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Abstract.-Herein we examine and analyze the available data for the genus Pero- 
mysclw that relate to energy metabolism, water metabolism, and the interrelation- 
ships between these variables, approaching our study from an allometric perspec- 
tive. The genus is nearly ubiquitous in North America, and there appears to be 
a well-defined geographic gradation in body mass, with the largest species in the 
tropical south and smaller species at higher latitudes. .4llometric comparisons of 
basal metabolism, evaporative water loss, and water regulatory efficiency with other 
rodents indicate that Peromyscus typically are intermediate between dietary specialist 
granivores and herbivores; this is in keeping with their intermediate dietary position 
of omnivory. T h ~ s ,  Peromysclw species may be viewed as physiological generalists. 
Their frequent success in surviving physically stressful environmental conditions, 
we propose, is made possible through tl-e intermittent use of torpor until the stress 
is moderated. We propose further that torpor is a generalized syndrome of small 
(less than 40  gram) species of Prromyscuj, and that selection has favored smaller size 
in those species inhabiting more stressful (more northerly) regions, where torpor 
provides the added margin for survival. 

In 1983, R. W. Hill and R. E. MacMillen published companion 
papers on energy regulation (Hill, 1983) and water regulation 
(MacMillen, 1983a) in Peromyscus in an attempt to compensate for 
the absence of a chapter devoted to physiology in King's (1968) 
book, Biology cf Peromyscus (Rodentia). As these papers effectively 
brought the topic of adaptive physiology of Peromyscw up to the 
present and because the purpose of this volume is to update infor- 
mation accrued on the biology of Peromyscus since 1968, we were 
faced with the dilemma of merely reiterating a topic already up- 
dated and addressed in detail, or of attempting a new and different 
approach based on some of the same information. We elected the 
latter and will confine our comments to consideration of two meta- 
bolic variables that are of major regulatory importance and hence 
should be subject to environmentally related selective pressures. 
These are: 1) basal (or standard) metabolic rate (BMR), a major 
component of energy metabolism; and 2) evaporative water loss 
(EWL), the major avenue of water loss of most terrestrial mammals 
and therefore a major component of water metabolism. We will 
also consider in detail the information that is available on the inter- 
relationships between energy and water metabolism. 

With regard to water regulatory capabilities, MacMillen (1983~)  
concluded tha: Peromyscus were intermediate in nearly all aspects of 
their water economies compared to other similar-sized rodents and 

that thie intermediacy reflected their intermediate dietary position, 
omnivory. Because dietary choices dictate qualitatively and quan- 
titatively both water intake and energy intake, we hypothesize that 
omnivorous Peromyscus should be intermediate in energy metabo- 
lism when compared to similar-sized rodents having more special- 
ized diets (for example, granivorous, herbivorous, carnivorous). 
This notion that regulatcry processes and diet should be interre- 
lated in mammals is not a new one and is examined and supported 
in detail by McNab (1980). In addition, because so many features of 
the lives of animals are related to their sizes (that is, they are al- 
lometric; for example, Peters, 1983; Calder, 1984), we will stress 
the relationships between 1) the above-mentioned metabolic vari- 
ables, 2) diet, and 3) body size (as expressed through mass) in Pero- 
mysczcs compared to other rodents. Throughout this paper we will 
adhere to the more traditional taxonomic treatment of Rodentia as 
presented by Hall (1981), rather than that of Honacki et al. (1982). 
Except for analyses already available in the literature (and as cited 
below) all of the raw data employed in our analyses are provided 
along with their sources in Tables 1 and 2. 

"The genus Peromyscus is one of the most widespread and geo- 
graphically variable of North American rodents . . ." occurring in 
almost every habitat from arctic America in the north to the tropics 
of extreme southern Panama, and from the Pacific to the Atlantic 
coasts (Hall, 198 1). Within this distribution two discernible patterns 
of variarion in body mass occur with latitude: 1) an overall negative 
relationship with larger species in the tropical south and small spe- 
cies at higher latitudes, the converse of Bergmann's rule (Fig. 1 and 
Table 1); and 2) with the possible exception of Peromyscw califor- 
nicus, body mass within the genus is independent of latitude be- 
tween about 30" and 50" N latitudes, as is particularly exemplified 
by populations of P. maniculatus that nearly span that range (Fig. 1 
and Table 1). We must admit, however, that our body mass data are 
limited to those species and populations for which physiological 
data exist and we largely ignore Peromyscus from latitudes lower 
than 30" N. However, inspection of standard specimen measure- 
ments from Ha11 (198 1) seems to confirm our contention that Pero- 
myscus species are larger in size in tropical and subtropical regions 
of Central and North America, decreasing in size as one proceeds 
northward. More data on body mass (a seldom-published, yet the 
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TABLE 1.-Basal metabolzc mtec, body masses, rltmattc data, and latltz~de 
fur Peromyscus populatzons 

TABLE 2.-Basal metabolzc rates and body masses of rodent species 

Body mass BMR 

( a )  (ml 0~1g.h) Source 

Body BMR 
majs (mi 02/ 

(d g h )  

232 2.34 

M a n  
Prec~pl- Jlly Descrt 
tauon renp. mdex 
(~111) (1C) ( O C I C ~ )  

63.0 2f.2 0.42 

CRICETINAE (28 species) 
23.5 1.70 

7.3 1.95 

161.8 0 73.5 
173.0 0.74 
150.6 0.73 

262.6 0.728 
299.0 0.78 
288.9 0.70 
261.0 0 63  
201 3 0.80 

186.7 0.79 

116.4 0.767 
138 5 0.72 
110.3 0 79 
100.4 0 79 

19.5 1 3 9  

19.1 1 5 5  

23 2 2 34 

45.5 1.19 

Subspecies or 
population 

Latitude 
PN) Source 

39 8 Maren and Rudd. 1980 

Havssen and Lacy, I985 

Hudson. 1965 

Akodon czarae 

Baromv~ oylon 

Neoloma albtgula 1 

High desert 
Low desert 

Neolom rrrrerea 
Coastal 
Colorado h~ghland 
Califania highland 
High desert 

Neotom f t ~ r t p ~ i  

Neolom lepzda 1 

Coasul 
Intermediate desert 
Low cesert 

Ochrotonvr nutlnlr 

Onvchomvr torndw 

Peromssm bwhr 

P~romysau calrfornrw 1 

P, bwln 

P rulfomzrw 
purmttrrw 
ZWZpL15 

Coastal 

P. rnnrtus 
slephmz 
Crgrarrlrr 
Cnnttus 
3 

P. ererntrw 
Nevada 
New Mexico 
tremtcus 
fralerrulur 
Desert 
lntermediatc 

P. p o n d a n u  

P gosqplnw 

P Imropur 
leuopus 
rzoveboracemn 

P montculofur 
gambelr 
i o n o n m u  
gambeli 
iononemu 
gracdn 
nebrarcmls 
e w t e r w  
sononenin 
BIlPmLOUP 
OTeU 

cooledget 
ronortemn 
gambelzr 
rubtdw 
awl?lUI 

Brown and Lee. 1969 
Brown and Lee, 1969 37 9 McNab and Morrison. 1963 

34 2 hZcNab and Morrison, 1963 
33 5 Maren and Rudd. 1980 

Brown and Lee, 1969 
Brown and Lee, 1969 
Brown and Lee, 1969 
Brown and Lee, 1969 

Brown and Lee. 1969 

36 2 McNab and Mornson. 1963 
40 3 McNab and Morrison. 1963 

Kenagy and Vlerk, 1982 
30 0 McNab. I968 

Brown and Lre. 1969 
Brown and Lee, 1969 
Brown and Lee, 1969 

Hayasen and Lacy, 1985 

Whltford and Conley, 1971 

Mazen and Rudd, 1980 

McNab and Morrison, 1963; 
Hulbert el a1 , 1985 

McNab and Morrison. 1963: 
Kenagv and Vleck, 1982 

Murie, 1961. McNab and 
Mornron. 1963; Hulbert et 
al., 1985: MacMillen. 1965 

Glenn, 1970 

McNab and Morrlson. 1963 
McNab and Mornson, 1963 
Murie, 1961 
MacMillen. 1969 
Hulbert ~101 . .  1985 
Hulbert rl 01.. 1985 

Glenn. 1970 

Glrnn. 1970 

42 5 Deaverr and Hudson. 1981 
Hart. 1953 

McNab and Morrlson. 1963 
McNab and Morrison, 1963 
Murle. 1961 
Mune. 1961 
Brower and Cade, 1966 
Hayward, 1965 
Hayward, 1965 
Hayward, 1965 
Havward, 1965 
Havward, 1965 
.Abbott, 1974 
Abbott, 1974 
.4bbott, 1974 
.4bbort. 1974 
.4bbott, 1974 
Kenagy and Vleck, 1982 
Mazen and Rudd. 1980 

Mossel- and Shoemaker, 
1965 

Hill, 1975 

Glenn, 1970 

Hayward. 1965 

.Musser and Shoemaker. 
1965 

Glenn, 1970 

Hart, 1953; Deavers and 
Hudson, 1981 

Mur~e. 1961; McNab and 
Morrison, 1963; Hayward, 
1965; Brower and Cade, 
1966; Abbott, 1974; 
Mazen and Rudd, 1980: 
MacMlllen. 1965 

Musscr and Shoemaker, 1965 

H$I. 1975 

Chico. CA 

P. megalops Glenn, 1970 

Hayward, 1965 

Musser and Shoemaker. 1965 

McNab and Morrison, 1963 

Pearson, 1960 
Thompson. 1985 
Thompson, 1985 

Bowers, I971 

Bowers, 1971 

38.0 McNab and Morrison. 1963 
37.9 McNab and Morrison. 1963 

!Judging from the p~bllshed bodv weight. thls papulauon was probably r n ~ r ~ d e n t ~ h r d  as P crm,t,ri, i t  x,as 
nor included in the P rrrntw species average value. 
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Body mass BMR 
Swcies ie) iml O.,le.h) Source 

Apodemw agranur 

Apodemw jiaut~olu 

Apodmur iyluahcw 

An~uola  tenesfnr 

Clelhnonomyr gappn  1 

139.3 1.654 

128.6 1.450 

115 1 1.340 

MlCROTlVAE (25 species) 
21.0 2.27 

30.0 2.28 

22.0 2.60 

97.5 1.16 

23.4 2.84 
22.1 2.3 
22.9 4 7 
23.3 2.08 
24.0 3.14 
24.9 1.96 
18.9 2.85 
17.4 3.2 
20.4 2.5 

27.5 2.1 

28.0 2.75 

54.0 1.785 
61.0 1.6 
47.0 1.97 

64.0 2.47 

23.9 2 5 

44.0 1.55 

33.4 2.185 
25.3 2.67 
41.4 1.70 

29.0 1.63 

8.7 5.0 

30.8 2.65 

32.8 2.47 

46.6 1.693 
3R.i 2 16 
47.4 1.74 
34.0 1.18 

32.0 3.15 

35.3 2.21 
39.0 1.93 
35.6 2 5 
31 2 2.2 

25.0 1.98 

51.0 1.74 

52 2 1.64 

873.0 0.883 
1 100 0 0.97 
869.0 0.80 
649.0 0.88 

24.4 2.58 
22.3 2.6 
26.3 2.56 

Bowers, 1971 

Bowers, 1971 

Bowers, 1971 

Deavers and Hudson, 1981 

Deavers and Hudson. 1981 

Deavers and Hudson, 1981 

Deavers and Hudson. I981 

Deavers and Hudson, 1981 
Deavers and Hudson, 1981 
Deavers and Hudson, 1981 
Deavers and Hudson, 1981 
Deavers and Hudson. 1981 

Deavers and Hudson, 1981 
Deavers and Hudson, 1981 

Dedvers and Hudson, 1981 

Hayssen and Lacy, 1985 

Deavers and Hudson, 1981 
Casey rt a / . ,  1979 

Casev el a/ . ,  1979 

Deavers and Hudson. 1981 

Bradley, ~n Wunder. 1975 

Deavers and Hudson, 1981 
Kenagy and Vleck, 1979 

Bradley, in Wunder. 1975 

Hayssen and Lacy. I985 

Deaverr and Hudson, 1981 

Hayssen and Lacy. I985 

Wunder ~t a l ,  1977 
Wunder et al., 1977 
Bradley, in Wunder, 1985 

Carey et al., 1979 

Bradley, in Wunder, 1985 
Deavers and Hudson, 1981 
Deavers and Hudson, 1981 

Bradley. In Wunder, 1985 

Bradley, In Wunder, 1985 

Kenagy and Vleck, 1982 

Hart, 1962 
Flsh. 1979 
F~sh,  1982 

Deavetr and Hudson, 1981 
Deavers and Hudson. 1981 

Body mass BMR 
Species (g) (ml 0,ig.h) Source 

HETEROMYIDAE (21 spectes) 
D t p o d o ~ s  a p l n  60.6 1.050 Hayssen and Lacy, 1985 

Dtpodow drscrtt 104.7 0.898 Hinds and MacM~llen. 1985 

Dtpodows memomt 35.8 1.257 Hlnds and MacMillen. 1985 

Dtpodow mrrops 55.7 1.080 Hayssen and Lacy, 1985 

D~podomp ordn 46 8 1372 Hmds and MacMillen. 1985 

Dtpodomyr panamtntmw 64.2 1.157 Hlnds and MacMillen. 1985 

Dtpodomyr onomalw 69 3 1.450 Hayssen and Lacy, 1985 

Helerom?~ dermarertmnur 75 8 1.308 Hlnds and MacMillen. 1985 

Ltony  i-roralur 44.9 1.341 Hlnds and MacMillen. I985 

Liomys nlvtnt 42.7 1.314 Hlnds and MacMillen. 1985 

Hlnds and MacMillen, 1985 

Hayssen and Lacy, 1985 

Hinds and MacMillen, 1985 

Hayrsen and Lacy. 1985 

Hlnds and MacMillen, 1985 

Hinds and MacMillen, 1985 

Hlnds and MacMillen, 1985 

Hayssen and Lacy. 1985 

P e r o p  hur lonpnembm 8 0 1 759 Hmds and MacMlllen, 1985 

Perognn hus panlor 19 2 1719 Hayssen and Lacy 1985 

Peropnahw penlctllalur I6 0 1400 Hayssen and Lacy. 1985 

'Calculatzd (unweighted) average value. For Peronycus species, lndlvidual subspecies o r  popula~lons are 
listed in Tablt I. 

most revealing size dimension) of species of the genus clearly are 
needed to delineate and confirm this suspected relationship be- 
tween body mass and latitude in Peromyscw. 

The basal metabolic rate (BMR) of an endothermic animal is the 
rate of metabolism of a fasting adult animal at rest in its thermal 
neutral zone (Bartholomew, 1982~) .  Basal rate has long been known 
to vary in a predictable manner with body mass (Kleiber, 1932) and 
rather fixed relationships exist between BMR, rate of increase in 
metabolism below therrnzl neutrality, and the lower limit of ther- 
mal neutrality, which are functions of insulative capacity and physi- 
cal principles of heat exchange (Scholander et al., 1950a, 1950b, 
1950~). In addition, the daily energy expenditure of an animal in 
nature is definable as BMR plus additives (specific dynamic action, 
thermoregulation, activity, production), and thus BMR offers an 
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Peromyscus spp. 

0 maniculatus 

100 

\ Body Mass (g)= 96.1-1.86 ( lat i tude) 

r 2 =  0.46 . 0<00001 

LATITUDE ( O N )  

FIG. 1.-Relaticnship between body mass and latitude in Peromyscm populations 
(N = 39 of  which 16 are P. manzculatw) for which physiological data are available. 
The line is fit to the data by least-squarer regression analysis. The  highly significant 
regression is due to the inclusion o f  the three largest species. 

essential baseline from which to evaluate the rates of energy metab- 
olism that actually exist under natural conditions of stress or  ac- 
tivity (Bartholclmew, 1982~) .  As such, BMR is a meaningful index 
of the metabolic or energetic intensity at which an endotherm lives. 

In order to determine the relation of BMR of Peromyscus to that 
of other rodents, we have examined this variable in detail in the 
rnurid rodent subfamily Cricetinae to which Peromyscus belongs, as 
well as in the subfamily Microtinae and the family Heteromyidae 
(Table 2). In many North American habitats representatives of at 
least two of these three taxa co-occur, resulting in potentially com- 
petitive interactions. Figure 2 depicts the allometric relationship 
between BMR and body mass in these three taxonomic groups. 
The regression lines are from analysis of covariance, which showed 
that slopes did not differ significantly among taxa (P > 0.063), but 
all intercepts (elevations) did differ significantly (P < 0.009). Using 
a pooled slope of -0.266 -+ 0.057 (2 95 percent confidence inter- 
val), intercepts are 5.62 for Microtinae, 3.93 for Cricetinae, and 

A Microt~nae n = 2 5  ---- 0 Cricetinae n = 2 8  
Heteromyidae n.21 

BODY MASS (g)  
FIG. 2.-Double logarithmic p'ot o f  mass-specific basal metabolic rate regressed 

o n  body mass in three rodent taxa. Each point represents an average value from the 
literature for a single species (set Table 2 ) .  Regression lines are from analysis of 
covariance. 

3.32 for Heteromyidae. Separate allometric equations for the three 
taxa are [BMR (ml0,Ig.h) = Body Mass (g)h]: 

hlicrotinae, 7.6 1 +/x 1.452 M-O."' 'O. lO1,  r2 = 0.69 
Cricetinae, 3.59 +'x 1.402 M-OZ4" Oom,  r2 = 0.57 

Heteromyidae, 2.74 + / x  1.564 M0.210'0.129, r 2  = 0.38 
Coefficients are followed by 95 percent confidence intervals. The 
equation for the 14 species of Peromyscus (n = 14, using species 
means from Table 2), is 4.21 +/X 1.645 M-O.'"* -r.141, r2 = 0.62. 

It is apparent (Fig. 2) that the metabolic intensity of cricetines is 
intermediate to that of the largely granivorous heteromyids, which 
is lower, and the nearly exclusively herbivorous rnicrotines, which is 
higher. Although most of the cricetine BMRs are for Peromyscus spe- 
cies, which are omnivorous also included are representatives of sev- 
eral other genera: Onychomys (carnivorous-insectivorous), Baiomys 
and Reithrodontomys (probably also omnivorous), and Neotoma and 
Szg7nodon (herbivorous) (Fig. 3). Thus, either within the genus Pe- 
romyscus or cricetine genera collectively, most of the dietary items 
sought by rodents are included in the diets of cricetines. If a rela- 
tionship exists between dirt and BMR, the allometric relationship 
for BMR of cricetines should not differ from that of rodents in 
general, regardless of taxonomic affinity; such in fact is the case 
(Fig. 3). It is interesting to note, however, that of the two chiefly 
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X Other c r~cet~nes  
A Neotorno 
A S~qrnodon 

Perornyscus spp 
a 

0 _P rnan~culotus 

-- 
a - - 

A A 
H+, 1985 Rodents AA :\ 

A 
- 

0.5 
1 1 1 1  I  I  I 1  1 1 1 1 1  I  I  I  

10 20 50 100 200 500 
BODY MASS ( g )  

FIG. 3.-Double logarithmic plot of  BMR regressed on body mass for species or 
populations of  crizetine rodents. Solid regression line is from Hayssen and Lacy's 
(1985) equation for 122 species of rodents. Dashed line is the regression for 28 spe- 
cies of Cricetinae (see text). 

herbivorous cricetine genera depicted, one (Neotoma) has species 
whose BMRs are rather low and similar to those of heteromyids, 
whereas the orher (Sipodon) apparently exhibits BMRs that are 
unusually high and similar to those of microtines (Figs. 2, 3). 
Nevertheless the BMRs of the omnivorous Peromyscus are inter- 
mediate to those of the dietarily more specialized rodents with 
whom they co-occur and potentially interact (Fig. 3). 

The  Peromywus populations for which BMR data are available di- 
vide readily into two groups: 1) Peromyscus maniculatus, with signifi- ~ 
cantly (P < 0.0001) elevated BMRs, and 2) other Peromyscus species 
with lower BMRs (Fig. 4, Table 1). The regression lines are from 
analysis of covariance, which showed that slopes did not differ sig- 
nificantly for P. maniculatus populations (n = 17) versus other Pero- 
myscus populations (n = 25) but the former had significantly higher 
BMRs (P = 0.0001). Using a pooled slope of -0.208 & 0.121 (* 95 
percent confidence interval), intercepts are 3.80 for P. maniculatus 
and 2.93 for other Peromyscus. The equation for all Peromyscw 
populations (n = 42) is: 

BMR = 4.38 +/x 1.549 M-0.30'*0.135, r2 = 0.34 
The relevance of these intergroup differences in terms of ecologi- 
cal energetics and diet are unclear to us, but P. maniculatus, the 
most ubiquitous species of the genus, appears to operate at a level 
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- Peromyscus spp. 
---0 - t? maniculatus 

- 

. 
- A. . 1 

- 
- 

I  I I  I I I  I  I I l l  
10 20 50 100 200 

BODY MASS ( g )  
FIG. 4.-Double logarithmic pot of BMR regressed on body mass in Peromyscus. 

Regression lines are from analysis of covariance. 

of metabolic intensity that ~xceeds that of most other species of the 
genus. 

In 'addition to the strong relationship between body mass and 
BMR in rodents, climatic conditions, particularly aridity, have been 
postulated as ultimate (evolutionary) determinants of reduced 
BMR, especially in burrowing rodents (for example, Hinds and 
MacMillen, 1985; MacMillen and Lee, 1970; McNab, 1966). McNab 
and Morrison (1963), in particular, have contended that desert- 
dwelling Peromyscus have reduced BMRs, proposing that the extent 
of physiological adaptation to desert conditions in Peromyscus (the 
sum of the percentage reduction from allometric expectations of 
surface-specific thermal conductance and BMR) is sensitive to mean 
annual rainfall and mean July (summer) temperature, either sepa- 
rately or collectively. As a collective index of aridity McNab and 
Morrison (1963) proposed the use of a Desert Index [= mean July 
temperature ("C)/mean annual rainfall (cm)]. To determine the 
relative influences of body mass and geographic or climatic factors, 
or both on BMR, we conducted a multiple regression analysis of 
BMR on body mass, mean annual precipitation, mean July tem- 
perature, the McNab-Morrison Desert Index, and latitude for 31 
populations representing 10 species of Peromyscus, from localities 
between 29" and 53" N latitude and with body mass between 12 and 
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TABLE 3.-Alterfiative multiple regression equations for 31 Peromyscus populations 
(data from Table I ) .  

Dependent Independent !ariables (7c of \ariance explanned) 
varnahle isienificance lerel) 

LogloBMR = -LogloBodv  mass (28.4)  + Precipitation (3.8)  
(0.0016) (0.2 193) 

LogloBMR = -LogloBody mass (28.4) - Temperature (20.8) 
(0.OOOl) (0.002 1 )  

LogloBMR = -LogloBody  mass (28.4)  - Desert index ( 1  1 . 1 )  
(0.0004) (0.0315) 

LogloBMR = -LogloBody  mass (28.4) + Latitude ( 1  1.2) 
(0.0009) (0.0305) 

50 grams (Table 1). Precipitation and temperature data were taken 
from climatic summaries for the weather station nearest to the col- 
lecting locality, as given in the following sources: British Columbia 
Dept. Agriculture (1975), U.S. Dept. Agriculture (1941), and Hast- 
i n g ~  and Humphrey (1969). 

As expected, the single most important correlate of BMR in this 
analysis is body mass, explaining 28.4 percent of the variability 
(Table 3). After entering body mass into the multiple regression, an 
additional significant negative correlation accounting for 20.8 per- 
cent of the variability exists between mean July temperature and 
BMR. Also significantly correlated with BMR are the Desert Index 
(negative) and latitude (positive), each explaining about 11 percent 
of the variation The partial correlation between precipitation and 
BMR is not significant. If body mass and temperature are entered 
first into a multiple regression, neither the Desert Index nor lati- 
tude (nor precipitation) explains a significant amount of the re- 
maining variance in BMR. 

Thus energy metabolism in Peromyscus as reflected in BMR ap- 
pears to be sensitive to high summer temperatures, at least within 
the intermediate latitudinal range represented by available data. 
That the reduction in BMR with high midsummer temperature is 
not actually attributable to aridity rather than temperature per se is 
demonstrated by the weak and nonsignificant correlation with pre- 
cipitation. The weak correlation with the Desert Index likely is at- 
tributable exclusively to the influence of the temperature compo- 
nent in the index. The results of our analysis are in contrast to those 
of McNab and Morrison (1963), and we emphasize that the adaptive 
significance of reduced BMR under conditions of high ambient tem- 
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perature has yet to be elucidated experimentally. It should be 
stressed that our analysis and most other studies of relationships 
between metabolic characteristics and climatic factors have em- 
ployed only coarse meteorological variables, which may not accu- 
rately reflect actual microclimatic conditions encountered by the 
animals (Gates, 1980). 

EVAPORATIVE WATER LOSS 

The major avenue of water loss in rodents is by evaporation from 
the lungs and skin, termed evaporative water loss (EWL; Chew, 
195 1 ; Schmidt-Nielsen and Schmidt-Nielsen, 195 1). Measurements 
of EWL in Peromyscw are limited to only a few species and are 
equivalent to, or higher than, those for other rodents of similar size 
(MacMillen, 1983~) .  Moderate to rather high rates of EWL in Pero- 
myscus are in keeping with their omnivorous diet, which includes a 
high intake of succulent foods (herbage, fruit, insects), so long as 
such focds can be found, thereby promoting both positive energy 
and water balance. The  available data on EWL in Peromyscus are 
plotted For comparison with the more extensive data for other 
mammalian groups in Figure 5 .  Only measurements made between 
a~nbient ~e~npel-atul-es oT 5' and 25' C are used, because it is within 
this temperature range that EWL remains nearly constant (Hinds 
and MacMillen, 1985). The regression line for Eutheria relating 
mass-specific EU'L to body mass is based on 23 species and 40 
populations (including three species and five populations of Pero- 
myscus), ranging in mass from 16 grams (pallid bat, Antrozous pal- 
lidus) to 3630 kilograms (Asian elephant, Elephas maximus) (from 
Chew, 1965, as computed by Hinds and MacMillen, 1985). The  re- 
gression line for heteromyid rodents represents 13 species ranging 
from 8 to 105 grams (Hinds and MacMillen, 1985). Obviously het- 
eromyids have unusually low rates of EWL, whereas Pero~nyscus 
species have unusually high rates of EWL, higher even than might 
be expected given their omnivorous diet. We must emphasize, how- 
ever, that the data available for Peromyscus are largely for popula- 
tions of P. maniculatus, whose BMRs are unusually elevated for 
Peromyscus (Fig. 4). Clearlj many more data are required for a vari- 
ety of species and sizes of Peromyscus before meaningful generaliza- 
tions and comparisons may be made concerning mass-specific rates 
of evapcrative water loss in this group of mammals. Because pulmo- 
nary water loss and oxygen consumption (vo,) are inter-related in 
the respiratory process, another commonly-used expression is the 
ratio of EWL to VO,, when the two variables are measured simulta- 
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FIG. 5.-Relatio~ship between evaporative water loss (expressed as a function of 
body mass) and body mass in Peromyscus and other mammals. The Peromyscus species 
are given in Table 4. The regression lines are fit to the data for eutherian mam- 
mals (EWL = 3.90 g -0'"') given by Chew (1965), as computed by Hinds and Mac- 
Millen (1985), and for heteromyid rodents (EWL = 4.51 g -0.295) given by Hinds 
and MacMillen (1935). 

neously and across a broad range of ambient temperature (T,). 
The regression line (Fig. 6) calculated by MacMillen and Grubbs 
(1976) for the relation between EWL to VO, ratio and T, for 23 
species representing four families of rodents, which ranged broadly 
across the spectrum of dietary specialization, included only a single 
species of Peromyscus ( P .  eremicus). For comparison, a separate re- 
gression line fit to the data now available for Peromyscus (P. eremicus, 
P.  leucopus, and six subspecies of P. maniculatus) is also shown in Fig- 
ure 6. Again, Peromyscus have rather high rates of EWL, about 35 
percent greater than those of other rodents. At moderate to high 
temperatures, the rates of EWL in P. maniculatus subspecies are 
conspicuously higher than those in the other two Peromyscus spe- 
cies. If there were a fixed ratio of EWL to VO, for all rodents, the 
data points should cluster around the regression line for combined 
rodents in Figure 6. That Peromyscus generally fall on or above that 

Peromyscus 
= 134.5 % 

Rodents 
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FIG. 6.-Relationship between evaporative water loss (expressed as a function of 
oxygen consumption) and ambient temperature in Peromysctu and other rodents. 
The regression line for Peromyscus is fit by the method of least squares; that for other 
rodents is from MacMillen and Grubbs (1976). The hollow circles represent mea- 
surements for subspecies of P. aaniculatus, and the filled circles for other Peromyscus 
species as indicated in Table 4. 

line is indicative that not only may VO, be elevated, as in P. rnani- 
culatus (Fig. 4 ) ,  but that EWL must be disproportionately elevated. 
Because at least half of these populations of Peromyscus are from 
desert or semi-desert habitats, we conclude that among normother- 
mic rodents Peromyscus are quite liberal with regard to water expen- 
ditures from evaporative routes. 
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Metabolic water production (MWP) represents a major compo- 
nent of the water requirements of at least certain granivorous ro- I 
dents (Howell 2nd Gersh, 1935). MacMillen (1972) was among the 
first to point out clearly in rodents that 1) at ambient temperatures 
(T,) below thermal neutrality, MWP (as translated directly from 
measures of oxygen consumption = energy metabolism) is nega- 
tively related to T,; 2) EWL, the chief avenue of water loss, is either 
positively related to o r  is independent of T,; and 3) for each species I 
a T, exists at which MWP equals EWL, resulting in positive water i balance. These relationships were further refined by MacMillen , 
and Grubbs (1076) who analyzed data for all rodents for which si- 
multaneous measures of VO, (translatable into MWP) and EWL ~ 
existed. They concluded that differences in T, at which MWP 
equals EWL did not exist between desert and non-desert species 
and that every species of rodent possesses the capacity for pre- 
formed water independence (that is, exclusive reliance upon MWP) 
at some moderate ;o low T,, depending upon the species and the 
composition of the energy source being oxidized. More recently, ~ 
MacMillen and Hinds (1983) applied this concept to representative 
species of all genera of the chiefly granivorous family Hetero- 
myidae and demonstrated that these dietary specialists on seeds 
achieve equality of MWP and EWL at relatively high T,s. Hetero- 
myids, therefore, commonly meet their water needs under labora- 
tory conditions from MWP while oxidizing carbohydrate-rich 
seeds, augmented by the small amount of preformed water they 
contain. MacMillen and Hinds (1983) defined as an index of water 
regulatory efficiency as that T, at which MWP equals EWL, based 
upon the compositional ratio (protein : lipid : carbohydrate) of the 
oxidative substrate and the metabolic water yield of that composi- 
tion. Species with a higher T, at which MWP equals EWL are more 
efficient than those with a lower T, at which MWP equals EWL. 

If there is a strict relationship between the degree of dietary spe- 
cialization and water regulatory efficiency as defined above and as 
suggested by MacMillen (1983a), we would anticipate that omni- 
vores such as Peromyscus would be less efficient than granivorous 
heteromyids but more efficient than strict herbivores or insecti- 
vore-carnivores that subsist on succulent diets. By the same token 
we would anticipate that water regulatory efficiency in Peromyscus 
would compare closely with that of rodents in general, for thc latter 
represent a bmad range of diets (that is, equivalent to omnivory). 
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The EWL data from Figure 6 for Peromyscus can be transformed 
into the ratio MWP to EWL by assuming oxidation of a standard 
seed, fbr example, millet (13.5 percent protein, 5.1 percent lipid, 
8 1.4 percent carbohydrate) from which the consumption of 1 milli- 
liter of oxygen yields 0.62 milligrams of metabolic water (Mac- 
Millen and Hinds, 1983). Regression lines for the limited data 
available for Peromyscus, the more extensive data for heteromyids 
(MacMillen and Hinds, 1983), and data for 23 species in other ro- 
dent groups (MacMillen and Grubbs, 1976) are shown in Figure 7. 
These three groups rank in water regulatory efficiency as follows: 
heterornyids (T, at MWP = EWL = 19.B°C) are greater than ro- 
dents in general (T, at MWP = EWL = 16.1°C) which are greater 
than Peromyscus (T, at MWP = EWL = 10.3"C). That Peromyscus 

0.2 
10 15 20 25 30 35 40 

AMBIENT TEMPERATURE (OC) 
FIG. >.-Relationship between metabolic water production [MWP)levaporative 

water loss (EWL) and ambient temperature (T,) in heteromyid rodents [MWPI 
EWL = !.493(0.955)Ta; MacMillen and Hinds, 19831, rodents in general [MWPI 
EWL = 2.618(0.942)Ta; MacMillen and Hinds, 19'761, and Peromyscu species as in- 
dicated in Table 4 [MWPIEWL = 1.932(0.938)Ta]. The index of water regulatory 
efficienc;~ for each group is def,ned as that T, at which the regression line intercepts 
the line of unity (dashed line) at which MWP = EWL. 
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appear to be less efficient than rodents in general may well be a 
sampling artifact, as very few dietary specialists on succulent foods 
were available for rodents in general, and data for the most effi- 
cient Peromyscus, P. crznztus (MacM~llen, 1983a), were not available. 
However, the fact that Peromysczu appear to have relatively high 
rates of EWL (Fig. 5) but intermediate rates of metabolism (Fig. 3) 
suggests that they may have as a genus low indices of water regula- 
tory efficiency among rodents. C,early Peromyscus are not highly 
efficient with regard to water regulation while subsisting on a dry- I 

seed diet. In addition, their relative inefficiency is in keeping with 
their typically omnivorous diet that normally provides the neces- 
sary preformed water input to compensate for rather high rates of 
water loss. As a cautionary note, only heteromyids (MacMillen and 
Hinds, 1983) have had critical analysis of the relationship between 
MWP and EWL, requiring simultaneous measurements of VO, 
and EWL. Although there are measurements of VO, for many ro- 
dent species, few investigators have bothered to obtain the easily- 
made measurements of EWL. In particular, the available data for 
Peromyscus are insufficient for broad comparisons, and simultane- 
ous measurements of VO, and EMrL are almost completely lacking 
for such rodent specialists on succulent diets as Mzc~otus, Neotoma, 
and Onychomys. 

In heteromyic rodents, MacMillen and Hinds (1983) demon- 
strated not only an unusually high degree of water regulatory effi- 
ciency, but also that the index of water regulatory efficiency (T, at 
MWP = EWL) scales negatively w~th body mass, especially among 
quadrupedal species. This scaling regression equation for hetero- 
myids is T, at MWP = EWL = 29.682g-0 13'. Comparisons of water 
regulatory efficiency of individual Peromyscus populations with the 1 
heteromyid regression line relating the index of water regulatory 
efficiency to booy mass (Fig. 8, Table 4) demonstrate that even 
when body mass is accounted for, Peromyscus are still far less effi- 
cient in water r~gulation than heteromyids. The relative ineffi- 
ciency with regard to water regulation in Peromyscus is even more 
apparent when the individual regression lines relating the quotient 
of MWP and EWL to T, in Peromyscus are compared to those of 
heteromyids (Fig. 9, Table 4). Even the most efficient Peromyscus (a 
desert population) is a poorer water regulator than the least effi- 
cient heteromyid (a tropical population). We must reiterate, how- l 

ever, that data on water regulatory efficiency are not available for 
P. cnnztus, whose ability to tolerate water deprivation while subsist- 
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FIG. f.-Relationship between the index of water regulatory efficiency (T, at 

MWP = EWL) and body mass in heteromyid rodents (solid line; based on Mac- 
Millen and Hinds, 1983) and in species of Peromysczcs listed In Table 4. 

AMBIENT TEMPERATURE ( O C )  

FIG. 5.-Relationship betwren MWPIEWL and T, in Peromysczcs and in the least 
efficient (L. salzlini) and most efficient (P. longimembris) heteromyid rodents. Equa- 
tions for the regression lines fit  to the Peromyscw data are given in Table 4. The hori- 
zontal dashed line represents unity between MWP and EWL. Hollow circles repre- 
sent the indices o f  water regulatory efficiency (T, at MWP = EWL) for the two 
heteromyids. 
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ing on air-dry millet far exceeds that of other Peromyscus that have 
been studied and is equivalent to that of some of the more efficient 
heteronyids (MacMillen, 1983~) .  

In summary, in regard to water regulatory efficiency as herein 
defined, Peromyscus species appear to be rather inefficient com- 
pared to rodents in general. Their lack of well-developed physio- 
logical capacities for efficient water regulation is compensated for 
by an omnivorous diet which ensures adequate inputs of both en- 
ergy and water. However, because of insufficient data for species 
that subsist on more succulent diets, it remains to be positively 
demonstrated that Peromyscus are actually intermediate among ro- 
dents in general with regard to water regulatory efficiency. 

With respect to metabolic rate and evaporative water loss, both 
being physiological variables useful in gauging levels of regulatory 
efficiencies, Peromyscus are rather unspectacular among rodents, 
being neither extremely efficient nor extremely inefficient. This 
apparent physiological intermediacy is consistent with an omnivo- 
rous diet that provides substantial flexibility in meeting both en- 
ergy and water needs, even under restrictive situations imposed by 
climate, competitive interactions, or both. It likely is this flexibility 
that helps explain the paradox of the ubiquity in North America of 
this unspecialized genus, whose species inhabit virtually every ter- 
restrial situation regardless of degree of environmental rigor and 
often co-occur with other rodents (for example, Dipodomys and Pe- 
rognathuc. spp.) whose physiological specializations are credited for 
their survival under demanding circumstances. In this regard Pero- 
myscus are spectacular examples of the success of physiologically 
unspectacular animals, demonstrating that such generalists are as 
capable of coping with rigorous circumstances as are rodents with 
greater physiological specializations. 

We believe the success of Peromyscus in inhabiting harsh environ- 
ments in the absence of apparent specializations may be attributed 
to their omnivorous diets and their employment of torpor to es- 
cape, e i~her  seasonally or for shorter times, periods of environmen- 
tal stress. At least among the smaller species of Peromyscus (less than 
40 grams) torpor provides temporary relief from demanding cir- 
cumstances related either to energy or water regulation, and its 
utility is discussed in some detail in Hill (1983) and MacMillen 
(1983~). Torpor has been viewed historically as a physiological spe- 
cialization in the extreme, but its common occurrence among 
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smaller mammalian and avian species of widely separated taxa 
(McNab, 1983) argues that it more likely is a general endothermic 
phenomenon associated with small body size. Torpor differs in 
various endothermic species both with regard to temporal patterns 
and depths of hypothermia (Bartholomew, 1982b), and the degree 
of complexity of this patterning we believe represents the spe- 
cialization of this more general phenomenon. Torpor in Peromyscus 
appears to be of a very non-specialized nature, being basically lim- 
ited to successive diurnal bouts and involving only moderate hy- 
pothermia; ne\ertheless, it provides effective relief from otherwise 
intolerable conditions (Hill, 1983; MacMillen, 1983~) .  

McNab (1983) proposed the concept of a minimal boundary 
curve for endothermy that relates BMR to body mass, with the no- 
tion that species falling below that curve frequently employ torpor. 
Among rodents, with the exception of microtines, nearly all species 
with masses less than 40 grams for which data exist have BMRs that 
fall below this minimal boundary curve. However, an equally valid 
and biologically reasonable interpretation is that in rodents, with 
the exception of microtines, a body mass threshold exists at about 
40 grams, below which species may commonly employ torpor and 
above which torpor is far less commonly employed. In these small 
species having high mass-relative energy and water needs while 
normothermic, ecologically stressful periods may occur frequently 
enough to result in morbidity unless survival alternatives exist; tor- 
por (or hypothermia) is such an alternative, reducing energy and 
water requirements to levels consistent with their availability dur- 
ing temporarily stressful periods. 

The concept of a size-related threshold for torpor has been ap- 
plied effectively to heteromyid rodents (MacMillen, 1983b; Mac- 
Millen and Hinds, 1983). Herein we apply the same concept to Pe- 
romyscus. We believe that larger (greater than 40 grams) Peromyscus , 
species abound in subtropical and tropical regions of greater re- 
source (food and water) availability throughout the year, where nor- 
mothermic survival is accompanied by few risk-related constraints , 
with regard to energy and water regulation. In proceeding from 
tropical to subtropical settings with increasing seasonality, body 
mass of Peromyscus decreases consistently with seasonally- 
determined lekels of energy and water production, assuming nor- 
mothermia and physiological generalization. At about 30" N lati- 
tude, continuous normothermia becomes locally incompatible with 1 
seasonally-stressful periods (aridity, low temperatures, or both) in 
spite of reductions in body mass to less than 40 grams and accom- 
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panying reductions in absolute energy and water needs. At this 
point torpor provides the necessary physiological relief to ensure 
survival. Once the size threshold for torpor has been achieved, en- 
vironmental conditions leading to energy and water stresses can be 
ameliorated by torpor without further reduction in body mass. 
This view is consistent with the apparent relationship between body 
mass and latitude in Peromyscus (Fig. l) ,  and with the ubiquity of 
this biolc~gically generalized genus throughout North America. We 
propose this view not as a proven fact, but as an internally consis- 
tent hypothesis whose testing should bear fruitful results. 

A question arises, however, concerning the positioning of this 
size threshold for torpor in both Peromyscus and heteromyids at 
about 40 grams, particular y considering the frequent use of torpor 
by sciurids that exceed (often considerably) 40 grams in mass. We 
have no answer based on experimental evidence to this question, 
but propose that the difference lies in the capacity of sciurids to 
store fat, often to the point of obesity, as an energy reserve to draw 
upon during the torpor period. Peromyscus and heteromyids lack 
this conspicuous fat storage capacity and must rely upon lower- 
energy food stores in or rear nest chambers. These relationships 
between body mass, use of torpor, and quantity, quality, and site of 
storage of energy reserves drawn upon during the torpor period 
merit further investigatior . 

Finally, we should emphasize that, because of their generalized 
biological characteristics and success in occupying a wide range of 
habitats, Peromyscus are ideal mammalian models to employ in in- 
vestigations of many of the questions in physiological ecology that 
remain unsolved. Frequently such questions have arisen in studies 
of more specialized rodents whose degrees of specialization to- 
gether with frequent rarity and limited distributions make them less 
tractable for study. Follow ng are some of the problems that could 
be addressed profitably by employing Peromyscus as model study or- 
ganisms. First, what is the relationship between basal metabolic 
rate, as commonly measured in laboratory studies, and daily en- 
ergy expenditures (DEE) in the field, as determined using doubly- 
labelled water techniques? Do species with a high BMR, such as P. 
maniculaius, necessarily have a high DEE? Conversely, does a low 
BMR necessarily translate n t o  low total energy requirements in na- 
ture? Similarly, what is the relationship between "basal" evapora- 
tive water loss and actual field water-turnover rates? What is the 
functional significance of basal metabolic rate? Does a correlation, 
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perhaps indicating a causal or at least a permissive relationship, 
exist between BMR and 1) maximal rates of oxygen consump- 
tion, which would have consequences for locomotor endurance; 
2) summit metabolism, which would have consequences for ther- 
moregulator~ abilities; 3) rates of evaporative water loss; 4) re- 
productive and growth rates; 5) ability to detoxify plant secondary 
compounds or invertebrate toxins encountered in the diet. We sug- 
gest that examining such correlations in relation to ecological, life 
history, and phylogenetic factors would be fruitful not only in in- 
creasing our understanding of the biology of Peromyscus but of 
small mammals and their adaptive physiologies in general. 

Many of the ideas expressed in this paper were first developed in studies of hete- 
romyid rodents under NSF grants DEB-76201 16 and DEB-7923808, and it is grati- 
fying to observe that they apply equally well to Peromyscus. The ideas have been 
refined through countless discussions with D. S. Hinds, whom we thank. Participa- 
tion in the symposium on The Biology of Peromyscus was made possible by a grant 
from the School of Biological Sciences Faculty Research Committee, University of 1 
California, I ~ i n e .  Thanks also go out to Hi Ho Sai Gai and G .  1. Nebra for continu- 
ing aid. The edi.ors contributed substantially to the clarity of expression of our 
ideas, for wh~ch we are grateful. 
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