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Birchard, G eoffrey, F . , 1979 Zoology

Eggshell conductance and resp ira tio n  during development in a 
burrowing and non-burrowing b ird .

D irector: Delbert L. K ilgo re ,

Burrows provide protection fo r  th e ir  occupants from predators 
and adverse weather. However, fo r  avian embryos a fossoria l 
existence may also present serious problems. Water vapor and 
carbon dioxide tensions may be higher and oxygen tensions lower 
than normal atmospheric levels  in te rfe r in g  w ith normal d iffu s iv e  
exchange o f these gases between the egg and atmosphere. Most 
im portantly , the high humidity would prevent the water loss nec­
essary fo r a i r  ce ll formation and hatching.

Eggs were co llected  from the burrows (mean depth 0.56 m) of 
Bank Swallows ( R iparia r ip a r ia ) and the nests o f Barn Swallows 
( Hirundo ru s tic a X  Physical dimensions, water vapor conductance
( 6̂ 20» "day" * to r r”^ ) , and oxygen consumption during develop­
ment were determined. From these data a steady-state model was 
developed to describe gas re la tion s  between the nest and the egg.

Development o f a ch o rioa llan to is  (CA) was found to increase the 
magnitude o f GH2O in both species (p <0.01 ). This increase is  also
associated w ith increases in Pm and Ap. Undeveloped Bank Swallow 
eggs have a higher Ĝ ^O (395 vs 378; p<0.02) than Barn Swallows
while with CA development there is  only a trend toward a higher 
G| 2̂0 (633 vs 545; p<0.2). This increase in  G^^O associated
with a strong trend toward an increase in Ap (p<0.1) and a s ig ­
n if ic a n t increase in Pm (p<0.G5).

There was a logarithm ic increase in oxygen consumption w ith  
development in both species. Mean pre-pipping oxygen consumptions
were 1.49 and 1.75 ml 02*h“  ̂ fo r  Bank and Barn Swallows, respec­
t iv e ly .

The greater Gy^g o f Bank Swallow eggs would f a c i l i t a t e  water
loss in humid burrows and th e re fo re , proper a i r  c e ll form ation. 
With the increase in GH2O» ^2 ^^2 conductance also increases,
and the calculated a i r  c e ll tensions of these gases in Bank 
Swallow eggs are higher and lower, resp ective ly , than those in  
Barn Swallows. This g reater a b i l i t y  to  exchange oxygen and car­
bon dioxide would be advantageous fo r  Bank Swallow eggs in l ig h t  
o f burrow gas concentrations.
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CHAPTER I 

INTRODUCTION

The calcareous shell o f b ird  eggs is  not a so lid  structure  but is  

breached by numerous microscopic pores (T y le r , 1969; T u l le t ,  1975).

The d iffu s iv e  exchange o f oxygen necessary fo r  metabolism and the e l i ­

m ination o f carbon dioxide occurs through these pores (B a rte ls , 1972; 

Paganelli e t , 1975; Erasmus and Rahn, 1976). Water vapor is  also

lo s t from the egg through these pores (Kendeigh, 1940; Romanoff and 

Romanoff, 1943; T y le r , 1969; Drent, 1970, Rahn and Ar, 1974). However, 

the to ta l loss o f water has been found to be well regulated in a l l  spe­

cies stud ied , amounting to 14-18 percent o f the in i t i a l  weight o f the 

egg and is  independent o f incubation time (D ren t, 1970; Rahn and Ar, 

1974, Rahn e t  , 1975; Ar and Rahn,1979). This water loss forms the 

a i r  c e ll in avian eggs which is  necessary fo r  hatching as i t  is  th is  

struc tu re  which provides the room fo r  the embryo to take i ts  f i r s t  

breath and f i l l  i t s  lu n g -a ir-s a c  system (Romanoff, 1968; Rahn e t  a l . ,  

1976) before pipping the s h e ll.

Because of the im portant in te rre la tio n s h ip  between shell s tructure  

and water loss from the egg, i t  would be reasonable to assume th a t as 

incubation time and/or nest conditions vary , an adjustment would be 

made in  the ra te  o f water loss from the egg, th a t is  the egg's conduc­

tance, to m aintain the same to ta l fra c tio n a l weight loss. Coles (1936)

- 1 -
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f i r s t  proposed th is  thesis in  order to exp la in  d ifferences in  porosity  

o f chicken eggs from geographic d is tr ic ts  w ith d if fe re n t  hum id ities.

More recen tly  other examples o f adaptive decreases and increases in  

w ater vapor conductance have been reported. A decreased egg conductance 

is  associated w ith  the increased d if fu s iv ity  o f gases a t high a lt itu d e  

(Wangensteen e t , 1974; Rahn e t , 1977; Packard, Sotherland, and 

Packard, 1977) and to  increased incubation times (Ar e t  a]_., 1974). In  

wet nesting birds (Lomholt, 1976a) and in  birds whose eggs are exposed 

to  abnormal nest Og and COg concentrations (Seymour and Rahn, 1978), 

an increased egg conductance is  found. I t  is  l ik e ly  th a t egg conduc­

tance w il l  also be adjusted to other microenvironments o f high humidity 

and lower O2 and higher CO2 concentrations than normal atmospheric 

le v e ls , fo r  example those w ith in  subterranean burrows.

Birds which carry out th e ir  nesting a c t iv i t ie s  in burrows are 

inaccessible to predators and insulated  from adverse weather changes, 

p a r t ic u la r ly  temperature (Hoogland and Sherman, 1976; W hite, Bartholo­

mew, and Kinney, 1978). However, burrow microenvironments are disad­

vantageous fo r  the avian egg as they are microclimates o f high humidity. 

Also oxygen and carbon dioxide concentrations in b ird  burrows may be 

considerably lower and h igher, re s p ec tiv e ly , than in  the normal atmos­

phere. In the a i r  w ith in  b ird  and mammal burrows (Table 1 ) ,  the re la ­

t iv e  humidity is  a t  or near 100 percent in  almost a l l  cases, and lev e ls

o f oxygen as low as 15 percent and carbon dioxide as high as 6 .5  per­

cent have been recorded.

High humidity low oxygen and high carbon dioxide concentrations 

have been found to s ig n if ic a n t ly  decrease h a ta b ili ty  in the eggs o f 

chickens ( fo r  review see Lundy, 1969), pigeons and ring  doves (R id d le ,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table I:  Bird and mammal burrow gas concentrations 

Relative
Species Oxygen

Carbon
Dioxide Reference

?
CD
O % Volume % Volume %
O

Average Average Minimum Average Maximum
(O'3"

i Birds
3
CD MeAopa a p itu tz A 100 18.3 15 3.3 6.5 White et a t . , - 1978

"nc
3.

lU fXUuji A ipaJua 18.1 15.1 2.6 5.3 Appendix I
3"
CD Mammals
CD"O
O Geamy^ btxAsa/Uui 88 16.8 6 0.8 2.3 Kennerly, 1964
Q.
C
a  ■ Gecmyi p i m t U 99.4 19.5 16.7 1.4 2.6 McNab, 1966
o3
■o Thomomyi b o t t a i 15.5 - 20.5 0.6 - 3.8 Darden, 1970
o3"
CT

S peA m pfU iiU  tfUdec.emtcneicUu6 18.9 13.7 1.8 6.2 Studier and Procter, 1971

CDQ. Spe/onophitui bie.c.keyi 17.6 15.4 2.9 4.0 Baudinette, 1974

1—H3"O C-ctcftU paAfLyi a tb ia u i 20 0.3 1.0 Williams and Rausch, 1973

T3
CD

VÂpodomyi apectabxXXa 100 0.5 - 1.3 Kay, 1974

3
W

VÂpodomyA m w U a m i 19.7 1.3 Soholt, 1974

5'3 SpcUaK diAenb&n^i 16.5 14.0 3.0 4.8 A rie li eX a t , ,  1977

UoAmota bAowe/u. 4.0 1.7 9.5 Williams and Rausch, 1973

OAycUûùigui c u n ic u ù u 13 - 14 7 - 8 Hayward, 1966

T a c h y g io u u i a c u te a iu i 13.9 6.9 Bentley et a t . , 1967
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1924), These decreases in  h a tc h a b ility  are probably due to the fo llo w ­

ing: 1 ) a high humidity would expectably decrease water loss from the

egg, thereby hindering proper a i r  c e ll form ation; 2 ) lower oxygen con­

centrations would decrease the p a r t ia l pressure o f oxygen in the blood 

going to the developing tissues and re s u lt in reduced tissue oxygena­

tio n ; and 3) high carbon dioxide concentrations would hinder the d i f ­

fusion o f COg out o f the egg, probably d isrupting  the blood and tissue  

acid-base balance, and lead to a re sp ira to ry  acidosis.

I t  is  my hypothesis th a t the eggs o f burrowing birds have under­

gone se lection  fo r  an increased conductance in  order to compensate fo r  

a high m icroclim atic  hum idity. This increase would allow adequate 

water loss fo r  proper a i r  c e ll formation and secondarily might also aid  

the exchange of oxygen and carbon d ioxide. To te s t th is  hypothesis, 

the water vapor conductance o f eggs o f a burrowing species and an open- 

nesting species were compared and a simple steady-state model o f nest 

and pre-pipping a i r  c e ll gas tensions was developed from these data to  

demonstrate the advantages o f such an adaptive increase.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CHAPTER I I  

MATERIALS AND METHODS

Eggs were co llec ted  from a number o f burrows o f Bank Swallows 

( R iparia  r ip a r ia !  and the nests o f Barn Swallows ( Hirundo ru s t ic a ) .

These two species were chosen because o f th e ir  taxonomic and ecological 

s im ila r it ie s  (Bent, 1963; Mayr and Bond, 1943). Collections were made 

in  June, 1978, in  southwestern Montana a t an average e levation  o f 

970 m.

The Barn Swallow occupies an open mud nest which is  usually  ad­

hered to  c l i f f s  o r man-made structures such as bridges (Bent, 1963).

Bank Swallows construct and occupy burrows in  sandy banks set well above 

ground leve l (Petersen, 1955; Bent, 1963). The burrows a t the Bank 

Swallow colony where co lle c tio n s  were made consisted o f oval tunnels 

w ith dimensions of about 4 x 7 .5  cm and had a mean depth o f 56 cm 

(range 33-82 cm). The nest chamber is  located a t the back o f the tun­

nel and is  a moderate enlargement o f the tunnel w ith a very simple nest 

o f straw lin in g  i ts  f lo o r .

The average clu tch  s ize  was 5 eggs fo r  both species. A s ing le  egg 

from each clutch was used fo r  the measurements described below, as eggs 

from the same clutch are l ik e ly  to  have s im ila r  p oros ities  (Dunn, 1923; 

T u l le t ,  1975).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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A. Physical Dimensions 

Egg volume was obtained by water displacement using a device s im i­

la r  to th a t o f Hanson (1954). The imprecision o f measurements using 

th is  device was less than 0.005 ml. Imprecision is  used here as defined  

by E is ien h art (1968).

I n i t i a l  egg weights were determined by m u ltip ly ing  measured egg 

volumes by 1 .038 , the predicted density o f a one gram egg (P a g a n e lli, 

Olzawaka, and Ar, 1974).

Egg length and breadth were determined using a ve rn ie r c a lip e r  

readable to  0.001 cm and rounded to  the nearest 0.01 cm. These values 

were used to ca lcu la te  the elongation index (length /b readth ) as an 

in d ic a to r o f egg shape (Hoyt, 1976).

Surface area o f the shell was ca lcu la ted  fo r  each egg using the 

equation o f Hoyt (1976 ). The accuracy o f th is  equation varies w ith  egg 

shape. At the elongation indices observed in Bank and Barn Swallow 

eggs th is  equation has a predicted e rro r o f less than one percent.

Shell thickness was measured using a c a lip e r  readable to 0.0001 

inches. A b a ll attachment was used to compensate fo r  shell curvature. 

Three measurements were taken on a shell fragment which included the 

egg equator, averaged, and converted to  microns.

B. Conductance, P erm eab ility , and E ffe c tiv e  Pore Area 

The weight loss method described by Ar e t ^ . , (1974) was used to  

determine egg conductance. Weight loss was assumed to be e n t ire ly  due 

to  loss o f water vapor (D ren t, 1970; Rahn and A r, 1974; Rahn e t a l . ,  

1976). Eggs were checked fo r  the presence o f ch o rio a lla n to ic  develop­

ment by candling, placed in  desiccators maintained a t 25 C, and weighed 

fo r  5 days a t  approximately 24 hour in te rv a ls  or u n til a steady weight

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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loss was achieved. Weights were recorded to the nearest 0.1 mg. The 

ra te  o f water loss (mg*day“^) was then determined using a le a s t squares 

l in e a r  regression procedure. The ra te  o f water loss was converted to  

VH2O, d ivided by 23.7 t o r r ,  the water vapor pressure d iffe rence across 

the eggshell (assuming the a i r  w ith in  the egg is saturated w ith water 

vapor a t  25 C and the water vapor tension w ith in  the desiccator is  

e s s e n tia lly  0 ) to get water vapor conductance (GygO) in  units o f ul 

STP'day”^ • t o r r " \  These values were then corrected to sea leve l (Ar 

^  aj_., 1974). Perm eability (Pm) in turn was calcu lated  fo r  each egg 

by d iv id ing  i ts  GH2O its  ca lcu la ted  surface area.

E ffe c tiv e  pore area (Ap) in mm was calcu lated  as described by 

Ar e t (1974). A revised constant as given by Rahn e^ (1976) 

was used in  th is  c a lc u la tio n . Because o f the inverse re la tio n sh ip  

between the d iffu s io n  c o e ffic ie n ts  fo r  gases and barometric pressure 

(Paganelli e;t , 1975), th is  constant was m u ltip lie d  by 760/676 to  

correct fo r  the average barometric pressure in our laboratory a t the 

time egg conductances were determined.

C. S ta t is t ic a l Analysis 

The Student's t^ te s t was used to determined the s ta t is t ic a l  s ig ­

n ificance o f d ifferences between means. A c r i t ic a l  _t value w ith a 

p<0.05 was used to determine s ig n ifica n c e .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CHAPTER I I I  

RESULTS

A. Physical Dimensions 

A comparison o f the physical dimensions o f Bank and Barn Swallow 

eggs is  shown in  Table 2. Bank Swallows have a sm aller egg than Barn 

Swallows as ind icated  by th e ir  volumes and weights. This s ize  d i f f e r ­

ence is  re fle c te d  in  a proportionate reduction o f length and breadth 

in Bank Swallow eggs when compared to Barn. Egg shape, as ind icated  by 

the elongation index, is  not s t a t is t ic a l ly  d if fe re n t ,  but shell th ic k ­

ness o f the Bank Swallow eggs is  s ig n if ic a n tly  less than th a t o f Barn

(p<0 . 001) .

B. Conductance, Perm eability and E ffe c tiv e  Pore Area 

Development o f the ch o rio a lla n to is  (CA) was found to have a s ta ­

t i s t i c a l l y  s ig n ific a n t e f fe c t  on 6^20 both species (Table 3 ) ,  the 

conductance without development o f a CA being about 2 /3  to 1/2 o f th a t 

w ith CA development in  Bank and Barn Swallows, respective ly - This 

d iffe ren ce  in conductance accounts fo r  the observed d ifferences in  Pm 

and Ap between the groups w ith and w ithout a CA present.

Because o f the e ffe c t  o f CA development on 6^20» the comparison o f 

Bank and Barn Swallow 6^20 was made using s im ila r  developmental stages 

(Table 3 ) .  In the comparison o f conductance in the absence o f a CA,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 2: Physical Dimensions of Swallow Eggs

N Wt. Volume
Surface
Area length Breadth

Length
Breadth

Shell
Thickness

Bank
Swallow

29

Barn
Swallow

38

1.5

1.8

cm

1.43

(0.10)

1.73

(0.18)

p<0.001

cm

6.3

7.1

cm

1.77

(0.06)

1.89

(0 . 10)

p<0.001

cm

1.26

(0.04)

1.33

(0.04)

p<0.001

1.41 

(0.06)

1.42 

(0.07)

N.S.

y

62.8 

( 3.6)

58.0 

( 5.0)

p<0.001

"O
CD

C/)
C/)

Note S.D. In parentheses.

?
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Table 3: Effect o f Chorioallantoic Development on Conductance, 
Permeability, and Effective Pore Area of the Eggshells 
of Bank and Barn Swallows.

s
«—H
ZT

T3 N Conductance N Permeability
Functional 
Pore Area

%-
O
3

p l 'd '^ 'to r r " ^ pl*d"^»torr"^*cm m2
O

S
CD

8

BANK SWALLOW
"O

c i- Without 11 395 11 62 0.0065
3 "

i
3

(133) (21) (0.002)
CD

"n
c With 16 633 15 107 0.011
3 .
3 "
CD (250) (44) (0.005)

"O
O
Q .
C
g

p < 0.01 p < 0.01 p < 0.01

3
■D
O
3 *

BARN SWALLOW
D *
1—K
CD
Q . Without 15 278 15 40 0.005
1—H
3 "
O
C_

(74) (10) (0.001)
"O
CD
3 With 24 545 24 75 0.010
3
( / ) '
C/)
o"
3

(99)

p < 0.001

(15)

p < 0.001

(0.002) 

p < 0.00,1
01
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there is  a s ig n if ic a n t d iffe ren ce  between species w ith  Bank Swallows 

having a higher conductance CBank = 395, Barn = 278; p<0.02). With 

development o f the CA, there is  also a trend towards higher conductance 

in  Bank Swallows (Bank = 633, Barn = 545; p <0.2 ).

Perm eability is  also s ig n if ic a n t ly  higher in  Bank Swallow eggs 

when compared to Barn both w ithout CBank = 62, Barn = 40; p<0.01) and 

w ith (Bank = 107, Barn = 75; p<0.05) the CA present. E ffe c tiv e  pore 

area shows a very strong trend towards an increased value in the com­

parison without a CA (Bank = 0 .0065, Barn = 0 .005; p < 0 .1 ), but when the 

comparison is  made w ith  a CA present, the d ifference is  not s t a t is t i ­

c a lly  s ig n if ic a n t.

C. Model o f Nest and A ir  Cell Gas Tensions 

The ra te  o f d iffu s iv e  transport o f any gas across the eggshell 

(V%) can be calcu lated  using the fo llow ing generalized equation (Met­

c a lfe ,  1967; Wangensteen and Rahn, 1970-1971):

Vx ~ Gy * APx ( 1 )

Where Gx is  the eggshell conductance to the gas and aPx is  the e ffe c ­

t iv e  p a r t ia l pressure d iffe ren ce  o f the gas across the eggshell. This 

equation can be rearranged to  ca lcu la te  aPx *

Vx
APx = ^2)

Values obtained w ith equation (2 ) can be used to  estim ate average ten­

sions o f water vapor in the a i r  surrounding the egg and the oxygen 

tensions in the a i r  c e l l .
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The PhoO between the egg and nest necessary to achieve a normal 

water loss was calcu la ted  using equation ( 2 ) and measured values o f 

GH20 - Assuming th a t the eggs o f both species lose 14 percent o f th e ir  

i n i t i a l  weight during incubation and th a t th is  to ta l water loss occurs 

a t a constant ra te  during incubation, VH2O was calcualted  using the 

equation o f Rahn and Ar (1974):

\ o =  (F - T ) ' T ' Z «  (3)

Where F is  the fra c tio n a l weight loss during incubation (% ), W is  the 

in i t i a l  egg weight (u g ), I is  the incubation time (days), and 1.24 is  a 

conversion fa c to r (y l /y g ) .  Observed incubation times o f 15 days were 

used fo r  both Bank and Barn Swallows (Petersen, 1955; Samuel, 1971).

The APwgO fo r  Bank Swallow eggs is  27 to r r  and th a t fo r  those o f Barn 

Swallows 38 to r r .

The average nest water vapor tension was obtained by substrating  

the APH2O from 47 t o r r ,  the Pĵ Q̂ w ith in  the a i r  c e ll a t 37 C. For Bank 

Swallows the average nest PH2O is  20 to r r  w hile in  Barn Swallow nests 

i t  is  9 to r r .  Assuming an a i r  temperature o f 37 C around the egg, 

these values would correspond to re la t iv e  hum idities o f 43 percent fo r  

Bank and 19 percent fo r  Barn Swallows.

The aPqo across the eggshell was also calcu lated  using equation

(2 ) .  Water vapor conductance was converted to  Ggg by m ultip ly ing  i t  

by 0.85 (P aganelli e t , 1978). Oxygen consumption during the course 

o f incubation was determined fo r  both species (P art I I ) .  The mean pre­

pipping oxygen consumption o f Bank and Barn Swallow embryos was 1.49  

and 1.75 ml Og STP*h“\  re sp ec tive ly . These Vgg values were used in  

equation ( 2 ) since they represent the m etabolic maximum fo r  the devel­

oping embryo w ith in  the s h e ll.  The APgg fo r  Bank Swallow eggs is  66
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to r r  and th a t fo r  Barn Swallow eggs, 91 to r r .  I f  these values are sub­

tra c te d  from the "e ffe c tiv e "  oxygen tension o f 149 to r r  ( a i r  saturated  

w ith  water vapor a t 37 C ), a i r  c e ll oxygen tensions can be estimated  

(Wangensteen and Rahn, 1970-1971). For Bank and Barn Swallows the 

values obtained are 83 and 58 t o r r ,  re sp ec tive ly . That is ,  the a i r  

c e ll oxygen tension in  Bank Swallow eggs ju s t  p r io r  to  pipping o f the 

shell is  considerably higher than th a t in  Barn Swallow eggs.

A ir  c e ll Pqq2 was assumed to be inverse ly  re la ted  to Pgg- This 

assumption is  reasonable given th a t the resp ira to ry  exchange ra t io  fo r  

b ird  eggs near hatching is  about 0.71 (Romanoff, 1968; V issched ijk , 

1968a) and th a t the ra t io  o f the d iffu s io n  c o e ffic ie n ts  and egg shell 

conductances o f these gases also approximates th is  value (Paganelli 

^  , 1978). This inverse re la tio n sh ip  also f i t s  well w ith the

observed gaseous concentrations w ith in  egg a i r  c e lls  where they have 

been d ire c tly  determined (Wangensteen and Rahn, 1970-1971; Wangensteen 

e t a l . .  1974).
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chapter IV 

DISCUSSION

Bank Swallows and Barn Swallows are very s im ila r  m orphologically 

and ec o lo g ic a lly  w ith  the exception o f th e ir  nesting habits (Mayr and 

Bond, 1943; Bent, 1953). This d iffe ren ce  in nesting, burrowing vs an 

open n est, creates a d if fe re n t  nest microenvironment which is  re fle c te d  

in  a comparison o f egg water vapor conductance.

E ffe c t o f C horioa llan to ic  Development 

The developmentally re la te d  increase in  water vapor conductance 

observed in  Barn and Bank Swallow eggs (Table 3) has also been found in  

the eggs o f House Wrens (Kendeigh, 1940) and more recently  in  C l i f f  

Swallows (Packard, pers. comm.). However, in  the Herring Gull (D ren t, 

1970), in  chickens (Wangensteen a j . . , 1970-1971), and in two species 

of gu lls  (Morgan, P a g a n e lli, and Rahn, 1978), there is  a constant ra te  

o f egg water loss during incubation. The d ifferences in  egg weight 

o f the birds where th is  developmentally re la te d  increase in conductance 

has been seen and species where i t  has n o t, suggests th a t th is  phenome­

non may be s ize  re la te d  and, perhaps, is  somehow in te rre la te d  w ith  the  

recent suggestion o f Snyder (1978) th a t the a llo m e tr ic  re la tio n sh ip  

between egg conductance and i n i t i a l  egg weight is  d if fe re n t fo r  eggs 

sm aller than 4 .5  g. Increases have also been found in  the oxygen
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f i l t r a t io n  c o e ff ic ie n t (Romanoff, 1943; Romijn, 1950), oxygen flu x  

across the shell (Kutchai and Steen, 1971; Lomholt, 1976b; T u lle t  and 

Board, 1976), and carbon monoxide d iffu s in g  capacity o f eggs with  

development (Temple and M etca lfe , 1970). Whether the increase in water 

vapor conductance during development is  re la ted  to changes in  the shell 

membranes or to some other a lte ra t io n  is  unknown a t th is  tim e. Because 

o f the increase in  GH2O w ith  the onset o f development, in te rs p e c ific  

comparisons o f the type being made here should be made w ith e ith e r  

f e r t i l e  undeveloped or accurately aged eggs.

In both Bank and Barn Swallows the increased conductance to water 

vapor in  eggs in which the ch o rio a lla n to is  has developed is associated  

w ith s ig n if ic a n t increases in both the perm eability  and e ffe c t iv e  pore 

area (Table 3 ) . These increases in  Pm and Ap are due so le ly  to an 

increased conductance and are not due to any changes in  physical para­

meters o f the eggs such as surface area or shell thickness.

There is  l i t t l e  data on water vapor conductance w ith which to com­

pare the present re s u lts ; none ex is ts  fo r  Bank Swallow eggs and there  

has been only one study o f Barn Swallow eggs (Packard e_t ^ . , 1977).

I t  is  d i f f i c u l t  to compare the Barn Swallow GygO and Pm values obtained 

here w ith  those reported in  the e a r l ie r  study as the developmental s ta te  

o f the eggs was not considered. However, the means o f a l l  the conduc- 

tace and perm eability  values from developed and undeveloped Barn Swallow 

eggs (GH2O “ 446 y l*d a y” * to r r “ , Pm = 62 yl-day"* « to rr" -cm” ) agree 

reasonably well w ith  values obtained from the regression equations o f 

Packard e t a l .  (1977) extrapolated to an e levation  o f 970 m ( 6^20 =

531 y l-d a y ”  ̂* t o r r " \  Pm = 72 yl *day"^ * to r r “  ̂*cm‘ ^ ) .
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In te rs p e c tf ic  Comparison 

Bank Swallows have an increased GHgO re la t iv e  to  Barn Swallows.

This increase in  GH2O appears to  be due to an increase in  the e ffe c tiv e  

pore area. Whether th is  increase in  Ap is  due to an increase in  pore 

number or pore s ize  is  not known. Pore d is tr ib u tio n  was found to be 

non-random in  both species, preventing q u a n tific a tio n  o f pore number. 

Perm eability  is  also g rea te r in  Bank Swallow eggs, the re s u lt o f the 

higher GH2O and sm aller egg size o f th is  species. The sm aller s ize o f 

Bank Swallow eggs is  to be expected on the basis o f d if fe re n t adult 

female weights (Rahn, P a g a n e lli, and Ar, 1975). Adult female Barn 

Swallows weigh 22% more than adu lt female Bank Swallows. From the 

a llo m e tric  re la tion sh ips  between GH2O and in i t i a l  egg weight (.Ar and 

Rahn, 1978), one would expect Barn Swallow eggs to have a higher con­

ductance than Bank Swallows C i-e-»  768 p i*d a y '^ • to r r ”  ̂ vs 662 y l ’ day"^* 

to r r " ^ ) ,  ju s t  the reverse o f what was a c tu a lly  observed in th is  study.

Model o f Nest and A ir  Cell Gas Tensions 

In  Table 4 , the d iffe ren ce  in  p a r t ia l pressures o f water vapor and 

oxygen and the nest and a i r  c e ll tensions o f these and other gases have 

been summarized. The average APH2O values calcu lated  fo r  both Bank 

Swallows (27 to r r )  and Barn Swallows (38 to r r )  are in  good agreement 

with previously published values on other species (Rahn and A r, 1974; 

Rahn e t al_., 1976; Rahn, Ackerman, and P a g a n e lli, 1977; Yom-Tov, A r, and 

Mendelssohn, 1978), and the nest water vapor tensions calcu lated  from 

these APwgO values are in  l in e  w ith  what would be expected given the two 

d if fe re n t  nest environments: burrow vs open nest. A Pwgo o f 20 to r r

in  the a i r  surrounding an egg in  a Bank Swallow nest (Table 4) would be 

a t o r near the saturation  vapor pressure a t normal burrow temperatures
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Table 4: Model o f Nest and A ir  Cell
Gas Tensions ( to r r )

17-

A ir  C ell E ffe c ti ve Nest

BANK SWALLOW ( I  = 15)

HgO

"2

CO,

47

83

66

A P« = 6 6

47 A = 27 20

149 155

N2

Total

564

760

564

760

585

760

BARN SWALLOW ( I  = 15)

HgO

^̂ 2

COj

Nj

Total

47

58

91

564

760

47 A P,^o = 38 9

149 157

0 0

564 594

760 760
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(20-25 C ). This prediction f i t s  well w ith f ie ld  observations over the 

two month period encompassing egg laying and fledging which suggests 

th a t  burrow a i r  is  saturated with water vapor. The soil surrounding the 

burrow was always qu ite  damp except very near the entrance. The c a l ­

culated APwgO values and f i e ld  observations ind icate  th at the Bank 

Swallow egg when compared to the Barn has undergone selection fo r  an 

increased conductance in response to a higher average nest microclimate 

humidity to allow fo r  adequate water loss fo r  proper a i r  ce ll  formation.

The pre-pipping a i r  ce ll  oxygen tensions calculated fo r  Bank and 

Barn Swallow eggs (Table 4) are s ig n if ic a n t ly  lower than the constant 

value o f 104 t o r r  suggested by Rahn elt (1974). This d ifference may 

be due to the fa c t  th a t pre-pipping Vog in swallow embryos does not 

appear to be adjusted to the longer incubation times and lower GH2O 

than expected (Rahn and A r, 1974; Ar and Rahn, 1978) and th a t swallow 

eggs are ra ther small. Hoyt, Vleck, and Vleck (1978b) have recently  

suggested th a t pre-pipping a i r  c e l l  Og tensions l ik e  conductance (Ar 

and Rahn, 1978) and V02 (Hoyt, Vleck, and Vleck, 1978a) show an inverse 

re la tion sh ip  to i n i t i a l  egg weight. I f  the a l l  ometr ic  re lationships  

fo r  Vq2 and c ited  above are combined, 6^20 converted to Ggg, and 

substituted in to  equation (2 ) then aPq^ should Increase with decreasing 

egg weight as follows:

Vq 726

(4)

Using th is  equation a one gram egg would have aPgg across the shell o f  

63.7 t o r r  and an a i r  ce ll  Pq2 o f 85 to r r .  The a i r  c e l l  pQg in small 

eggs, those less than 4.6  g, may be even more severe i f  as Snyder (1978) 

has suggested, they have a lower conductance than predicted by the
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Ar and Rahn (1978) equation.

Advantage o f Increased Conductance fo r  
Egg Og and COg Exchange Within Burrows

I f  one assumes th a t  Bank Swallows can to le ra te  the same a i r  ce ll  

oxygen tensions as Barn Swallows, i t  is  possible to estimate the advan­

tage an increased egg conductance in re la t io n  to burrow gas concentra­

tio n s . The d iffe rence between the a i r  c e l l  Pq2 values o f Bank and Barn 

Swallows (25 to r r )  can be subtracted from the e f fe c t iv e  Pgg to obtain  

the e f fe c t iv e  O2 tension (124 t o r r ) ,  where the a i r  ce ll  Pq  ̂ w i l l  equal 

th a t in a Bam Swallow egg. Assuming burrow PCO2 shows an inverse 

re la tion sh ip  to Pg  ̂ (White e t , 1978; Appendix I ) ,  th is  25 to r r  drop 

in e f fe c t iv e  Pg  ̂ would be equivalent in p a r t ia l  pressures to a gaseous 

environment composed o f 17.4% O2 and 3.14% COg. Based on personal 

observations and those in the l i t e r a t u r e ,  these values are well in l in e  

with what may be seen by the eggs of Bank Swallows. Thus, an increased 

egg conductance is not only advantageous fo r  water vapor loss but also 

fo r  the d if fu s iv e  exchange of O2 and CO2 . where the concentrations of 

these gases may be s ig n if ic a n t ly  a lte red  from normal atmospheric con­

centrations such as w ith in  a subterranean burrow.
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CHAPTER V 

SUMMARY

The eggs of a burrowing b ird ,  the Bank Swallow, and an open- 

nesting b ird ,  the Barn Swallow, were compared in an attempt to e lu c i ­

date possible adaptations to a fossoria l nesting hab it. Egg physical 

dimensions, water vapor conductance, perm eability , and e f fe c t iv e  pore 

area were determined fo r  a single egg from each clutch. From these 

data a steady-state model was developed to describe the gas re la tions  

between the egg and nest o f both species.

A comparison o f the physical dimensions showed th a t Barn Swallow 

eggs were la rger but o f the same shape as Bank Swallow eggs. This size  

d iffe rence is  mostly the re su lt  o f d ifferences in adult female weights. 

The sm aller egg of Bank Swallows also has a s ig n if ic a n t ly  th inner shell 

than th a t o f Barn Swallow eggs.

A s ig n if ic a n t  increase in water vapor conductance ( 6^20  ̂» Perme- 

a b i l i t y  (Pm), and e f fe c t iv e  pore area (Ap) were found to be associated 

with the development o f the ch o rioa llan to is  (CA) in both species. Be­

cause of the e f fe c t  o f CA development on GygO* the comparison between 

the Bank and Barn Swallow eggs was made with s im ila r  developmental 

stages. Without CA development. Bank Swallow eggs have a higher 

than Barn Swallow eggs, while w ith CA development, there is  only a 

trend toward a higher GHgO- This increase in  GH2O undeveloped Bank
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Swallow eggs appears to be due to an increase in Ap. Permeability is  

also g rea ter in Bank Swallow eggs with and without a CA re la t iv e  to  

Barn Swallows. The increases in  G^gO Bank Swallow eggs re la t iv e  to 

Barn Swallows was ju s t  the reverse o f what would be expected from the 

developed a llo m etr ic  re la tionsh ip  between and egg weight.

When the water vapor conductance data determined here were used 

in  developed steady-state models describing the re la tionsh ip  between 

egg gas tensions and those in the nest, i t  appeared th at the increase 

in  GwgO o f Bank Swallow eggs was advantageous in  two ways: 1) i t  would

allow the necessary water loss fo r  proper a i r  ce ll  formation in the more 

humid environment w ith in  a burrow and 2 ) i t  would f a c i l i t a t e  d if fu s iv e  

O2 and COg exchange under abnormal m icroclim atic gas concentrations.

Bank Swallow eggs seemingly have undergone selection fo r  an increase in  

GH2O to compensate fo r  the higher PH2O and Pq q ^  values and lower Pq  ̂

values encountered w ith in  burrows.
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PART I I

EGG OXYGEN CONSUMPTION IN TWO SPECIES OF SWALLOWS; 

ONTOGENY AND RELATION TO PREDICTIONS
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CHAPTER I  

INTRODUCTION

The developmental pattern of oxygen consumption (Vog) and the mag­

nitude o f i t s  pre-pipping value has been o f great in te re s t  to physio­

lo g is ts  studying avian eggs (Romanoff, 1968; Rahn, Paganelli, and Ar,

1974; Hoyt e t  a l * .  1978a, 1978b).

I t  now appears th at there are two basic patterns in the ontogeny 

of oxygen consumption, each associated with the type of young hatched: 

a l t r i c i a l  or p recocial. A l t r i c i a l  birds show an exponential increase 

in  oxygen consumption throughout development with a substantial r ise  in  

Vq2 upon hatching (Hoyt ejb , 1978a). While precocial species show a 

s im ila r  exponential increase, but fo r  a prolonged period before hatch­

ing there is  a "plateau" period followed by a r is e  in V02 ju s t  before 

and a f t e r  hatching (Romanoff, 1968; Drent, 1970; Rahn e;t aQ_., 1974;

Hoyt e t  , 1978b). Pre-pipping Vq  ̂ is  o f considerable importance as 

i t  is  the maximum atta ined  while the chick remains w ith in  the shell and 

is  in tim a te ly  re la ted  to  the a i r  c e l l  gas tensions which have been 

proposed as the stim uli fo r  hatching (V is s id i jk ,  1968b; Rahn e t a l . 

1974).

A ir  c e ll  gas tensions are a function o f both Vq  ̂ and egg O2 conduc­

tance and are also supposedly constant fo r  a l l  eggs a t the time ju s t  

p r io r  to  pipping (Rahn ejt , 1974). Several re la tions  based on these
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assumptions have been proposed to p red ic t from i n i t i a l  egg weight, 

water vapor conductance, and incubation time. In th is  study the onto­

geny o f Vg^ in two species o f swallows was considered and the exp eri­

mentally determined pre-pipping Vg  ̂ values compared with those obtained 

from the p red ic tive  equations.
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CHAPTER I I  

MATERIALS AND METHODS

Bank Swallow (R tparia  r ip a r ia ) and Barn Swallow ( Hirundo ru s tic a l  

eggs were co llected  in June, 1978 in southwestern Montana and returned 

to the laboratory in  Missoula. Eggs were then weighed, placed in a 

numbered cotton nest, and incubated a t 3 7 + 1 . 5  C.

Oxygen consumption of each egg was measured d a ily  a t  37 C using 

microrespirometers constructed using the design of Davis (1966). Tem­

perature was maintained by submerging the respirometer chambers in 

water baths. "Ascarite" was used as a CO2 absorbant. A fte r  tra n s fe r  

of the egg to the respirometer, 1 h was allowed fo r  temperature re­

e q u il ib ra t io n  before the vessel was sealed and readings recorded.

Oxygen consumption determinations lasted 40-120 min, and micrometer 

readings were recorded every 10-15 min depending on the magnitude of 

the Vog" A least squares l in e a r  regression analysis was performed of 

the micrometer readings over time to determine the rate of change in 

Tjm*h"  ̂ which was then converted to ml Og STP*h“ \

Embryonic age (D^^^) was determined in two ways: 1) i f  hatching 

previous data were traced back from th a t  point and 2 ) i f  the embryo died 

a f t e r  12-13 days o f incubation, time to hatching was estimated by auto­

psy and then traced back. The reported incubation times of 15 days were 

used fo r  each species (Petersen, 1955; Samuel, 1971).
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CHAPTER I I I  

RESULTS AND DISCUSSION

The re lationships between Vgg and D.^^ shown in Figures 1 and 

2 fo r  Bank and Barn Swallows, respective ly . Both species show an expon­

e n tia l increase in Vog with the greatest increase occurring upon hatch­

ing (C). The regression equations and standard e rro r of the estimate

fo r  the pooled data fo r  each species are:

Bank log = 0.09585 0.^^ -  1.2405 s ^ ^  = 0.001

Barn log = 0.09635 -  1.198 s^.^ = 0.001

S ta t is t ic a l  analysis shows th a t embryonic age accounts fo r  90.4% and 

88.3% o f the v a r ia tio n  seen in VQg in Bank and Barn Swallows, respec­

t i v e ly .  This ontogenetic pattern in Vq  ̂ is  typ ica l o f other a l t r i c i a l  

avian species (Hoyt e t  , 1978a). Pre-pipping Vq  ̂ was 1.49 ml 

Og'h"^ in Bank Swallows and 1.75 ml Og-h"^ in Barn Swallows. These 

values agree well with values (1 .48  ml Og'h"^ and 1.69 ml Og'h"^) pre­

dicted from the a llo m etr ic  re la tion sh ip  proposed by Hoyt ^  (1978a)

fo r  34 species based on i n i t i a l  egg weight in grams (W):

V« = 26.4 W'726 ( i )
^2

Where W equals 1.5 g and 1 .8  g fo r  Bank and Barn Swallows, respective ly .
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In 1974, Rahn proposed th a t pre-pipping a i r  ce ll  gas ten ­

sions are very s im ila r  fo r  a l l  birds (Pgg “ 104, Pqq2 “ 37 to r r )  and 

th a t these concentrations act as the stimulus fo r  hatching. This 

supposition combined with previous work by the same authors showing 

th a t fra c tio n a l water loss over the incubation period is  also nearly  

constant (14-18% of W) (Rahn and Ar, 1974; Rahn e^ , 1976; Morgan 

e t  a l . ,  1978) led them to suggest th a t Vgg is also adjusted to water 

vapor conductance (G^go) and incubation time ( I ) ,  pre-pipping Vog 

being p o s it iv e ly  corre la ted  with GHgO and negatively correlated with I .  

These re lationships between Vgg and G^go and I  are presented below.

I f  equation (1) is  m u lt ip lie d  by the following a llom etric  r e la ­

tionship predicting incubation time from W (Rahn e;t ^ . , 1974):

I = 12.03 W'217 (2)

and rearranged, pre-pipping of swallows can be predicted from equa­

tion  (3 ) using the observed incubation times of 15 days fo r  both swallow 

species (Petersen, 1955; Samuel, 1971). With equation (3)

Vq = Ü Z i U i  (3)
I

the predicted fo r  Bank Swallow eggs was 1.32 ml O^'h"^ and was 

1.59 ml Og'h"^ fo r  Barn Swallows. When the predictions from th is  equa­

tion  are compared with the experim entally obtained values i t  is obvious 

th a t VQg has not undergone any reduction to compensate fo r the longer 

than predicted I (predicted incubation times from equation (2) is :

Bank = 13 days. Bam = 13.7 days) in fa c t  the percentage d ifference in  

V02 between observed and predicted is  almost equivalent to the percen­

tage d ifference in  observed and predicted I .
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Ar and Rahn (1978) have recently  proposed a constant re la t in g  W,

I ,  and GHgO fo r  a l l  eggs:

— ------= 5.13 t  0.86 (4)
W

I f  equation (4 ) is  solved fo r  I  and substituted into  equation ( 3 ) ,  Vq  ̂

of swallows may be predicted from Gî Ô (equation 5) where Gn20 is 0.510 

mg*day~^‘ t p r r ”  ̂ fo r  Bank and 0.440 mg*day"^-torr"^ fo r  Barn Swallows.

With equation ( 5 ) ,  the predicted VQg fo r  Bank Swallow eggs was

\  = 61.9 GHgO (6)

1.32 ml Og'h"^ and was 1.13 ml Og-h"^ fo r  Barn Swallows. The results  

o f th is  equation show th at is  not adjusted to Ĝ ^O these species 

p a r t ic u la r ly  in  Barn Swallows where the predicted value is 36% less 

than what has been measured here.

Bank Swallows show b e t te r ,  although not good agreement, with the 

value obtained using equation ( 5 ) ,  but th is  agreement may be a spurious 

one. Bank Swallow eggs are la id  in burrows and appear to have under­

gone an adaptive increase in conductance associated with a high micro- 

c lim a tic  humidity. This increase in conductance would also aid in the 

exchange o f  Og and COg w ith in  the burrow which may be s ig n if ic a n t ly  

d if fe re n t  (Og lower, COg higher) from normal atmospheric (Appendix I ) .

The oxygen consumption values determined experimentally and pre­

dicted from equations 1 , 3 ,  and 5 fo r  Bank and Bam Swallows have been 

summarized in Table 5. The im plications of the predicted values obtained 

with equations 3 and 5 are th a t a i r  c e l l  Pq  ̂ should be much lower and 

PcOg much higher in these species than the constant values proposed by 

Rahn e t  al.. (1974). This confirms previous calcu lations (P art I )  and
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supports the recent suggestions by Hoyt e t  a l . (1978b) th a t a i r  ce ll  

PO2 may not be constant in a l l  species but show a positive  re lationsh ip  

with egg weight, and th a t the re lationships between and I and 

and Gh^O should be reexamined.
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Table 5: Comparison o f experimentally determined and
predicted oxygen consumptions fo r  Bank and 
Barn Swallows.

Oxygen Consumption (ml Og'h"^)

Bank Swallow Barn Swallow

This study 1.49 1.75

26.4 W'726 d )  1.48 1.69

317.6 (3) 1.32 1.59

61.9 (5) 1.32 1.13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31 _

CHAPTER IV 

SUMMARY

Oxygen consumption (V02 ) during development was determined in two 

species o f  swallows. The experimentally determined pre-pipping  

values fo r  both species were then compared with those calculated from 

ex is ting  p red ic tive  equations based on i n i t i a l  egg weight, incubation 

time ( I ) ,  and water vapor conductance (G^go)-

Both Bank and Barn Swallow embryos show a logarithmic increase in 

oxygen consumption throughout development with a substantial r is e  in 

V02 occurring upon hatching. This pattern is s im ila r  to that observed 

in  other a l t r i c i a l  species. Experimentally determined pre-pipping VQg 

values also agree well with those predicted on the basis of egg weight 

fo r  both species, but showed a marked divergence with those predicted  

on the basis of I  and 6̂ 20» This lack o f agreement between experimen­

t a l l y  determined and predicted Vg^ values based on I and G^^g suggest

th at pre-pipping a i r  c e l l  oxygen tensions in swallows should be much

lower and carbon dioxide tensions much higher than the constant values 

proposed by previous investigators  as the stimulus fo r  hatching in other

b irds. The findings here support the proposals o f Hoyt et al_-» (1978b)

th a t a i r  ce ll  oxygen tension is  inverse ly  re la ted  to i n i t i a l  egg weight 

and th a t the re lationsh ips pred icting  pre-pipping Vg  ̂ on the basis o f I 

and GHgO need to be reexamined.
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APPENDIX I 

Microenvironmental Conditions 

Within Bank Swallow Burrows 

The physical dimensions and number o f chicks occupying burrows from 

which gas samples were taken over a 24 h period are summarized in Table 

A l . Oxygen concentrations (_%) o f these d ie l samples appear in Table 2,  

COg concentrations in Table 3. Gas concentrations in other randomly 

co llected  samples are reported in Table 4. The mean and standard devia­

tion  fo r  a l l  ^COg and determinations were 2.7±1.84% and 17.9+2.18%, 

respective ly . Temperatures w ith in  two occupied burrows are summarized 

in Table 5 and Figure 1.

Relationship Between COg and Og 

Concentrations 

Within Bank Swallow Burrows 

A ll burrow gas concentration data were combined. The re lationsh ip  

between percentage Og and percentage COg was analyzed with a le a s t-  

squares l in e a r  regression analysis . The regression equation and standard 

e rro r  o f the estimate was:

%0g = 21.07 -  1.17 (%COg) Sy.x = 0.32
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Table 1: Physical characteristics of burrows sampled fo r 24 h experiments.
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Table 2: 24 h burrow Og concentrations
Data fo r  Ju ly 26-27, 1978.

2 4A 5 6A 7 8A 1
Time
1755 19.82 21.07
1855 19.19
1955 19.95 20.33
2050 18.25 18.58 19.28
2145 15.94 19.26 18.23
2250 19.54 17.77 20.03
005 17.24 18.87 15.11
0120 19.49 17.19 20.46
0220 15.19 20.36 16.86
0320 19.91 20,13 16.77
0420 17.21 19.37 16.99
0520 20.83 17.12
0630 16.91 18.49
0720 19.95 20.14 19.28
0805 15.30 19.75 16.23 20.50

4ean 20.00 19.16 16.30 18.16 19.32 16.78 20.60
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Table 3: 24 h burrow COg concentrations (%
Data fo r  July 26-27, 1978.

2 4A 5 6A 7 8A 1

Time
1755 1.28 0.41
1855 2.32
1955 1.23 0.49
2050 2.58 2.34 1.54
2145 4.67 1.48 2.07
2250 1.36 2.76 0.42
0005 3.47 1.68 5.35
0120 1.29 3.43 0.40
0220 5.18 0.36 3.88
0320 0.96 0.63 3.88
0420 3.21 1.40 3.78
0520 0.65 0.68 3.47

0630 3.63 2.26 4.15

0720 0.771 0.51 2.30
0805 4.96 1.02 4.26 0.41

Mean 1.04 1.40 4.19 2.64 1.51 3.92 1.43
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Table 4: Determinations o f burrow gas concentrations.
July 1978.

Burrow

Date
Depth
(cm)

Oxygen
1%)

Carbon [
L%)

7-15 45 18.22 2.17
42 20.29 0.57
36 17.91 2.69

7-16 47 15.06 4.51
64 15.66 4.27
52 14.14 5.41

7-17 53 13.99 6.01
52 14.41 5.65
72 16.55 3.85

7-18 71 13.21 6.68
68 15.89 3.84

7-20 70 15.69 4.57
70 14.18 5.94
72 13.2 6.74

7-22 71 14.53 5.70
64 16.05 4.11
72 18.1 2.46

7-23 72 15.27 5.01
64 16.72 3.66
72 18.24 2.35
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Table 5: Burrow temperature data

Burrow A Burrow B
Time Temperature °C Time Temperature

1943 28.8
July 26. 1978

2100 27.68
2105 28.64 2150 27.62
2145 29.16 2250 28.09

0000 29.8
July 27. 1978

2355 28.08
0045 30.05 0050 28.28
0220 29.96 0215 28.59
0319 30.05 0322 28.82
0420 29.98 0417 28.68
0519 30.32 0525 28.63
0632 29.80 0628 28.66
0716 30.09 0720 28.62
0805 30.07 0803 28.72
0946 29.88 0944 28.42
1046 30.67 1040 28.25

1224 30.76
July 28, 1978

1224 28.51
1322 30.19 1322 28.27

1424 30.60 1427 28.14

1519 29.67 1516 28.01

1617 29.58 1619 27.97

1719 29.53 1722 27.97

1840 29.38 1826 27.91
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