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Abstract

Temperature and respiratory gas (CO2 and O2) concentrations were measured in the foraging tunnels of

burrows naturally inhabited by two species of southern African mole-rats, the Cape mole-rat Georhychus

capensis and the Damaraland mole-rat Cryptomys damarensis. Both species are completely fossorial and

inhabit closed burrow systems. Tunnels of G. capensis burrows had a mean diameter of 8.7 cm and a depth,

measured to the roof of the tunnel, of 6.2 cm; those of C. damarensis had a mean diameter of 6.5 cm and

depth of 40 cm. In both species, the mean concentration of CO2 was higher, and mean concentration of O2

lower, in burrows than in the surrounding soil or in ambient air. Mean and minimum values of O2 were

20.4% and 19.8%, respectively, in G. capensis and 20.4% and 19.9% in C. damarensis; mean and maximum

values of CO2 were 0.4% and 1.2% in G. capensis and 0.4% and 6.0% in C. damarensis. Temperature varied

between 18.5 and 24.2 8C in burrows of G. capensis by comparison with an ambient range of 16.9 to

26.8 8C; and from 19.6 to 29.3 8C in burrows of C. damarensis by comparison with an ambient range of 8.6

to 30.8 8C. Thus a burrowing habit seems to offer both species protection from extremes of temperature

without entailing the cost of a grossly abnormal respiratory environment. From a review of the relevant

literature, we conclude that average concentrations of CO2 and O2 in mammalian burrows often do not

differ greatly from ambient values. However, more work is needed to determine the respiratory gas

concentrations in the immediate vicinity of active, burrowing animals.
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INTRODUCTION

The habit of living or nesting in burrows is generally
acknowledged to offer two major advantages, i.e.
protection from predators and from climatic extremes
(e.g. Boggs, Kilgore & Birchard, 1984; Reichman &
Smith, 1990). These advantages have resulted in the
adoption of a fossorial or semi-fossorial lifestyle by a
wide range of mammals in a variety of different environ-
ments: for example, 447 of 777 genera of terrestrial
mammals contain species that engage in a signi®cant
degree of burrowing behaviour (Kinlaw, 1999), while 35
genera contain completely subterranean representatives
(Nevo, 1979).

Although it is clear that burrows offer a relatively
constant environment of temperature and humidity
(e.g. Vorhies, 1945; Kennerley, 1964; Kay & Whitford,
1978), less is known about the respiratory conditions to

which burrowing mammals are subjected. In principle,
respiratory gas concentrations are expected to be both
more extreme and more variable within burrows than
on the surface, depending on factors such as the nature
of the soil in which the burrow is constructed; architec-
tural features of the burrow itself, such as its length,
volume, depth and number of entrances; the number
and rate of metabolism of its occupants; and the propor-
tion of time for which the burrow is occupied (e.g.
McNab, 1966; Wilson & Kilgore, 1978; Withers, 1978).
Some studies have reported remarkably low levels of O2

and/or high levels of CO2 within occupied burrows (e.g.
Kuhnen, 1986 in golden hamsters Mesocricetus auratus;
Hayward 1966 in rabbits Oryctolagus cuniculus); and
there is evidence that burrowing mammals and birds
tend to be more tolerant of hypoxia and hypercarbia
than comparable surface-dwelling species (McNab,
1966; Boggs et al., 1984). On the other hand, some
studies of the internal environment of mammal burrows
report O2 and CO2 concentrations that differ little, if at
all, from the ambient (e.g. Soholt, 1974 in Merriam's
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kangaroo rat Dipodomys merriami; Kay & Whitford,
1978 in the banner-tailed kangaroo rat Dipodomys
spectabilis; Roper & Kemenes, 1997 in the Eurasian
badger Meles meles). Thus it would be wrong to assume
that burrowing mammals necessarily experience a
signi®cant degree of hypoxia or hypercapnia.

In the present study we investigated environmental
conditions (temperature, air movements and concentra-
tions of CO2 and O2) in natural burrows of two species
of completely fossorial African mole-rat, the Cape
mole-rat Georhychus capensis and the Damaraland
mole-rat Cryptomys damarensis. A previous study
(Bennett, Jarvis & Davies, 1988) investigated daily and
seasonal changes in burrow temperature in these and
three other species of African mole-rats, but no data are
available on respiratory gas concentrations or air move-
ments within the burrows of any member of this group
of animals. Since G. capensis is solitary and inhabits a
shallow burrow system (Lovegrove & Jarvis, 1986),
whereas C. damarensis lives in colonies of up to 40
individuals and has deeper burrows (Bennett, Faulkes &
Jarvis, 1999), we expected respiratory gas concentra-
tions to be less skewed and less variable in burrows of
G. capensis than in those of C. damarensis.

METHODS

Apparatus

Respiratory gas concentrations (CO2 and O2) were
measured using a portable environmental gas monitor
(EGM-1; PP Systems, Hitchin, U.K.) containing a
battery-operated electric pump. This drew air from the
environment at a rate of 0.3 l min71, through a 2-m
long silicon tube of 0.5 cm diameter. During times when
the pump was running, CO2 and O2 concentration were
continuously monitored and average values displayed
every 6 s (CO2) or 12 s (O2). Temperature was measured
to within 0.1 8C using a hand-held digital thermometer
(Cole-Parmer, U.K.) ®tted with detachable 1-m long
thermocouple wires. Air movements were measured by
means of a platinum hot-wire anemometer (129 MS;
Solomat Ltd, Bishops Stortford, U.K.) ®tted with a
telescopic probe 30 cm long and 0.5 cm in diameter,
accurate to within 0.1 m s71 for air speeds of up to
5 m s71. The study was carried out in March 1998.

Georhychus capensis burrows

The G. capensis burrows were located in a grass-covered
bank of dry, loamy soil on the campus of the University
of Cape Town (33856'S, 18828'E). Separate burrow
systems were identi®able from the pattern of surface
mole-hills, and underground tunnels were located by
probing the soil between 2 neighbouring mole-hills
with a 0.5-cm diameter steel rod. When a tunnel was
found, a 1 m length of 1-cm diameter plastic tubing was
pushed into it as far as possible, the soil around the

tubing was ®rmed down and the protruding end of the
tubing was closed by means of a hose-clip. To measure
respiratory gas concentrations, the hose-clip was
removed, the silicon tube attached to the gas analyser
was inserted, and the gap between the 2 tubes was sealed
with `Plastitak'. Readings of CO2 and O2 concentration
were then taken until stable values were obtained,
usually after about 30 s. Soil gas levels were recorded by
sampling air from 9 blind-ending dummy `burrows', dug
by us at the same depth as real burrows at distances of
at least 2 m from the nearest real burrow system.
Ambient gas levels were recorded by sampling free air at
a height of 1 m above the ground, at both real and
dummy burrows. Temperature was monitored by a
digital telethermometer (APPA Technology, Taipei)
inserted into each of 2 burrows, and was also measured
on the surface and 1 m above the surface of the ground.
All of these measurements were taken every 2 h over 2
consecutive 24-h periods, with data being recorded on
odd-numbered hours for the ®rst 24-h period and on
even-numbered hours for the second. Thus data could
be combined from the 2 periods to yield a 24-h series of
measurements at hourly intervals. The period of 2 h
between successive measurements was chosen to allow
gas levels to equilibrate within the sampled burrows
before the next sampling episode.

Measurements of air movement were made in
5 tunnels by pushing a 0.5-cm steel rod down into the
tunnel from the soil surface, withdrawing it and inserting
the anemometer probe directly into the resulting hole.
Soil was heaped around the protruding part of the
probe to ensure that no air could enter the burrow
system by that route. Maximum, minimum and mean
air speeds were recorded over 5 consecutive 1-min
periods, in each tunnel.

Following data collection, the tunnels from which
recordings had been made were excavated to measure
their depth and to check that the inserted plastic tubes or
thermocouples had not been interfered with by the mole-
rats. Live-traps were then placed in the tunnels and the
mole-rats captured to verify that the burrows were
occupied. Of 8 burrows from which gas levels were
recorded, 1 burrow was uninhabited and in another the
end of the gas sampling tube had been buried by the
occupant. Data from these burrows were discarded,
leaving successful measurements of respiratory gas con-
centration from 6 burrows that were known to have been
occupied and in which the end of the sampling tube
remained unobstructed throughout the sampling period.

Cryptomys damarensis burrows

The study population of C. damarensis was located in
level, sandy soil at Hotazel (27817'S, 22858'E), near the
southern boundary of the Kalahari. Tunnels were
located by digging down manually into mole-hills, then
inserting 2-m lengths of 1-cm plastic tube into the
opened tunnels in the manner described above. The
holes were then back-®lled. Tubes were inserted into 24
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tunnels in 6 separate burrow systems. However, subse-
quent excavation revealed that 10 of the sampling tubes
had been blocked by the burrow occupants during the
period of data collection, so data from these tunnels
were discarded. Trapping con®rmed that all of the
burrow systems were occupied.

Valid data on respiratory gas concentrations were
obtained from 14 tunnels belonging to 5 separate
burrow systems, and from 9 dummy tunnels dug by us.
Temperature was recorded from 2 tunnels, and also
from the surface and 1 m above the ground. Recordings
were made every 2 h over 2 consecutive 24-h periods, as
described above. Owing to the greater depth of the
C. damarensis burrows, it was not possible to record air
movement within them.

RESULTS

Burrow depths

Tunnels belonging to G. capensis burrows (n = 8) had a
mean diameter of 8.7 cm (range 7±10 cm) and ran
horizontally through the soil at a mean depth, measured
to the roof of the tunnel, of 6.2 cm (range 3±9 cm).
Cryptomys damarensis tunnels (n = 24) had a mean
diameter of 6.5 cm (range 5±8 cm) and were located at a
mean depth of 40 cm (range 21±48 cm).

Respiratory gas concentrations

In both species, the mean concentration of O2 was
highest in ambient air, intermediate in dummy burrows
and lowest in inhabited burrows (Fig. 1). In G. capensis,
pairwise comparisons between all three sets of measure-
ments were signi®cant (Table 1). In C. damarensis the
O2 concentration of both dummy and inhabited
burrows differed signi®cantly from that of ambient air,
but the difference between dummy and inhabited
burrows, although in the expected direction, was not
signi®cant (Wx = 79, P < 0.1 two-tailed) (see Table 1).

The mean and minimum values for O2 concentrations
were 20.4% and 19.8%, respectively, in burrows of
G. capensis; and 20.4% and 19.9% for C. damarensis.

Conversely, CO2 concentrations in both species were
lowest in ambient air and highest in inhabited burrows
(Fig. 2). Pairwise comparisons between all three condi-
tions were signi®cant for G. capensis. In C. damarensis,
ambient CO2 concentration differed signi®cantly from
within-burrow concentration in both real and dummy
burrows, but there was no signi®cant difference between
dummy and inhabited burrows (Table 1). The mean and
maximum CO2 concentrations were 0.4% and 1.2%,
respectively, in burrows of G. capensis; and 0.4% and
6.4% for C. damarensis.

There was some indication of a diurnal rhythm in
CO2 concentration in burrows of C. damarensis, with a
maximum at about 15.00 and a minimum at about
03.00 (curves with 24-h periodicity were ®tted, see
Conradt (in press) for method: F-tests, d.f. = 2, 22,
P < 0.05 in nine out of the 14 tunnels sampled). A
similar rhythm appeared in the dummy burrows and
was signi®cant (P < 0.05) in ®ve of nine burrows. There
was no evidence of a diurnal rhythm in CO2 concentra-
tion in burrows of G. capensis, nor in O2 concentration
in either species.
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Table 1. Comparisons between respiratory gas concentrations in ambient air, dummy burrows (`soil') and inhabited burrows in
each of the two species. All P values are two-tailed. * = P < 0.05; ** = P < 0.001; *** = P < 0.001

Species Gas Comparison Test statistica n P

G. capensis O2 Ambient/soil t+ = 40 9 *
Ambient/burrow t+ = 21 6 *
Soil/burrow Wx = 74 9, 6 ***

C. damarensis O2 Ambient/soil t+ = 45 9 **
Ambient/burrow t+ = 105 14 ***
Soil/burrow Wx = 79 9, 14 NS

G. capensis CO2 Ambient/soil t+ = 45 9 **
Ambient/burrow t+ = 21 6 *
Soil/burrow Wx = 73 9, 6 ***

C. damarensis CO2 Ambient/soil t+ = 45 9 **
Ambient/burrow t+ = 105 14 ***
Soil/burrow Wx = 155 9, 14 NS

a t+, Wilcoxon signed-ranks test; Wx, Wilcoxon±Mann±Whitney test (Siegel & Castellan, 1988).
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Fig. 1. Ambient, soil and within-burrow concentrations of

oxygen (%: mean and sd) for: (a) Georhychus capensis; (b)

Cryptomys damarensis.



Temperature

In both species, mean within-burrow temperature was
similar to mean temperature on the surface of the
ground, and somewhat higher than mean air tempera-
ture (Table 2). However, in both species the temperature
range was smallest within burrows (mean range 5.7 8C
in G. capensis, 9.7 8C in C. damarensis) and greatest on
the surface of the ground (mean range 28 8C in G. capensis,
42.6 8C in C. damarensis). Thus, within-burrow tempera-
ture was buffered to a substantial extent against
external temperature changes.

Air, soil-surface and within-burrow temperatures all
showed a clear diurnal rhythm but the phase of the
burrow temperature rhythm was delayed relative to that
of air and soil-surface temperatures, by about 1±2 h in
G. capensis and 4±5 h in C. damarensis (Table 2).

Air movements

No air movements were detectable in any of the
burrows of G. capensis that we investigated.

DISCUSSION

In line with the results of previous studies of these and
other species of fossorial and semi-fossorial mammals
(e.g. Schmidt-Nielsen & Schmidt-Nielsen, 1950;
Kennerly, 1964; Bennett, Jarvis et al., 1988; Arnold
et al., 1991), the temperature range recorded in burrows

of G. capensis and C. damarensis was substantially less
than that of the ambient or soil surface. In addition,
mean temperatures were slightly higher within burrows
than outside them and the diurnal cycle of temperature
¯uctuations within burrows was delayed by comparison
with temperature changes occurring on the surface. This
delay was longer in C. damarensis (4±5 h) than in
G. capensis (1±2 h), as would be expected given the
between-species difference in burrow depth.

As expected, respiratory gas concentrations showed
higher levels of CO2 and lower levels of O2 within
burrows than on the surface, in both species. However,
the degree to which respiratory gas concentrations were
skewed by comparison with ambient (mean increase in
CO2 and reduction in O2 of about 0.4%) was less than
would be required to produce respiratory distress in a
normal terrestrial mammal; and there was no between-
species difference in within-burrow respiratory gas con-
centrations even though C. damarensis burrows were
deeper and contained more individuals than those of
G. capensis. Thus the most striking feature of the results
is that the respiratory environment within the burrows
of both species is close to normal, especially given that
the burrows are closed and that no air movement was
detected (at least for G. capensis) within them.

Although it is often assumed that all burrowing
mammals operate in signi®cantly abnormal respiratory
conditions (e.g. Darden, 1972; Boggs et al., 1984;
Reichman & Smith, 1990) the available evidence across
a range of species shows considerable variation in
within-burrow levels of CO2 and O2 (see Table 3 for a
summary). Values as extreme as 9.0% CO2 and 6.0% O2

have been recorded, but most of the studies listed in
Table 3 show mean respiratory gas levels that differ by
only 1±2% from ambient. In addition, caution is
required in interpreting some of the most extreme
results because the studies were conducted in unnatural
conditions and/or with arti®cial burrows. For example,
Kuhnen's (1986) widely cited study of golden hamsters
recorded conditions in burrows that were dug by captive
animals in a soil-®lled tank, where the scope for
exchange of CO2 and O2 by diffusion between the
burrow and surrounding soil may have been reduced.
Hayward's (1966) study of rabbits involved con®ning
the animals within their burrows using a wire-mesh
barrier for abnormal lengths of time (some of the
rabbits died). An early study by Kennerly (1964),
reports the remarkably low minimum O2 level of 6%
in natural burrows of pocket gophers, but since this
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Fig. 2. Ambient, soil and within-burrow concentrations of

carbon dioxide (%: mean and sd) for: (a) Georhychus capensis;

(b) Cryptomys damarensis.

Table 2. Air, soil surface and within-burrow temperatures (8C) for each of the two species

Species Location Minimum Time of minimum Maximum Time of maximum Mean � sd

G. capensis Air 16.9 06:45 26.8 11:45 19.6 � 2.2
Soil surface 15.0 06:45 43.0 11:45 21.5 � 6.9
Burrow 18.5 08:45 24.2 13:15 21.7 � 1.2

C. damarensis Air 8.6 06:45 30.8 12:45 19.6 � 7.6
Soil surface 8.5 06:45 51.1 13:15 23.9 � 13.8
Burrow 19.6 11:15 29.3 18:00 24.8 � 3.1



1
0
5

E
n

v
iro

n
m

en
ta

l
co

n
d

itio
n

s
in

m
o

le-ra
t

b
u

rro
w

s

Table 3. Summary of the literature on respiratory gas concentrations in mammalian burrows

Common name Speci®c name SFa No per Burrow Burrowc Soil type CO2 (%) O2 (%) Study Reference
or F burrowb depth (cm) S or O

Min Max Mean Min Max Mean
F/L/Ed

Pocket gopher Thomomys bottae F 1 `Shallow' S ± 0.6 3.8 ± 15.5 20.5 ± F Darden (1970)
Pocket gopher Geomys bursarius F 1 15±20 S Sandy 0.6 2.3 0.8 6.0 21.0 20.0 F Kennerly (1964)
Southeastern pocket Geomys pinetis F 1 30 S Sandy 0.8 2.6 1.2 16.7 21.0 21.0 F McNab (1966)

gopher
Blind mole-rat Spalax ehrenbergi F 1 10 S Light 0.0 0.4 0.2 19.4 20.6 20.0 F Arieli (1979)
Blind mole-rat Spalax ehrenbergi F 1 ± S Heavy 0.3 4.8 0.9 14.0 19.7 19.0 F Arieli (1979)
Coast mole Scapanus orarius F 1 10±15 S ± 0.3 5.5 1.4 14.3 20.4 19.0 F Schaefer & Sadleir (1979)
Cape blesmol Georhychus capensis F 1 8±14 S Light 0.1 1.2 0.4 19.8 20.8 20.4 F Present study
Damaraland mole-rat Cryptomys damarensis F 20i 20±50 S Sandy 0.1 6.0 0.4 19.9 21.0 20.4 F Present study
Namib golden mole Eremitalpa granti SF 1 15 S Sandy ± ± ± 17.5 19.5 18.6 L Seymour & Seely (1996)

namibensis
Golden hamster Mesocricetus auratus SF 1 20 S ± 3.2 9.0 5.7 11.5 17.4 15.1 L Kuhnen (1986)e

Thirteen-lined ground Spermophilus SF 1 50 S ± ± ± 2.0 ± ± 19.2 E Maclean (1981a)
squirrel tridecemlineatus

Thirteen-lined ground Spermophilus SF 1 50 O ± ± ± 1.9 ± ± 19.3 E Maclean (1981a)
squirrel tridecemlineatus

Thirteen-lined ground Spermophilus SF 1 50 O ± 0.0 6.2 1.8 13.7 20.8 18.9 F Studier & Procter (1971)
squirrel tridecemlineatus

California ground Spermophilus beecheyi SF 1 80g O ± 1.5 4.0 2.8 15.4 20.1 17.9 F Baudinette (1974)
squirrel

Eastern chipmunk Tamias striatus SF 1 84 O ± 1.2 6.4 3.2 14.4 19.5 18.1 E Maclean (1981b)
Banner-tailed Dipodomys spectabilis SF 1 10±90 O ± 0.0 0.3 0.1 ± ± ± F Kay & Whitford (1978)

kangeroo rat
Merriam's kangaroo Dipodomys merriami SF 1 30±45 O ± 0.1 1.3 0.5 19.7 21.0 20.7 L Soholt (1974)f

rat
Merriam's kangaroo Dipodomys merriami SF 1 30±45 O ± 0.1 0.4 ± 20.5 20.9 ± F Evans & Dill (1969)

rat
Rabbit Oryctolagus cuniculus SF 1 50h O ± ± ± 7.0 ± ± 14.5 F Hayward (1966)
Eurasian badger Meles meles SF 3±6 100±150 O Chalk 0.1 0.6 0.5 19.5 20.8 20.2 F Roper & Kemenes (1997)
Eurasian badger Meles meles SF 3±6 50±100 O Clay 0.1 0.2 0.2 19.8 20.0 20.0 F Roper & Kemenes (unpubl.)

a Species semi-fossorial (SF) or fossorial (F). b Number of animals occupying a single burrow. c Burrow sealed (S) or open (O). d Study carried out in ®eld (F), lab (L) or outdoor
enclosure (E). e Captive animals dug their own burrows in a soil ®lled tank. f Arti®cial burrow made of wire mesh buried in soil. g Baudinette (1972). h Hall & Myers (1978). i Jarvis &
Bennett (1993).



reduction in O2 was not matched by a correspondingly
high concentration of CO2 it may have been a rogue
result. In any case, such low levels of O2 were clearly
exceptional as the mean O2 concentration in the gopher
burrows was 20% (i.e. close to ambient).

Common sense and theoretical models (Wilson &
Kilgore, 1978; Withers, 1978) suggest that the main
variables affecting the within-burrow environment
should be the depth and dimensions of the burrow; the
metabolic rate, number and degree of fossoriality of the
occupants; whether or not the burrow is open to the
surface; and the moisture content and degree of porosity
of the soil. However, two-sample comparisons (Mann±
Whitney U-tests) carried out on the data shown in
Table 1, independently comparing the minimum,
maximum and mean concentrations of CO2 and O2,
showed no signi®cant differences in any of these mea-
sures between sealed vs open burrows, and a signi®cant
difference only in mean oxygen concentration when
comparing fossorial vs semi-fossorial occupants (see
Table 4). Nor was there a signi®cant correlation
(Spearman rank correlation coef®cient) between burrow
depth and any of the six measures of respiratory envir-
onment (P > 0.5 in all). Only two studies enable a direct
comparison to be made between different soil types in
the same species and these show con¯icting results:
Arieli (1979) found lower levels of O2 and higher levels
of CO2 in heavy compared with light soil in the closed
burrow system of blind mole-rats, whereas Roper &
Kemenes (1997) found no difference in the open, multi-
entrance burrows of Eurasian badgers.

One variable that is often ignored in studies of within-
burrow environment is the contribution made by soil
¯ora and fauna other than the burrow occupant(s).
That is, most studies have only recorded respiratory gas
concentrations in the burrow and in the atmosphere,
not in the soil itself. In our study, soil CO2 and O2

concentrations were intermediate between within-
burrow and atmospheric concentrations. In most other
studies for which relevant data are available (Table 5), a
similar pattern of results is apparent: i.e. CO2 concentra-
tion is higher in the burrow than in the surrounding soil,
and O2 concentration is lower. However, Arieli (1979)
and Schaefer & Sadleir (1979) both found higher

concentrations of O2 and lower concentrations of CO2

in burrows, indicating that burrows can sometimes be
better ventilated than the surrounding soil. These results
are especially remarkable given that the species studied,
blind mole-rat Spalax ehrenbergi and coast mole
Scapanus orarius, inhabit sealed burrows.

To summarize, although the literature on the respira-
tory conditions within mammalian burrows is now
moderately large, differences in methodology, combined
with presumably real variation within and between
species, severely limit the conclusions that can be drawn.
In addition, where a genuine difference is indicated
between within-burrow and ambient conditions, it
cannot always be assumed that this is the result of the
respiratory activity of the burrow occupant(s), as
opposed to being a feature of the surrounding soil.
However, an important limitation of all the studies
listed in Table 3, and of the present one, is that because
of the relatively stagnant atmosphere within animal
burrows, respiratory gas concentrations may become
more skewed in the immediate vicinity of an animal
than in the burrow system as a whole, especially when
the animal is active (Seymour & Seely, 1996). Thus,
mean within-burrow concentrations of CO2 and O2 may
not re¯ect the respiratory environment that the animal
actually experiences.
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Table 4. Two-tailed P values resulting from comparisons
(Wilcoxon±Mann±Whitney tests) between sealed (S) and open
(O) burrows, and between fossorial (F) and semi-fossorial (SF)
species, with respect to six different measures of within-burrow
respiratory environment. For the data on which the compar-
isons are based, see Table 3, columns 8±13

CO2 O2

Companion Max Min Mean Max Min Mean

S/O 0.27 0.20 0.66 0.92 0.35 0.42
F/SF 0.74 0.55 0.25 0.19 0.74 0.05

Table 5. Summary of data on respiratory gas concentrations in mammalian burrows and in surrounding soil

Mean CO2 (%) Mean O2 (%)

Species Burrow Soil Burrow Soil Reference

Geomys bursarius 0.8 0.7 ± ± Kennerly (1964)
Spalax ehrenbergi a 0.2 0.5 20.0 19.5 Arieli (1979)
Spalax ehrenbergi b 0.9 0.1 19.0 20.4 Arieli (1979)
Scapanus orarius 1.4 2.4 19.0 17.8 Schaefer & Sadleir (1979)
Eremitalpa granta namibensis ± ± 18.6 19.5 Seymour & Seely (1996)
Spermophilus tridecemlineatus 1.9 0.6 19.3 20.5 Maclean (1981a)
Dipodomys spectabilis 0.1 0.1 ± ± Kay & Whitford (1978)
Georhychus capensis 0.4 0.1 20.4 20.7 Present study
Cryptomys damarensis 0.4 0.3 20.4 20.5 Present study

a Light soil. b Heavy soil.



Research Foundation, Republic of South Africa, for
providing a travel grant to TJR.

REFERENCES

Arieli, R. (1979). The atmospheric environment of the fossorial
mole rat (Spalax ehrenbergi): effects of season, soil texture,
rain, temperature and activity. Comp. Biochem. Physiol. A
Comp. Physiol. 63: 569±575.

Arnold, W., Helmaier, G., Ortmann, S., Pohl, H., Ruf, T. &
Steinlechner, S. (1991). Ambient temperatures in hibernacula
and their energetic consequences for alpine marmots (Marmota
marmota). J. therm. Biol. 16: 223±226.

Baudinette, R. V. (1972). Energy metabolism and evaporative
water loss in the California ground squirrel. J. comp. Physiol.
81: 57±72.

Baudinette, R. V. (1974). Physiological correlates of burrow gas
conditions in the California ground squirrel. Comp. Biochem.
Physiol. A Comp. Physiol. 48: 733±743.

Bennett, N. C., Faulkes, C. G. & Jarvis, J. U. M. (1999). Socially
induced infertility, incest avoidance and the monopoly of
reproduction in cooperatively breeding African mole-rats,
family Bathyergidae. Adv. Stud. Behav. 28: 75±114.

Bennett, N. C., Jarvis, J. U. M. & Davies, K. C. (1988). Daily and
seasonal temperatures in the burrows of African rodent moles.
S. Afr. J. Zool. 23: 189±196.

Boggs, D. F., Kilgore, D. R. Jr & Birchard, G. F. (1984).
Respiratory physiology of burrowing mammals and birds.
Comp. Biochem. Physiol. A Comp. Physiol. 77: 1±7.

Conradt, L. (2000). Seaweed use in red deer (Cervus elaphus L.): a
test of the indirect competition hypothesis. J. Zool. (Lond.)
250: 541±549.

Darden, T. R. (1970). Respiratory adaptations of a fossorial
mammal, the pocket gopher (Thomomys bottae). PhD thesis,
University of California, Davis.

Darden, T. R. (1972). Respiratory adaptations of a fossorial
mammal, the pocket gopher (Thomomys bottae). J. comp.
Physiol. 78: 121±137.

Evans, D. S. & Dill, D. B. (1969). Environmental conditions in the
burrow of the kangaroo rat Dipodomys merriami. Physiologist
12: 218.

Hall, L. S. & Myers, K. (1978). Variations in the microclimate in
rabbit warrens in semi-arid New South Wales. Aust. J. Ecol. 3:
187±194.

Hayward, J. S. (1966). Abnormal concentrations of respiratory
gases in rabbit burrows. J. Mammal. 47: 723±724.

Jarvis, J. U. M. & Bennett, N. C. (1993). Eusociality has evolved
independently in two genera of bathyergid mole-rats ± but
occurs in no other subterranean mammal. Behav. Ecol. Socio-
biol. 33: 353±360.

Kay, F. R. & Whitford, W. G. (1978). The burrow environment of
the banner-tailed kangaroo rat, Dipodomys spectabilis, in
south-central New Mexico. Am. Midl. Nat. 99: 270±279.

Kennerly, T. E. Jr (1964). Micro-environmental conditions of the
pocket gopher burrow. Texas J. Sci. 16: 395±441.

Kinlaw, A. (1999). A review of burrowing by semi-fossorial
vertebrates in arid environments. J. Arid Env. 41: 127±145.

Kuhnen, G. (1986). O2 and CO2 concentrations in burrows of
euthermic and hibernating golden hamsters. Comp. Biochem.
Physiol. A Comp. Physiol. 84: 517±522.

Lovegrove, B. G. & Jarvis, J. U. M. (1986). Coevolution between
mole-rats (Bathyergidae) and a geophyte, Micranthus (Irida-
ceae). Cimbabasia A 8: 79±85.

Maclean, G. S. (1981a). Factors in¯uencing the composition of
respiratory gases in mammal burrows. Comp. Biochem. Physiol.
A Comp. Physiol. 69: 373±380.

Maclean, G. S. (1981b). Torpor patterns and micro environment
of the eastern chipmuck Tamias striatus. J. Mammal. 62: 64±73.

McNab, B. K. (1966). The metabolism of fossorial rodents: a
study of convergence. Ecology 47: 712±733.

Nevo, E. (1979). Adaptive convergence and divergence of
subterranean mammals. Annu. Rev. Ecol. Syst. 10: 269±308.

Reichman, O. J. & Smith, S. C. (1990). Burrows and burrowing
behaviour by mamals. In Current mammalogy II: 197±243.
Genoways, H. H. (Ed.). New York: Plenum Press.

Roper, T. J. & Kemenes, I. (1997). Effect of blocking of entrances
on the internal environment of badger Meles meles setts.
J. appl. Ecol. 34: 1311±1319.

Schaefer, V. H. & Sadleir, R. M. F. S. (1979). Concentrations of
carbon dioxide and oxygen in mole tunnels. Acta Theriol. 24:
267±276.

Schmidt-Neilsen, B. & Schmidt-Nielsen, K. (1950). Evaporative
water loss in desert rodents in their natural habitat. Ecology 31:
75±85.

Seymour, R. S. & Seely, M. K. (1996). The respiratory environ-
ment of the Namib Desert golden mole. J. Arid Environ. 32:
453±461.

Siegel, S. & Castellan, N. J. (1988). Nonparametric statistics for the
behavioral sciences. 2nd edn. New York: McGraw-Hill.

Soholt, L. F. (1974). Environmental conditions in an arti®cial
burrow occupied by Merriam's kangaroo rat, Dipodomys mer-
riami. J. Mammal. 55: 859±865.

Studier, E. H. & Procter, J. W. (1971). Respiratory gases in
burrows of Spermophilus tridecemlineatus. J. Mammal. 52: 631±
633.

Vorhies, C. T. (1945). Water requirements of desert animals in the
southwest. Univ. Arizona tech. Bull. 107: 487±525.

Wilson, K. J. & Kilgore, D. L. Jr. (1978). The effects of location
and design on the diffusion of respiratory gases in mammal
burrows. J. theor. Biol. 71: 73±101.

Withers, P. C. (1978). Models of diffusion-mediated gas exchange
in animal burrows. Am. Nat. 112: 1101±1112.

107Environmental conditions in mole-rat burrows


