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Exposure of songbirds to organophosphate and carbamate pest ic ides 
is  often determined by comparing the brain chol inesterase (ChE) 
a c t i v i t y  of i nd i v i dua l s  that  have been exposed wi th that  of unex- 
posed bi rds of the same species (e .g . ,  see Busby et a l .  1981, 
1982; Hamilton et a l .  1981). Knowledge of the normal pattern of 
ChE development in the brains of nes t l i ng  and f l edg l i ng  passerines 
is  a necessary p re requ is i te  for  monitor ing exposure to ChE i n h i -  
b i t o r s ,  and assessing the impacts of these i n h i b i t o r s  on the 
reproduct ive success and surv iva l  of songbirds. In a previous 
study, Grue et a l .  (1981) reported tha t  ChE a c t i v i t y  in the brains 
of w i ld  nes t l i ng  European s t a r l i n g s  (Sturnus v u l g a r i s ) ,  3 to 18 
days o ld ,  var ied s i g n i f i c a n t l y  wi th age and appeared to increase 
toward adul t  leve ls  at a constant rate.  Grue et a l .  (1981) hy- 
pothesized that  i f  brain ChE a c t i v i t y  continued to develop at a 
constant rate,  leve ls  in the brains of f l e d g l i n g  s t a r l i n g s  about 
28 days old would be comparable to those in the brains of adu l ts .  
The present study was conducted to tes t  t h i s  hypothesis.  

MATERIALS AND METHODS 

As part of a study to compare the s e n s i t i v i t y  of nes t l i ng  and 
adul t  European s t a r l i n g s  to an organophosphate pes t i c ide ,  we 
monitored the nest ing a c t i v i t y  of f r e e - l i v i n g  s t a r l i n g s  w i th in  
I00 wooden nest boxes on the Patuxent W i l d l i f e  Research Center 
dur ing A p r i l ,  May, and June 1980. Nest l ings were co l lec ted at 6 
(n = 27), 16 (n = 19), and 18 (n = I0) days of age, sac r i f i ced  
by CO 2 asphyx ia t ion ,  and frozen (about -15 ~ C). Addi t iona l  18- 
day old nes t l ings  ( l - 3 / n e s t ,  n = 42) were sealed w i th in  t h e i r  
nest boxes (n = 33) so that  they could receive food from the 
adu l t s ,  but could not escape. (Nest l ing  s t a r l i n g s  f ledge when 
19-23 days of age, Kessel 1957). We prevented nes t l ings  from 
leaving t h e i r  nest box by p lac ing a piece of wire (2.5 x 5.0 cm 
mesh) over the outside of the entrance hole (diameter = 5.0 cm). 
We also raised the nests w i th in  the nest boxes by support ing each 
nest wi th a piece of 2.5 x 2.5 cm mesh wire at a height which 
permitted t i le nes t l i ngs  to e a s i l y  protrude t h e i r  heads through 
the entrance hole and receive food from the adu l ts .  

When nes t l ings  w i th in  the sealed boxes were 23 days o ld,  they 
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were removed, banded, and placed in a large outdoor pen (1.8 x 3 
x 3.6 m) equipped wi th several perches. Commercial turkey s t a r t e r  
(Turkey S tar te r  AP [medicated] Crumpels, Beacon M i l l i n g  Co., I nc . ,  
Cayuga, NyI) ,  l i v e  mealworms (Tenebrio mo l i t o r ,  Rainbow Mealworms, 
Compton, CA), l i v e  and frozen c r i cke ts  ~Acheta domestica, Ghann's 
Cr icket  Farm, Inc . ,  Augusta, GA), Nebraska Brand b i rd  of prey 
d ie t  (Central Nebraska Packing Co., North P la t te ,  NE), and running 
water were ava i lab le  at a l l  t imes.  Two capt ive adul t  s t a r l i n g s  
accustomed to the d ie ts  were placed in the pen as models for  the 
f l e d g l i n g s .  F ledgl ings were weighed and sac r i f i ced  at 30 (n = 
I 0 ) ,  45 (n = 8),  or 60 (n = 4) days of age, and f rozen.  Twenty- 
four  capt ive adul t  (~I year o ld)  male and female s t a r l i n g s  (12/ 
sex) were also weighed, s a c r i f i c e d ,  and frozen. 

We determined brain ChE leve ls  c o l o r i m e t r i c a l l y  using the methods 
of Ellman et a l .  (1961) as described by H i l l  and Fleming (1982). 
We used a Bausch and Lomb Spectronic 70 spectrophotometer connect- 
ed to a s t r i p - c h a r t  recorder to measure the rate of the enzyme 
react ion.  To f a c i l i t a t e  ex t r ac t i on ,  we removed brains whi le  the 
t i ssue  was frozen. Ace ty l t h iocho l i ne  iodide (Sigma Chemical Co., 
St. Louis,  MO) was used as the subst ra te .  A l l  samples were ran- 
domized and analyzed in dup l ica te  at room temperature (21-24 
~ on a s ing le  day; the average ChE a c t i v i t y  for  eacr, specimen 
was used in a l l  ca l cu l a t i ons .  Brain ChE a c t i v i t y  was expressed 
as ~moles ace ty l t h i ocho l i ne  iodide hydrolyzed per minute per gram 
of t i ssue (wet we ight ) .  

We used l i n e a r  regression (Snedecor and Cochran 1967:135) to de- 
termine the re l a t i onsh ip  between age and brain ChE a c t i v i t y  in 
nes t l i ng  and f l e d g l i n g  s t a r l i n g s .  To f ind  a desc r i p t i ve  curve 
which f i t  the data, we inves t iga ted  se t t i ng  Y (ChE a c t i v i t ~ J  equ~l 
to the fo l low ing  funct ions of X (age): [ I ]  AX, A + BX, AB ~^, AX ~  
A + Blog(X), I /A + BX, A + B/X, and X/A + BX. For each func t i on ,  
we transformed the data so that  a l i ne  could be f i t  to the t rans -  
formed values using l i n e a r  regress ion.  To compare f i t s ,  however, 
the data and the f i t t e d  l ines  were transformed back to the o r i g i n a l  
u n i t s .  The sums of the squared res idua ls  of the o r i g i na l  data 
about the curves in [ I ]  were used in ca l cu la t i ng  the r values. In 
add i t i on ,  we used one-way analyses of variance (ANOVA, Snedecor 
and Cochran 1967:258) to tes t  for  s i g n i f i c a n t  (P<O.05) d i f fe rences 
between ( I )  brain ChE leve ls  in capt ive adul t  males and females 
and (2) body weights of 30-, 45-, and 60-day old f l edg l i ngs  and 
weights of capt ive adul t  males and females. Duncan's mu l t i p l e  
range tes ts  (Duncan 1955; Kramer 1956) were used to separate 
means. Data for  nes t l i ngs  and f l edg l i ngs  from d i f f e r e n t  nests 
were used to ca lcu la te  a l l  means. 

1 Use of trade names or names of supp l ie rs  is  for  i d e n t i f i c a t i o n  
purposes only and does not cons t i t u te  endorsement by the Federal 
government. 
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RESULTS AND DISCUSSION 

Only 22 of the 42 18-day old nest l ings held in c a p t i v i t y  (52%) 
survived to 30, 45, or 60 days of age. Survivors, however, ap- 
peared to be in good condit ion at sac r i f i ce ;  body weights were 
comparable to those of captive adults (Table I ) .  

Table I .  Body  weights (g) of f ledg l ing and adult (~I year old) 
s tar l ings  

Fledglings Adults 
18 a 30 45 60 Male Female 

n 24 I0 8 4 12 12 
Mean b 70.1x 69.6 x 71.0 x 78.5Y 70.2 x 76.0Y 
SD 6.9 5.2 3.6 5.4 6.3 4.9 
Range 52-87 58-77 66-78 71-80 58-79 69-78 

a Age in days 
b Means with d i f fe ren t  superscripts d i f f e r  s i g n i f i c a n t l y ,  P<O.05, 

one-way ANOVA with Duncan's mul t ip le range tes t .  

Brain ChE a c t i v i t y  in 30-, 45-, and 60-day old f ledgl ings did not 
vary s i g n i f i c a n t l y  (Table 2). However, ChE levels in the brains 
of 60-day old f ledgl ings were s i g n i f i c a n t l y  greater (28.4%) than 
those of 18-day olds, and were only about 90 percent of brain ChE 

Table 2. Brain ChE a c t i v i t y  in captive f ledg l ing and adult s tar -  
l ings 

ChE A c t i v i t y  a 
Age n Mean b SD Range 

18 days I0 14.1 x 1.3 12.1-15.6 
30 days I0 17.5Y 1.8 15.2-20.5 
45 days 8 17~ 2.1 12.8-19.3 
60 days 4 18.1Y, z 1.3 16.3-19.3 

Adult  male c 12 20.7 z 2.8 18.5-25.9 
Adult female c 12 20.OY, z 2.9 17.8-24.2 

a ~moles acety l th iochol ine iodide hydrolyzed per minute per gram 
of t issue (wet weight) .  

b Means with d i f fe ren t  superscr ipts d i f f e r  s i g n i f i c a n t l y ,  P<O.05, 
one-way ANOVA with Duncan's mul t ip le range tes t .  

c Age > 1 year. 
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Figure I .  Brain cholinesterase (ChE) a c t i v i t y  in f r e e - l i v i n g  
nest l ing ,  and captive f ledg l ing and adult (_>365 days old) s tar -  
l ings .  ChE a c t i v i t y  is expressed as ~moles acety l th iocho l ine 
iodide hydrolyzed per minute per gram of t issue (wet weight) .  
Data for adult male and female s ta r l ings  were combined because 
dif ferences in brain ChE a c t i v i t y  were not s i gn i f i can t  (Table 2). 
Of the equations evaluated (see t e x t ) ,  Y = A + B/X ( l ine shown 
above), where A = 20.1 and B = -89.3, provided the best f i t  of 
the data (r = 0.95).  Numbers in brackets are sample sizes. 

levels in captive adult males and females (Table 2). Differences 
between ChE levels in the brains of 30- and 45-day old s ta r l ings  
and ChE levels in the brains of captive adult males were s t a t i s -  
t i c a l l y  s i g n i f i c a n t .  Brain ChE levels in adult males and females 
did not d i f f e r  s i g n i f i c a n t l y .  

Graphical representation of our data for  6-, 16-, 18-, 30-, 45-, 
60-day old,  and captive adult (age > 365 days) s ta r l ings  suggests 
that  brain ChE a c t i v i t y  in nestlin-gs (3-18 days old) increases 
l i near l y  toward adult levels un t i l  f ledging,  a f te r  which brain 
ChE increases more slowly with age (Fig. 1 and Grue et a l .  1981). 
Of the descr ip t ive equations we evaluated, Y = A + B/X provided 
the best f i t  of the data (r = 0.95).  Results suggest that  de- 
velopment of brain ChE in nest l ing s ta r l ings  fol lows a S-shaped 
curve, a pattern s imi la r  to that  observed in developing mallard 
(Anas platyrhynchos) embryos (Hoffman and Eastin 1981). However, 
addit ional  data for l-day old nest l ing s ta r l ings  and adult s tar -  
l ings of known ages w i l l  be necessary to tes t  th i s  hypothesis. 
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For this reason, the descriptive equation given should not be 
used to predict brain ChE levels in starl ings outside the range 
of the data on which the equation was based. Nor should brain 
ChE levels given be used as controls in subsequent studies without 
qual i f icat ion because calibration standards do not exist for the 
assay. 

The pattern of development of brain ChE a c t i v i t y  in a l t r i c i a l  
b i rds appears to d i f f e r  temporal ly  from that  observed in precocial  
and semi-precocial  ( P e t t i n g i l l  1970:371) species. In precocial  
and semi-precocial  species, brain ChE a c t i v i t y  appears to increase 
to adul t  leve ls  dur ing embryonic development (Hoffman and Eastin 
1981); young and adul ts  have s im i l a r  a c t i v i t y  leve ls  (Ludke et 
a1. 1975, Hudson et a l .  1972, and Table 3),  

Table 3, Brain ChE act iv i ty  in precocial bird species of different 
ages. 

ChE Acti  v i t y  a 
Species Age n Mean SD Reference 

Mallard 1 day 15 9.6 0.8 Hoffman and Eastin 
(Anas (I 981 ) 

p latyrhynchos) 16 days 6 9.1 1.4 W.J .  Fleming 
31 days 4 8.9 0.4 (unpublished data) 
61 days 6 9.5 1.3 

6 months 48 11.9 1.0 Fleming and Grue 
(I 981 ) , 

Japanese Quail 2 weeks 20 I 0 . I  1.0 E . F .  H i l l  
(Coturnix c. 3 weeks 20 10.3 1.4 (unpublished data) 

japonicaT 8 weeks 34 12.6 Io0 

Laughing Gull 1 day b 1 16.1 c - White et a l .  
(Larus I week 1 15.6 - (1979) 

a t r i c i l l a )  2 weeks 2 2 2 . 0  4.0 
4 weeks 2 20.7 4.5 
5 weeks 1 21.7 
5 weeks 1 12.3 - 
adu l t  9 18.5 3.7 

a ~moles ace t y l t h i ocho l i ne  iodide hydrolyzed per minute per gram 
of t i ssue (wet weight ) .  Data not separated by sex because 
brain ChE a c t i v i t y  in adul t  male and female b i rds appears not 
to d i f f e r  s i g n i f i c a n t l y  (e .g . ,  see Ludke et a l .  1975, Yawetz et 
a l .  1979, Grue 1982, Grue et a l .  1982, and the present s tudy) .  

b Age estimated to nearest day or week based on body weight data 
presented by Schreiber and Schreiber (1980). 

c Brain ChE assays were conducted on a s ing le  day. 
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I f  the pat tern of brain ChE development we observed in s t a r l i n g s  
is  representat ive of a l t r i c i a l  species, age must be considered 
when diagnosing exposure of nes t l i ng  and f l e d g l i n g  songbirds to 
ChE i n h i b i t o r s .  Although age-re lated reduct ions in brain ChE in 
f l e d g l i n g  s t a r l i n g s  (9-14%) were less than the degree of bra in 
ChE i n h i b i t i o n  genera l ly  accepted as i n d i c a t i v e  of exposure to a 
ChE i n h i b i t o r  (_>20%, Ludke et a l .  1975), age-dependent d i f f e r e n -  
ces may be an important considerat ion in diagnosing exposure to 
organophosphates and carbamates. Noncontaminant re la ted env i ron-  
mental factors  (e .g . ,  temperature stress and food r e s t r i c t i o n )  
cause reduct ions (10-17%) in the brain ChE a c t i v i t y  of b i rds 
(Rattner 1982) s i m i l a r  to those re la ted to age in our s t a r l i n g s .  
These reduct ions are well  below the degree of brain ChE i n h i b i t i o n  
d iagnost ic  of organophosphate- or carbamate-related mor ta l i t y  
(~ 50%, Ludke et a l .  1975). However, i f  the e f fec ts  are com- 
pounded, noncontaminant-related reduct ions in brain ChE could 
equal or exceed the 20 percent i n h i b i t i o n  c r i t e r i o n  i n d i c a t i v e  of 
exposure to an t i - cho l i nes te rases .  Noncontaminant-related fac tors  
( inc lud ing  age) probably account for  the normal v a r i a b i l i t y  in 
the brain ChE a c t i v i t y  of f r e e - l i v i n g  b i rds .  However, un l ike  
most of these fac to rs ,  age can often be con t ro l l ed  fo r  in the 
f i e l d .  

Age-related reduct ions in brain ChE may also resu l t  in greater  
s e n s i t i v i t y  of young a l t r i c i a l  b i rds to ChE i n h i b i t o r s  than 
adu l t s .  Since nes t l i ngs  and f l edg l i ngs  may have less ChE per un i t  
of brain t i ssue  than adu l ts ,  less exposure to ChE i n h i b i t o r s  may 
be required to induce behavioral e f fec ts  or mo r ta l i t y  in young of 
a i t r i c i a i  species. This appears to be t rue for  s t a r l i n g s ,  where 
5-day old nes t l i ngs  were near ly twice as sens i t i ve  as adul ts  to 
an oral dose of an organophosphate pes t i c ide  (C. E. Grue and B. K. 
Shipley,  unpublished manuscr ipt) .  The median le tha l  dose for  15- 
day old s t a r l i n g s  was, however, s i m i l a r  to tha t  fo r  adu l ts .  

Addi t iona l  data are necessary to determine the v a l i d i t y  of ex t rap-  
o l a t i ng  our resu l t s  to other a l t r i c i a l  b i rd  species. Greater 
knowledge of the pat terns of development of brain ChE a c t i v i t y  in 
precocial  and a l t r i c i a l  species w i l l  be of value in moni tor ing 
exposure of b i rds to organophosphate and carbamate pes t i c i des .  
Comparisons between the pat terns of bra in ChE development in  
several a l t r i c i a l  and precocial  species may ind ica te  that  a 
general r e l a t i onsh ip  between age and brain ChE a c t i v i t y  ex i s t s  
w i th in  each group. Pred ic t ive  models could then be derived which 
may f a c i l i t a t e  diagnosis of exposure to  ChE i n h i b i t o r s  when 
su i tab le  cont ro ls  are not ava i l ab le .  I f  bra in weight is  h igh ly  
cor re la ted wi th  ChE a c t i v i t y  and age, i t  may also be possib le to  
use brain weight as an i nd i ca to r  of ChE a c t i v i t y  when age is  not 
known. 
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