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AssTr•cT.--Marked asynchronous hatching was observed in Tree Swallows (Iridoprocne 
bicolor), apparently because incubation started before the full clutch was laid. Asynchronous 
hatching resulted in pronounced size differences of nestlings. Immediately after hatching, 
the first-hatched nestling was, on average, 94% heavier than the last-hatched. Clearly, a 
weight hierarchy was established, with small late-hatched young at a disadvantage. Egg 
weight increased with laying order, and last-laid eggs tended to hatch last. Thus, egg-size 
differences did not enhance the weight hierarchy due to hatching asynchrony. Early hatch- 
lings had longer nestling times than late hatchlings. The former also had a higher observed 
asymptotic weight and longer primaries at fledging than the latter. Late-hatched young were 
less likely to fledge than early hatchlings. The number of young fledged increased with 
hatching asynchrony but so did brood size. Tree Swallows appear to use brood reduction 
to maximize reproductive output, but alternative hypotheses cannot be ruled out. Received 
21 September 1981, accepted 8 March 1982. 

THEr•E has been considerable interest in the 

reproductive strategies of passerines, in par- 
ticular the maximization of reproductive out- 
put by parents through control of the mortality 
pattern of their young, as proposed by the 
brood-reduction hypothesis (e.g. Ricklefs 1965, 
Lack 1968, Howe 1976, O'Connor 1977, Bryant 
1978, Hahn 1981). A central theme of this hy- 
pothesis is that the probability of survival of 
young may not be constant within broods, de- 
pending on the exact allocation of reproductive 
effort by parents to individual eggs or nest- 
lings, the state of incubation in relation to egg 
laying, and environmental conditions such as 
the size and predictability of the food supply. 
Several rival hypotheses have been proposed, 
as discussed by Hussell (1972) and Clark and 
Wilson (1981). 

We have previously reported on the growth 
and survival of nestling Tree Swallows (Irido- 
procne bicolor) (Zach and Mayoh 1982) and will 
now explore the relationships between egg size, 
hatching, weight increase, primary-feather 
growth, and fledging. Here, we present data 
that suggest that Tree Swallows may use brood 
reduction, that is, partial loss of the brood un- 
der adverse feeding conditions, to maximize 
reproductive output, although other hypothe- 
ses cannot be rejected completely. 
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METHODS 

Our studies were carried out in 1980 and 1981 at 

the Whiteshell Nuclear Research Establishment near 

Pinawa, Manitoba, Canada. Methods are essentially 
the same as those reported by Zach and Mayoh (1982). 
In 1980 we studied hatching, growth, fledging, and 
breeding success of 35 broods but did not measure 
egg weights. Therefore, in 1981 we individually 
weighed 234 eggs (5.70 + 0.12 eggs, n = 41 clutches) 
to study size variation. On the day of laying, each 
egg was numbered and then weighed to +0.1 g in a 
small plastic bag with a Pesola spring scale. In both 
years, nests were inspected near mid-morning. 
Around hatching, some nests were visited more than 
once daily. Weight and primary-growth model-pa- 
rameter values were taken from Zach and Mayoh 
(1982), who showed that weight and primary-feather 
growth of nestling Tree Swallows can be best de- 
scribed by the logistic and the Gompertz models, 
respectively. All means are quoted with their stan- 
dard errors. Statistical tests and procedures were tak- 
en from Sokal and Rohlf (1969). 

RESULTS 

Tree Swallows have marked asynchronous 
hatching (Table 1). Of 35 broods, young from 
only 8.6% hatched all on the same day. Asyn- 
chronous hatching is probably due to Tree 
Swallows starting to incubate before laying the 
full clutch or to intermittent incubation while 

laying (Bryant 1978, Dring 1980, Clark and Wil- 
son 1981). 

Asynchronous hatching resulted in pro- 
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TABLE 1. Mean (+SE) percentage of Tree Swallows 
hatching and fledging on days 14. 

Day of 
hatching 

or Hatching Fledging 
fledging a (n = 35) (n = 29) 

I 56.8 + 4.3 50.2 + 5.1 
2 33.2 + 3..4 41.6 + 4.8 
3 9.4 + 2.2 7.6 + 2.7 
4 b 0.6 + 0.6 0.6 4- 0.6 

a Hatching day 1 is the day on which the first egg hatched in each 
clutch; fledging day 1 is the day on which the first young fledged in 
each brood. 

b In subsequent tables and analyses, day 4 hatchlings were pooled 
with day 3 hatchlings. 

nounced size differences in nestlings. As soon 
as hatching was completed, we ranked nest- 
lings according to weight and then computed 
the maximum difference for each brood. On 

average, the largest young was 93.7 + 10.8% 
heavier than the smallest. Broods hatching over 
2 days were significantly more variable in 
weight than those hatching over 1 day, and 
those hatching over 3 days were significantly 
more variable than those hatching over 2 days 
(Table 2). The percentage weight difference be- 
tween the largest and smallest nestlings also 
showed a significant increase in response to 
length of hatching period (Table 2). Clearly, a 
weight heirarchy is established by asynchron- 
ous hatching, with smaller young potentially 
disadvantaged during feeding (Lohrl 1968, 
Bryant 1978, Hahn 1981). 

The relationship between hatching order and 
position in the initial weight hierarchy follow- 
ing completion of hatching can be investigated 
by determining the hatching day of the lightest 
and heaviest young in each brood. Based on 
32 broods, 96.9% of the heaviest young hatched 
on the first day, and 96.9% of the lightest young 
hatched on the last day. These results support 

the conclusion that differences in weight of 
nestling Tree Swallows are due to asynchro- 
nous hatching. 

In many passerines, egg size varies system- 
atically with laying order, which might cause 
weight differences among young (Howe 1976, 
O'Connor 1977, Ricklefs et al. 1978, Clark and 
Wilson 1981). A nested analysis of variance of 
our 1981 data did not indicate any significant 
differences in egg weights for clutches of var- 
ious sizes (clutch size 4:1.72 + 0.06 g, n = 12; 
5:1.86 _+ 0.03 g, n = 50; 6:1.79 + 0.01 g, n = 
144; 7:1.83 + 0.04 g, n = 28). There were sig- 
nificant differences associated with laying or- 
der for most clutch sizes (Table 3). In general, 
egg weight increased with laying order. These 
results agree with those for House Martins 
(Delichon urbica) (Bryant 1975) and support the 
conclusion that weight hierarchies within Tree 
Swallow broods are due to asynchronous 
hatching and not egg size variation. In fact, 
egg-size variation with laying order would seem 
to decrease rather than enhance weight differ- 
ences of nestling Tree Swallows. 

In 8 of 14 broods, the first egg laid hatched 
on the first day, and in 11 cases the last egg 
laid hatched on the last day of hatching. From 
the number of eggs hatched on various days, 
the corresponding expected numbers under, 
random conditions are 7.3 and 5.9 eggs. These 
expected values are based on the assumption 
that each egg of a given clutch has an equal 
chance of hatching on any of the days on which 
hatching actually occurred. There is no signif- 
icant tendency for first-laid eggs to hatch first, 
but last laid eggs tend to hatch last (P < 0.01, 
Chi-square test). These results support our ob- 
servation that Tree Swallows usually start in- 
cubation before laying the last egg. 

Mean egg weights of different clutches ranged 
from a low of 1.55 + 0.02 g (n = 4) to a high 
of 2.14 + 0.02 g (n = 5). Considering all the 

TABLE 2. Mean (4-SE) coefficient of variation (CV) of weights of nestling Tree Swallows following hatching 
of the last egg and mean percentage weight difference between the lightest and heaviest young for dutches 
hatching over 1, 2, and 3 days. 

Length of hatching period (days) 

1 (n = 3) vs. 2 (n = 20) vs. 3 (n = 12) 

CV weight (%)a 5.1 4- 1.6 P < 0.01 •' 20.4 + 1.8 P < 0.01 29.4 4- 1.8 
Percentage weight difference 11.4 + 3.5 P < 0.01 86.4 + 15.1 P < 0.025 126.5 4- 11.9 

a Coefficient of variation CV = Sx' 100%lx. 
b Probability levels refer to Wilcoxoh's two-sample tests comparing clutches hatching over 1 and 2 days and over 2 and 3 days. 
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TABLE 3. Mean fresh egg weights (g) of successively laid eggs of Tree Swallow clutches ranging from 4 to 
7 eggs and mean (,• + SE) weights for all clutches. 

Clutch Egg sequence 
size a n i 2 3 4 5 6 7 

4 3 1.80 1.77 1.67 1.67 
5** 10 1.82 1.82 1.81 1.92 1.93 
6*** 24 1.77 1.75 1.78 1.79 1.83 1.83 
7* 4 1.78 1.72 1.80 1.88 1.83 2.00 1.80 

• 41 1.78 1.77 1.78 1.82 1.86 1.85 1.80 
SE 0.03 0.03 0.03 0.03 0.02 0.03 0.09 

a * p < 0.05, ** P < 0.025, *** P < 0.001, two-way analysis of variance. 

clutches, 57.7% of the variation in egg weight 
was due to differences among clutches (P • 
0.001, nested analysis of variance). Most nest- 
ling weight and primary-feather 9 growth pa- 
rameters, based on the logistic and Gompertz 
models, respectively, have a similar pattern of 
variation (Zach and Mayoh 1982). Therefore, 
we transformed growth parameter values (x - •) 
to remove differences among broods before re- 
lating them to hatching order. Nestlings that 
failed to fledge were excluded from this anal- 
ysis, because they had greatly depressed growth 
(Zach and Mayoh 1982). 

To investigate growth of nestlings in relation 
to hatching day, we carried out a one-way 
analysis of variance followed by two a priori 
multiple comparisons for each of the parame- 
ters listed in Table 4. Observed primary length 
at fledging and nestling time differed signifi- 

cantly overall (P < 0.001, in both cases), and 
the same was true for the observed weight as- 
ymptote (P • 0.05). These data indicate that 
nestling time decreased with day of hatching 
and that early hatchlings reached a higher ob- 
served asymptotic weight and had longer pri- 
maries at fledging than late hatchlings. Multi- 
ple comparisons for the weight asymptote, A,•, 
and the weight growth-rate constant, Kw, pre- 
dicted by the logistic model are in agreement 
with these findings (Table 4). Surprisingly, the 
primary growth-rate constant, K•., predicted by 
the Gompertz model suggests that late hatch- 
lings have more rapid feather growth than ear- 
ly hatchlings (Table 4). Although this result 
seems to be contradictory, it must be remem- 
bered that the age at which primaries make 
their appearance is quite variable (Zach and 
Mayoh 1982). Further, at fledging, primary 

TABLE 4. Mean transformed weight asymptote, A•., weight growth rate constant, K•, observed weight 
asymptote, observed weight at fledging, primary-feather 9 growth-rate constant K,, observed primary 9 
length at fledging, and nestling time for Tree Swallows hatched on days 1-3, and actual mean values (+SE) 
irrespective of hatching day. a 

Day of hatching b 
Actual 

I 2 3 values 

(n = 25) vs. (n = 24) vs. (n = 9) (n = 58) 

Weight asymptote A•. (g)C 0.282 
Weight growth-rate constant K•. (d •)c 0.004 
Observed weight asymptote (g) 0.180 
Observed weight at fledging (g) -0.061 
Primary growth-rate constant Kp (d •)• -0.002 
Observed primary length at fledging 

(mm) 1.287 
Nestling time (days) 0.259 

P < 0.001 • -0.236 -0.156 22.72 + 0.25 

0.002 P < 0.05 -0.019 0.51 + 0.01 
-0.027 P < 0.025 -0.614 22.44 + 0.19 
-0.017 0.222 19.75 + 0.19 

-0.003 P • 0.05 0.010 0.22 + 0.01 

P < 0.05 -0.117 P < 0.005 -3.003 56.95 + 0.54 
P < 0.025 -0.042 P < 0.01 -0.583 20.14 + 0.18 

• Except for actual values, all the values shown are mean differences, x - .•, where .• is the mean value for each brood. 
• Day ! is the day on which the first egg hatched in each brood. 
• A• and K•. are based on the logistic growth model for nestling weight and Ke on the Gompertz growth model for primary 9 length, as 

calculated by Zach and Mayoh (1982). 
• Probability levels refer to a priori multiple comparisons using modified t-tests, contrasting day 1 with day 2 hatchlings and day 2 with day 

3 hatchlings. 
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TABLE 5. Mean (_+SE) clutch size; percentage of eggs hatched; number of young fledged; percentage of eggs 
resulting in fledged youmg for all clutches of Tree Swallows hatching over 1, 2, and 3 days; and percentage 
of eggs resulting in fledged young for 5- and 6-egg clutches. 

Length of hatchling period (days) 

1(n=3) 2(n=20) 3(n=12) 

Clutch size a 4.7 + 0.3 5.4 + 0.2 5.9 + 0.2 

Percentage hatching 78.3 + 11.7 95.2 + 2.3 95.0 + 2.2 
Number fledged a 2.0 + 1.0 3.9 + 0.4 4.5 + 0.5 
Percentage fledged 45.0 + 22.9 72.6 + 7.9 78.6 + 8.7 
Percentage fledged 5 eggs 30.0 + 30.0 60.0 + 24.5 86.7 + 13.3 
Percentage fledged 6 eggs 69.7 _+ 8.9 81.5 + 10.6 

a * = p < 0.05, Kruskal-Wallis test. 

growth is only 65% completed, and this makes 
it difficult to fit growth models (Zach and Ma- 
yoh 1982). 

DISCUSSION 

On the whole, our data suggest that early 
hatchlings grow better than late hatchlings. We 
can only speculate as to whether or not less- 
developed late hatchlings have poorer survival 
following fledging than the more-developed 
early hatchlings. Heavy Great Tit nestlings 
(Parus major) survive better than light ones fol- 
lowing fledging (Perrins 1965). Garnett (1981) 
has shown that this is probably due to a dom- 
inance hierarchy based on size, with large 
fledglings at an advantage. 

Tree Swallows have pronounced asynchron- 
ous fledging (Table 1). Of 29 nests, young from 
only 13.8% fledged on the same day. The sim- 
ilarity of the hatching and fledging percentages 
for days 1 to 4 (Table 1) suggests a link: the 
heaviest and lightest nestlings in the initial 
weight hierarchy of a given nest ought to fledge 
first and last, respectively. In 8 of 26 broods, 
the heaviest nestling fledged on the first day, 
and in 7 cases the lightest nestling fledged on 
the last day of fledging. From the number of 
young fledged on various days, the corre- 
sponding expected numbers under random 
conditions are 11.5 and 12.8. Thus, there is no 
significant tendency for the heaviest young to 
fledge first, but the lightest or last-hatched 
young tend to fledge earlier than expected (P < 
0.025). It could be that sibling competition for 
food or space forced late hatchlings to fledge 
prematurely. Alternatively, early hatchlings 
may have remained longer in the nest boxes 
than actually required. Our observations sug- 

gest that fledging in Tree Swallows is not rig- 
idly linked to a fixed level or degree of devel- 
opment. 

Ignoring broods that failed entirely, the 
probability of fledging for young hatched on 
days 1, 2, and 3 was 0.82 + 0.06, 0.75 + 0.08, 
and 0.69 + 0.12, respectively. Thus, there was 
a steady decline over successive hatching days, 
as predicted by the brood-reduction hypothe- 
sis (O'Connor 1977, Hahn 1981). There was no 
significant interaction between hatching day 
and fledging, however, indicating that this 
trend is not statistically significant. 

A crucial part of the brood-reduction strat- 
egy is whether or not broods with asynchron- 
ous hatching are more productive than those 
without (Hahn 1981). In this study, hatching 
asynchrony and the consequent weight hier- 
archy in nestling Tree Swallows were not in- 
dependent of clutch size, as large clutches 
hatched significantly more asynchronously 
(Table 5). Hatching success was not signifi- 
cantly related to hatching asynchrony, but the 
number fledged was, with the more asyn- 
chronous clutches yielding more young (Table 
5). This was largely due to differences in clutch 
size, however, as the percentages of eggs re- 
suiting in fledged young did not vary signifi- 
cantly with hatching asynchrony (Table 5). 
Considering clutches with 5 and 6 eggs sepa- 
rately, percentages of eggs giving rise to fledged 
young increased with hatching asynchrony, but 
the trends were not statistically significant (Ta- 
ble 5). Too few data were available to analyze 
clutches with 4 and 7 eggs. Our results show 
that asynchronously hatching clutches were 
more productive, as predicted by the brood- 
reduction hypothesis, but this was due to dif- 
ferences in clutch size rather than asynchrony. 
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Brood reduction, as a main or back-up strat- 
egy, is most likely to evolve when the food 
supply undergoes random short-term fluctua- 
tions (O'Connor 1977). Many observers have 
noted the sensitivity of Tree Swallows to ad- 
verse weather conditions when aerial insects 

are scarce (Austin and Low 1932, Paynter 1954, 
Chapman 1955). Presumably, such fluctuations 
cannot be predicted at egg laying. Conse- 
quently, brood reduction is the most adaptive 
strategy (O'Connor 1977). Our Tree Swallow 
data indicate several important characteristics 
of this strategy, asynchronous hatching lead- 
ing to a pronounced weight hierarchy within 
broods in particular. Thus, Tree Swallows and 
House Martins (Bryant 1978) seem to have sim- 
ilar reproductive strategies. In Tree Swallows, 
relatively high growth rates (K• = 0.51 + 0.01 
d -•, n = 136; Zach and Mayoh 1982), compared 
to those of other swallow species (Kw = 0.43 + 
0.01 d •, n = 5; Ricklefs 1968), may enhance 
sibling differences created by hatching asyn- 
chrony (O'Connor 1977). 

Although Tree Swallows have the prerequi- 
sites for brood reduction, we did not observe 
it in full operation. This is probably due to the 
generally favourable weather and feeding con- 
ditions during the 1980 season (Zach and Ma- 
yoh 1982). The question remaining is how our 
results relate to some of the alternative hy- 
potheses. 

Because early hatchlings had the longest 
nestling times (Table 4), it is unlikely that Tree 
Swallows start to incubate eggs before laying 
the full clutch in order to speed up the time of 
fledging for early hatchlings (Hussell 1972). It 
is entirely possible, however, that by spread- 
ing out hatching times parents may also spread 
out the peak food demands by individual nest- 
lings (Hussell 1972). This could be particularly 
true for Tree Swallows, which have pro- 
nounced weight recession (Zach and Mayoh 
1982). On the basis of a simple general model, 
Clark and Wilson (1981) recently predicted that, 
even in the absence of brood reduction, most 

bird species should commence incubation be- 
fore laying the last egg in order to maximize 
reproductive output. Unfortunately, their nest- 
failure hypothesis is difficult to test, because it 
does not exclude brood reduction entirely. The 
nest-failure hypothesis predicts that egg size 
should increase with successive eggs laid, as 
was observed in our study (Table 3). Provided 

egg quality remains constant, this trend is not 
in agreement with the brood-reduction hy- 
pothesis. 

We agree with Clark and Wilson (1981) that 
much more data are required to increase our 
understanding of the reproductive strategies of 
birds. At the same time, the various hypoth- 
eses must be studied and contrasted to identify 
unique and testable predictions. 
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