dia (9 °N)
were used. Table | lists the numbers of individuals, trapping location, period in which they were
caught and the conditions during captivity.

Table 1: listing of species, numbers, trapping
location, period of catching and coditions under
captivity, M symbolises males, F females,

T = temperature in "C, Roman figures represent
months, LD is light regime.

numbers trapping period of captivity

species M F location catching [ T LD lights on
Microtus epiroticus 6 10 78° N,18' E X 1089 | 20 18:06 07.00
Microtus ceconomus 1 64°60' N, 147°60° W IX 1990 '} 16 18:06 07.00
Microtus pennsylvanicus 1 1 64°50’ N, 147°650' W IX 1990 |16 18:06 07.00
Microtus miurus 3 2 64°50' N, 147°50' W IX 1990 | 12 12:12 08.00
Clethrionomys rutilus 4 4 64°60' N, 147600 W IX 1990 |12 12:12 08.00
Microtus ceconomus b 7 51°34’ N, 4'12' E VI 1990 {16 18:06 06.00
Microtus arvalis 2 7 53°20’ N, 6°18' E - 20 14:10 08.00
Clethrionomys glareolus 6 6 5308’ N, 6'33' E IX 1000 |22 12:12 08.00
Microtus agrestis - 11 5308’ N, 6’33’ E IX 1989 - - -
Mus booduga 2 2 9°56' N, 78°08' E . IT 1991 | 28 12:12 06.00

M. epiroticus were supplied by Dr R.A. Ims (University of Oslo, Norway), M. oeconomus, M.
pennsylvanicus, M. miurus and C. rutilus by Dr S. Daan. D. de Klein caught C. glareolus, while P,
Meerlo caught M. agrestis, both at the Frieseveen (village of Eelde). M. arvalis was obtained from
the breeding colony in the Zoological laboratory (Haren). M. agrestis was not kept in captivity
because it was measured directly after capture. All animals were fed with *Hope Farms’ rat food
pellets. Every second day the animals were given apple, carrot and endive as supplementary food.
Time lapse between capture and respirometry varied from 1 till 18 months.

M. oeconomus is the only species originating from two latitudes. In all other cases closely related
(resembling) species from different latitudes are compared: M. arvalis and M. epiroticus, M. agrestis
and M. pennsylvanicus, C. rutilus and C. glareolus. Because of its extreme tropical habitat Mus
booduga is used in this research. Although it is no microtine species it might show an intresting
trend.

Metabolism,

Resting metabolic rates (RMR) and average nocturnal metabolic rates (ANMR) were derived from
oxygen consumption in a respirometer: the animals were placed in a respiration chamber (an airclosed
perspex box, with a volume of 1 liter, food and water ad libitum) for 24 hours. Only M. agrestis was
placed in a respiration chamber without food. Temperature was 28 °C. This is in the thermoneutral
zone for both Microtus and Clethrionomys (Wiegert, 1961; Packard, 1968; McManus, 1974; Merritt
& Merritt, 1978). A constant flow of dry air was sent through the respiration chamber. Every minute
the percentage of oxygen was recorded electronically (SA3 Aplied Electrochemistry oxide sensor) and
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sent to a printer. Oxygen concentration in incoming and outcoming air could not be measured at the
same time. Therefore, the relatively stable incoming air was measured every 2 hours. This reference
took 12 minutes and calibrated the sensor for the next period. Every experiment started and finished
with a reference. Daan et al (1989) describe this system in detail.

The ratio between carbon dioxide formed and oxyen used is known as the respiratory quotient (RQ)
and is dependent of nutrition. For carbo hydrates RQ = 1.0, for protein RQ = 0.8 and for fat RQ
= 0.7 (Schmidt-Nielsen, 1974). During starvation RQ decreases (Mosin 1982, 1984). For this study
RQ was assumed to be 0.8. The respirometry files were compiled in the computer program
MEASHAVE.EXE (Steyvers, 1989) to calculate oxygen consumption per minute per gram body
weight. These values were plotted in LOTUS. Statistical calculations were done with the computer
programs STATISTIX and SPSS. Table 2 states the experimental conditions.

Table 2: Listing of experimental

conditions.
species date code file time in LD light on
M.epiroticus 301089 1074 PM301089.107 17.17 DD -
301089 1707 PM301089.207 17.17 DD -
311089 2000 PM311189.101 18.67 DD -
311189 1070 PM311189.201 18.57 DD -
011189 1072 PMO011189.101 16.50 DD -
011189 4000 PM011189.201 16.50 DD -
110690 9 BM110590.302 12.37 19:05 07.00
230590 1072 BM230590.301 12.00 19:05 07.00
310590 16 BM310690.301 11.31 19:05 07.00
080690 3 BM080690.301 11.00 19:05 07.00
110690 6 BM110690.301 11.03 19:05 07.00
130690 12 BM130690.301 11.35 19:05 07.00
310790 44 BM310790.102 11.24 19:05 07.00
270990 20 BM270990.101 16.03 19:05 07:00
270990 2400 BM270990.301 11.36 19:05 07.00
M.pennsylvan. 140990 1 BM140990.201 15.14 18:06 06.00
140990 1 BM140990.301 15.14 18:06 06.00
M.oceconomus 210890 20 BM210890.101 10.27 18:06 06.00
210890 3 BM210890.201 10.27 18:06 06.00
270890 11 BM270890.101 14.02 18:06 06.00
270890 14 BM270890.201 14.02 18:06 06.00
030990 1 BM030990.101 11.49 18:06 06.00
030990 12 BM030990.201 11.49 18:06 06.00
040990 - BM040990.101 13.37 18:06 06.00
040990 2 BM040990.201 13.37 18:06 06.00
0650990 4 BM050990.101 11.25 18:06 06.00
050990 10 BM060990.201 11.25 18:06 06.00
070990 30 BM070990.108 15.34 18:06 06.00
070990 40 BMO070990.208 15.34 18:06 06.00
M.oeconomus 140990 70 BM140990.101 15.14 18:06 06.00
M .miurus 101090 1 S$D101090.101 15.42 12:12 08:00
101090 2 $D101090.201 15.42 12:12 08.00
101090 3 SD101090.301 15.42 12:12 08.00
291090 5 $D291090.101 13.09 12:12 08.00
301090 4 SD301090.201 13.09 12:12 08.00
C.rutilus 0650291 1 SD050291.101 17.32 12:12 08.00
080291 3 LB080291.201 17.30 12:12 08.00
080291 4 LB080291.101 17.30 12:12 08.00
090291 6 LB090291.201 20.24 12:12 08.00
110291 7 SD110291.101 18.13 12:12 08.00
110291 8 SD110291.201 18.13 12:12 08.00
130291 9 SD130291.101 17.13 12:12 08.00
130291 10 SD130291.201 17.13 12:12 08.00




(Table 2, continued)
species date code file time in LD light
M.arvalis 120690 10 BM120690.301 11.13 19:05 07.00
130690 24 BM130690.101 11.85 19:05 07.00
140690 15 BM140690.104 15.67 19:06 07.00
170690 1 BM170690.101 10.40 19:06 07.00
180690 20 BM180690.101 11.19 19:06 07.00
160690 19 BM190690.101 10.59 19:06 07.00
200690 40 BM200690.102 15.08 19:06 07.00
030890 1 BM030890.101 12,33 19:06 07.00
070890 30 BM070890.101 10.37 19:06 07.00

Mus booduga 250391 1 BM250391.108 15.07 12:12 06.00
250391 2 BM2503891.202 15.07 12:12 06.00
010491 4 BM010491.201 09.46 12:12 06.00
010491 7 BM010491.101 09.46 12:12 06.00

M.ag'restisl) 200989 15 PM200989.101 10.42 00:24 -
200989 24 PM200989.201 10.42 00:24 - -
210989 130 PM210989.101 11.00 00:24 -
210989 172 PM210989.201 11.00 00:24 -
260989 189 PM260989.101 16.30 00:24 -
031089 204 PM031089.101 21.36 00:24 -
031089 207 PM031089.201 21.36 00:24 -
111089 136 PM111089.101 17.54 00:24 -
111089 173 PM111089.201 17.54 00:24 -
121089 197 PM121089.101 16.24 00:24 -
121089 210 PM121089.201 16.24 00:24 -

C.glareolusz) 211290 4 DK211290.201 15.40 12:12 08.00
221290 12 DK221250.101 15.40 12:12 08.00
210191 1 DK210191.102 11.00 12:12 08.00
230191 2 DK230191.201 13.15 12:12 08.00
260191 3 DK260191.301 11.15 12:12 08.00
260191 5 DK260191.101 11.15 12:12 08.00
230191 6 DK230191.101 13.15 12:12 08.00
210191 7 DK210191.302 11.00 12:12 08.00
210191 8 DK210191.202 11.00 12:12 08.00
240191 9 DK240191.301 12.00 12:12 08.00
240191 10 DK240191.101 12.00 12:12 08.00
260191 11 DK260191.201 11.15 12:12 08.00

1}: Data courtesy of P. Meerlo
2): Data courtesy of D. de Klein

Data of P. Meerlo on M. agrestis were used to obtain basal metabolic rates (BMR), measured
without food. Lowest oxygen consumption of M. agrestis is determined during the first 3 hours of
the experiments, when the animals still had some food in their coecum and would reingest nutricious
feces (Kenagy & Hoyt, 1980). Their minimum oxygen consumption was defined as RMR instead as
BMR. This study was aimed at finding the RMR under thermoneutral conditions. this is not the
same as BMR, which requires that animals are not digesting food. For small rodents like M. miurus
or Mus booduga this is not quite possible, therefore we decided to supply all animals with food. Since
in Microtines metabolic rates do not differ systematically between day and night, but varies in a
strong ultradian alternation (e.g. Kenagy & Vlek, 1982; Gerkema, 1991) we decided to select the
lowest nocturnal values.

Carcass analysis

Immediately after respirometry all animals (except M. arvalis and Mus booduga) were sacrificed
for carcass analysis and frozen. The analysis was done (after thawing) by dissecting the body in the
following components: skin, leg muscles, gonads, gut and stomach, kidneys, liver, heart, lungs, brain
and rest. All parts were immediately weighed to obtain fresh organ weights (accurate at 0.00001 g).
After at least 72 hours of drying at 60 °C they are reweighed to obtain dry organ weights. Appendix
I lists these data, including body mass, water percentage and RMR.
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The question which time span was the best suitable for RMR measurement was solved with the
computer program MEAMOVE.EXE (Steyvers, 1991). This program calculates the running means
of oxygen consumption for intervals between 1 and 60 minutes. It plots the lowest running mean of

m! 02/g./br.

44

11

4

.} T T T T ) T T L
0O 10 20 30 40 S0 6D 70 BO 90
minimal mean for period (minutes)

Figure 2. Example of MEAMOVE-graph.
See text for more information.

3.1.1. MASS DEPENDENCE

oxygen consumption for each interval. At the
ordinate, oxygen consumption (in ml 0,/g.h) is
plotted. At the absis the interval duration (in
minutes) is plotted. The program starts with
calculating the running mean (of oxygen
consumption) for a one minute interval: minute 1 to
2, minute 2 to 3 ... minute 1440 to 1441 and plots the
minimal value of this. Then the same is done for a
two minute interval, a three minute interval, a four
minute interval .. a 60 minute interval. (figure 2
shows an example of this). A horizontal part in the
graph (slope is aproximately 0) indicates a negligible
difference in the lowest running means between
intervals. The best suitable time span for RMR
measurements is within this range of intervals (in
figure 2 marked with an arrow) because for these
intervals the lowest oxygen consumption is rather
independent of interval lenght. After examining all
individual MEAMOVE-files we chose for a 10
minute interval as standard time base. The lowest
mean oxygen consumption in a 10 minutes interval
in the dark period is defined as RMR. table 3 lists
the population means of RMR and mass for all
species measured,

Table 3: Listing of population means
of log RMR and log MASS for 10 species.

S.D. = Standard Deviation

Species IogRMR
M. epiroticus -0.433
M. pennsylvanicus -0.606
M. oeconomus -0.644
M. oeconomus -0.442
M. miurus -0.869
C. rutilus -0.694
M. arvalis -0.484
Mus booduga -1.128
M. agrestis -0.580
C. glareolus -0.684

S.D.logMASS  S.D.

0.096
0.147
0.121

0.082
0.137
0.109
0.115
0.096
0.100

1.477 0.063
1.412  0.096
1.423 0.108
1.505 -

1.269 0.034
1.333  0.077
1.427 0.117
0.955 0.121
1.277 0.113
1.373  0.096



comparison between populations of related species

Population means of log RMR and log M (with standard deviations) for the populations compared
are plotted in figure 3. No significant differences could be found,
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Figure 3. Population means (with standard deviations)
of log RMR and log M, separated for the compared
species. In all cases no difference in mass dependence
is found (see table 4).

To investigate a difference in mass dependence of RMR between related populations, analysis of
covariance was used. The compared species are plotted together in table 4.

Table 4: Variation in mass dependence of RMR
for related species from different latitudes.

analysis of
species regression n r? P covariance
M. epiroticus log RMR = -1.626 + 0.827log M 18 0.284 <0.06 r! = 0.027
M, arvalis log RMR = -1.515 + 0.723 log M 9 0.698 <0.06 p » 0.05
M. oeconomus log RMR = -1.694 + 0.738 log M 12 0.436 <0.06
M. oeconomus - 1 - -
M. agrestis log RMR = -1.190 + 0.481 log M 11 0.317 >0.06 r? = 0.047
M. pennsylvanicus log RMR = -1.121 + 0.413 log M 2 0.248 >0.06 p » 0.05
C. glareolus log RMR = -1.668 + 0.708 log M 12 0.671 0.001 r? = 0.066
C. rutilus log RMR = -2.808 + 1.586 log M 8 0.797 <«0.01 p » 0.05
M. miurus log RMR = 0.104 - 0.767 log M 5 0.102 »0.05
Mus booduga log RMR = -2.010 + 0.924 log M 4 0.956 <0.05

Whether the slopes between species differed was tested by means of analysis of covariance (Manova
procedure in SPSS version 3.0). The analysis revealed that the slopes are not significantly different
(F18,61).= 1.10, p = 0.381). For all species the slope is 0.781. The intercepts did not differ beyond
5 % confidence limits.



Comparison between all northern (>60° N) and all southern (<60° N) microtines

To investigate latitudinal differences of mass dependence, the northern and the southern group
were compared. For the northern animals (M. epiroticus, M. miurus, M. oeconomus, M.,
pennsylvanicus, and C. rutilus)

log RMR = -2.914 + 1.660 log M (n = 32, r2 = 0.788, p < 0.001) )]
For the southern animals (without Mus booduga)
log RMR = -1.325 + 0.523 log M (n = 44, r2 = 0.247, p < 0.001) (2)

Analysis of covariance (Manova procedure in SPSS) reveals that these slopes are not parallel (F[1,72]
= 26.38, p < 0.001). )

Comparison between all individuals

Figure 4a shows the regression of log RMR on log mass (=log M) for all individuals:
log RMR = -2.070 + 1.048 log M (n = 80, r? = 0.638, p < 0.001) (3)

M. agrestis and M. arvalis seem to have a relatively high RMR for their mass . M. miurus and the
dutch M. oeconomus and C. glareolus have a relatively low RMR.,

For Microtidae only:
log RMR = -1.881 + 0.928 log M (n = 76, r? = 0.444, p < 0.001) (4)

Because a large number of individuals from a certain population has a larger influence on the
regression of log RMR on M than a small number of individuals, population means are calculated:

log RMR = -2.451 + 1.331 log M (n = 10, r2 = 0.849, p < 0.001) (5)
This line is plotted in figure 4b. For Microtidae only

log RMR = -2.447 + 1328 log M (n=9, r2 = 0.612, p < 0.001) (6)
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Figu're 4a. Mass dependence of log RMR for ten Figure 4b, Mass dependence of log RMR for ten
s}z)eiles: log RMR = -2.07 + 1.048 log M (n = 80, 9 species, Regression is based on population means:
rt = 0.638, p < 0.001). log RMR = -2.451 + 1,381 log M (n = 10, r* = 0.849,

p < 0.001).



3.1.2, LATITUDE

To investigate a latitudinal dependence of RMR, log RMR was plotted against latitude. Figure 5
shows this for all individuals:

log RMR = -1.081 + 0.008 latitude (n = 80, r2 = 0.383, p < 0.001) (7)
M. miurus had a relatively low RMR for its latitude. For Microtidae only:

log RMR = -0.900 + 0.005 latitude (n = 76, rz = 0.109, p < 0.01) (8)
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Figure §. Latitudinal dependence of log RMR for ten

species: log RMR = -1,018 + 0,008 Latitude {(n = 80,

r? = 0,383, p < 0,001),
- To investigate a latitudinal dependence of body mass, log M is plotted against latitude. Figure 6
shows this dependence for all individuals,

log M = 1.016 + 0.006 latitude (n = 80, r2 = 0.144, p < 0.001)  (9)

M. miurus and C. rutilus seem to have a relatively low mass, M. oeconomus a high mass for their
latitude. For Microtidae only:

log M = 1.199 + 0.003 latitude (n = 76, r2 = 0.078, p < 0.05)  (10)
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Figure 6. Latitudinal dependence of log M for ten
species: log M = 1,016 + 0.006 Latitude (n = 80,
r? = 0.144, p < 0.001).
To take away mass effects on RMR, the residuals of log RMR: measured RMR - expected RMR
based on regression (4), are calculated and plotted (without Mus booduga) against latitude:

Res RMR = -0.133 + 0.002 latitude (n = 76, rz = 0.037, p » 0.05) (11)
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3.2. AVERAGE NOCTURNAL METABOLIC RATE (ANMR)

ANMR was defined as the average oxygen cosumption in the dark period and is expressed in Watts.
RQ was assumed to be 0.8, resulting in an energetic equivalence of 20 Joule per ml O, (Schmidt-
Nielsen, 1974). Mean body mass was calculated by averaging body weight before and after
respirometry). These data are obtained during the same experiments as in 3.1 , from the same animals,
Instead of a running mean of a 10 minutes interval total oxygen consumption is measured and
expressed per hour. Table 5 lists population means of ANMR and mass for all species measured.

3.2.1. MASS DEPENDENCE

Table 5: Listing of population means
of log ANMR and log MASS for ten species.
S.D. = Standard Deviation.

Species logANMR  S.D.logMASS S.D.
M. epiroticus -0.272  0.099 1.477 0.063
M. pennsylvanicus -0.365 0.038 1.412 - 0.096
M. oeconomus -0.462 0.121 1.423  0.108
M. oeconomus -0.318 - 1.505 -

M. miurus -0.662 0.075 1.269 0.034
C. rutilus -0.497 0.105 1.333  0.077
M. arvalis -0.379 0.112  1.427 0.117
Mus booduga -0.862 0.139 0.955 0.121
M. agrestis -0.419 0.086 1.277 0.113
C. glareolus -0.486 0.079 1.373  0.096

Comparison between populations of related species

Population means of log ANMR and log M (with standard deviations) for the compared species are
plotted in figure 7. No significant differences could be found.
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Figure 7. Population means (with standard deviations)
of log ANMR and log M, separated for compared species,
In all cases no difference in mass dependence is found
(see table 6).
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To investigate a difference in mass dependence of ANMR between related populations, analysis of
covariance was used. The compared species are plotted together in table 6.

Table 6: Variation in mass dependence of ANMR
for related species from different latitudes.

analysis of
species regression B rt P covariance
M. epiroticus log ANMR = -1.150 + 0.594 log M 16 0.146 >0.06 r! = 0.081
M. arvalis log ANMR = -1,628 + 0.807 log M 9 0.714 <0.01 p » 0.06
M. oeconomus log ANMR = -1.793 + 0.900 logM 12 0.644 <0.05
M. oeconomus - 1 - -
M. agrestis log ANMR = -1.119 + 0.648 log M 11 0.497 <0.01 r! = 0.066
M.pennsylvanicus log ANMR = -1.078 + 0.514 log M 2 0.213 >0.06 p » 0.06
C. glareolus log ANMR = -1.361 + 0.652 log M 9 0.668 <0.06 r! = 0.046
C. rutilus log ANMR = -1.856 + 1.019 log M 8 ' 0.661 <0.06 p » 0.06
M. miurus log ANMR = 0.648 - 1.038 log M 5 0.219  »0.06
Mus booduga log ANMR = -1.899 + 1.086 log M 4 0.914 <0.05

Whether slopes between species differed was tested by means of analysis of covariance (Manova
procedure in SPSS). The analysis reveals that the slopes are not significantly different (F[8,61]=1.11,
p » 0.05). For all species the slope is 0.774. The intercepts did not differ beyond 5 % confidence
limits.

Comparison between all northern (>60° N) and all southern (<60° N) microtines

To investigate latitudinal differences of mass dependence, the northern and the southern group
were compared. For the northern animals
log ANMR = -2.309 + 1.361 log M (n = 32, r2 = 0.681, p < 0.001) (12)
For the southern animals (without Mus booduga)

log ANMR = -1,178 + 0.541 log M (n = 44, r2 = 0.386, p < 0.001) (13)

Analysis of covariance (Manova procedure in SPSS) reveals that these slopes are significantly
different (F[1,72] = 26.63, p < 0.001).
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Comparison between all individuals

Figure 8a shows a significant correlation between log (ANMR) and log M for all individuals;

log ANMR = -1.684 + 0.909 log M (n = 80, r2 = 0.648, p < 0.001)

M. miurus, the dutch M. oeconomus and C. glareolus seem to have a low mass dependent ANMR, M,

(14)

agrestis and M. epiroticus high mass dependent ANMR.

For Microtidae only:

log ANMR = -1.558 + 0.821 log M (n = 76, r2 = 0.466, p < 0.001)  (15)

For population means the regression is:

log ANMR = -1.958 + 1.102 log M (n = 10, r2 = 0.857, p < 0.001)

This line is plotted in figure 8b. For Microtidae only

log ANMR = -1.968 + 1.109 log M (n = 9, r2 = 0.628, p < 0.05)
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Figure 8a. Mass dependence of log ANMR for ten
species: log ANMR = -1.684 + 0.909 log M (n = 80,
r? = 0.648, p < 0.001).
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3.2.2. LATITUDE
To investigate a latitudinal dependence of ANMR, log ANMR was plotted against latitude. Figure
9 shows this for all individuals; v
log ANMR = -0.852 + 0.007 latitude (n = 77, r2 = 0.405, p < 0.001) (18)
M. miurus has a relatively low ANMR for their latitude. For Microtidae only:

log ANMR = -0.731 + 0.005 latitude (n = 73, r2 = 0.251, p = 0.001) (19)
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Figure 9, Latitudinal dependence of log ANMR for ten
species; log ANMR = -0.852 + 0,007 Latitude (n=11,
r? = 0.405, p < 0.001),

To take away the mass effects on ANMR, the residuals of ANMR: measured ANMR - expected
ANMR, based on regression (15) are calculated and plotted (without Mus booduga) against latitude;

Res log ANMR = -0.155 + 0.003 latitude (n = 73, r2 = 0.068, p < 0.05) (20)
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3.3. BODYCOMPOSITION

Appendix I lists the fresh and dry organ weights of the animals. Northern animals seem to have a
lower water percentage (an indication they might have more fat) than southern animals (Two sample
T test, p < 0.01). Table 7 and 8 list the correlations between metabolic rate and fresh and dry organ
weights respectively,

Table 7: Correlations between RMR and fresh organ weight for all
individuals (without Mus booduga). Log (HLK) is log (heart +

liver + kidney), log (HK) is log (heart + kidney), HM = hind leg muscle,
FM = fore leg muscle. N = 56,

Body components r? P
log RMR = -0.645 + 0.044 log skin 0.068 <0.05
log RMR = -0.687 + 0.166 log intensine 0.079 <0.06
log RMR = -0.528 + 0.211 log liver 0.068 <0.06
log RMR = 0.127 + 0.672 log kidney 0.285 <0.001
log RMR = 0.126 + 0.581 log heart 0.213 <0.001
log RMR = -0.304 + 0.173 log spleen 0.121 <0.,01
log RMR = -0.595 + 0.063 log HM 0.016 >0.06
log RMR = -0.393 + 0.252 log FM 0.171 <0.01
log RMR = -0.642 - 0.001 log gonads 0.005 »0.06
log RMR = -0.209 + 0.891 log brains 0.183 <0.01
log RMR = -0.388 + 0.229 log lungs 0.086 <0.06
log RMR = -0.711 + 0.158 log rest 0.086 <0.06
log RMR = -0.614 + 0.341 log (HLK) 0.118 <0.,01
log RMR = 0.011 + 0.712 log (HK) 0.259 <0.001

Table 8: Correlations between RMR and dry organ weight
for all individuals (without Mus booduga).

Log (HLK) is log (heart + liver + kidney), log (HK)

is log (heart + kidney), HM = hind leg muscle, FM =
fore leg muscle. N = 586,

Body components r? P
log RMR = -0.723 + 0.175 log skin 0.051 <0.06
log RMR = -0.703 + 0,189 log intensine 0.061 >0.05
log RMR = -0.665 + 0.603 log liver 0.277 <0.001
log RMR = -0.131 + 0.884 log kidney 0.483 <0.001
log RMR = -0.603 + 0.794 log heart 0.873 <0.001
log RMR = -0.424 + 0.164 log spleen 0.141 <0.01
log RMR = -0.629 + 0,021 log HM 0.028 >0.06
log RMR = -0.806 + 0.519 log FM 0.829 <0.001
log RMR = -0.622 - 0.002 log gonads 0.002 »0.05
log RMR = -0.442 + 0.418 log brains 0.142 <0.06
log RMR = -0.419 + 0.449 log lungs 0.171 <0.01
log RMR = -1.004 + 0.897 log rest 0.185 <0.001
log RMR = -0.767 + 0.626 log HLK) 0.336 <0.001
log RMR = -0.309 + 0,979 log HK) 0.496 <0.001
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3.3.1. HEART+KIDNEY DEPENDENCE

The logarhithm of the sum of dry heart+kidney weight (log HK) gives the highest correlation with
RMR (Table 8) and will be used for further calculations. Table 9 lists population means of log HK,
mass and fraction HK (HK/mass = %HK) for all species measured.

Table 9: Listing of population means

of mass, log HK and %HK for ten species.
S.D. = Standard deviation. Data M. arvalis
courtesy M. Kalk.

Species logMASS S.D. logHK S.D. %HK S.D.

M. epiroticus 1.477 0.063 -0.825 0.084 0.439 0.037
M. pennsylvanicus 1.412 0.096 -0.766 0.071 0.465 0.033
M. oeconomus 1.423 0.108 -0.883 0.108 0.416 0.045
M. oeconomus 1.505 - -0.720 - 0.487 -

M. miurus 1.269 0.034 -1.034 0.046 0.355 0.016
C. rutilus 1.333 0.077 -0.861 0.115 0.425 0.049
M. arvalis 1.499 0.175 -0.879 0.181 0.421 0.069
Mus booduga 0.955 0.121 - - - -

M. agrestis 1.277 0.113 -0.987 0.076 0.373 0.028
C. glareolus 1.373 0.096 -0.915 0.083 0.402 0.033

Comparison between populations of related species

Population means of log RMR on log HK (with standard deviations) for the compared species are
plotted in figure 10. No significant differences could be found.
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Figure 10. Population means (with standard deviations)
of log RMR and log HK, separate'd for the compared
species. In all cases no difference in HK dependence

is found (see table 10).
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To investigate a difference in heart+kidney dependence of RMR between related populations,
analysis of covariance was used. The compared species are plotted together in table 10.

Table 10: Variation in RMR dependence of heart+kidney weight
for related species from different latitudes,
For M. arvalis and Mus booduga no data are available.

. analysis of

species regression n | o P covariance
M. epiroticus log RMR = -0.142 + 0.369 log HK 9 0.092 »0.06
M. oeconomus log RMR = -0.069 + 0.661 log HK 10 0.302 >0.06
M. oeconomus - 1 - -
M., agrestis log RMR = -0.219 + 0.368 log HK 11 0.082 »0.056 rt = 0.029
M. pennsylvanicus log RMR = -0.442 + 0,149 log HK 2 0.029 »0.05 p » 0.06
C. rutilus log RMR = 0.249 + 1.104 log HK 7 0.748 <0.05 rt = 0.041
C. glareolus log RMR = -0.428 + 0.288 log HK 11 0.066 »0.05 p » 0.06
M. miurus log RMR = -1.229 - 0.348 log HK 5 0.038 »0.056

Whether the slopes between species differed was tested by means of analysis of covariance (Manova
procedure in SPSS). The analysis revealed that the slopes are not significantly different (F16,42] =
0.84, p » 0.05). For all species the slope is 0.603. The intercepts did not differ beyond 5 % confidence
limits,

Comparison between all northern (>60° N) and all southern (<60° N) microtines
To investigate latitudinal differences of mass dependendce, the northern and the southern groups
were compared. For the northern animals
log RMR = 0.42] +1.199 log HK (n = 24, r2 = 0.539, p < 0.001) (21)
while for southern animals (without Mus booduga)
log RMR = -0.457 + 0.198 log HK (n = 32, r2 = 0.027, p » 0.05) (22)

Analysis of covariance (Manova procedure in SPSS) reveals that these slopes are significantly
different (F[1,72] = 29.58, p < 0.001).
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Comparison between all individuals

Figure 11a shows the regression of log RMR on log HK for all individuals:

log RMR = 0.011 + 0.712 log HK (n = 56, r2 = 0.259, p < 0.001) (23)

M. pennsylvanicus, M. miurus, C. rutilus and C. glareolus seem to have a relatively low heart+kidney
weight for their RMR, M. agrestis and M. epiroticus a relatively high heart+kidney weight. For

population means the regression is;

log RMR = 0.227 + 0.968 log HK (n = 8, r2 = 0.52, p < 0.05) (24)

This line is plotted in figure 11b.
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Figure 11a. HK dependence of log RMR for eight species:

log RMR = 0.011 + 0.718 log HK (n = 56, r* = 0.259,
p < 0.001).
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3.3.2. MASS DEPENDENCE

Comparison between populations of related species

Population means of log HK and log M (with standard deviations) for the compared species are
plotted in figure 12, No significant differences could be found,
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Figure 12. Population means (with standard deviations)
of log HK and log M, separated for compared species,
In all cases no difference in mass dependence is found
(see table 11).
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analysis of covariance was used. The compared species are plotted together in table 11,

Table 11: Listing of intraspecific variation in mass
dependence of heart+kidney weight for 4 groups.
Data M. arvalis: courtesy M, Kalk.

analyxis of
species regression n r? P covariance
M. epiroticus log HK = -2.199 + 0913 log M 8 0.681 <0.05 r* = 0.101
M. arvalis log HK = -2.119 + 0.827 log M [} 0.643 <0.05 p » 0.05
M. oeconomus log HK = -1.863 + 0.687 log M 10 0.424 <0.05
M. oeconomus - 1 - -
M, agrestis log HK = -1.709 + 0.566 log M 11 0.717 <0.01 rt = 0.016
M. pennsylvanicus log HK = -1.955 + 0.778 log M 2 0.694 <0.01 p » 0.05
C. rutilus log HK = -2.349 + 1.114 logM 7 0.638 <«0.05 r* = 0.019
C. glareolus log HK = -1.724 + 0.517 log M 10 0.468 <0.05 p » 0.05
M. miurus log HK = -2.271 + 0971 logM § 0.532 >0.05

Whether the slopes between species differed was tested by means of analysis of covariance (Manova
procedure in SPSS). The analysis revealed that the slopes are not significantly different (F[6,42] =
1.30, p » 0.05). For all species the slope is 0.545. The intercepts did not differ beyond 5 % confidence
limits,
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Comparison between all northern (>60° N) and all southern (<60° N) microtines
To investigate interspecific latitudinal differences of mass dependence, the northern and southern
group were compared. For the northern group
log HK = -2.071 + 0.864 log M (n = 24, r2 = 0.601, p < 0.001) (25)
while for the southern group
log HK = -1.778 + 0.619 log M (n = 31, r2 = 0.605, p < 0.001) (26)
Analysis of covariance (Manova procedure in SPSS) revealed that these slopes are not significantly

different (F[1,53] = 2.99, p = 0.091). For both groups the slope is 0.639. The intercepts did not differ
beyond 5% confidence limits, :

Comparison between all individuals
Because log HK gives the best correlation with log RMR, mass dependence of log HK is calculated.
Figure 13a shows the regression of log HK on log M for all individuals;
log HK = -1.828 + 0.674 log M (n = 61, r2 = 0.492, p < 0.001) (27)
M. miurus, M. oeconomus, M. epiroticus and C. glareolus have a relatively low heart+kidney weight
for their mass, M. pennsylvanicus and C. rutilus a high, Because a large number of individuals has

a bigger influence on the regression population means are calculated and plotted in figure 13b:

log HK = -2.339 + 1.059 log M (n = 8, r2 = 0.762, p < 0.001) (28)
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Figure 13a, Mass dependence of log HK for nine species; Fi . :
; gure 13b, Mass depenency of log HK for nine species,
log P(I)If)ozl -1:828 + 0.674 log M (n = 61, r? = 0.492, Regression is based on population means; log HK =
p < 0.001). "2.339 + 1.059 log M (n = 9, r* = 0.762, p < 0.001).
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3.3.3. LATITUDE
To investigate a latitudinal dependence of heart+kidney weight, log HK is plotted against latitude.
Figure 14 shows this for all individuals:
log HK = -1.081 + 0.003 Iatitude (n = 57, r2 = 0.120, p < 0.05)  (29)

M. miurus has a relatively low heart+kidney weight. M. pennsylvanicus has a relatively high
heart+kidney weight,
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Figure 14. Latitudinal dependence of log HK for eight
species: log HK = -1.081 + 0.003 Latitude (n = 57,
rt = 0.120, p = 0,000).

To take away the mass effect of log HK, the residuals of log HK (measured log HK - expected log
HK, based on the regression (28) are calculated and plotted against latitude,

Res (log HK) = -0.075 + 0.002 Iatitude (n = 56, r2 = 0,027, p » 0.05)  (30)
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4, DISCUSSION

Only in M. arvalis & M. epiroticus and C. glareolus & C. rutilus sample sizes are sufficient to draw
conclusions upon. No differences in RMR, ANMR and heart+kidney weight are found between
compared populations from different latitudes. An explanation is that RMR is plotted against fresh
mass instead of lean mass: northern animals seem to have much more fat than the southern animals
(an indication for the percentage of fat = 100 - percentage of water, listed in Appendix I). If one
compares two species of voles from different latitudes with the same fresh mass and RMR, the data
points will overlap. The northern animals have more fat, so their metabolically active mass is
overestimated. If lean mass was used rather than fresh mass, body mass would shift to the left (the
metabolically inert fat is gone). Northern animals possibly will shift more to the left (more fat) and
might reveal a difference in metabolic rate between them (Lavigne et al, 1986).

An other explanation is seasonal accimatization: the Alaskan animals are caught during summer,
when their metabolism is only 60 to 70 percent of their winter-metabolism (Wunder et al, 1977; Feist
& Morrison, 1981; Holleman et al, 1982; Heldmaier, 1989; Heldmaier et al, 1989).

A third explanation is that the animals are acclimated to the moderate temperatures in captivity
(Schmidt-Nielsen, 1974; Bartholomew, 1977; Wunder, 1979; Bertin et al, 1990; Haim & Levi, 1990).
In birds this acclimation occurs already after one week (Steen, 1958).

Even when these explanations are not valid, ANMR is not a good measure to reveal differences in
metabolic rate between northern and southern populations. Hayes (1989) found that the maximum
oxygen consumption of Peromyscus populations from high altitudes did not differ from low altitude
populations. High altitude populations are just operating closer to the maximal sustainable oxygen
consumption. A gradient in altitude may be comparable with a latitudinal gradient. In both cases a
climatical gradient exists which positively correlates with bodysize (Visher, 1924; Moreau, 1957).
ANMR of high latitude and low latitude animals is the same, but the high latitude animals might
operate closer to their maximum metabolic rate.

A latitudinal dependence of metabolic rates and body composition can be shown, but the mass-
independent residuals are not significantly correlated with latitude. Only for the residuals of ANMR
the correlation is significant (p < 0.05). However, less than 7 % of the variation in mass-independent
ANMR (r?) can be explained by latitude. This is far too little to have any biological significance.

The ecogeographical rule of Bergmann (1847) and more recently James (1968) and Brown & Lee
(1969): the tendency that bodysize is positively correlated with latitude, is confirmed. The increase
in metabolic rate at higher latitudes found in this study, is due to an increase in body mass or
heart+kidney weight. It was not possible to distinguish between them. One can speculate which is the
most reasonable: there are some indications that the latter might be more probable than the former.
However fat (=big) animals have a better insulation, they are more vulnerable to diseases (e.g.
Connelly & Taberner, 1989; Dolphin ef al, 1990; King & Rohrbach, 1990), while animals with a
"leveled up engine" can cope better with physical effort and extreme temperatures. Possibly
Bergmann’s rule affects primary heart+kidney weight which on its turn affects body mass and
metabolic rate,
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Appendix 1. Data listing of body composition, body mass and RMR. Body components (fresh and
dry weight) are expressed in gram, body mass in gram and log(gram) and RMR in log(Watt).
Individuals are coded both for place of origin and individual number: MeS = M. epiroticus from
Spitsbergen, Mp.A = M. pennsylvanicus from Alaska, Mo.N = M. oeconomus from The Netherlands,
Mo.A = M. oeconomus from Alaska, Mm.A = M. miurus from Alaska, Cr.A = C. rutilus from Alaska,
Ma = M. arvalis from The Netherlands, Mb = Mus booduga from India. Mag = M. agrestis from The
Netherlands (data P. Meerlo), Cg = C. glareolus from The Netherlands (data D. de Klein). Codes with
’/* are indicate M. arvalis from The Netherlands (data M. Kalk). Missing values are marked with 'm’.
Female animals are marked with ’V’, male animals with 'M".
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