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"' .ABSTRACT - - . . B

T A portable gauge based on’ the beta—backscatter prlnc1ple was",

. P
character1zed and used to measure the shell quality ‘of 456 eggs la1d in

i colony of common terns, Sterna hizdndo L., located at Buffalo Lake,

»

Alberta, in 1972 The nestlng success of this colony was 51gn1f1cantly
' .

lower than that attained by other populatlons of this spec1es. The - low

nestlng Success resulted from higher rates «of egg dlsappearance, egg

damage, and embryonlc death.

~

Hatchabllity was pos1t1ve1y correlated w1th shell quality. Egg
disappearance and egg damage were negatlve]y correlated w1th shell
quality. Chicks from eges wlth low quallty shells had poorer drpth\
perception or were leSSPmotlvated by stimuli provided by ‘the vis:al
cliff than chicks which hatched frOm eggs with high quallty shells
Dentlng of shells accompanied ‘an _increase in magnesium and phosphorus
‘contefit and a deczease in, thlckness which was not accompanied b;‘a
decrease in calcium content.' Shells in which embryos diéd“had fewer and

N

larger mammillae,which were more 1rregular in their distrlbution and
.

e

'*if§3Er pores than shells of viable eggs.' Evaporative water loss of eggs,

which failed was 38 percent less than from eggs whlch hatched, reflecting

a reduction in pore area. “:

“ ot
o

The mean psp'-DDE content of 44 eggs collected from the chlony in

1972 vas 3 80 ppm w/w (0. 50-11 08) Food items’ contained a mean of .
/F‘ W
- 0. OZ’ppm. Egg DDE residues\were negatively correlated w1th the- thlckness

index of the shell Dented eggs contained a mean of 6. 77 ppm DDE and

1

had a thickness index which was 17 percent less than the mean for a ;

-

pre—DDT sample.'

Tt




Y C : : :
f’embryonic failure, similar abnormalities in shell strueture and

evapora§ﬁve water loss, and abnormal depth perception in declining

reproductive success of the common terns nesting at Buffalo Lake.

y
A reviey of recent literature indicates”that'DDE has. been

- - . c 1 ' L z
lassociated w1th:increased rates of ‘egg disappearance, egg damage}

-
’

3

populations of raptorial or. piscivorous species and/or in laboratory

,studles.v It is suggested that DDE induced abnormalitles in shell

i .

structure and compos1tion are respon51b1e for shell damage, which results

4

in egg dlsappearance, and for embryonic death through respiratory
failure Hence, a mechanism of pathogenesis in addition to carbonic

anhydrase 1nh1b1tion ‘is proposed which is actlve in the presence of very
T
low -levels of DDE and which appears to be responsible for reducing the

P

A comparison with causes of reduced reproductive Success and

-

chemical and structural characteristics of pre—DDT'and recent eggshells < gl

of the American.nmrlin, Faleco coZumbarzus, indicates that the relative
. [ _ .

importance of various causes of Leproductive failure differs between

o

AR

terns ‘and falcons. Eggshell th{z:;:g'and resulting egg damage appear to

[
+

be the major cause of reduced rep uctive success in falcons. "No
h . : o
marked structural abnormalitles accompanied this shell thinning. However,'
. [
shell thinning of falcon eges - was.accompanied by a marked decrease in - /
. ' N :
)

calcium content.- : - - .

There would appear to be interspecific variation in sensitivity

- to’ DDE and in the mechanism of pathogenesis. This may account-for thef

variability in results of field investigations and must be considered

g
wheén predicting the outcome of reduced environmental contamination.

. : 4
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o INTRODUCTION .

ﬁ ﬁwhlorinated hydrocarbons, particularly p,p '-DDT (1,1,l-trichloro-

'

/ »
2 2-bis(p chlorophenyl)ethylcneé and its environmentally widespread. and

1

more stable metabollte p,p '-DDE (1 1- dichloro 2,2 —bis(p chlorophenyl)

('\‘ ~

ethylene) have been implicated in recent decreases in relative weight of

‘eggshells of bird- and fish-eating predatory birds, and the accoﬂpanylng

degfease in their nesti:ig. uccess'?Andersonland Hickey, 1972; Blus et aZ.
1971;"Cade et al,, 1971; Gress.et al.; 1973; Lincer, 972, and R tclifre,
1970). To- date there have been no studies df the relative imp ntance o{ﬁ
‘>¢ the hbndr\j§\she¥%é the DDE content of the yolk ;E\“’éu and pafental\¢/[/

behavior in these decreases in nes}ﬂng success

r e

‘ Ehe common tern, Sterna hirundo L., is a common colonial-nesting,
piscivorous species which is abundant in Alberta. The colonial situation °

"offers the oppon&dnity to examine a_ large number_of'eggs produced by
. 8enetically related individuals (Austin, 1949,'1951) subjected % a

'commbn-set of proximate environmental variables. Eggs of this spec1es
¢

collected from Alberta colonies contain levels of DDE that are comparable

. ﬁ?
to those observed in some declining species (Switzer et aZ , 1971

[N

Vermeer and Reynolds, 1970) % The nesting success of common * terns nesting

in recent years. at Chip Lake, Alberta,’ has been low (Sw1tzer et aZ., in

.

press), but there is nq;evidence of a population decline.

" . The objectivés Ofithis study were to determine' (D) how-the
—_— B :
nesting success of an ‘Alberta colony,compares with Lhat attained by

other populations of this species, (2) if any relatlonship exists:

between eggshell quality and nesting ;:success in common terns,
o ) - "'!:.,&‘ ;

»

1.



5

\,‘shell gland mucosa of DDE—dosed pekin ducks Afas platythncho

(3) what chemical, structural, I »" iological characteristics of the
eggshell accompany egg fadluve: ar 'l 4 if. any variation in parental or
chick behavior accompanies var. noin eggshell quallty .

()

The avian eggshell serves as a r1g1d contain®r, a m1crob1al

barrier (Bosxd. and Halls, 1973; Walden et aZ;, 1956), the source of
3

skeletal calcium (Simkiss, l96l), and the principal resistance to\gaseous
" ' :

exchange (Wangensteen et al., 1970/71) for the developing embryo. &

. Changes in any of these parameters could conceivably,influence hatch-
. ‘,.4_ 3 ‘ /
abilityt ' : C . o

‘ Thé eggshell is composed of of _an inner and an outer shell membrane,
NG

éggd the calcified shell. - The formatioh of the eggshell is initiated in

the 1sthmus reglon of the ov1duct where‘bhe shel1 membranes “are secreted

by the tubular glands. The nucleation sites of the biomineralization
. . : o )

process, the mammillary cores, are thought to be formed in the’isthmus'
region, whereas calciflcation oéghrs in the shell gland (Simkiss and
' Taylor, 1971) The cells of the gland,secrete carbonic acid into the
-19men where it can combine with'diffusible'calcidm ions.derived from
medullary bone'tovform calcium c"uonate in the form'of calcite. Hence,
vdecreased‘shell weight reflects decreased'calcium carbonate’content.
Carbonic aﬂﬁd formation 1nvolves catalysis by the enzyme carbonic . 1“(;}
vanhfdrase. \Spec1f1c 1nh1b1t10n of this enzyme results in thin—shelled
eggs (Gutows ‘and Mitchell, -1945) and decreased shell weight (Bernstein

et_aZ.,l1968) Carbonic anhydrase levels in the shell glands of captive

American kestrels F&Zco spaverius varied inVersely with dietaf%lDDE and

direCtly,with shelliquality (Lincer, 1972). Pritchard et dZ. (1972)

A

gbxamined the components of the calc1um carbondte—forming mechifism in=the

They

LA

4



: dose—responSe relationship existed between the degree of carb6nic

\ ”;‘ v | . . | . ) \~v i . ‘ 3

o

found no change in the calcium—binding}pro:éin‘and ATPase activity, but a

: 4

F . : .
anhydrase inhibitioniand the level of\mucosal DDE. Purified avian

carbonic anhydrase is distlnct from other carbonic anhydrases in certaln

_of its chemical properties which may reflect 1ts sen51t1v1ty to . '«

chlorlnated hydrocarbons (Bernstc1n and Schraer, 1971 Serlne and
’ Y
Schraer, 197{). v S
The ‘bulk of the ev1dence, both fronljaboratory and field studies;
“ e :

implicating chlorinated hydrocarbons in eggshell thinninﬁ and decreased

. !
reproductive success, has been based on the determinatlon of residues and

shell quality values 1n»a sample of eggs (in some cases only those which

failed to hatch), and Telating these to the-reproductive success,.of the

Lo

population by'making‘comparisons with those values obtained fo other

populations. "To date, no one has published a study of the fate of

1ndiv1dual eggs of known shell quality in a single population. Such a

2

study necessitates the use of a non-destructive method oﬁ?heasuring‘

eggsheli'quality in the field. The betafbackscatter method designed by .
. - ) ) : ) ‘ » . .
James and Retzer. (1967) is such a technique. .

Backscattering is.a simultaneous response to three distinct

'fproperties of €he target: the nmass- of the constltuents, their .depth

distribution and the crystalline structure (Nicolet et aZ., 1972)

/

Hence, in a gauge ‘based on the_beta—backscatte%%principle, the‘response

is to the quantity of shell materiai present, andbdoes not differentiate .

~

h’between Variation.in density'and Variation in thickness: Studles of - *

variation in shell characteristics ahong domestic fowl 1ndicate that beta-

b&ckscatter (BBS) corrclates highly with shell thickness and strength ‘as

‘measured by impaot resistance (WLlson et aZ., 1968) and’ non—destructlvc j/

3

. . .

”



deformation (Huht_on > 1969).

3
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STUDY AREA AND BASIC BIOLOGY OF THE TERNS

The colony chosen for study was located on an. 1sland 1n Buffalo

‘

._Lake, Alberta (52° 20 N., 112° So* w. ), approxlmately one kllometer from

Rochon Sands ProVincial Park« The 1sland is approx1mately one hectare in

area and has a maximum elevatlon of 1.5 meters above water level. The
“ -~ . . ) /"
terns occupied a sandy area approximate%ﬁ 0. 25 hectare in extent at one

3

--end of the istard. The substrate of thé remaining area d1d not appear to

»

be su1tab1e tern habltat and was occupled by some 1,000 pairs of gulls,
Larus delawarenszo and L caZﬂﬁorrzcus. ‘Hence the pull and tern COlonleS
- were spatlally separated The 1sland was frequently visited bvfthe publlc

but signs placed at strateglc locationS'were very effective in reduc1ng'

human dlsturbance.

When the colony was first visited on May 11, 1972, the lake was
~ |

still covered_ ith slush ice and only five terns were observed qu May

-

20, seven terns were seen but no nestlng scrapes were located Three

[E 9

- - »
‘eggs and some/ 100 terns were observed on May 24 Laying-continued

. through July 13. An increase in the number of terns in the colony was
observed be. een June 7 and 14. The first chlck hatched on June i6 and
the first f ying young were: observed on July 17. Downy voung were .

observed a

late as August 16. A decrease in the number .of adults waspf=m'

first noted on Augwﬁg 9. On September 10 the island was dev01d of

\ Lo

terns. search of the lakeshOFe located three adults and 15 to. 20
flying oung. Conversations with local re51dents 1nd1cated that few
terns had been seen in the previous week. o -_‘ o g}/

'.NiHQCYfSix'fOOd items found in or near mnest scrapes or protrudingﬂ

By



¢ from ‘the mouths of chicks were 1dent1f1ed Burbot, Lota lota, usually

- o

weighing less than a gram and about 4 cm in length, constituted 77 percent
N .

of the.food brought to the chlcks (frequency-ba31s) ‘Brook sticklebacks,

"Culaea‘znconstans, accounted for 12 percent and spottail shiners, ]
_Notropzc hudsonzus, -an add1t10nal 4 percent The;remainder consisted of
-dragonfly nymphs (Odonata) and a chorus frog, Pseudocris tricerfata;_ No
diﬁferenceg were noted hetﬁeen the composition of food items hrought.to

the chicks and those brought to 1ncubat1ng 1nd1v1duals or captured and

‘eaten by hunting adults.
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N MATERIALS AND METHODS

4

N

.y .
BETA-BACKSCATTER GAUGE, AND COUNTING PROCEDURE .
| e ~ | |
i? The original deéign of James and Retzer (1967) was. the basis for:
‘ ' S S _ :

the gauge.used in this study. However, the original design was not
' operable in the field. Mr. F. Anderka of Custom Electronics Ottawa,
designed and buil; the entire portable version. The egg'holder which ' ;/)
contains both the radioactive source and ‘the Geiger—Mueller detector, ‘was
'.fabricated as—specified by the U.S.D.A. (l968). The radioactive source
;was 10 mlcrocuries of Ruthenium 106 and was fabricated by H Pressly of

the Oak Ridge Natlonal Laboratory, U S Atomic Energy . Comm1551on. The

finished gauge consisted_of the counting device--which 1nc1uded al, 2, 4,
T .
N
8, and 16 second timer, a six- d1g1t decade counter, and a test: c1rcu1t

_ y , .
the power source--a 12 volt rechargeable gelled electrolyte battery; and
. " the egg holder (Flgure 1). These,three\fomponents were fitted into a

foaﬁ-rubbér—lin%ﬂ~wooden case'with ‘a removable 1id. The case prov1ded

‘shelter and shade during the counting operations, and protected the
electronic components from shock and the xeather during transport.. The,

finished unit was compact, light highly portable, and functioned well

. B /
© under field conditions (Figure. 2c) . S %

The distance between the eggshell and the source is fixed by the
design of the ho.der and ‘thus is constant (Figure 2d) Hence the BBS.
':count reflects the activity of the. radloactive source, the degree to
P

which the eggshell being measured reflécts (backscatters) the beta

particles, and the duration of the c¢ount. This_necessitated standardization
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A

Figure Zf

’

-

(A) Adult Common Tern. (B)

| :

A typical dented tern egg. (C) The

complete BBS device with egg in counting position. The 1id which

it g s ¥,
holdér showing beta source

apparatus. Chick is on.the
from the “cliff,"

) fsﬂused'a§ a standard is in the foreground. (D) Detail of egg—

(arrow) and egg supports. (E) Egg-

. holder with tern egg in counting position. (F) Visual cliff

- visually'shallowside and facing away

T
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-of‘the_counting procedure.x\The following procedure was adopted for all .
BBS counts. At the beginnlng ‘and end of eaeh countlng se531on, three

»,

successive 8-second counts were taken w1th thekmetal lid in place on the
: - . :

. The counter

* ' 8

.was then zero'd and three successive counts were takekh with- the lid

removed. The total count over the 24~second period was \recorded as the o
; . . L Pl o

background count. The standard count minus Ehe backgroun count for the
counting session was regarded as the;"standard value." . Eggs or eggshells k\

‘ere placed on the holder so that their waist was centered over the

source, counted for 8 seconds, rotated 120°, counted for anoth r 8

seconds, rotated another 120° » and counted for a final 8 second . .The

<

: ’ ‘ 4 L
total count obtained over the 24-second periog thus represents th

‘summation of counts for three well-separated p01nts on the c1rcumference

1Y

.of the waist ofathe eggshell The total count for the egg was reco%ded

‘The total count for the egg minus . the background count was regarded hs the
- / - \
"egg value." The reZatzva BBS value for- hhe egg‘represents'the ratio\of

i

 the "egg value" to the "standard value" expressed as a pefcéntage. . I

' o - o A ,\\ --//./"/»
/.‘%\-  FIELD S S

- Forty-four «isits were made to the colony betwben May 20. and
August 16, 1972, and a total of 136 hours 'was. spent in the colony. -

4
Visits were made when possible, Bétyween 0800 hours and 1100 hours, and

were limited to two hours in length The terns _soon became accustomed to

< N

v R ‘
"the’ observer and only individuals nesting and resting immediately adJacent

- to the observex would flush on approach



WA

’ L5
.was marked on .the nest stake and on eaih’;gg of the clutch w1th a felt

- was searched for new nests on each v151t, and the contents of each nest-

~Nisbet and Drury (1972) _: I : ﬁb”

- L 12

Each nest was marked with a 45 cm length of‘lath, The nests were

given . consecutive numbers in the order they were found. "~The»nest‘number

pen. When known, the sequence of laylng was also recorded on the eggs.

o

Each egg was welghed -when fresh ,fo the nearest-0.10 g on a torsion

balance and its shell quallty measured'”‘ h the BBS gauge. The colony :

sn e
v v

wére recorded at 48—hour intervals, weather permlttlng. All eggs were

e
w»

examined for cracks and dents each tlme a nest was checked Eggs whlchy:.r

were cold when examlned\were placed on thelr large end and if they
l .
remained in that position on the next v151t, they were regarded as

abandoned. , o o R L o /

e Nl . q'.:,

*A number of nests were fenced, elther 1nd1v1dually or 1n a- "roup

'w1th " poultry nettlngagﬂThe nettlng was cut and dug 1nt§ the ground 1n

such a manner that the fences were 30 to 35 cm h1gh as_;ecommended by lﬁ
Baerends (1969) has recommended egg. dlsplacement as a mtthod of

determlnlng the 1nten51ty of 1ncubat10n lnctinct in 1arids. Speciadsi?

-,v151ts were made’ to the colony, durlng ‘which an egg was d1splaced ﬁrom “h

,J

Y
number of selected nests. Oné egg in each of 80 nests was dlsplaced

(:7' ' - /
period The observer returned to the colony 30 minutes later and ‘ '

-

recorded whether or not ‘the eggs had been returned to the nest scrape in

1 \\ . T e

vthe test period., L‘?- - : oo o "h)'

's » : PR i

AW ALl eggs which faﬁled to hatch. were damaged or were abandoned

bl ‘.
as well as samples of fresh egg&u

nd eggs representing the range of

relative BBS’ values encountered ‘were: collected.' Their cOntents vere :

[ . . -

. N : . Feoee .
. : - , . . R . . B -
. - . R ‘a ~ .
: - . LR @
> .

u'

!approx1mately 10 ¢ from the nest scrape early and ‘late in the incubation '
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~blown into labeled h. .~ c—rlnsed glass Jars w1th alumlnum foll lined 11ds

»

,and'stored'at-15° C,; The in51de of the eggshell was r1nsed repeatedly

With dlstilled water and then aIlowed to dra1n and air dry. :

o Evaporatlve water loss. of selected eggs was determlned by welghlng

the | egg on two or more succeSS1ve V181ts. The surface area of the egg

- - P
e ]

.66
’was calculatcd ,as 4 14 x: fresh egg: weight. (g) (bLsed on data presented

)

for the arctlc tern, Stprna paradzsaeq,xn Drent 1970). Evaporatiye
N . m )

water loss ‘was expressed as mg/cm2 per day.. ’

All young were banded w1th a Canadlan W11d11fe Serv1ce ‘band when

first observed, and every effort was made to ascertaln the 1dent1ty of

o

the egg from which they hatched. Young produced in: fenced nests were
f WEighed to the nearest gram ‘with a Pezola sprlng balance and thelr tarsusi

v

length and w1ng chord measured to thd nearest mllllneter w1th a flehlblé <

<

o _ .
plastic %uler ‘ These young were welghed and measured at . 48- hour

iﬂtervals, weather permlttlng, ‘to determlne thelr rate of - growth. The

faEntity and condltion of alI CthkS encountered on each v151t were. Tf
f‘ recorded ‘.1‘ ‘ vd o ‘,T. S . Lo - : ~
o Fifty- five young‘were tested on a visual c11ff when three to N
o eight days of age. The visual cllff con51sted of a 40 cn x 35 cm pleﬁlnﬁy
'nglass platform over a slldlng cliff- 30° cm deep, which was. palnted in a .
k ==

{black checkerboard pattern, surrounded by a 15 cnm wooden fence (Figure
Zf): The testing procedure was to locate the Cllff edge in the mlddle of

the field and to place the ch1ck on. the plex1glass so 1t was at the edge

of- the,"cliff " The chlck was given three m1nutes to choose the shallow

‘or the’ deep side by stepping backwand 'rward, respectlvely. Care was

taken to ensure thatjthe chick.actuallyﬂlgoked down at the floor at least



once during the test period. If it did make a choice, the procedure was

'.repeated by sliding the "cllff" 1nto a new position to correspond with
the. chlck ssnew pos1t10n. A chlck which did not react in- three minutes’

' was recorded as 'no response. If for any reasQn the response was

'questlonable, the 1nd1v1dual was retested late ‘during ‘the same visit, or

~

'on the next v1s1t. Older chlcks were too aggre531ve to be tested

'_:u’

: .'whereas chlcks of less than 72 hours of age had difficulty supportlng
6

themselves on the plex1glass floor. ChickS»that were tested,on two or
‘nore’occasions were consistent in their response. No attemntvwas made to
orient the'"cliff" in any regularffashionvwith‘regard to the sun.
However, the cliff was: placed in the same location for all tests and

: orientatlon .was probably relatively con51stent.

L &
- LABORATORY

Egg Measurements ‘ ' . oo -

. The length (L) and hrcadth (B) of the,air—dried eggshell were
'measured to O.lbmm with a dial calioer; The weight was. determined to the.

nearest 0.001 g on a Mettler top—loadlng balance or in the case" of eggs

in mseum collections, O 01 Qn a tor51on.balance. These measuremer‘s '

-y.were used’ to calculate the surfdce’ area (SA), the thickness index (TI), )

. >
Z,and weight per unit surface area (mg/cmz) as follows.

| IR DI |
SA (cm2)‘ = 4.3 3:14 x Lx

o 8266
e R S T 6 , R

Q; ‘weight -(mg) . . - -
TL = 1 (mm) x“ﬁ e _(Ratclitte,‘l967)o ; N

mgfcm? = Veight (mg) .. R

SA (cm?)



A sample (ca l‘ﬂmz) was cut - from the waist of: those shells which
‘were)chosen for chemical analySis, using an abraSive disc powered by a
“Dremel Moto- ~Tool+ The average thickness of this sample w1th attached

membrane was. dctermined to the nearest 0. 005 mm us1ng a,modified

Mitutoyo dial micrometer'(Lewin, 1970).

Chemical Analysis

7
!

The shell sample was weighed to the- nearest O 001 g, boiled in
S

2.5 N sodium hydroxide until the membranes were released, rinsed in
distilled.water, and allowed to digest overnight in 10. O ml of l 0 N

hydrochloric acid. PO \ o » - -
] - o 3
The mggnesium concentration of the undiluted digest was determinéd
with a Jarrell—Ash atomic absorption.spectrophotometer us1ng the 285.2.
nanometer absofption:line and an air—acetylene flame. Calcium was
:.(determined in a. 1/400 or 1/1 000 dllutloﬁfﬂf the digest using the same o
instrumentj operating in the emission mode, using the 422'7 nanomete{
line and nitrous oxide~acetylene flame. Calibration was done using a
.1/100, 1/200, and ‘1,000 dilution of an- aqueous stock standard containing
{ 1 000 ppm calcium and 300 Ppm magnesium. This stock standard nas prepared
' by dissolving 3 676 8 CaCl,"2H;0 and 3 043 g MgSOn 7H20 in deionized |
glass distilled water and diluting to 1 liter.
The phosphorus content of the digest was determined by the
-colorimetric method of Hardwood et aZ i(l969) as outlined inchppendix 1.
A Hitachi Perkin—Elmer 139 UvV-VIS spectrophotometer and 1.0 cm light—path o
-cuvettes were used to measure the concentration of the resulting colored |

complex at 890 nanometers.

.. An eggshell control ‘was prepared by‘grinding numer%us chicken ‘ -'/

A ! L R . . \_/ . ‘ ’_
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S

eggshells, wiich had been previously boiled kg 2 5 N sodium hydroxlde, to

~a fine powder. Tuo hundred and flfty milligrams of thlS powder was

digested in 25 ml of 1. O N hydrochloric acld This shell digest was,used“

as a control in all chemical determinations; o . F\U

r T

~item was used in the homogenate. ' )

Chlorinated Hydroca:bon Residue Analzsis"

2‘ .
v : -4 . _ ' '
The frozen egg contents were thawed, weighed to the nearest 0.01 g3

and homogenized. The weight of the homogenate used in the clean- up
%
procedure was gorrected to the equ1valent of 5. 0 4 of fresh egg contents

o

by the follow1ng formula: o . .

weight of total homogenate
~weight of fresh .egg - weight of shell

5.0'g x
Food items were removed’from the 4 percenr formalin preservitive,vplaced

~

“on paper towels, and the formalin_.allowed to draiﬂifrom-themp The éntire

<

The clean -up procedure was that of Bonelli (1966)\employ1ng a

Florisil column as outlined in Appendix 2 Identification and quantifica—.

: tion of reSidues in the eluate: were performed by Mr. W. Al McBlain»usi\g

~.a Varlan Aerograph 600D gas liquid chromatograph equipbed w;z? a 250

microcurie tritium source electron capture detector,kand a rian

Aerograph model 20 strip chart r%corder- A 1. 6 m glaés column packed

' with a'1l:1 mixture of 10 percent DC-ZOO and 15 percent QF1 on 80/90 mesh

-Anakrom ABS was used for the separation of comp(nnds. The carrier gas was

purified nitrogen at a flow rate of 70-83 ml/mir The oven temperature

was 175° to 185° C. Quantification»waS’based on comparison of peak "

heights to those of standards containing muétiples of 10' ‘g/ml of ]
o,p —DDE p,p '-DD%., Dieldrin, o,p —DDT p p ~DDD, p,p .~DDT, and’ T



O )
S o SR

'Hethoxychlor, or 107% g/ml of Aroclor 1254. Only p, —DDE was quantlfied
. psp

5 as it was the only chlorinated hydrocarbon 1nsect1c1de present in

\- jp apprec1able quantltles 1n any of the samples. Recovery of a known amount

.

!

"p>p'-DDE which ‘could have been present in tracefamounts.

..
of p>p —DDE from a tern egg was 113 percent and the reproduclblllty of

recoveries was 10;25 percent Polychlorlnated biphenyls (PCB' s) were '

present 1n all egg samples but no attempt was made to quantlfy them The

0
. ‘ L
)

interferenco of PCB 8 prevented the deteqplon of. inSSii;c1des other- than

. Bacteriological Examinations

ﬂ‘Bacteriological‘examination of‘egg contentsiconsisted of inoculat—

ing the thawed egg contents by means of a cotton 'swab_on brain- heart

infusion and MacConkey agar plates The swab was then placed in fluid

——~

thioglycollate medium. The plates and broth were incubated aerobically

‘at 37° C. Preliminary 1dent1f1cation of organisms was based on colon1a1

+

. morphology, Gram é stain, lactose fermentation and reactions on triple—

sugar iron agar and urea agar. F1na1 ide tification was prov1ded by
Dr. M. Finlayson of the Prov1nc1a1 Laboratory of Public Health
Objects from the env1ronment consisting of soil debris from the

feet of dead chicks,'and swabs from the snrface of food items were treated

in-a similar manner.

.Scanning Electron Microscopy (SﬁM)‘

Small fragments (ca. 3 mm2) were removed from the waist of

'selected eggshells ‘for SEM examination. Contact cement was used to mount

: 5, three shell specimens OR'a sing1e~stub. .One piece>of‘nntreated'shell C

wasvmounted'face up. Another, treated with b01ling 2.5 N sodlum

hydroxide to remove the membranes was mounted %!ce down Pieces of -

D



e

) . | : T BT
untreated shell which had.been cleanly broken from the egg: were mounted
in a perpendicular boéitioh. Thus, it was'possible to obtain views\;f‘
the external sorface{\the internal surface with membranes remored,‘ahd
the structoral.e%ementsvid sagittfi_section by examiding one stub.

K The stubs with mounted egésheils were coated with'gold in a vacuum_‘
evaoorator and‘subsequently examihed'with the technical ass.stance of

-

Mr. George Braybrook using a Cambrldge Stereoscan S4 SEM located in the
Depaff%ent of Entomology of thls Unive 1t§

Photographs of representatlve and selected portions of: these
fragments werevtaken at standard’magnifications. Contact.PrEEts of the
resultlng 25" x 24" images were dsed for‘studyland:quahtifiCation. The
'total number of pore openings a the'total number:of mammillary bodiesi
present'in:the representative.field of the internai 5urface were counted.
' Ail other observations were.of;a qdalitative'nature: Admittedly, there
was much varlatlon in the dlstrlbution of ultrastructural elements
within the total surface area. 'However, by‘selecting tHe-sample from
the waist of the shell and by quantlfylng‘a representative field rathd’
. V4 .

than an exceptional f1e1d,'1t was hoped that ‘bias would be elimlnated

and statisticdl comparisons would be valid. ‘ {_-‘ L

Calculations and Statistics

’

Calculatlons and statlstlcal analyses were - performed ‘on .an
!

'Olivettl—Underwood Programma lOl desk'calculator—computer. Programs for
3 : - ‘ : ' :

- . 3 ~ A
the calculatlon of relative BBS, TI, SA, and various chemical parameters

werejwritten_by Dr. B. Chernick.

-

uStatistical'programs used were thosc prcsented in the Programma 101

v

statistical manoal. TwO—talled and unpaired tests were applied in -all

A}

"%
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cases. “Unless otherwise stated, the signif1Cance level was OtCS. Non-
parametric tests were applied whenever the normality of the data was
questionable.“ Critical nelues wvere those presented in Roscoe (1969) ana‘,"
Scb%fler,(1969)r gqomperisons hetneen percentage were madeohy the method
of Sokal and Rohlf (1969:607-608). | |

CHARACTERIZATION OF THE BETA—BACKSCATTER RESPONSE

It was necassary-to determine which of the routinely measured

fcharacteristics of eggshells are reflected by thekBBS measurement.

~

Correlatigns betweeniBBS and nhysicaluand chemicellpsrameters most - N
commonly’measnrea nere calculated for four sppcies_representing'three
.ondé%s (Table 1). It is‘clear that those parameters which have a welghth
‘component are. highly correlatedf Welght is a fun\tlon of mean thlckness
‘end density. . Density'is.a function of chemical composition and'
- concentration. Caicium aﬁé magne31um are two of the three major cations
' present ih the avian eggshell " No measurements were made ‘of pota331um,\m
the other maJor catlonlc component but the relatlvely hlgh correlatlons.
between BBS and the'calcium, magne51um content 1nd1cate that the BBS - B
’,‘response is predommnantly a functlon of catlon'contentk bThlckness was
measured to t e nearest 0. 005 -mm, whlch was the lipit of accuracy')kéége.
.author_s opinion: - In thln—shelled spec;eg (i.e., quﬁll and tern) the |
apnarent~1eck.of response to shell thickness may very well reflect the
\ .
lack.éf sensitlvity of the thickness measurement anq the resultlng large)
number of tied thickness values. | o | |

' The response of the BBS gauge to 1nterspec1f1c differences 1n
o Height of shell per unit area for 12 species represgnflng nine genera in
r ' : N
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OF EGGSHELLS OF JAPANESE QUAIL J9), COMMON TERN (CT),.

)

TABLE 1

Y

CORRELATIONS BETWEEN RELATIVE BBS AND PHYSICO¥CHEMICAL MFASUREHENTS‘

AMERICAN MERLIN (AM),.AND PRAIRIE FALCON (PF)

.20

@ Tk
.  Variables - Correlationvcoefficient (Tg)

. » a .. ‘ - b ‘ . vb

BBS vs, JQ (26) CUCT (29) . AM (23) PF (22)"

Thickness, mm 0.195 0.300 | 0.521%* 0.824%x S
Weight, mg 0.829%% 0.861%* 0.880%* 0. 719**
Thickness Index ' 0.703%* 0.962+% 0.902%* 0.839%+
Ca plus Mg, mg/cm? 0.712%* 0.654%*% - . 0.547*% 0.618*%%

(Sample'sizé)

T *%p < 0.01.

Japanese quail eggs” supplled by Laboratory Animal SerV1ces,

University of Alberta.‘

o

G

" R. Storer, E. R. Blake, S. G. Sealy, and P. Van Stamm.

3

bFalcon,eggshells supplied:By.R. W. Fyfe, J. H.-Enderson,fC._White,



five orders .is illustfated in Figure 3. This is the response

21

.

theoretically predicted from the‘aerivation-of "relative BBS." The

K

‘fesponseAto’intraspecific variation in ueight per unit area in fresh;;
intact common tern eggs and eggshells of the Amerlcan mer11n F&Zco
icolumbarluu; was also determlned (Flgure 4. Clearly, BBS is sensitive to

inter— and intraspecific'uatiation in cation content and thiekness of

‘ eggshelis. |

The term "thlcknese as used in recent llterature refers to both

- L
the actual measurement of shell thlckness and to measurements of shell

weight. As thicknéss can be.1ndependent of weight and does not reflect
chemical and structral variation, this usage is clearly in error. I
have chosen to use the term "shell quality" to refer to any of a number

of parameters includlng tdlckness, thickness index (relatlve welght),

relative BBS, chemical content structure, and‘porosity.

/
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Figure 3. Thé:xe ponse of the BBS device to'in;etépecific differenceh,in‘l”

"' (3) common tern, (4) American kestrel, (5) sharp-shinned hawk,”

(6) American merlin, (7) marsh hawk, (8) peregrine falcon,

(9) goshawk, (10) ferruginous hawk, (11) golden eagle, and

(12) white pelican. The shrike, eagle, and pelican eggs were

- - of sizes such that.they could not be pos:lfioned'properly-henceh

altering. the geometry of the device and resulting in their

- deviation in linearity. ‘ Values plotted are means (n = 6 to 10

except for eagle where n = 2). Eggs measured are in the
ral Sciences, Ottawa,
and the Royal Ontario Myseum, Toronto. = : : ‘

collections of the National Museum of Natu

.

N
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(- . - RESULTS AND DISCUSSION.

NESTING SUCCESS OF. THE BUFFALO LAKE TERN COLONY, 1972 .

" A total of 473 eggs. were 1aid'in 226 nesting attiafts,.resulting
in a mean clutch size of 2?1 eggs Of these eggs, 288 (61 percent)
hatchedl At 1east 133 of these 288 chicLs (46 percant) survived for 14‘
daYs. Hence, minimal productlon in terms of 14~ day old chicks was 0.28
per egg laid, and 0.59 per nesting attempt -Eighty- three percent of
chick mortality occurred w1th1n the: first 14 days and hence the figure
' of 0 28 chick per egg laid closely approx1mates nesting success.

There are two approaches to assessing nesting successl One is to
make comparisons to that theoretically requircd to maintainia stable
populatlon. Alternatively, I have chosen to v1ew it in terms of
comparison with other populations of the same species. Langham (1968)
and Nisbet (perS. ‘comm.) have made intensive studles, using similar
methods, of colonies on Coquet Island, Northumberland, and coastal
Massachusetts, respectively. Their findings are presented here as
arbitrary standards with which tc measure the relative nesting success
of the Buffalo Lake terns in 1972 (Table 2) The reproductive effort
of the Buffalo Lake terns in 1972 was appreciably less successful than

these arbitrary standards.‘ The decreased success was.largely the

result of egg.dlsappearance,veggfdamage; and emhryonic failure.
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vTABLE 2
x
FATE OF EGCS FROM THRBE POPULATIONS OF CO‘IIION TERNS,
EXPRESSED AS A PERCENTAGE OF TOTAL LAID
[
* , : a - Location of cblony )
i - Y , ‘
Buffalojﬁake' Coquet Island Bird Island
Alber Northumberland '  Massachusetts
© 19723 ; 19650 . 1971¢
=45 . =580  n =200+
P : ‘ S
: 4 ) - . .

: Hatched * '’ 614% 7 . gg : 94
Disappeared S : . 5k% - e 0 ' h 0~
Cracked or dented 4% ' 1.5 ~ 0
Embryo failed ® oy R 2
Abandoned » - 6 : S ' ) 3
Fledged young - : : 28%% ‘ 52 R 71

4This study,’hLangham (1968)3 CNisbet (@er%. c¢omm. ).
*Significantly dlfferent from Coquet Island (P < 0. 05)

.**Significantly dlfferent from Coquet Island (P < 0. 001)
\_ : . -~
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Measurements of- &56 fresh agﬁs Iald in, ,the Buffalo Lake colony in/
a C L,‘}’ oo

,21972 revealed a range of relatlve BBS values of 66 3 to 79.5 percent. [A
‘ total of A16 of these°eggs ‘was used for statlst1cal analy31s.u Eggs were
.placed in one of seven classes of equal width spanning the range of Bi#
values from 70.0 to 76.9 percent. Eggs were also subdivided on'the bakis
s . . :
of their laying\sequence withln the'clutch (i.e.} 4-, B;;Aand(Cfeggs);

The resulting cla;;éi\contalned 6 to 110 eggs. Classes containing.less
0
than seven eggs were omitted from the ana1y51s. ;?ﬁé various components
, v

of nesting success weré calculated for each of the BBS classes. The

“

values obtained for each component. were ranked The relatlonship of ‘BBS
to nestlng success was determlned by comparlng the ranks of the o -

components. to the rank of the BBS class, u31ng Spearman s Coeff1c1ent of
e

Rank Correlatlon (rs) The results of these calqulatlons are summarized

‘J

in Table 3. Shell quallty; egg we1ght and llpid content decrease in -~
Successive eggs of ‘the clutch Ain- the(xmnmn tern (Dunn 1972a) In the.
Buffalo Lake colony, no slgnlficantAdlfference in mean shell quality
(BBS) ex1sted between A- and B—eggs, but C-eggs dlffered signiflcantly

‘From A-eggs. vThe welght of A—, B—, and Cfeggs were all 51gnificant1y

different from 4ﬁh otﬂ? . Hence any toxlcant induced varlabllity in

shell quality isylupirifpnséd upon/natural 1ndiv1dual and intraclutch

PRV

7variab11ity. Thﬂs natural variablllty may mask any correlations result-

i_ing from the effects oP toxicant —induced véﬂlability Aif eggs are -

@ : N -

considered51ndegendent of. their laying sequence. A—eggs are present 1n

_all\clutches, have the,vighest shell quallty, and are the heaviest in any

"

.
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clutch, and as such are the least biased group for(statistical analysis.
Clearly hatching success and its components——egg quality, egg disappear-
‘.ance and embryo surv1va1——are correlated with shell quality. Chick
survival was not correlated_with shell quality although it approached
significance'inl&-and(}-eggsyf These relationships were further tested

o Pl ) : -
'by conparing‘the ;EAﬁfﬁﬁé value for eggs which hatched-with the means for,.v
the various failure categories. Eggs which hatched had significantly
higher shell quality than those‘uhich were dented, cracked or which
disappeared, or in which the embryo died (P <'% 01, t- test) Dented
shells had the lowest mean shell. quality of any group tested.

Dented shells were.31gnificantly thinncr az percent) than,a random4
sample in. the Chlp Lake colony (SWitzer et al., in press) Eggshells of '
'the common egret Camerodzus aZbus, and the great olue heron Ardéa
herodzas which weré broken during incubation verc thinner than those
' frcm _eggs which hatched (Faber et al., 1972) Prairie falcon F&Zco

)

mexicanus, clutches whose representative thickneSS'index exceeded 1. 75‘

\

fledged 2.6 young per pair whereas those whose representative thickness
index was ‘less than l 45 fledged 0.3 young per pair (Enderson and Berger,.‘
,1970) roken and deserted eggs of the Cooper s hawk Acczpzter cooperiz,'
had shells 15.7 and 17. 8 percent thinner than the pre—DDT mean (Snyder

et al., 1973).
RELATIONSHIP OF SHELL QUALITY (BBS) TO PARENTAL BEHAVIOR
IN THE BUFFALO LAKE COLONY IN 1972 |

The ‘causes of hatching failure may be subdivided into those which

are related to behavior (dlsappearance abandonment pecking, or eating),
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l and those whlch are the result of a defect in the egg itself (infertility,
“embryonic death, cracking, dentlng, rotting) Chl —square anal;s1s,, ;‘

P
grouplng eégs into three d1v151ons containing those with BBS values of
'less than 72, 72 to.74 and greater than 74 percent? indicate that the
dlstribution of éygs'which_failed as a result of defects in the eog

’

differed 31gn1ficantly fror that of eggs whose failure was related to
behav1or, and from that of eggs which hatched (¢ < 0. 005\ The
distribution of eggs,whoselfailure was related to behavior did not differ

from that of eggs that‘hatched. Egg disappearance was negatively By

' correlated with shell quality. Fallure due to abdhdonment was p051t1vely »

bo °

;k_correlated with -the. mean date of clutch 1n1t1at10n (r; = +0.76, P < 0. 05)
g Failure resulting from pecking uas not correlated w1th shell quallty‘

No difference was detected in -the tendency to retrleve an egg from
the nest rim between parents whose eggs had high BBS values and @hose
-whose shells had low BBS values. Thls 1nd1cates that no differences in
the intensity of 1ncubat10n instinct accompanied variation in eggshell
quality. Ospreys; Ebndion'haliaetus; producing thin—shelled eggs and
having a history of low reproductive success raised chlcks successfullv
when given "foster eggs produced by pairs w1th a hlstory of high
reproductive success (P. Spitzer, pers. comm. ) Enderson et al. (1973)
detected no abnormalities in films of parental behav1or of unsuccessful

tundra“peregrines, Falco perearznus when compared to those,of successful

pairs.
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RELATIONSHIP OF SHELL QUALITY (BBS) TO CHICK BEHAVIOR

IN THE BUFFALO LAKE COLONY IN 1972

Seyenteen chicks»from‘eggs with BBS values in excess of 74 percent
were‘tested on the visual cliff. Thirteen (93 percent) of the 14 chicks
(82 percent) which reacted to the v1sual 51tuation chose the visually
.shallow side. In contrast, of 14 CthkS from eggs'w1th BBS values of

'less than 72 pcrcent,konly four (66 percent) of the six (29 percent)
Whlfh ;eacted chose the v1sually shallow 51de. The dlfterences in the ;y
proportion of chicks reacting and .in ‘the proportion of CthkS tested
iwhich responded favorably are statistlcally 51gnificant (P < 0.10 and
P < O 025 respectlvely, Chi- ~square). This behav1ora1 difference ‘was
independent of fresh egg weight, and the weight or age of the chick at
testing; Avoidance of thefcliff edge is 1nd1cat1ve of depth perceptlon.,
Thus, there appeared to be a- significant difference in the depth
perception in chlcks from eggs of Jiffering shell quality in the Buffalo
Lake colony in 1972. Nisbet (pers. comm, ) tested tern chicks in the
;Massachusetts colonies in 1973, using the 1dentical procedure, and found
93 percent of those whlch responded’chose the shallow side.p The majorityﬂ
of the terns he tested reacted to the Yisual stimuli. _

An anlmal s. ‘response to the lack of visual support is‘unlearned
(Walk and Gibson, 1961). - In the gulls, Larus argentatus and L

artrzczlla a negative edge response was. detected ac 24 hours of age or
less (Emlen 12\3 Hallman, 1968) ‘ The normal feeding pattern of tern
chicks requires that they recognize the presence of a fish in the _parent's
'beak and accurately and actively peck at the head rather than the tail
'(Quine and Cullen, 1964) Thus, der'h or distance perception must have

-survival value to the tern chlcks."'
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EGG DISAPPEARANCE . S

‘Thlrteen percent of’ eggs whlch falled?ln the Buffalo Lake colony
1in l972,d1sappeared. Gulls were repeatedly drlvcn from the v1c1n1ty of
the tern colony and several were kllled by the Lerns durlng the course.
of this study. The few eggs whlch.were destroyed by gul.. were locatedv
in peripheral nests. Dunp eggs (S 6 percent of all eggs uald in th¢

coIony) Were laid in all areas of thc colony and remalned intact as long

G

i

as 28 days.' This suﬁgests dhat it. wad not unattondcd e which'

O .

' dlsappeared.‘s,_ : ) o [:.,: o

The stage of" 1ncubat10n at whlch eggs d1Suppeared diff= red\
's1gn1f1cantly from random (@ < 0. 025) : Randon disappearancc would be
expected if’disturbance was the cause. Forty eight . cout dlsappeared
durlng the last week of 1ncubat10n and another 36 percent after they had
been incubated for at- least the modal. 1ncubat10n perlod of 21 days.:‘Thls
distrlbutlon is very‘slmrlar to&that of eggslwh1ch were broken Sevent)—
two percent of broken eggs were rotten and‘the maJorlty of rotten. eggs

‘~
were cracked.

In a recentkstudy of black ducks Anas, rubrtpes, fed DDE 42

percent of the . eggs dxsappeared from the nests durlng 1n'
and Samson, 1973) All of these ' eggs had been ‘cracked before dlsappear—

1ng. The eggs were removed by the hen and dep051ted :in the water trough

)

Two species of anatids nesting in the wild ‘have been observed to remove"

i

eggs with cracked shells placed in their nests and o depos1t them in ,
—_—
nearby water bodies (Sowls, 1955). Hence, a mechanism for detectlon of -
)

cracked eggs exists in the anatids at least, and such eggs are usually

" removed from the nest. It is likely, then, that the h1gh rate of egg -

ation (Longcore |

r



is at fault as the maJority of mortallty occurred very early in:embryo—

32

»

disappearance from the nests of the DDE-dosed ducks was,a diréct result
: » , ) ¢

.of the fact that 58 percent of the eggs laid cracked. Néhton (1273)

presents strong circumstantial eyidencebthat egg eating and disappearance

in recent nestings of the sparrowhawk, Acciditer nisus, followed initial

damage to the egg. The incidence of egg disappearance in the Buffalo

Lake terns in 1972 was very similar to that of cracks and other damage.

1 suggest that egg disappearance and breakage in the Buffalo Lake colony

were large’y the result ofﬂparentalvdetection of egg failure, posaibly by
‘ , v " :
visual detection of cracks, olfaction in the case of putrifagtion, or

-éudition in inétancgs of late embryonic or pipping deaths. I .further

_suggest that these faulty eggs vere. eaten, thus conserv1ng energy as small

fragments of -shell and drops of egg contents were often found in the nest
, ~ ‘ L

scrape.

EMBRYONIC FAILU

~ Embryonlc failure was, responsible for 't least 53 percent of the

eggs that failed to hatch (21 percent of those 1a1d) Sixty-one percent -

o

of theseveggs were addled, 17 pertent_died during the firét week, 4 percent

. during the'second'week and‘lS percent during the.third week including

14 percent which d1ed during pipping.vahis distribution differs

A"\

31gn1f1cantly from a constant rate (P < 0 005), which might be expected»
C s

,;/

4 oy -
v

genesis. The proportlon of addled eggs to deaths of visible embryos is

“significantly higher ‘than that observed in eggs of Sterna paradzsaea

nesting on. Machias Seal Island in 1937 (Pettingill 1939) Embryonic

failure occurred in less than 5 percent of 868 eggs produced in recent

nestings of a colony of caspian terns, Hydroprogne cas pza in Finland

T

T o et
Y

if dlsturbance was the cause. It is unlikely that embryonic nutrition'“.%b"”
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(Soikkeli, 1973). The age distribution of embryonic deaths observed in

v , . } v Y ’ !
Buffalo Lake terns in 1972 does not differ significantly from that
observed in recent nestingsiof the sparroyhawk (Ne&ton,'l973).‘ Hence;

“
. o)

the rate of embryonic failure in the anfalobLake colonv'is significantly
'higher than that obseérved in other tern species and resembies that of a
declinlng population of eparrowhawks hsav11y’coh%an1nated w1th
_-chlorinated h)drq_grbons. - ”;"

-~

- MICROBIAL DECOMPOSITION OR ROTTING

b ) 7.) : I‘:s‘ "‘
: . . . N 2 ~

. B
'The contents'of 350 percent of the‘eggs which'failed as a resE?%
of egg defects ‘showed obv1ous signs of microblal decomposltion (bad
odour, discoloratlon, and abnormal con51stency) .Cracking'and_rotting

were not 1ndependent (P < 0.005). Cracking may beftheyresult of

proddctionvof gases within the egg by microorganians. The ydcro—

o . ‘ . . oy

Organisms may be present in the oviduct when théAEgg 1s*formed or they
v i

may gain access to the egg contenbs through abnormal pores defective

rY

-cuticle, or cracks in the shell. Bacterla of five: genera were 1solated

-

fromvthe egg contents and the Buffalo Lake envxronment (Table 4) All
. . m N
were Gramfnegative coliflora. - Xleb 3cZZa sp. and E. COZL would appear

‘to be the microorganisms most frequently assoc1ated with egg failure.

The high incidence of KZebszeZZa sp. in fresh eggs may indicate that

:is present in the ov1duct. The incidence of other. spec1es assoc1ated-“
with egg failure’ parallels-that in the environment. Protcue sp.-and
Streptococcuq$fbecaltu'were isolated from embryonated eggs of kestra 3

which failed to hatch in a captive breeding progect (Porter, and Wiemey r,

o ./‘
. f

1970) However, nest box san}tation did not .appear to be 1mportant in

- )

%
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. 2
TABLE 4 '
) .

INCIDENCE.OF MICROéRGANISMS IN THE ENVIRONMENT

AND EGG CONTENTS OF BUFFALO LAKE TERNS

o

Incidence in percent

Microorganism — —
4 : . .
Environment (12) Fresh eggs (5) . Failures (27)
Klebsiella sp.* 17 60 - 56
‘ Ae_ro@achter‘sp. o » »8‘ ) . 0 . , .'1,8
Escherichia coli - 58 0 : 41
: . ) ; : : :
Proteus sp. o (} 33 ‘ 0 . o .22
Aeromonas ::p; “ 8 1,1‘ .0 v 7
- ' *( ) = number of items sampled.

- *Organism most like X. edwardsii var. edwardsit.
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causing embryonic mortality in, one wild population of this species

(Heintzelman, 1971). ' : '

CHARACTERTSTICS OF TERN EGGSHELLS WHICH ACCOMPANIED EGG FATLURE

Weight, Measurements, and BBS

Eighty—seven eggs collected in Alberta, Saskat%hewan, and Manitoba
prior to 1945 were weighed, L and B Feasured, andvrelatlve_BBS values
determined. Thls.sample contained eggs collectdd from nine colonies, in
eight years spanning “the perlod 1894 to 1940, and’as such should be
.representative of the geographic and temporal varlability 1n shells‘of
this species on the Canadian Prairies prlor to the advent of chlo
- hydrocarbons. - Thirteen clutches containing a total of 35 eggs collected
7at Cfane.Lake, Saskatchewan, in 1894 provide\i measure of intracolonial

: variability. "The" BBS values for the empty shells were converted to their

lintact equlvalent by the equatlon

. 1}7. X : . o . ~ )
: : Intact BBS = 20.73 + 1.43 (BBS of empty shell)

:
’

. This equationvwas derived by regresslon analy51s of the 1ntact and - empty
‘BBS“values for 100 tern eggs col%ected in 1972.
| The BBS distributlon of 456 eggs produced in the Buffalo Lake‘
colony in 1972 was 51gn1ficantly different from both pre DDT samples‘
(P < 0. 005) (Figure 5). The Buffalo Lake terns produced a larger
proportion of eggshells of lower quality and there is ; downward shlft in
the modal class. : ‘ ' . | l"f : o
: There was n:\::;::ficant dlfference 1n the mean thlckness index \

of 87 eggshells collectcd in 1972 when compared to the pre DDT sample
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~Per cent of total eggs

B Buffalo L1972, n. 456
& Crane L.1894,n: 35
O all pre-DDT,n: 87

Figure 5..

TvveTTevvvEvevews v
vevewvwwvrvevewResemeaaa
VST e - -~

66 " 68. 70 72 74 76 78 80 8
- Relative BBS |

BBS distributions of common tern eggs collected at Buffalo

. Lake in 1972; Crane Lake, Saskatchewan in 1894; and Alberta,
Saskatchewan, and Manitoba prior to the advent of DDT. This
figure illustrates both temporal and geographic variability
in shell quality.  BBS ofqempty shells was converted to the

_equivalent of intact eggs mathematically. Pre-DDT eggshells

are in collections of National Museum of Natural Sciences,
Ottawa; Royal Ontario Museum; and the University of
 Ca1}£orn1a Museum of Vertebrate Zoology. IR
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. (0;918 vs. 0.920). However, the mean thickness index of dented shells

was 12 percent less than the 1972 mean for the colony as a whole, and
. " ¢ . \ N

15 percent less than'thevpre—DDT mean (P < O. 05) The mean shell welght
of eggs collected An 1972 (1.13 g) was 5 percent less than that of the -

_pre-DDT sample. The mean shell weight of eggs collected from the Ch1p

s

Lake colony in 1970 (Sw1tzer et aZ., in press) was 15 percent’ less. than |

-that of my pre—DDT'sample (P < 0. 01)

A .

; : o ‘ i Ty e , ‘

Chemical and Physical Characteristics - - S . . 2

It is generally accepted that avian eggshellmis prlmaril‘M
of calcium carbonate in the form of calcite (Heyn,ll963 Simkiss a‘ S ”5:§
: Taylor, 1971). However, a large number of - elements are known ‘to be ‘ .
present in-trace quantit1es.-»Some of these elements»exisc as impurities
whi%% others such as‘phosphorus and magnesiumdaré present in thL form of
saltsl , | >
The chemical and.physical.characteriStics of 35 shells collected
in the~BuffalodLahe colony:inil972,.and of_three_collected prior to the
introduction of DDT, are summarized in Table 5. The only consistent
difference between theichemicalﬁcomposition‘of shells of'eggs‘which
failed and viable or pre-DDT eggs was a marked 1ncrease in the1r phosphorus
content. It would appear that P03~ groups substituted for CO3*_ ions in
‘the crystal lattice. 'These.shells‘have a molar concentration ofi
phosphorus:which is three times that of viable and pre—DDT eggs.v A
three-fold increase in the phosphorus content of the shell is suff1c1ent
to blnd an equal concentration-of calcium ions‘per unit weight in the
'form of tricalcium phosphate (Ca3(P04)2) or hydroxyapatlte (Cas(;0q)30H)

as calcium carbonate (CaC03)

The,substitution of PO3” fqr\303‘7 ions ip the calcite‘lattlce has

Coa
>



TABLE 5

-

.'?ffj? Pre-DDT . Viablej "AEafiﬁ deaths %:Addléd*‘ ' Dents
B RE (12) & . an o ®
.:‘hickness, uo VZOO 197 . | 72'05 - 205 - 17IS
Ca, mg/en® . * 13.18  10.54 10.55 11.64 10.80
Percent Ca 39.08 ¢ 34.68 32.42 34.79  37.78
;Percent Mg . - 17.99. 15.44 i%.az | _13.53 _ 21.01
Pcrcent, P o ‘ _(?-;‘ . N 0.24. - - 0.69 _0:92° | 0.63 ’,
Ca:P, molar \ B =5 55 S T E U5 TR 54.; a9 A
Mg:Ca, molar 0.76 _ 0.73 0;85. 0.6 0.92
(SAa'mplleb size) . (T . ‘_ R .
: _*No vi'sib.le exﬁbryo . SR

. Means und-erllned by the same line are not significantly different
(P > 0.05). s ‘ - : o

[N



the following effects: (l)

VA ' » 39
/// )

t distorts the calcite crystal because the

~

foreign menaphosphate iong” fit khe'crystal in two dimensions‘but not in

the'third, and (2).it rnmoves the electrostatic potential fo; the
ébsorgtion‘of another-ldber of calcium ions,istopping crystal gronth
(Simkiss,'l964). Hence! this subs&itutlon has potential structural
effects. |

._ Dented she11s>nere significantly thinner and weighed 13.5 percent
less per unit area than'shellslof pre—DDT”or viable'eggs but'contained

g

the same ‘weight of ca&%&ur.'

These shells had an altered phosphorus
content. This increased phOsphorus content may be responsible for their
reduced strength,'and in part, for their reduced thickness as a result

of decreased and abnormal crystal growth. 1In addition, dented shells

‘had a hlgher Wg Ca ratio than other shells. An increase in the Mg Ca

ratio may increase hardness and brittleness of eggshells (Brooks and C

Hale, 1955). - = .
X -

Structural Characteristics

: . : ‘
Normal eggshelllstructure.? The eggshell lies 1mmediately external

to the shell membranes. The 1nner or mammillary layer of the shell

a

consists of roughly hemispherical knobs in the inner end of‘vhich there

_is an-organic core. Ihese organic“Cores represent»the initial nucleation

sites which initiate and orientate crystal growth.’ The fibers of the
outermost shell membrane pass through these cores and firmly attach the
membrane to the shell. The diameter of the mammillae‘increases with.

distance from the shell membrane and thcy ultimately fuse togethe

mammillary layer is contlnuous with the spongy or palisade layer

comprises most of the shell thickness. The spongy layer has’as 'tsg”i
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nucleation)sites the'manmillary bodies and thus-the crystals are\arranged
in bundles correspondlng to the max1num diameter of the mammlllary
'bodles and Junctlons between bundles are plalnly visible in tangentlal
sections of the spongy layer. Channels arise from some of the spaces
- between mammillae and pass through the spongy layer, opening on the

j“surfacevof the egg, in Qmall depressions. These pores make gaseous§§

exchange between the embryo and the atmOSphere p0551ble. The'outer

surface of the egg is covered w1th an organic cuticle. This basic

&
structure is scheﬁgficallzﬂrepresented in Figure 6.

Structure of eggshells collected in 1972. The differences in

mlcroscoplc structure between eggs Wthh hatched and those whlch falled

to hatch are presented in Flgures 7. and 8. During, the latter part of the

? s : o
" incubation period, calc1um 1s_withdrawn'from the shell. This occurs at

the mammillary cores.' Hence the eroded central depressions in the center
of the bases of mammillae in Figure 7a.  This decalcmficatlon does not.

alter the number of mammlllae, ‘their slze, or dlstribution, nor does‘it

IS

alter the number of pores. Hence, comparisons made betWeen'eggs which

hatched or contained'viable embryos'and eggs which failed to hatch are .

valid.

s

s

In general terms, egg fallure was accompan1ed by less organ;zed

: structure. There were fewer mamm1llary bodles per’representatlve f1e1d
1photographed (45. 9 vs.58. 5 %i— é}and 10 P < 0 05) and this decrease
in. number was accompanled by marPed variation in size -and shape. There
were 44 percent fewer'pores on the inner surfacer This decréase in pore
numbers approached statistical significapce_(Pi< 0.10).‘.The mammillary
-bodies,vwhich normally"fit“tlghtly together,’had irregularly shaped

4
N

¢
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palisade layer

) .
: ’ Radial * Section
o :
S |
- mammillary layer
R :
L
- mammillge “membranes
B, '

re 6,

Inner Surface

Diagrammatic representation of a réd;al,settion of an eggshell
éhowing the major structural features and orientation of views
photographed with the scanning electrom microscer> and.
illustrated'in'Figures.7; 8, 9, and 12, '

o
1



:Figure 7.

f

‘Structural characteristics of shells of viable and non-viable

common tern eggs collected in the Buffalo Lake colony in 1972
as revealed by the scanning electron microscope.

~Inner surface with membranes removed'

A. Viable (168X). Densely packed evenly distributed A
mammillae. Promlnent pores (arrows). 5 -

’

‘B & D. Non-viable (168X). Less densely packed, unevenly

distributed, larger mammillae.  Fewer and less
prominent pores (arrows)

. Tangentlal view with cuticle removed - i ‘ , ‘

c. Vlable (1690X) A\normal'pore atqjunctign-bf four
mammillae- ’ ' ‘ - '

!
i d . ©

E. Viable. (1680X) Close fltting, regular shaped o~
Junctions between mammlllae.

F. 'Non-viable (840X). - Junctions between mammlllae are
irregular in shape and widely separated with
prominent -' 1nter—mamm111ary plugs" of material
showing varied crystalllne orientatlon.

nJ
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Figure 8. ' Structural éharacteristicé of shells of viable and non-viable
- . common tern eggs collected in the Buffalo Lak olony in 1972
" as revealed by the scannlng electron m1crosco§:§\

Radial view of broken edge .

A. Viable (770X). Tlghtly packed mammlllae with even, v

‘ spongy appearance. Denser outer layer and cuticle
present. ‘ ' ’ o

B. Non-viable (420?) *Mammillae less densely packed _
Disorganized palisade layer. Absence of dense outer
region of pallsade layer. Cuticle absent.

VUntreated outer surface

C. Vlable (168X) ‘?up%ﬁie preséht'with.prominent pore plugs
(arrovw). R S o v .

. _; . i K

D.  Non-viable (168X) Cut1c129abs§nﬁ and no pores ‘or pore o
' plugs visible.# -~ LR o

Ed
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gaps between them, composed of erystals of varying orientation. These

"“intermammillary plugs" appeared to reélaCe pores in some cases. The
. _ . v ‘ ‘ .
spongy layer was less organized and coptained more, and larger, globular

inclusions and. in many cases failed to exhibit the normal increased

density near the surface (Figure 8bfi;,ln cases where the shell was

_thin; the spongy layer was markedlywreduced.- The cuticle appeared
. . g s
;‘Aabnormal ‘or absent in many non—v1able eggs.,

An egg whlch was coll/bsed on laylng 'showed \iftle development of
the palisade layer,iand con51sved prlmarlly pf mammillary bodies which
'were barely fused together (Flgure 9a) nThe'shell was pigmented and,thus

:was_probably not extruded prematurely. ~The contents of this egg were
\
«markedly de51ccated three days after laylng.l Another egs, the apex of

whlch was dented inwards: upoﬁ laylng, ‘was also _deficient in the palisade

~

'rlayergbut'complete fu51on was attained (Figure 9b)* ‘The fusion was

atta1ned é?Sher close to the surface and thus this- shell was 1nherent1y

weak. The number and dlstrlbutlon of mammlllary bodleswerenormal as/;as

. R -
'the external’ surfate. Several eggs’ collected in 1972 showed globular

3
A

.prOJectlons on the outer surface (Flgures 9c and 9d), similar to those

P

',lassoclated w1th chlorlnated hydrocarbons (Erben and Krampltz, 1971
McFarland et aZ., 1971 and Peakall et al., in press)

The number and size of mammlllae are importantuto shell strength:
- as measured by re51stance tp’deformatlon. ‘A reduction in numbers~and

increaSe in the size of mammﬁllae are clearly accompanled by a decrease

- &

'jein strength of eggs of domestic fowl (Simons, 1971) Irregular
'distrlbutlon of mammlllae and an. 1ncrease in the number of globular

‘1nclus1ons in the - spongy layer ire also accompanied by a decrease in

B

strength (Robinson and Klng, 1970) . It is’thus_apparent that the changes ’

[
\

X - A



Figure 9.

kS

Structural abnormalities in shells of common tern eggs

collected in'the Buffalo Lake colony as revealed by the

scanning electron microscope.. : . .

AL

Oblique view of outer surface (1680X) of a shell: .
which collapsed on laying. Note prominent fissures
between mammillae (arrow) and“lack of palisade
layer. : *

\

N . . ’ 1'. . .0
Oblique view of radialjsurface (840X) of a shell

" whose apex dented inwa upon laying. Note poorly

developed palisade layer and disorganized structure.

- Some mammillae do not fuse until- very close.to- the

surface (arrov).
Views of the outer surface (1680X) of two‘noh—viable"
eggs. Note the large number of globular projections
which have been associated with c¢hlorinated , -

hydrocarbon residues by other authorg.
‘ | ‘E%f;ﬁ,ﬂ
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in shell structure which accompanied failure to hatch %ﬁ the Buffalp . .

Lake colony in 1972 would reduce strength A decrease in pore numbers

without a marked®increase in pore'size can only/lead to decreased gaseous
exchange. The-abnormality in, or absence of, cuticle reduces or
- ! o s

eliminates the major barrier to microbial penétration. These changes are

“sthus all of a deleterious nature.

w

"

Evaporative Water Loss and Gaseous Excharnge .

Normal embryonic development requires gaseous exchange between

.

the embryovand its'external environment._vThislis accompliShed by simple
diffusion‘through the pores’in the sheli:. These poresrestrictthe oxygen
supﬁly and determine the CO, level ofgthe enhryonic blodd as well‘asﬁ
.water loss during incubation. As the'total nore area is'estahlished at
fthe time’the‘egg'is'formed; any ahnormality in pore areavwiii have a-
deleterious effect upon embryonlc survival (Wangensteen and Rahn .1970/71).
The continuous water loss by the egg depends on the relatlve

humidity of the enviromment and the permeability of the eggshell to water
vapor which is determi ed by the pore.area. (Wangensteen and Rahn,. 1970/71).
The measurement of - evaporatéﬂe water loss during normal)lncubatlon can be
'used as a measure.of'pore area'and gaseous exchanoe. The‘hean evaoorative
{water‘loss of 26 eggs which were 1ncubated but - falled to ‘hatch in the ’
'Buffalo Lake colony was 2.7 mg/cm per day. hThis was significantly

(P < 0.001) 1less than'the,mean of 4.4 mg/cm2 per day attalned by- lS eggs
which hatched; This 38 percent dlfference implies a marked decrease in
vtotal.pore.area. Indeed, in a 1imited sample examined with the scannlng

electron microscope, a 44 percent decrease in total pores was observed

(P < 0 10) Drent (1970) found a linear relationshlp between daily y@eg%

¢
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v

- loss durlng natural 1ncubat1on and the 1n1tia1 egg weight based on data

presented in 57 studies of 46 spec1es of birds ranglng in size from the
house wren, Troglodytes aedon, to the sandhill crane, Grus canadénszs.
The evaforatlon per unit surface area was 4.5 mg/cm per day desplte the
range in egg welght of 1.5 to 170 g. In llght of thlS 1nterspec1f1c
con51stency, it is very unllkely that such marked intraspec1f1c

dlfferences as those found in the Buffalo Lake terns can be con51dered as
normal. = - . ‘ e l : ¥
. .fé . .

Reduced atmospherlc oxygen concentratlon accompanled by increased
carbon dloxlde concentratlons produced marked decreases in hatchability

‘of chlcken eggs (Taylor ?ﬁ aZ.,’1956) ThlS:mortallty is marked even at

1

48 hours. A reductlon of the pore area of chlcken eggs by 25 percent
reduced thé hatchablllty by 38 percent (Tazawa, 1972) Hence; it is
likely that the reduced pore area.and resultingvreductlons in gaseous

exchange are in part respon51ble for the reduced hatchablllty observed in

» B

the Buffalo Lake colony in 1972 R

dl

C\RINATED HYDROCARBONS AND 'I'HEIR POSSIBLE ROLE IN. REDU&

M A

KD

o
:wk

SHELL QUALITY OF BUFFALO LALE TERNS

Rl
A toﬁal of 44 eggs collected -in the Buffalo Lake colony 1n 19528

was subJected to analy31s for chlorinated hydrocarbon res1dues.‘ This
7

- sample represents about 10 percent’ of the eggs 1a1d and is biased towards

/ . ‘“ é" N
eggs which failed to- hatch or whlch were obv1ously abnormal. As in all b/
studies to date, no re51due values are available for . eggs which hatched.

DDE and PCB's were present in all pooled samples and individual eggs v

examined Dieldrin was virtually absent. The mean p,p'-DDE content was
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3.80 ppm‘(wet weight basis). A range of 0.50 to ll.08'ppm-was encountered
in l3 individual eégs.l PCB's were not Quantified. A pool of 10 food
1tens collected fron those brought to the colony,'and constructed to
.represent the relative proportionﬁeach‘species contributed to the diet
- of these terns while present at Buffalo Lake,.contalned 0.02 ppm p,p'-DDE.
PCB s and D1e1dr1n were absent. It is apparent that the body burden of
DDE, ghich is reflected»in the eggs of Buffalo Lake terns, is not‘
'accumulated on the breeding érounds. Recovery of eight‘terns banded in-

Alberta colonies indicates that they winter and spend the first two years

n\‘\

-of their- 11fe along the coast of southern Callfornla (S), MeleO (1), \\
El Salvador (l), and Peru (l), the coast of southern. Callfornla is
heavily contamlnated with chlorinated hydrocarbons (Burnett 1971; Duke
and Ullson, 1971, -and Rlsebrough et al.,; 1967)

In contrast, rlve eggs collected from thevsuccessful Coquet Island
colony in 1965 contained a mean of 0.04 ppm p,p'—DDE and food»fish

contained 0.03vto‘0.08 ppm (Robinson st al., 1967). Hente Buffalo Lake

tern eggs contained 95 times more DDE than those of Coquet Island terns,

' whereas the levels in food flsh in thc areas of the two colonies were -

< \

. h}( o

The 13 1nd1v1dual eggscontalned a mean DDE content of 2 25 ppm

>

while seven pooled samples representlng a total. of 3&5eggs contalned a

. mean of 4.50 ppm. The apparent ‘bias towards eggs w1th lower than. average

&

‘residues 1in the indiv1dual eggs sampled and the small sample size limits

."-,-

‘the value‘of regression analysis, DDE was negatlvely correlated w1th the
~thig ness index (rs = -0 650 P < 0 05) and phosphorus content

(rg = -0.683, P < 0. 05)

g

R

<
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A pooled sample of five eggs with shells of very low. quallty

A contained 6.77 ppm DDE, approx1mately twice the mean for all eggs, and

"for the Buffalo Lake colony in 1972,

the most DDE of seven pools ex%mined.- “The thickncss index af these eggs.

_was 17 percent less than the pre-DDT mean.

Common tern eggs collected at Chip Lake, Alberta, in 1970 had a
medn p,p .—DDEre31due§f 4 25 ppm, ‘and ‘a range of 0.13 to 26 17 pPm
(Sw1tzer et al., in press). Eggs collected at random from this colony

yielded a significant negative correlation between shell thickness and

"DDE residues (rg = -0.521, P < 0.01). Dented eggs contained
-significantly more DDE (m@§n‘= 7.52 ppm) and were 12 percent thinner than

.. randomly collected eggs. These values are very 51m11ar to those obtained

~The low reproductivevsuccess of Buffalo Lake terns in 1972 was

largely the result of egg disappearance, egg damage, and embryonlc

l_failure. It was thought that egg disappearance usually followed

¥ '}ﬁ
,%mbwybnic‘falluré. Hence, embryonic fallure was thought to account for

66 percent of the eggs Whlch falled to hatch while an additional 10

percent were damaged.
_ Shell damage in the form -of denting OCCurred only in eggs of low

shell qualiéy, and was accompanled by higher- than-average DDE re%idues.

‘-Based on the coefflcient of determlnatlon (rs ), 42 percent of the

’“varlability in the thickness index of Buffalo ‘Lake terns.can be explained

3

'by DDE residues. Sw1tzer et aZ (1n press}, using the same criterion,

. were able to explain 27 percent of the variability in shell thickness of

Chip Lake terns on the basis of DDE residues. As eggshell quality is

affected by a number of physi@loglcal and environmental variables under

pnermal conditions, any variable that accounts for 27 to 42 pcrcent of the.

L.
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variability must be cons1dered as blologlcally 51gn1f1cant
— K
Embryonlc fallure was accompanied. by Lecreased evaporative water

”ease;was;accompanied by a similar decrease in pore
nD.cons1stent changealn shell th1ckness was observed
ﬁgakall et a%r (1n press) induced shell thlnnlng and 15 to 25 percent

C .
decreases 1& evaporatlve watcr loss in eggs of American kestrels, rlng
doves, SFreptochza rzsorza, and white pekln ducks by feedlng DDE
These changes were alsoraccompanled by a change in the number of globular
Tinclusions. Erben and krampltz (1971) observed that the most marked
abnormalltles in receht brown pellcan, Peuecanua ucczdcz taiis, eggshells
wereznxincrease 1n the number of‘glohular 1nc1u51ons whlch(dec(%ige the
compactness of the shell, and changes in the aming ac1d cop9051t10n of
the matrix substance. _lhe nammlllary cores, whlch‘are the @ucleatlon
sites of the mammlllary bodles,'are composed of matrix substance

Alteration of the amino‘acid-content could alterb 1e net charge of the

matrix Substance wh ;ould'in turn alter he number and dls:rlbutlon of

the mammillary bodies . Common tern eggs whigh falled had 51gn1f1cantly

"—v - ! . =

, fewer mammillary: bodles pex un1t area,_ d these dlffered markedly in
their size and shape. The slze,‘number, and. dlstrlbutlon of nammlllae
affect shell strength (Roblnson and klng, 1970 Slmons, 19/1) Peakall
et aZ “(in press) found that of thelr DDE dosed duck eggs had
lower breaking streng§§ and a du. <rent thickneSS'strength reldtion than
those of the controlxéroup. ThlS may well reflcct changeslln the size,
',number, and‘distrlbution of mammlllae._ The matrixbcomposition may
determine ‘what "morph" of ca1c1um carbonate is dep051ted during t

biomineralizatlon (Watabe and wllbur, 1960) . Dented tern eggshells had

increased Mg: Ca ratios. vLongcore et al. (1970) induced a similar_change
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in the Mg:Ca ratio -which was accompanied by a marked increase in crackidg
in the shellsyof black ducks by feeding DDE.

Hence, phy51olog1cal, structural and chemical changes in. egg—
!shells which were oﬁlérved to accompany embryonic fa1lure in the Buffalo
Lake terns have been 1nduced experimentally in several species by
feeding DDE, and have been‘observed in thin eggshells‘of the brown
pelican collected from Anacapa Island. ‘Fifty—eightvoerceht‘of the
»variation in the thickness inde# of recent brown pelicao‘eggs can be
explalned by thékr DDE content (Blus et al., 1971).
Few 1aboratory studies of the effects of DDE—contamlnated food on
avian reproductlon have included detailed analy31s of reproductlve
' success- whlco mlght be osed in comparlson with f1eld studies. Porter and /\\\
Welmeyer (1969) fed 0.28 ppm Dieldrin plus 1.4 ppm DDE to captlve
American kestrelsv This dosage resulted in eggsnell thlnnlqg, 1ncreaaed'
dlsappearance, 1ncreased embryonlc death, and decreased hatchablllty.
eLongcore et al. (1971) fed 3 ppm DDE to penned black ducks and observed
shell rhinniné,nincreased4cracking, a oarkedeiégzease in early embryonic
deaths, decreased hatchab111ty, and decreased ~duckling surv1val._

Jefferles (1971) fed 4 ppm DDE to Bengalese flnches, Lonchura strzata

and found no shell thlnnlng but decreased embryonation,.lncreased
embryonlc death, ‘and decreased hatchability and chick surv1val : Thus
increasedvegg dlsappearance decreased embryonatlon, increased emBryonic
morta11ty, the major causes of reduced reproductlve success in the

Buffalo Lake tern colony, have all been observed in controlled laborat?fy
4

studles of three spec1es representl" three: very distinct orders, fed /

/

low dietary levels of DDE It does not seem unreasonable to conclude/that

DDE is respon51b1e for the low reproductive success’ of the Buffalo Lake



iy
SRR
NN

‘«“35

terns.

-

- The apparent 50 percent reduction in nesting success of
’ . Y

A

Buffalo Lahe tegns whlch accompanies mean egg residues'of less than &4 |
DﬁE and little,or no shell thinning is indicative of a very marked |
sensitivity to DDE. 1In othertspecles, such decreases in reproductlve
success are accompanied by re51dues in excess of 20 ppm and usually a
decrease in the thlckness rndex of 15 percent or mone.‘ This type of

-

'response has not been vecorded before.
N .
THE POSSIBLE ROLE OF ‘CHLORINATED HYDROCARBO\S

IN ALTER1NG TERW BEHAVIOR

Slgnlficantlf inferior visual c11ff behavior was observed‘1n tern
chicks which hatched from eggs with low quality shells. Such eggs"
"¢.conta1ned more DDE than those Wirh high-shellyquality. Feeding of
nChlorinated hydrocarbonsvto penned pheasants, Pnaszanus eolchicus,

altered the visual cliff performance of thelr chicks (Baxter.et aZ
A,1971 Dalgren and Llnder, 1971) Rev21n (1966) found that chlor1nated
hydrocarbons segectively affect the av1an ectostriatum, the visual
‘projectlon area of the telencephalon.' Levels required'to produce{
' perceptual defic1ts are much lower thgﬁ those needed to- prodnce overt

behavioral disturbances. Altered depth perceptlon in tern chlcks is

likely the result of the presence of a tox1cant in the egg contents
toxipant which is also capable of altering shell quallty. DDE is such a
;oxicant. o - . . o

3 No differences in chick survival or growth could be associated

wﬁlhlthefrxvisual cliff performance. This may hawe been the-result‘of

ay
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» 1950), and now represent about 20 percent of the peak populationg/'l’he lb;

. 56

" small sample size, the masking of effects by other variables, or simply

" because the chick is fed by the adult and thus is.not an active predator

Survival and growth of‘C—chlcks was p051t1ve1) correlated with the

feeding performance of the parent male (Visbet, 1973a). Terns are sight-.

<or1ented plunge—div1ng predators. and as such require good ‘depth

peréeption (Dunn 1972b Salt and Willard, 1971) Hence, altered depth

perception, if it persists, could reduce an jndividual'scgeeding .

- efficiency and thus reduce its chances of survival and lower its

performance as a parent,

T

. (:" : ’
EVIDENCE OF CHANGES IN POPULATION DYNAMICS

Nisbet (l973b) 1ndicates that the breeding success of populations
of ‘common terns nestlng in Massachusetts. has declined markedly since the

1900 S. umbers have declined steadily since 1920 (most markeg_y4§1nce

[

~

reductlon 1n reproductive success he feels is through reduced chick

survival Nisbet (pers. commJT'feels“tnat a minimal production of 1.1
fledged chicks/palr per year is necessary to maintaln stabllity. ~ -
Recrultment in ahe Buffalo Lake and Ch1p LaLe colonies has been much

lower tban thlS m1n1malnrate 1n recent years. However, no population-‘

Cale

a

declines have been observed in these 1n1and colonies. Hdwever, tern '

.numbers at 1nland colonies fluctuate markedly and teflect the availability-

'\pf nesting habltat which varies with water levels. A long—term study of

kS

awsingle colony of marked individuals is necessary to determine the

nature of population dynamics. v
. i/( . . ' ' ' ‘ -~ : ’ .
There has been little banding_of common terns in Alberta in the

\
o
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past. 'houston's data (1972 and pers. comm..) for Saskatchewan are based
on - 2,759 banded chicks from two locations and an addltlonal 470 from two -
others, banded between 1930 and 1969; and thus encompass both the pre—
‘and post DDE eras. The recovery data he presents 1nd1cate that the
Saskatchewan population w1nters in the‘same general area as the A]berta
populatlon. Hence 1t 1s llkely that they carry.a sim’ lar residue burden.
ThlS rs the only species whlch Houston h: - oanded in Saskatchewan in -
wh&ch.the-recovery rate since 1950 exceeds thai for the 1930's «(TFigure

10). There has also been a decrease in the age at recovery (Figure 10)

Since 1960, no ind1v1duals have been recovered at. ages greater than 36,

months, whereag prlor to 1 50 the mean age-at recovery-was 65 months.

Such changes may T in reduced’ recruitment and altered age dlstrlbt—

tion w1th§n'the populatlon. Of 727 tern chicks banded by Lewin between

’

1970 and 1972 at three Alberta colonles, f1ve (O 69 percent) have been
recovered to date at locations other than the bandlng s1te at ages rano—

ing from one to 15 months Hence, the -recovery rate of terns hatched in

\

-Alberta since. 1970 is even greater than that of those hatched in the

1960'5 in Saskatchewan
|
!

!

' CO“PARISON OF"“CTORS AFFECTI\Q RPPRODUCTIVE SUCCESS
IN TLhVS AND FALCOVS
HE

The strongest ev1dence 11nk1ng chlorinatéd hydrocarbons to

'_decreased eggshell quality and accompanylng populatlon decllnes exlst for
:the Falconiformes (Cade et aZ., 1971 Fyfe ct’at., 1969 Llncer, 1972;
Lockie et aZ., 1969! aﬁd Snyder et. aZ., 1973). Lincer has presented data

',that expeximentally confirm the ex1stence of a cause-and.effect |

o
4
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The recovery rate and age at recovery of common terns ¥
hatched and banded in Saskatchewan (based on Houston, 1972
and pers. comm.). Recovery rates are calculated for
chicks banded at Last Mountain and Redberry Lake. Age at
recovery data also include chicks banded at Dore Lake.
Open symbol represents individual trapped as a breeding

~adult. Closed symbols represent injured or -dead

individuals.  Bars indicate recovery rate and numbers abdve
the bars indicate total chicks banded in interval for which
recovery rate is shown.. o : ' — -
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earlil

reIationship. No studies of changes in eggshell chemistry or structure
in raptorial birds have been published. Hence, they were performed as'

part of this study and are included here for comparison.

Fox (1971) documented that marked changes in shell weight,

¥

accompanied reduced reproduct&ﬁe success in the American merlin, and that'
populations had 1ndeed declined R. Fyfe (pers. comm. ) has indlcated
that changes in thickness index in shells of this speclesrcorrelate

highly with DDE re31dues in the egg contcnts.n Merlin eggshells
2
collected during the studies of Fox and Fyfe were examined-. )

a "

The hatching suceess of the Buffalo Lake terns was 27 percent

lower than the Coquet Island population. Fmbryonic failure accounted fo{Q‘\

[R5

W

53 percent of the difference and egg disappearance an additlonal 23

,percent. In the merlins ‘studied by Fox (1971) hatchlng success was 32

'percent lower than that recorded in pre-DDT times. Embryonic failure was

respon31b1e for 36 percent of the difference while egg.disappearance ST
accounted for the remaining 64 percent. Hence, although the net changeg
v 4 , %
in reproductive success of the two species is 31m11ar, the mechanigp is

apparently dlfferent. There has been a marked change in the thlckness
)

:Qindex ~in the merlin (Flgure ll), and" thus shell damage is likely to be
considerable. ‘Removal or destruction, and thus disappearance, of theseeggs"
is.likely. Only a slight decrease in the thlckness index has occurred in

Jthe terns (Figure 11), and embryonic death, probably through changes 1nv

the‘respiratory properties of the shell, is the major cause of embryonic

failure. . - ;

¥
o) H

' The only,common chemisal differences accompanying decrcased shell
quality were an 1ncrease in both the ‘magnesium content and the Mg: Ca

vratio (Table 6) The effect of the latter is to increase the brittleness
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- . A TABLE 6
COMPARISON OF SHELL CHARACTERISTICS ACCOMPASNYING SHELL THINNING AND
REDUCED REPRODUCTIVE SUCCESS IR COMMON TERNS AND ‘AMERLCAN MERLIN
Percent change in | Common -Tern - " American Merlin
parameter?@ (n = 17) . (n = 26)
~ Thickness index - ~13% -23%%
Calcium per cm? none —21%
Magnesium per cm?, +13* T+ 04
‘_Phosggorug‘per cm? +24%* variables
Ca:P ratio - - -66% ‘mone
v ©+20% +22% .

‘

_-Correlation (rg) with

Common Tern

‘American ¥erlin

DDE (n =9) (n = 15)
'BBS -0.550  ;01660**
Thicgnéss‘index 70;650* _o_éfQ**.
Calci#m‘per cm? 40;438. ' ‘-0_573*_
*ﬂégnésigﬁ péricmz 7 +0;262:’ 0+0.559§,..
Phosphofus per ém? —Q.683* +0;316

v

j i} , - - e prt
8Viable Ds. dented tern eggs; recent sk

%P < 0.05; #%p < 0.01.

pte—DDT meflin‘éggs;g

HR
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of the shell. 1In both species, based on a very llmlted sample, thickness
blndEX varied 1nversely w1th the DDE ‘content of the egg, reflecting the
inverse relationship between residues and ca1c1um_carbonate content.m
(Table 6). - R |

| The shells of tern eggs which failed do not show‘similar
structural changes to'those‘seen in recent merlin eggshells In terns,
the‘maJor changes are related to .the Size, number, and distribution of
the'ﬁammillary bodies (Figures 7 and 8). In the merlin,\there is some . -
‘indication that the dlstributlbn of mammillae has become.leSS'nniﬁorm;A
but changes in size and number Were not marked (Figure 12). Pore numbersi
were marLedly reduced in the tern shells but little change was observed
in the merlin shells, albhough pores may be smaller. The most striking'
change in the merlin shells was in‘their mammillae. Theyvhave narron
porous bases. and many do not appear to be connected w1th the membranes.
In others, the\;ttachment to the membranes 1s abnormal Fusion of the '
bodies occurs much deeper 'in the shell, which presumablyjrednces»strength, o
Differences in crystal siae and‘orientation'whichgcontribute to shell‘ '
sexture were also observed. Some of these changes are131m11ar to those

induced byiMacFarland et al. (1971) by feeding large anounts of

chlorinated hydrocarbons to Japanese qua11 Coturnzx coturnzx Japonzca.

CONCLUDING DISCUSSION

There is abundant evidenceitha eggshell thinnlng has accompanied O

' reduced reproductive success in bird— and fish- eating avifauna. There is«

w

also strong ev1dence 1mp11cating chlor nated hydrocarbons, particularly

DDE, as’ the agent respon51ble for this thinning in acc1piters, falcons,

w0 e



Figure.12.

e

/

Structural characterlstlcs of pre-~ and- post-DDT American
merlin eggshells as revealed by the scannlng electron
microscope A, C, and E are pre—DDT shells. B, D, and F

‘are of recent shells

Radial view of broken'édge (336X)

A & B. Recent eggs have abnormal mammillaea(a?row) and
rreduced palisade layer.

Inner surface with membranes removed (168\)

-8

C&D. Recent eggs have somewhat smaller pores (arro s)

‘-¢; and larger mamnlllae.

Tangential view with cuticle rcmoved (840X)

E & F. Recent eggs have a crystalllne rather than spongy
' texture. : : - .
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' pelicans,.and cormorants. The frequent occurrence of unhatched eggs in

nests contalnlng well- developed young falcons and the frequent collapse

of brown’ pellcan eggs 1nd1cate that the relatlve importanCe of egg

breakage per se varies from species to specles, and that eggs which fail

may have sound shells.“/Embryonlc death in eﬂgs whlch fail usually occurs

-early in incubation; »However, chlorlnated hydrocarbons are absorbed late

in embryonlc development (Cooke 1971). Thekinjection of chlorinated

_hydrocarbons into normal«chicken eggs prior to incubation,»at.levels

-

many times those encountered in most affected bird species, does not

-

reduce hatchability (Dunachie and Fletcher, 1969 ‘Guthrie and Donaldson,

c1970), Herlce, it would appear that some characterlstlc of the shell

;gother‘than thickness, or. some factor other than the%DDE'content of the
. [ 3

’

‘as measured by BBS to reproductlve success in a Wlld popuiatlon. It has:

> v"l(
i i ) . . i M
- : C s PR . . . R . 7 03),

shown that a significant correlation does exist between §ﬁw~ uality and

d

quallty reflects .both chemlcal and structural propertles of the shell

Hence this does not 1mp1y that a relatlonshlp necessarlly exists between
nesting success and thickness per se. Apparently it is a structural

or chemical property, Oor combination thereof, which is important. -
, . " ‘ |
The eggshell serves as a rigid contalnér & calcium source, a -

microbial barr1er,'and the principal resistance to. gaseous exchange for.

the embryo. Denting and hence altered rlgldlty accounted for only 10

.percent of the tern eggs which~fa11ed.' There was no'difference in the

. t



calci: _.nten between shells of vis-le tern eggs and.thoserf eggs
which  .iled. ©No consistent patt: v of bacterial contamination existed
in eg: “izh failed and‘only 50 -~ cent of the eggs~whichvfailed
showed any :zign of micr-bial ce amination. Thus, the rigidity, calcium
content, and antimicrol: ,opertiesvof the majority oi‘tern egegs.
which failed did not differ appreciably from Viable eg? ; leaving their ,9
respiratory properties suspect. | e \ | h S
vThe‘respiratory»properties of theiéhells'of eggs which failed
were markedly different from those surrounding viable embryos, and were
not‘associated with any significant thinning. 'lhere is evidence that
reductions in oxygen tenSion can induce death of embryos of domestic
fowl in the first 48 hours. It does not seem unreasonable to assume
| that such a reduction could in fact acconnt for most of the embryonic
mortality observed in the Buffalo Lake colony. Peaﬁall et al. (in press)
inducedvchanges in evaporative nater loss of eggs of three species |
Tepresenting three orders by incorporating DDE in the diet. This then
is a mechanism by which DDE can.affect-eggshells in such a way as to
induce.embryonic mortality which is independent of shell thinning
>Several investigators have noted that at a specified reSidue level
hatchability is independent of thickness per se. In the common tern
this mechanism is operative at re51due levels which -are lower than those
.assoc1atede1th marked shell thinningl.”lt would appear, in this species
-at least, that reduction‘in pore .area available fof respiration precedes
marked thinning ‘and is probably far more significaﬁt in reducing
~nesting success. .

There are indications that the reduction in pore area is the

= result of abnormalities in the bidy neralization process which reflect

o
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abnormalities in tlie organic matrix oﬁ?the shell. The chghiges-in the

organlc matrlx reflect changes in proteln metabollsm. To the author's
knowledge, there have been no stugles of the effects of chlorinated

.o ,@_f&‘ ; . ‘
hydrocarbons on the protein me th'ollsm of birds, Studies_of fish

(Mehrle et al., 1911) and ma@mals (Wassermann @t al., 1973)vindicate that

‘organochlorlnes have ‘a marked effect on ie um anmino acid, albumen, and

globulin concentrations. There is evidence that stresses such as

,

increases in environmental tenperature can 1nduce changes in matrix

B}

comp081t10n in shells of donestlc fowl (Cooke 1973). Hence, the protein
metabollsm of birds is a labile system. It is entirely independent of -

carbonlc anhydrase the 1nh§%1tion of which is responsible for decreased
i ‘de P 3 B D < " =
calcium carbonate deposition and shell thinning.
| : oL
.Figure 13 is, an attempt to 1nd1ca;e the mechanisms and inter-—

&’H@

relatlonshlpa betu en factorS’involved in the thln eggshell s)ndrone as

we know them at the present time and as they .are seen in the common tern,

" The relatlve 1mportance of each mechanlsm will depend on the. DDE. -

L .
concentration and 1nterspec1f1c variability in qen51t1v1ty to this

pollutant. The roles of heavy metals, PCB's, and other organcchlorines

2

are not clear. There is gdod laboratory evidence tnat all 1nd1cated

mechanlsms leading to reduced hatchlng success are in’ existence. Whether
)

they are functional in all spec1es remalns to be deternlned
It is intuitlvely obv1ous that cont1nued recrultnent at a rate .
below that nec&ssary to malntaln stablllty will result in a populatlon

decline Suchddeclines are,yeil\dOCUmented in several spec1es of

N
~

raptorlal and p1sc1vorous blrds. iﬂf rate at Whlch affected populatlons

recover when the level of env1ronncnta1 pollution decreascs should depend
. : 4 ‘

an
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-2 FEMALE TERN

DDE IN YOLK LIPID |© - [ALTERED

METABOLISM |

o

Ca

altered shell matrix -

CA inhibition .
' - STRUCTURAL

[SHELL THINNING

ABNORMALITIES |-

ALTERED DEPTH. -~

REDUCED

Figure 13.

PERCEPTION in chicks

\.

SHELL STRENGTH

CRACKS & DENTS

REDUCED

' pdrental destruction - EGG_' BREAKAGE

bacterigl -infection

PORE AREA

embryonic_mortality

REDUCED HATCHING SUCCESS

REDUCED RECRUITMENT

' POPULATION DECLINE

The mechanisms and 1nterre1ations?ips.of factors by which
organochlorines are thought to affect reproductive success

in the common tern. Solid arrows indicate mechanismslwhich:
have been observed in the Buffalo Lake colony and- shaded
arrows represent postulated outcomes. . S
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upon which mechanism is most important in the decline of the species in

question, and the species-specific threshold for that pollutant. If

this is so, we can- expect DDE-sensitive species such as. the common’ tern
P ,

to'continuejjoAshow reduced reproductive success for .a longer period than

less sensitive species such as the peregrine falcon. The colonial
habits, sensitivity, wide distribution,‘and ease of study make the common

tern an ideal indicator species fOr'monitoring organochlorine pollution.
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‘ MODIFILD HETHOD

DETERHINATI

¢

Reagentef" ' _ .\;

i

. 4.0 N sulphuric acid

APPENDIX 1. =
OF,HARDwOO&pzT AL. (1969) FOR THE»

O\ OF PHOSPHORUS IN EGGSHELL S

’ 107 w/v ascorbic‘acid\,‘

"0.96% w/v ammonlum ‘mo
0. 2677 w/v potassium

Standard (5'mg P/lOO
~ of. dlstllled water,
dilute to 100 #1.

Method :

Ly

1. Add 1.0 nd of dlgest
2, Add 1. 0 ml of 4 0O N 8
3. Add 1. 0'ml of molybda

4. - Add 0. 8 ml of 1l: 1 asc
before uSe. Mix we

5. Dilute to 10.0 ml w1t

6. Allow color ‘to develo
.«\ ]
7. "Quantify in.a spectro

reagent blank and s

. Standards are run in para
as.- above but 0.2 m1 (10 u
‘the 1.0 ml of dlgest

1ybddte (VHu)rIO7OZQ 4H20

antlmony tartrate KSbOCqHuOG

ml) 'Dissolve'22 mg of KH, PO* in 70 ml
Add 5ml of 1.0 N sulphuric - -acid and -

‘to a lO ml volumetrlc flask

ulphurlc ac1d 'Tllelin e

te - reagent Wlx

o

orbate: tartrate reagentlprepared'immédiately

ll g

h delonized dlstllled water Mix well.

p~for 10 mlnutes at room temoerature i

o d

photometer ‘at 890 nanomtters against a-
tandards o

v

&

llel w1th all samples. Standards are treated

g) and 0 5 ml (25 ug) are substltuted for .

I\



~ APPENDIX 2
. o , - R .
CLEAN-UP PROCEDURE FOR. EGG CONTENTS AND“?OOD ITEMS
; » . .
Loosely capped quart’ sealers contalnlng 60/100 mesh F10r1511

prev1ouslv activated at 17OO/C were reactlvated at 300 C for a mlnlmum

of 12 hours.’ The Florisil w§7 partlally deactivated with'3 percent

redlstlllcd water by welght add/Eept 1n an alr—tlght rubber sealed quaaﬁ
" sealer untll used B _ S

(‘ Fifty grams of’Florisil was placed/in'a'28ﬁx 606 mm.Pyrer column
b‘and pre-washed ﬁith 100 nliof"a 50:50 methylewe chloridelredistilled
petroleum ether BP. 38.0 to 49 6 C) solutlon. The equlvalent of S/g of
homogenlzed fresh egg contents, or 5 g of homogenlzed food 1tems was
~addeéd to an additional SO‘g of Florisil‘/and ground-in‘a mortar until'a

. free—flowing powder resulted - This . powder was then added to the top ‘of
the column above tbe erev1ous -50 g -of Florlsll‘

“Two consecutive 100 ml portlons of a l 4 mlxture of methylene

chlorlde redlstllled petroleum ether were used to- rinse the glassware
“ ,’ . /- , .
and uten51lS'and were added along?w1th a further 400 ml'of this'mixture

to a1 llter reserv01r fltted in the top of the column and allowed to

-elute. e o ’3»'sw'.i:ﬁ‘

The eluate was flash—evaporated to dryness.a Ten milliliters of A

r

"spectroanalyzed n- hckéne was added to the flask and the resulting
\

'solutlon placed in a pre-cleaned labelled test tube with foil lined R

screw cap.- The tubes ‘were stored at —15 C untll gas chromatographic

.

analyses were’ carried out.



