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DOES SHADING BEHAVIOR OF INCUBATING SHOREBIRDS IN HOT 

ENVIRONMENTS COOL THE EGGS OR THE ADULTS? 

COLLEEN t. DOWNS • AND DAVID WARD 2 

•Department of Zoology and Entomology, University of Natal, Private Bag X01, Scottsville 3209, South Africa 

ABSTR^CT.--Birds that nest on the ground in hot environments employ behavioral and 
physiological mechanisms to prevent the overheating of their eggs and themselves (e.g. egg 
covering, belly soaking, orientation on the nest, ptiloerection, panting, and gular fluttering). 
One of the least energetically expensive behaviors employed during incubation at high tem- 
peratures is nest shading. During shading, the birds raise themselves onto their tibiotarsi so 
that the incubation patch is about 2 to 3 cm above the eggs. It has frequently been assumed 
that birds adopt shading behavior to allow for direct convective cooling of the eggs. How- 
ever, an alternative hypothesis is that birds rise up onto their tibiotarsi in order to place 
themselves out of the boundary layer In doing so, adult birds cool themselves directly by 
convection. The lowering of the adult's body temperature during nest shading may, of course, 
cool the eggs indirectly when the bird resumes incubation. We tested these hypotheses using 
a taxidermic model of a Crowned Plover (Vanellus coronatus), which nests in hot environ- 
ments in South Africa. Field observations have shown that this species spends 20 to 50% of 
its time shading when incubating at high environmental temperatures. When we alternated 
the bird between incubating and shading positions, we found that bird temperature, but not 
egg temperature, was lowered by shading behavior. Furthermore, wind speed had a signif- 
icant negative effect on bird temperature but not egg temperature. Therefore, our results 
support the hypothesis that shading behavior functions to lower the temperature of incu- 
bating adults rather than of the eggs. Received 24 September 1996, accepted 14 May 1997. 

INCUBATION IN BIRDS usually is considered to 
be a warming process (e.g. Vleck 1981, Whit- 
tow 1986). However, bird species that nest on 
the ground in environments characterized by 
high daytime temperatures have to employ be- 
havioral and physiological mechanisms to pre- 
vent the overheating of their eggs and them- 
selves (Schmidt-Nielsen 1965, Grant 1982, 
Ward 1990). These mechanisms include egg 
covering (Maclean 1972), belly soaking (Jay- 
akar and Spurway 1965, Howell 1979, Maclean 
1975, Grant 1982, Ward 1988), orientation on 
the nest, ptiloerection, panting, and gular flut- 
tering (Maclean 1967, 1975, 1976; Grant 1982; 
Ward 1989a,b). Eggshells of birds nesting in 
semiarid to arid regions also have reduced wa- 
ter-vapor conductance, increased thickness, 
and reduced effective pore area (Ar et al. 1974, 
Vleck et al. 1979, Ward 1987, Arad et al. 1988). 

Attentive behavior at the nest is thought to be 
important for maintenance of egg tempera- 
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tures below lethal levels in harsh, hot environ- 
ments (Grant 1982, Ward 1989a,b). During the 
heat of the day, incubating shorebirds nesting 
near the Salton Sea in California spent most of 
their time shading or loosely sitting over their 
eggs (Grant 1982). Nest relief occurred about 
every 10 to 15 min during the heat of the day 
(Grant 1982). Indeed, many shorebirds that 
nest in areas of high ambient temperatures 
shade their eggs at moderate to high tempera- 
tures (Maclean 1976, Ward 1989a,b). 

The Crowned Plover (Vanellus coronatus) is a 
medium-sized shorebird (average body mass 
= 167 g; Maclean 1993) that commonly occurs 
in open grasslands and lightly wooded savan- 
nas in sub-Saharan Africa (Ward and Maclean 
1989). The nest is a shallow scrape (1 to 2 cm 
deep) in the ground (Ward 1987). These ground 
nests may get cold at night, requiring the par- 
ent to incubate the eggs to keep them warm. A 
more stressful period for the incubating birds 
occurs during the main breeding season, when 
daytime surface temperatures usually exceed 
50øC. During these periods, the eggs require 
cooling (Ward 1990). Typical egg temperatures 
in birds vary between 30 and 35øC, and hyper- 
thermia evidently is more injurious to the de- 
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velDping embryo than is hypothermia (Webb 
1987). 

Crowned Plovers exhibit a variety of behav- 
iors to reduce egg temperatures during incu- 
bation. They orient themselves with their backs 
to the sun when ambient temperatures exceed 
20øC, unless the sun is directly overhead and 
the wind greater than 3 m s -•, at which time 
they face into the wind (Ward 1990). When am- 
bient temperatures exceed 35øC, Crowned 
Plovers straddle the nest, squatting on their tib- 
iotarsi with the body raised 2 cm above the 
nest, thus shading their eggs. They also raise 
their crown, neck, and mantle feathers; lower 
their wings so that the wrist is below the level 
of the belly; and their eyes swell (a result of the 
functioning of the rete mirabile ophthalmicum; 
see Kilgore et al. 1979, Pinshow et al. 1982). At 
even higher temperatures (>40øC), Crowned 
Plovers pant, ruffle their feathers, and exhibit 
gular fluttering (Ward 1990). Crowned Plovers 
increase the amount of time spent engaged in 
shading behavior during incubation from less 
than 20% between 35 and 40øC, to about 75% at 
ambient temperatures above 45øC. These be- 
haviors allow Crowned Plovers to maintain 

nest and incubation-patch temperatures below 
ambient temperatures during the heat of the 
day (Ward 1990). 

Unlike many other shorebird species, 
Crowned Plovers have no access to water when 

incubating, and thus cannot use egg wetting 
(e.g. Maclean 1975; Ward 1989a, b) to cool their 
eggs. Also, on the hard substrates where these 
birds nest, they cannot cool the eggs by cover- 
ing them with soft sand (see Maclean 1972, 
Howell 1979). Two other mechanisms, panting 
and gular fluttering, cause a significant loss of 
heat by evaporation. Over prolonged periods, 
however, these two mechanisms can cause re- 
spiratory alkalosis and high total evaporative 
water loss (Whittow 1986). Thus, egg shading 
is the primary behavior available to Crowned 
Plovers for cooling their eggs that is not phys- 
iologically expensive. 

The thermoregulatory role of shading behav- 
ior in Crowned Plovers and other ground-nest- 
ing birds has been little studied (Grant 1982, 
Ward 1990). We hypothesized that shading be- 
havior has evolved because: (1) the incubation 
patch becomes too hot and the bird risks over- 
heating the eggs, or (2) the incubating bird it- 
self gets too hot as a result of its close contact 

with the ground surface. In the first case, shad- 
ing behavior allows cool air to pass over the 
eggs and cool them (Purdue 1976, Grant 1982). 
In the second case, the incubating bird places 
itself into the layer of cooler air above the 
boundary layer and then returns to its eggs 
once it has cooled itself sufficiently. We tested 
these hypotheses using a taxidermic model of 
a Crowned Plover and an egg model. If the first 
hypothesis were correct, we expected a greater 
change in the temperature of the egg than in 
the temperature of the adult following shading 
behavior, whereas the reverse would be true if 
the second hypothesis were correct. 

MATERIALS AND METHODS 

We obtained a frozen Crowned Plover from the 

Transvaal Museum. The plover was skinned and 
stuffed with aluminum foil to form a taxidermic 

model. Such models have essentially the same ther- 
mal properties as live birds but are thermally passive 
(Walsberg and Weathers 1986). Both copper (e.g. 
Bakken 1980) and aluminum (e.g. Goodfriend et al. 
1991, Ward and Pinshow 1995) have been used for 
constructing such models. Aluminum, like copper, 
has high thermal conductivity (3.0 W cm -• øC-•; 
Weast 1986). We did not produce replicate models 
because there is no interindividual variance in such 

physical models. A Crowned Plover egg was used to 
make a mold for a representative plaster-of-paris 
egg. The thermal conductivity of plaster-of-paris 
(0.432 W m • K •, Weast 1986) is the same as that of 
an authentic egg (Henderson 1963), so the buffering 
effect on the recorded incubation-patch tempera- 
tures is likely to be similar to that of a natural egg. 
The exterior of the egg was colored to resemble the 
true egg, which has a khaki ground color (hue 5Y, 
value and chroma 8/2; Munsel11966) boldly spotted 
with black and gray (Ward 1987, Maclean 1993). 

The operative environmental temperature (Te; 
measured using models) is the equilibrium temper- 
ature an organism would attain with no metabolic 
heat production or evaporative water loss and serves 
as a measure of heat load (Bakken 1976, 1980; see 
also Ward and Pinshow 1995, Goodfriend et al. 
1991). All temperatures of models mentioned below 
represent T•. 

We performed experiments to determine: (1) the 
changes in temperature of an unshaded, exposed 
model egg; (2) both egg and bird temperatures when 
the plover model was placed in a loosely sitting po- 
sition over the egg; and (3) both egg and bird tem- 
peratures when the plover model was alternated 
from the sitting position to a shading position on its 
tibiotarsi and vice versa (each 30 min). During the 
latter experiments 2 and 3, the position of the model 
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FIG. 1. Model plover egg temperature, together with air temperature and ground temperature, during 
experiment 1 when the egg was unshaded. 

was changed so that it faced away from the sun, as 
these birds typically do under high insolation (Ward 
1990). 

We conducted experiments during September and 
October at KwaZulu-Natal, South Africa, in short 
grassland overlying a shale substrate. In this area, 
Crowned Plovers lay eggs from August until October 
(Ward 1989a). Each experiment began at 1100 and 
ended at 1500 and was repeated on three separate 
days when the weather was hot (maximum ambient 
temperature exceeding 35øC) and clear Measure- 
ments were at 5-rain intervals for experiments 1 and 
2 and every minute for experiment 3. The air tem- 
perature 10 cm above ground, ground temperature 
next to the egg, and wind speed (12 cm above 
ground) were measured simultaneously using a data 
logger (Mike Cotton Systems, Cape Town, South Af- 
rica). We used copper-constant thermocouples to 
measure the internal thoracic-cavity temperature of 
the model and the internal egg temperature. Before 
use, probes were calibrated to _+ 0.1øC against a stan- 
dard thermometer. 

RESULTS 

Experiment 1: Egg alone.--When the egg was 
exposed without shading from the bird, egg 
temperature was significantly lower than 
ground temperature (t = -4.7, df = 137, P < 
0.001) and air temperature (t = -10.3, P < 
0.001; Fig. 1). The mean egg temperature was 
44.70 +- SE of 0.31øC (min. 30.63øC, max. 
49.98øC, n = 138), and the mean air tempera- 
ture measured simultaneously was 46.94 _+ 
0.30øC (min. 30.92øC, max. 51.06øC). 

The simple regressions of egg temperature 
versus air temperature, ground temperature, 
and wind speed are shown in Table 1. When the 
temperature of the egg model was plotted 
against wind, there was a weak, but significant, 
correlation. 

Experiment 2: Egg shaded by the loosely sitting 
bird.--When the egg was shaded by the loosely 
sitting bird for the duration of the experiment, 

TABLE 1. Simple regression results when exposed egg temperature (i.e. no bird on egg) was plotted against 
air temperature, ground temperature, and wind speed. 

Parameter r 2 F P Intercept Slope 
Air temperature 0.55 168.12 <0.0005 8.90 0.76 
Ground temperature 0.65 253.63 <0.0005 17.87 0.59 
Wind speed 0.10 14.47 <0.0005 49.47 -2.98 
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FIG. 2. Model plover body temperature when sitting loosely on the model egg showing change in egg 
temperature, together with air temperature and ground temperature, during experiment 2. 

egg temperature was significantly lower than 
that of the bird (t = -51.9, df = 137, P < 0.001), 
ground (t = -39.6, P < 0.001), and air (t = 
-36.1, P < 0.001; Fig. 2). The mean egg tem- 
perature was 32.97 + 0.42øC (min. 24.74øC, 
max. 40.78øC, n = 138). Mean air temperature 
and bird temperature measured simultaneous- 
ly were 43.50 + 0.53øC (min. 26.59øC, max. 
54.46øC) and 41.21 _ 0.50øC (min. 27.82øC, 
max. 51.60øC), respectively. 

We tested whether egg temperatures were 
lower (relative to air temperature) when cov- 
ered by the continuously sitting bird than when 
the egg was exposed by subtracting air tem- 
perature from egg temperature for the two sit- 
uations. Egg temperature was 2.24 --- 0.22øC (n 
= 138) lower than air temperature when the 
egg was exposed, and 10.54 --- 0.29øC lower 
than air temperature when the bird was sitting 
on the egg (n = 138 in each case). Thus, on av- 
erage, the sitting bird reduced egg temperature 
relative to air temperature by about 8øC. This 
difference was highly significant (t = 24.3, df = 
137, P < 0.001). 

Experiment 3: Egg shaded by the bird raised off 
the egg at intervals.--Air temperature and 
ground temperature were significantly posi- 
tively correlated (r = 0.92, P < 0.001; Fig. 3). 
This correlation prevented us from using both 
variables as independent variables in our anal- 
yses. To avoid this problem, we used principal 

components analysis to create a new variable 
that was a linear combination of ground and air 
temperature. The PC I axis explained 95% of 
the variance in these two variables. Therefore, 
we used PC I of air and ground temperatures 
(hereafter PCGA) to construct a new environ- 
mental temperature variable: 

PCGA = 0.978(ground temperature) + 
0.978(air temperature). (1) 

The temperature of the egg was not signifi- 
cantly affected by bird position (i.e. sitting on 
the egg vs. shading the egg; ANCOVA with 
PCGA and wind speed as covariates; F = 0.701, 
df = 1 and 482, P = 0.403). The mean adjusted 
egg temperature was 35.41 + 0.09øC (n = 256) 
when the bird was sitting on the egg and 35.51 
--- 0.09øC (n = 230) when the bird was shading 
the egg. 

A multiple regression with egg temperature 
as the dependent variable and wind speed, bird 
temperature, bird position (on or above the 
egg), and PCGA as the independent variables 
showed that there was a significant overall ef- 
fect of these variables on egg temperature (F = 
4,075.7, df = 1 and 482, P < 0.0005). Regarding 
individual independent variables, only bird po- 
sition, bird temperature, and PCGA had signif- 
icant effects on egg temperature (Table 2). The 
strongest effect was that of PCGA (note the 
large standardized regression coefficient), fol- 
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FIc. 3. Model plover body temperature when raised and lowered alternately off the model egg every 30 
min (1 = bird on egg, 2 = bird shading egg), showing change in egg temperature, together with air tem- 
perature and ground temperature, during experiment 3. 

lowed by bird temperature. Bird position had a 
weak (but significant) effect on egg tempera- 
ture, and wind speed had no significant effect 
on egg temperature (Table 2). 

In contrast, bird temperature was signifi- 
cantly affected by bird position (ANCOVA with 
PCGA and wind speed as covariates; F = 5.1, 
df = 1 and 482, P = 0.024). The mean adjusted 
bird temperature was 36.76 + 0.08øC (n = 256) 
when the bird was on the egg and 36.50 + 0.08 
øC (n = 230) when the bird was shading the 
egg. Thus, on average, the model bird temper- 
ature was lowered by 0.3øC during shading be- 
havior 

A multiple regression analysis with bird 
temperature as the dependent variable and 

TABLE 2. Multiple regression results when egg tem- 
perature was plotted against bird position, bird 
temperature, PCGA/and wind speed. 

Standard- 

Independent ized 
variable coefficient t P 

Bird position 0.019 2.4 0.017 
Bird temperature 0.405 14.0 <0.0005 
PCGA 0.593 20.0 <0.0005 

Wind speed 0.010 1.2 0.224 
• First principal component of air and ground temperature. 

wind speed, bird position (on or above the 
egg), and PCGA as the independent variables 
showed that there was a significant overall ef- 
fect of these variables on bird temperature (F = 
2177.430, df = 1 and 482, P < 0.0005). All three 
independent variables had a significant effect 
on egg temperature (Table 3). The strongest ef- 
fect was that of PCGA. Wind speed and bird 
position had weak (but significant) effects on 
bird temperature (Table 3). 

DISCUSSION 

Several studies have shown the importance 
of shading to reduce body temperature in des- 
ert organisms. For example, Cape ground 
squirrels (Xerus inauris; Bennett et al. 1984) and 

TABLE 3. Multiple regression results when temper- 
ature of the bird was plotted against bird position, 
wind speed, and PCGA. a 

Standard- 

Independent ized 
variable coefficient t P 

Bird position -0.027 2.3 0.024 
Wind speed -0.073 6.0 <0.0005 
PCGA 0.947 78.0 <0.0005 

• First principal component of air and ground temperature. 
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antelope ground squirrels (Ammospermophilus 
leucurus; Chappell and Bartholomew 1981) 
shade themselves with their tails to reduce 

body-temperature increments. More frequent- 
ly, however, animals use objects to shade them- 
selves and lower their body temperature. The 
most obvious way in which birds shade their 
eggs is by building a nest under the canopy of 
a plant. Maximizing radiant cover of the nest 
reduces heat stress (Walsberg and King 1978), 
although the degree of radiant cover may be 
dependent on nest placement (With and Webb 
1993). However, shorebirds nesting on the 
ground in hot environments frequently have no 
access to shade. Their penchant for nesting in 
the middle of open areas probably is related to 
the need for unrestricted views of potential 
predators in the exposed habitats they occupy 
(Ward 1990). This habitat choice places severe 
physiological stress on shorebirds, particularly 
because air temperatures frequently exceed 
body temperatures in the heat of the day, re- 
suiting in a net heat gain (Grant 1982, Ward 
1990). 

In our study, an unshaded model of a 
Crowned Plover egg exposed on a shale sub- 
strate gained heat so that it was just 2.5øC lower 
than ambient air temperature. However, when 
the egg was loosely covered by the Crowned 
Plover model egg temperature was 10øC lower 
than air temperature. These results indicate 
that incubation serves to lower egg tempera- 
tures significantly, even during the heat of the 
day. 

The experiment in which we raised and low- 
ered the bird model to simulate shading be- 
havior showed that bird position had a signif- 
icant effect on egg temperature. However, after 
removing the effects of PCGA and wind speed, 
we found no significant effect of bird position. 
In contrast, bird temperature was significantly 
lower during shading behavior, even after the 
effects of the above-mentioned environmental 

variables were removed. Therefore, our data 

support hypothesis 2 and contradict hypothe- 
sis 1. That is, shading behavior serves to cool 
the incubating bird when it is raised out of the 
boundary layer and therefore only indirectly 
cools the eggs (vs. direct cooling by convec- 
tion). The role of convective cooling of the bird 
versus the egg is further indicated by the sig- 
nificant negative effect of wind speed on bird 
temperature but not egg temperature (Tables 2 

and 3). Both hypotheses suggest that shading 
behavior evolved to cool the eggs, but they dif- 
fer in that the first hypothesis assumes that the 
eggs are cooled directly, whereas the second as- 
sumes that the eggs are cooled as a result of the 
lowering of the incubating bird's body temper- 
ature. We note that the behavior dictated by the 
second hypothesis could have evolved purely 
for the direct benefits to the incubating adults, 
even if this behavior does not lower egg tem- 
perature. We infer that a consequence of this be- 
havior is that the eggs subsequently would be 
cooled. 

Little is known about lethal body tempera- 
tures in the genus Vanellus. An upper limit of 
39øC has been suggested by Webb (1987). If this 
value is pertinent for Crowned Plovers, it 
would appear that incubating lowered the op- 
erative temperature from a potentially lethal 
level. Further work is necessary to establish 
how important such reductions in temperature 
are for egg survival in Crowned Plovers. 

Our results indicate the importance of con- 
vective cooling of an object that protrudes from 
the boundary layer. The incubating bird pro- 
jects itself out of the boundary layer, particu- 
larly when it is raised on its tibiotarsi during 
shading. Wind speed typically increases ex- 
ponentially with increasing distance from the 
ground surface (see Campbell 1977, Gates 1980, 
Goodfriend et al. 1991). Thus, the bird is able 
to take advantage of convective cooling when it 
is out of the boundary layer Furthermore, adult 
birds may lower their body temperature 
through shading behavior simply by reducing 
the degree of contact with the ground surface. 
Eggs, on the other hand, are positioned in a 
scrape 1 to 2 cm below ground level. For an egg 
with a mean maximum diameter of 2.89 cm 

(Maclean 1993), only 1 to 2 cm projects from the 
surface of the soil. Thus, most of the egg does 
not project above the boundary layer for con- 
vective cooling to occur. 

The potential for convective cooling can be 
calculated using heat-transfer coefficients for 
an egg and an adult bird. Following Gates 
(1980), the heat-transfer coefficient is: 

h c = 3.49 x V •.s x D % (2) 

where V is wind velocity (m s -1) and D is the 
characteristic dimension (m) of the object (i.e. 
the diameter of the object facing into the wind). 
We assumed that the egg and the bird were ef- 



October 1997] Incubation in Hot Environments 723 

fectively spherical (see Mitchell 1976). We used 
the mean maximum diameter of the egg (i.e. 
2.89 cm) and a body diameter of 10 cm as the 
characteristic dimensions. From this equation, 
we calculated the best-fit regression for h c of the 
egg and the bird against wind speed. For the 
bird, h c = 0.349(wind speed), and for the egg, 
hc = 0.1009(wind speed). Thereafter, we esti- 
mated wind speed at mid-height for the egg 
and the bird using equations in Campbell 
(1977: 38-40) and calculated h c at mid-height 
for the egg and the bird from above the regres- 
sion equations. When the bird is sitting on the 
eggs, h c = 0.82 m 2 s •, whereas h• = 0.91 m 2 s -• 
when the bird is raised 2 cm on its tibiotarsi 

during shading. Thus, the bird may effect an 
11% increase in the rate of heat transfer by rais- 
ing its body out of the boundary layer. In con- 
trast, hc for the egg is 0.14 m 2 s •, or 5.9 times 
smaller than that of the bird during incubating. 
This value was calculated assuming the egg 
was on a flat surface, rather than in a nest 
scrape. If we assume that only 1 cm of the egg 
projects above the ground surface, h c = 0.08 m 2 
s L Thus, the egg has a very low convective 
heat-transfer coefficient and is unlikely to lose 
heat from shading behavior 

In conclusion, we consider shading behavior 
of incubating shorebirds in hot environments 
to have evolved to facilitate cooling of the in- 
cubating bird rather than cooling of the egg. 
Strictly speaking, therefore, this is not shading 
behavior but rather convective cooling behav- 
ior on the part of the adult. 
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