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Geometrical aspects of the energetic effectiveness of 
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Reduced energy expenditure resulting from huddling in small mammals is mainly 
attributed to the reduced surface area/volume ratio of the huddling group. Here we 
propose a model to account for the reduction of the relative exposed area of grouped 
animals and for the diminution of metabolic rate during huddling. We attempt to 
explain mechanistically how changes in energy savings may operate. We applied our 
model to results obtained by grouping deformable bodies, and also laboratory meas
urements of oxygen consumption on huddling small mammals of four species. We 
found a small amount of diversity in the energetic efficiency of huddling. We estimate 
that the average relative area lost during huddling ranged between 28.7 and 39.1%.
The average huddling effectiveness in the studied species was 42%, which is a 
significant fraction of the energy/matter budget of a small mammal, especially under 
winter conditions.
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Introduction

An important behavioral strategy of winter active small mammals is winter 
aggregation, a behavior in which individuals share a small space for period of days 
or months (West and Dublin 1984). Several factors facilitate the tendency to 
aggregate under winter conditions, the most important are: reproductive cessation, 
reduced aggression, clumped food resources, and low ambient temperatures. One 
o f the most relevant behavioral adaptations that increase winter survival is 
probably huddling (Sealander 1952). Huddling is effective in decreasing metabolic 
heat production and maintenance cost (Górecki 1968, G^bczyñski 1969, G^bczyñ- 
ska 1970, G^bczyñska and G^bczyñski 1971, Tertil 1972, Andrews and Belknap 
1986, Bozinovic et al. 1988), increasing energy saving and hence survival 
(Sealander 1952, Fedyk 1971).
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Reduced energy expenditure is mainly attributed to the reduced surface 
area/volume ratio of the huddling group (Contreras 1984). Based on a geometrical 
approach, here we propose a model to account for the reduction of the relative 
exposed area of grouped animals and for the diminution of metabolic rate during 
huddling. We attempt to explain mechanistically how changes in energy savings 
may operate. We applied our model to results obtained by grouping deformable 
bodies, and also laboratory experiments on huddling in small mammals.

The individual metabolic rate (MR) is a function of the individual exposed area 
(Kleiber 1961), being expressed as:

MR = m Av
and, during huddling, the metabolic rate can be described (Canals et al. 1989) as:

MRh = mh Ahv

where m is a factor that depends on the thermal gradient (Tb -  Ta), with Tb -  
body temperature, Ta -  ambient temperature; and v is an empirical exponent. On 
the other hand, MRh, mh and Ah, are equivalent to the normal (ungrouped) values 
of MR, m and A respectively. Then, the metabolic ratio (Rm) of huddling/non- 
-huddling animals is:

Rm = MRh /  M R  = (mh / m) Rav 

being, R a = Ah /  A  
or Rm = f(n) R av (1)

Here, f(n) = mh /  m, is a factor that depends on the number o f grouped 
individuals, and on modifications in (Tb -  Ta), as a consequence of metabolic 
changes of huddled individuals (see Martin et al. 1980), or effects of grouped 
animals on the local microclimate (Hayes et al. 1992).

To explore Ra during huddling we considered that a small mammal can be 
modeled as a sphere with radius R i. The area of our model is A hi = 4 n R i2. Thus, 
when two individuals (represented by deformable spheres) are grouped, the total 
exposed area can be described as:

2 2 Ah2 = 4 n R i -  ai + 4 n R 2 -  a.2
with Ri and R2 the radius of the spheres, and ai and a2 the area lost from spheres 
1 and 2 during contact (in this case ai = a2). Assuming that animals tend to reduce 
a maximal area “a d u r i n g  each contact, which is at the same time limited by 
organismal constraints to deformation, a third grouping individual will add 
4 71 R22 -  a3 to the total exposed area and cover a3 areas, then:

Ah3 = 4 n (R i2 + R22 + R32) -  2 (a2 + a3)
i = n i =  n

and Ahn = 4 n Ri2 -  2 ai
i =  l  ¿ = 2

or Ahn = n (4 7i R 2) -  (n -  1) 2 a,
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with R the average radius of the spheres and a the average area that is lost by 
the individuals during huddling.

— 2The area of n non-grouped spheres is An = n 4 R , then the area ratio of 
grouped/non grouped spheres is:

Ra = Ahn /  An = (J)(l/n) + (l  — (j)), (2) 
_ “ o

with < j ) = 2 a / ( 4  7 t R)  which represents twice the average relative area that is 
lost by grouped individuals, that is, double the average area lost divided by the 
average area of individuals (Ai). As the values of ([) will depend on how closely 
grouped individuals can hold themselves together, we called (J) the “deformation 
coefficient”. In general terms ([) = 2 a /  A. We arrive to the same relation if we 
used deformable cylinders or prisms as our models. In the first case:

([) = 2 a / ( 2 T c R 2 + 2 n Rh) = 2 a / Ai
where h is the average length of the cylinder; and for right prisms of polygonal 
basis in which:

(]) = 4 a sin (n / N) / {N sin (2 n / N) + 2 N a sin (n / N)} = 2 a /  Ai
where a is the ratio between prisms’ length and the radius of the circumference 
circumscribing the basis of the prisms (Canals et al. 1989).

Combining (1) and (2) yields:
Rm = f(n) {(J) (1 /  n) + (1 -  <J))}V (3)

Methods

To test the Ra model goodness of fit (equation 2) we used plastic bags as models of small mammals 
deformable bodies. Several groups of plastic bags (6.2 x 19.3 cm) were used as dummies. Bags were 
filled with 200 ml of fine sand and closed a the tops. On each group, the exposed area (Ah) was 
compared with the area of the same number of ungrouped bags (A) and then, Ra was computed. The 
area A was calculated from: A = 2 x n x 6.2 x 19.3 = 239.3 x n (cm2), where n is the number of bags. 
Grouped of piled and in one layer bags were spray painted, so that the contact area among them (Ai), 
remained uncoloured. This area was estimated after cutting and weighing (± 0.0001 g) the uncoloured 
sections. The exposed area was calculated by the expression: Ah = A -  Ai. To test the goodness of fit 
of equation (2) we used linear regression analysis. A Student ¿-test was used to compare the relative 
area lost when two bodies are in contact against our empirical values (a / A = <{> / 2).

Before testing the goodness of fit of our Rm model (equation 3), we first calculated an expected 
v-exponent by combining the classical relationship for metabolic rate (McNab 1980):

M R  = C (T b -  T a ),

where C -  thermal conductance, T b -  body temperature, and T a -  ambient temperature; with the 
allometric relationship C -  3.4 M b° 49 (Herreid and Kessel 1967), in which M b -  body mass, and A/(V2/3) 
-  k, where A -  area and V -  volume (Kleiber 1961), arrive to the exponent v = 0.735. Then the equation 
(3) becomes:

Rm = fin) {0 (1 / n) + (1 -  <|))}0 735 
To test the goodness of fit of our Rm model (equation 3), four species of small rodents were studied. 

The laboratory mice Mus musculus (Linnaeus, 1758), n = 29 (M b = 24.7 ± 5.0 g) and three wild species 
from our colony including the South American cricetid rodents Eligmodontia typus puerulus (Cuvier,
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1837), n = 12 ( M b = 22.6 ± 3.2 g); Abrothrix lanosus (Thomas, 1897), n = 11 ( M b = 21.4 ± 5.2 g) and 
A. andinus (Philippi, 1858), n = 10 ( M b = 34.6 ± 3.5 g) were used. In addition, we reanalyzed our 
reported data (Bozinovic et al. 1988) for the cricetid Phyllotis darwini (Waterhouse, 1837), ( M b = 53.2 
± 12.0 g), and the didelphid marsupial Thylamys elegans (Waterhouse, 1838), ( M b = 27.3 ± 5.3 g) 
(Canals et al. 1989). In the experiments, energy expenditure was estimated by measurements of 
oxygen consumption. Each trial was conducted during 2 -8  h at different ambient temperatures and 
in several specific groups, by using a closed circuit automatic-computerized respirometer based on 
Morrison (1951). The statistics used were regression analyses of our model applied to all the examined 
species. Considering fin) = 1 we obtain: Rm = (<)>/ n + c)° 735. It should be noted that this equation 
becomes a simple linear model if we call, x = Rm 1/0.735 and y = 1/n, then x = § y  + c. Thus, regression 
analyses are linear, being c a free parameter. ([> slopes for different species were compared by 
ANCOVA test (Zar 1984).

Results

The reduction in the area ratio (Ra) in these bodies is depicted in Fig. 1. 
Regression analysis show that the Ra decay, fully adjust to: Ra = 0.47 (1/n) + 0.53, 
r = 0.98, F = 64.57, p < 0.001.

The average relative area lost when our plastic models are in contact is 0.237. 
Theoretically, we expected a (j) value of 2 x 0.237 = 0.475. This figure is not 
statistically different (ti8 = 0.085, p > 0.1) from 0.47 which was empirically 
obtained.

Figure 2 despicts the relationships between Rm and n for the studied species. 
Parameters of the obtained curves and their statistical significance are in Table 1. 
For all the examined species, the model fully adjust to the metabolic decay during 
huddling CR2-values ranged from 0.58 to 0.94, see Table 1). Deform ation 
coefficients ({) ranged between 0.575 in A. lanosus to 0.783 in T. elegans. In spite 
o f this variation, non significant differences were obtained between species 
(ANCOVA, p > 0.05).

Number  o f  bodies (n)

Fig. 1. Decay of area ratios in deformable 
bodies (Ra) as function of their number (n) 
(mean ± 1 SE). The solid line represents the 
calculated regression.
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Number of animals (n )

Fig. 2. Decay of metabolic ratios (Rm) in different species of small mammals as function of the number 
of grouped individuals (n). The deformation coefficient (<{>) for each species is indicated. Symbols 
represent mean values ± 1 SE and lines the calculated regressions.

Table 1. Parameters and regression analyses of the curve: Rm = (0 / n + c)° 735 representing the R„, 
decay during huddling of studied small mammals. Ta  -  ambient temperature at which metabolic rate 
was measured, SE -  standard error, Say -  standard error of estimate, R2 -  determination coefficient.

Species Ta CC) 0 ± SE c 1 SE R2
ANOVA

F df P Sxy

Abrothrix andinus 12.5 0.58 ±0.12 0.4210.07 0.58 25.1 1/ 8 <0.001 0.17
Abrothrix lanosus 15.0 0.5810.08 0.3710.06 0.62 53.0 1/16 <0.001 0.11
Eligmodontia typus 15.0 0.6510.06 0.3610.04 0.85 128.7 1/24 <0.001 0.10
Mus musculus 15.0 0.5810.12 0.4410.08 0.72 25.4 1/10 <0.001 0.15
Phyllotis darwini 5.0 0.6810.05 0.3310.03 0.94 168.9 1/11 <0.001 0.06
Thylamys elegans 12.5 0.7810.10 0.2210.07 0.90 59.6 1/ 6 < 0.001 0.11
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Discussion

Our proposed model (3) includes two parameters, a deformation coefficient (|) 
and a dependent parameter f(n). When we considered right prisms in our model, 
([) represented twice the relative area lost by grouped individuals, being then a 
constant. In deformable bodies, this phenomenon is also true, but the area lost by 
a single body is not a constant, here considers a mean lost area. A similar situation 
occurs in small mammals, but in addition to this deformation factor (loss of exposed 
area), a factor of intensity should be considered in (J), which depends on the degree 
o f active huddling. Higher values of <J) indicate higher slopes in the relationship 
between oxygen consumption and number of grouped individuals, and con
sequently a higher energetic benefit of huddling.

The f(n) parameter is affected by n and Tb -  Ta. Furthermore, it accounts for 
the variability around the model. In this parameter we include the positive and 
negative effects on the metabolic rate caused by crowding of n individuals, and 
possible Tb modifications when n individuals are grouped. In addition, the 
mechanisms of energy saving by huddling is far more complex than our analyses. 
In fact, Martin et el. (1980) suggested that this effect may be completely in
dependent of physical contact and rather depend on chemically mediated effects 
between individuals in sufficiently close proximity that they share an air supply 
(but see Contreras 1984 for an alternative explanation). Also, Hayes et al. (1992) 
suggested that two dominant physical effects interact to produce the observed 
energy savings: first, the reduced surface area and, second, the effect of the 
grouped animals on the local microclimate. The latter study concluded that only 
50% of observed savings may be attributed to reduced surface effects. Based on 
our Table 1 and observing the /?2-values, our percentage of observed energy savings 
attributed to the reduced surface effect ranged from 58 to 94%.

We can now compute the maximum energy saving during huddling (“huddling 
effectiveness” = He), by considering that if n —> we obtain the asymptote in (2), 
which is the metabolic value: Mm = (1 -  (f))° 73°, that the huddling group is able 
to reach, that is:

He = 1 -  Mm (4)

This fact (the asymptotic value) allows us to propose that our new model is far 
more robust than previous reported exponential models (Contreras 1984, Canals 
et al. 1989) correcting the unreal tendency to MR = 0, when the number of grouped 
individuals during huddling is larger.

A factual relationship can be obtained when we set n equal to the mean number 
of individuals which produce the minimum value of Rm. From our empirical 
results, this number was 4.95 = 5.0 individuals. Consequently, a realistic 
expression of Mm is:

Mm = {<)>/ 5 + (1 -  <t>)}0-735
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Then, a better estimation of He may be obtained when the last expression of 
M m is used in the equation (4). In doing so, we found a small amount of diversity 
in the energetic efficiency of huddling. Based on this model we estimate that the 
average relative area lost during huddling ranged between 28.7 and 39.1%. The 
average He in the studied species was 42%, which is a significant fraction of the 
energy/matter budget of a small mammal and especially under winter conditions. 
This figure strengthens the survival value of the huddling behavior. In fact, if we 
note that Rm = Mh /  M0, where Mh is the metabolic rate of grouped individuals 
and M0 their metabolic rate when separated, it is possible to estimate, by using 
the equation (4), the maximal energy saved (Es) during huddling by: Es = M0 He  
(m l02/g h). Calculations of maximal energy saved are important because the 
energy balance appears to be related with the observed reduction in the rates of 
food intake during huddling (Springer et al. 1981). For example, in the Chilean 
mouse-oppossum T. elegans, He = 0.515 (from the last equation, and using five 
individuals as an approach to Mm) then, Es = 6.56 x 0.515 = 3.37 (ml02/g h). This 
value implies that in a single month the maximal energy saved (assuming that 
animals are grouped 50% of the time) will be: 159.2 Kcal.
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