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ABSTRACT: Avocets (Recurvirostra americana) hatched from eggs collected from the south Cen-
trat Valley of California (USA) were studied to determine the impact of elevated concentrations

of selenium, arsenic, and boron on the immune system and growth to maturity. Corcoran ponds

were the reference site with tow selenium (1.2 ppb) and arsenic (29 ppb) (boron not measured).

Westfarmers Pond had elevated concentrations of selenium (319 ppb), arsenic (127 ppb), and

boron (109 ppm). Pryse ponds also had elevated selenium, arsenic, and boron concentrations (13.9
ppb, 1,100 ppb, and 29.4 ppm, respectively). Size at hatch was significantly reduced (P � 0.05)

in birds from Westfarmers and Pryse ponds. The growth rate was faster, but mean adult size was

reduced in birds from Pryse ponds. Avocet chicks from Pryse and Westfarmers ponds exposed

solely through in ovo transfer of these elements had significantly increased heterophil : lymphocyte

ratios. The phagocytic activity of macrophages also was significantly reduced in these birds, and
Pryse Pond birds had an increased proliferative ability of lymphocytes in the presence of con-

canavalin A, a T-cell mitogen. Avocet chicks ( s5 wk old) were captured from the various ponds
and the same morphometric and immune function measurements made. The birds that were most

severely impacted by exposure to these compounds were those that were collected from Pryse

ponds.

Key words: Avocet, Recurvirostra americana, selenium, arsenic, boron, immunotoxicity, mor-

INTRODUCTION hatch continue to be exposed to the com-

pounds as they resorb their yolk sac. Chicks

The Tulare Basin in the southern Ceti- that hatch successfully may fail to reach

tral Valley of California (USA) has ele- maturity, further decreasing the produc-

vated concentrations of selenium, arsenic, tivity of the populations of nesting birds

and boron in surface waters due to agri- in the region.

cultural practices that collect drain water Questions have been raised about

in low-lying areas. These contaminated, whether immune suppression might be a

naturally occurring and man-made wet- contributing factor to the continuing oc-

lands attract large numbers of waterfowl currence of avian cholera epornitics

and shorebirds for nesting and brood-rear- (Friend, 1989; Fairbrother, 1993). Resi-

ing. Through hioaccumulation and bio- dent and migratory birds in the California

transformation processes in plant and in- Central Valley appear highly susceptible

vertebrate food sources, birds are exposed to this disease and have experienced re-

to chemical concentrations high enough to peated epornitics since 1944 (Wobeser,

cause severe reproductive dysfunction 1981). Fairbrother and Fowles (1990)

(Ohlendorf et at., 1986a, b; Ohlendorf, found that mallards (Anas platyrhynchos)

1989). Hatchabilit of eggs has been de- exposed to 2.2 parts per million (ppm)

pressed as compared to reference sites, pri- aqueous selenium experienced dysfunc-

manly due to teratogenic effects leading tion in the cellular immune response; their

to early embryonic mortality (Hoffman et delayed hypersensitivity response was sup-

at., 1988). Furthermore, chicks that do pressed. Whiteley and Yuilt (1989) found
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an increase in duck hepatitis virus-induced

mortality in mallard chicks hatched from

eggs of ducks exposed to streams contam-

mated with 30 parts per billion (ppb) of

selenium as compared to non-selenium ex-

posed controls. Others also have observed

immunomodulatory effects of excessive se-

lenium ingestion (Koller, 1980; Kirmeid-

jian-Schumacher and Stotzkv, 1987). Ar-

senic increases susceptibility of mice to viral

infection (Sharma, 1981). There is no in-

formation on the potential immunotoxic-

its’ of boron.

Our objective was to determine the im-

mune function and growth to maturity of

avocet (Recurvirostra americana) chicks

naturally exposed in ovo to elevated con-

centrations of selenium, boron, or arsenic.

This study was part of a long-term effort

to examine the possibility that chemical-

induced immune system dysfunction is a

contributing cause to the high mortality of

avian wildlife from infectious diseases.

MATERIALS AND METHODS

For this study, several agricultural drainwater
evaporation ponds in the Central Valley of Cal-
ifornia were selected from those previously de-
termined to have low (10 to 25 ppb in the water
column) and high (100 to 700 ppb) selenium
contamination. A reference site was also chosen

(<2 ppb). Westfarmers Pond in Kern County
(36#{176}10’N, 1 19#{176}00’W)was the high selenium site,
Pryse Pond in Tulare County (35#{176}30’N,
1 19#{176}00’W) was the medium site, and the ref-
erence site was several wastewater settling ponds
on the southeast border of the town of Corcoran
in Kings County (36#{176}10’N, 119#{176}35’W).

Two avocet eggs from each nest found at the
ponds were collected within 5 days of laying in
May and June, 1991, packed in an insulated
chest warmed with a chemical warm-pack, and
shipped by automobile in about 12 hr to labo-
ratory facilities in Corvallis, Oregon (USA). Eggs
were candled upon arrival to determine fertility
and examined for cracks. Eggs were incubated
until hatching in Georgia Quail Farm (Georgia
Quail Farm, Inc., Savannah, Georgia, USA) style
redwood incubators at 38 C, 80% relative hu-
midity, and a turning frequency of once every
2 hr. Eggs from contaminated areas were placed
in a separate incubator from eggs from the ref-
erence site. Eggs were candled daily for viabil-
ity. Cracked eggs and eggs determined to have
nonviable embryos were opened and the con-

tents frozen at - 70 C until residue analyses were
done. Nests from which two viable eggs were
collected had one of the eggs opened at 15 days

incubation and the contents saved for residue
analysis.

Percent hatchabitity was documented. Newly
hatched chicks were moved from the hatcher
to brooders (Georgia Quail Farm, Inc.) within
24 hr of hatch. All birds were individually num-
bered using patagium tags (National Band and
Tag Co., Newport, Kentucky, USA). Survival to
2 wk was recorded as were all observed mat-

formations. Eggs that failed to hatch were
opened and the chicks examined for matfor-
mations. Brooder temperatures were main-

tamed at 38 C for 1 wk and then stepped down
2 C every 5 days. At 2 wk of age, birds were
placed in a wooden pen with a sand covered
floor until 4 wk old, at which time they were
allowed free-run of a 3.5 m x 5.25 m animal
room. Food and reverse osmosis, deionized

drinking water were provided ad liln’tum. Av-
ocet diets were formulated from high protein
dog food (Hi-Pro Glow#{174},Ralston-Purina, St.
Louis, Missouri, USA) supplemented with tuna,
grated carrots, cooked egg yolk, and a vitamin
B-complex formulation (Interstate Drug Ex-
change, Plainview, New York, USA).

Chicks were weighed (grams) and measure-
ments of culmen, wing, and tarsus (mm) (Mey-
ers et al., 1992) were taken every 3 days until
birds were 6 wk old and every week thereafter
until 16 wk old. Chicks that died during the
study and all birds euthanized at 16 wk of age
were necropsied; muscle and liver tissues were
stored at -70 C for residue analysis.

When each chick reached 3 wk of age im-

mune function testing began. Blood samples
(� 1% body weight) were drawn by venipunc-
ture of the right jugular vein once each week.
Approximately 0.2 ml of blood was put into an
evacuated glass blood collection tube containing
ethylenediaminetetraacetic acid (EDTA) as an

anticoagulant (Vacutainer#{174}, Becton-Dickson,
Inc., Rutherford, New Jersey, USA) from which
thin film blood smears were made and hemat-
ocrits determined. Concentration of plasma pro-
teins was determined from the plasma portion
of the hematocrit tube following centrifugation.
The remainder of each blood sample was put
into a polypropylene tube containing 1.0 ml of
tissue culture medium RPMI-1640 plus 10%
heat-inactivated fetal calf serum and antibiotics

(Gibco, Long Island, New York). Because blood
sample collection was limited to a maximum of
1% of body weight, there was insufficient blood
to perform all the assays from a single sample.
Therefore, only the following immune function
assays were conducted on every sample: total

and differential white blood cell count; hemat-
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ocrit; hemoglobin concentration; plasma protein

concentration; and rabbit red blood cell hem-
agglutination titer. Macrophage phagocytosis
indices were determined on samples collected
from birds aged 3 and 4 wk (chicks) and 10 and
12 wk (juvenile birds). Lymphocyte blastogen-

esis assays were performed on samples from birds
aged 9 and 12 wk. Conducting tests in this order

provided the maximum amount of information
concerning the health status of the birds (white

blood cell counts, hematocrit, hemoglobin, and
plasma protein), humoral immunity (hemagglu-
tination titer), nonspecific immunity (macro-
phage function), and cell mediated immune
functions (blastogenesis). The order was based
on prior knowledge of the blood volume re-
quired and type of information generated by
each assay. Birds were killed by carbon dioxide
inhalation at 16 wk of age and liver, kidney,
and muscle tissue removed for residue analysis.
Tissues were frozen in plastic bags at -70 C
until analyzed.

In addition to laboratory-reared birds, avocet
chicks �5 wk old were captured from the var-
ious ponds and morphometric measurements

taken of body weight, culmen length, wing
length, and tarsus length. Blood samples were
kept on wet ice at approximately 4 C and shipped
on the same day as they were collected by over-
night mail service to Corvallis, Oregon.

Immune function assays

Hematocrits were determined by centrifu-

gation of microhematocrit tubes at 1,000 x g

for 5 mm (Schalm and Jam, 1986).
The concentration of hemoglobin in the se-

rum was determined spectrophotometrically by
converting the hemoglobin to oxyhemoglobmn
with ammonium hydroxide and measuring the
resultant absorbance at 545 nm, using a com-
mercial kit (Cambridge Instruments, Inc., Buf-
falo, New York). Whole blood was hemolyzed

by placing one drop on the hemolysis stick, mixed

for 45 sec, and final concentrations (g/dl) de-
termined in the hemoglobin meter provided.

The concentration of plasma proteins was de-
termined by placing a drop of plasma from the
centrifuged microhematocrit tube on the view-
ing platform of a refractometer and reading the
concentration on the eyepiece scale (Schalm and
Jam, 1986). The refractometer was calibrated
using distilled, deionized water.

White cells were differentiated on thin-film
blood smears stained with Diff-Quick (Sigma
Chemical Co., St. Louis, Missouri) and classified
as heterophit, lymphocyte, eosinophit, basophil,
or monocyte according to criteria specified by
Dein (1984). One hundred white blood cells were
counted per slide to determine the percentage
of each cell type. Total white blood cell counts

were determined using the eosinophil estima-
tion method (Dein, 1984). Whole blood was
mixed with phloxine diluent in the Unopette kit
(Becton-Dmckmnson, Rutherford, New Jersey) and
the resulting solution used to charge a Neubauer
hemacytometer (American Optical Instrument
Co., Buffalo, New York). The number of het-
erophils and eosmnophils (orange-pink, refractile
granules) in two chambers were counted, 10%
of the count was added, and the total multiplied
by 18 x 10� to get the total number of hetero-

phils and eosinophils per ml. This was divided
by the percent heterophils plus eosinophils de-

termined from the thin film smears to generate
a total white blood cell count.

Resting serum antibody titers to rabbit red
blood cells (RRBC) were determined on birds
that had no previous exposure to this antigen
(Miller et a!., 1989). Chickens have natural an-
tibodies to RRBC (Kassar et al., 1990), and av-
ocets also showed a strong innate response to
RRBC in a preliminary study. Serum was sep-
arated from whole blood by centrifugation at
3,000 x g and total and 2-mecaptoethanol re-
sistant (1gM and IgY, respectively) antibodies to
RRBC were measured by microhemagglutmna-
tion following the methods of Fairbrother and
Fowles (1990). All samples were evaluated in
duplicate.

The ability of macrophages to engulf poly-
styrene beads was examined using adhered blood
monocytes following the procedures of Fowles
et al. (1993). Briefly, leukocytes were separated
from whole blood by centrifugation and ad-
hered to tissue-culture-treated polystyrene plates
for 24 hr. Adherent cells were incubated an
additional 24 hr at 41 C in 5% CO2. Polystyrene
microspheres (2 �m) conjugated to fluorescein
isothiocyanate (FITC) (Polysciences, Inc., War-
rington, Virginia, USA) were added to the me-
dia in a ratio of beads: adherent cells of 20:1,
with 100 cells counted visually using a fluores-
cence microscope (Nikon, Inc., Garden City,
New Jersey). The number of cells containing 1,

2, 3, 4, or �5 beads per cell were recorded.

The ability of lymphocytes to blast in the
presence of concanavalin A (Con-A; Sigma
Chemical Co.), a T-cetl mitogen, was measured
in whole blood samples. Concanavalin A was
added to 96-well microtiter plates at 5, 10, and
15 �g concentrations. Whole blood was diluted
1:20 in RPMI 1640 (without calf serum, but with
antibiotics) and 100 �d was dispensed into each
of two wells per Con-A dilution. Nonstimulated
and background control wells were included on
each plate. Plates were incubated for 60 hr at
41 C in 5% CO2 after which time 25 �l of 3H-
thymidmne (20 microcuries (jsCi) per ml) (ICN
Biomedical, Irvine, California) was added to each
well and the plates incubated for an additional
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12 hr. Cetts were harvested onto filter discs using

a Brandel cell harvester (Brandel, Gaithersburg,

Maryland, USA) following five washes with dis-
tilled water. The discs were air dried for 3 hr,

placed into scintillation vials with Ecolume scm-
tillation fluid (ICN Biomedical), and counted on

a TriCarb 2000 beta scintillation counter (Pack-
ard Instrument Co. , Downers Grove, Illinois,
USA). The blastogenesis stimulation index was

derived by dividing the mean disintegrations
per minute (dpm) for triplicate mitogen-stim-
ulated wells by the mean dpm for unstimulated
wells.

Residue analysis

Water samples from Westfarmers and Pryse

ponds were collected in glass jars with plastic
lids and returned to Corvallis for analysis of
inorganic constituents. The U.S. Fish and Wild-

life Service provided data for concentration of
inorganics in Corcoran ponds and in another

similar, nearby reference site (Wilbur ponds).

Selenium concentrations in pond water, labo-
ratory diet, and tissue (liver, kidney, egg con-

tents, and whole embryos) were determined us-
ing an automated fluorimetric procedure (Brown
and Watkinson, 1977) by the laboratory of Dr.
P. Whanger, Department of Agricultural
Chemistry, Oregon State University, Corvallis,

Oregon. Samples were taken in duplicate from
frozen tissues, dried overnight in an 80 C oven,

and acid digested (Schilt, 1979). Egg contents
and embryos were weighed and homogenized
in an Omni Mixer (VerTis Co., Gardiner, New
York) and duplicate aliquots of homogenate were

dried and digested as above. Arsenic and boron
concentrations in water and tissue samples were

determined by inductively coupled plasma (ICP
3580) atomic emission spectrometry (Fisons,
Valencia, California) following the methods of

McQuaker et at. (1979). Inductively coupled
plasma spectrometry analysis also provided val-
ues for water and tissue concentrations of cal-

cium, magnesium, potassium, sodium, sulphur,

phosphorus, silicon, iron, magnesium, zinc, alu-

minum, copper, cadmium, chromium, nickel,

lead, molybdenum, tin, titanium, and antimony.

Every tenth sample was run in duplicate and a
reference standard (bovine layer) and blank were
run. Duplicates and standards were required to
be within 5% of each other and the expected

value, respectively. Quail (Colinus virginianus)
egg homogenates spiked with a known amount
of selenium also were analyzed. Lower limits of

detection were 1 ppb for selenium, 15 ppb for

arsenic, and 5 ppb for boron.

Data analysis

Comparisons were made among collection
sites for the hatchability, growth rate, and im-

munotogical parameters for birds reared in the

laboratory and between laboratory and field cot-
lected samples. With the exception of macro-
phage phagocytosis and differential lymphocyte
counts, data from immune function assays were
analyzed for differences among collection sites,

age classes (chicks were <7 wk old and juvenile
birds were �7 wk old), and laboratory or field
conditions by analysis of variance (ANOVA); a
posteriori separation of means was determined
using Bonferroni’s t-test (SAS Institute, Inc.,
1985). Rabbit red blood cell titers were trans-
formed to log0 to standardize variance and geo-
metric mean titers calculated for comparisons.
Macrophage phagocytosis and white blood cell
differential counts were analyzed for differences
due to collection sites, age classes, and laboratory
or field conditions using maximum likelihood
estimation (McCullagh and Nelder, 1983) and

the software program GLIM (Numerical Al-

gorithms Group, 1987) to fit a log-linear model
to the data. Because methods for a posteriori
separation of means are not defined for maxi-
mum likelihood estimation, examination of a
table of estimated numbers (based on the sta-
tistical model) of each cell type was done to

assess how the significant effects were generated.
Hatchability data (% hatched) were compared
by Chi-squared analysis of several binomial
populations (Ostle and Mensing, 1979). For all
tests, comparisons with P � 0.05 were consid-
ered significantly different.

Growth curves for weight, tarsus length, cut-
men length, and wing length were fit using
NONLIN in SYSTAT (Wilkinson, 1989). Four

potential nonlinear models were considered. The
logistic and Gompertz models (three-parameter

equations) and the Weibull and Richard’s equa-
tions (four-parameter equations) were fit to the

data and the model with the smallest mean
square error was used. In all cases, the four-
parameter models did not fit the data well. Both
three-parameter equations were similar in fit,
although in the majority of cases the logistic
model had the smallest mean square error. In
addition, the logistic equation is known to have
less intrinsic and parameter-effect curvature
compared to the Gompertz equation (Ratkows-
ky, 1983). Only the results for the logistic equa-
tion are presented in the paper. The equation
(Ratkowsky, 1983) used was:

character = A/El + exp(B - (G x time))]

where character = weight, tarsus length, cutmen
length, or wing length and time = day after
hatching. The parameter A is the asymptote, G
is the growth rate, and B is related to the value

of the measurement at time = 0. The parameters
(A, B, G) were used separately and together to
compare the three groups of avocets with the
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TABLE 1. Concentrations (ppm) of inorganic com-

pounds in agricultural drainwater from south Central
Valley, California. Corcoran and Wilbur Ponds were

located near each other and considered reference sites,

although no eggs or chicks were collected from Wil-

bur Ponds. Westfarmers and Pryse Ponds were con-

sidered contaminated sites.

POND
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FIcuI1I� 1 . Lymphocyte blastogenesis index (mean

± SE) from avocets hatched from eggs collected at

two contaminated sites (Westfarmers Pond, n = 5;
Pryse Pond, n 2) and OflC reference site (Corcoran

Ponds, n = I ). The index is shown for three conceri-

trations of mitogen (Concanavalin A) after 60 hr in-

cubation at 41 C followed by a 12 hr pulse with 0.5

�zCi H�thymidine. A star designates those that are

significantly (P � 0.05) (liffercut from the reference

site data.

multi-response perm utation procedure (Mielke,

1991). This procedure is a nonparametric ran-

domization procedure based on Euclidean dis-

tances. The computer program used to run the
test is given in Berry and Mietke (1983).

RESULTS

Even though chosen for its low selenium

concentration (1 .2 ppb), the Corcoran

ponds also were the lowest in concentra-

tion for arsenic (29 pph); boron concen-

tration was not determined. Corcoran was

considered the reference site. Pryse Pond

had moderate selenium (120 ppb) and bo-

ron (29 ppm) concentrations and a very

high arsenic (1,100 pph) concentration.

Westfarmers Pond had extremely high se-

lenium (450 ppb), high boron (109 ppm),

and moderate arsenic (127 ppl)) concen-

trations. All of the other elements mea-

sured were present at low concentrations

(Table 1). Laboratory diets contained 1.1

ppm (dr�’ weight) selenium, 1.9 ppI� (dry

weight) arsenic, and 12.8 ppm (dry weight)

boron.

Nlacrophage phagocvtosis of polysty-

rene beads was significantly different

Compound

Pond

Corco

ran ‘Wilbur

West-

farmers Prv.se

Calcium -� 24.2 421.0 122.6

Magnesium - 25.6 ND’ ND
Potassium - 8.9 31.8 69.7

Sodium - 272.8 ND ND

Sulfur - 98.8 ND ND
Phosphorus - 0.1 5.2 :3.3

Silicon - 1.3 1.1 1.3

Iron - ND 0.1 0.1

Manganese - ND 0.01 0.01

Zinc 0.02 0.01 0.02 0.02

Aluminum - ND ND ND

Boron - 1.0 109.2 29.4’

Copper ND 0.03 0.02 ND

Cadmium - ND ND ND
Chromium ND ND 0.09 0.12

Nickel ND ND ND ND
Arsenic 0.03 0.05 0.13 1.1&

Antimony ND ND ND ND
Lead ND ND ND ND

Molybdenum 0.03 0.04 1.8 :3.1

Titanium - ND ND ND

Tin - ND 0.11 0.18

Strontium - 0.05 21.2 2.3

Selenium 0.012 ND 0.45 0.12’

Not measured.

Nondetectable (below detection limits).

Denotes concentrations above levels known to have adverse

physiological effects in livestock and poultr�

among ponds and between age classes (Ta-

ble 2). There were no significant differ-

ences between laboratory - and field-reared

birds. Chicks from the reference site (Cor-

coran Pond) had a smaller percentage of

cells that phagocytosed at least five l)eads

as compared to juveniles from the same

pond, with a concomitant increase in the

percentage of cells that phagocvtosed one

to four beads. Chicks and juvenile birds

from Westfarmers and Pryse ponds had

lower percentages of cells that phagocy-

tosed at least five beads as compared to

chicks and juveniles from the reference

site; this shift from ingestion of at least five
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n = 16 for Westfarmers, is = 6 for Prvse, and is = 4 for Corcoran Ponds.

T.5151E 2. Phagocytic index of peripheral macrophages from wild and laboratory-reared avocets hatched

from eggs collected at two contaminated sites (Westfarmers and Pryse Ponds) and one reference site (Corcoran

Ponds). The index is the percent of 100 cells counted that ingested 0, 1 to 4, or �5 particles. Values given

are meaii ± SE.’

Number of

samples

Phagocvtic index
.

0 1 to 4 �5

Corcoran

Chicks
Juveniles

3
2

23.3 ± 6.0

44.0 ± 8.0
67.0 ± 5.3

28.0 ± 13.5
18.7 ± 10.3

23.0 ± 17.0

Westfarmers

Chicks

Juveniles

3

10

31.3 ± 12.3

33.4 ± 9.1

67.3 ± 13.0

57.9 ± 7.8

2.5 ± 0.5

20.7 ± 6.0

Pryse

Chicks
Juveniles

2
2

9.5 ± 2.5

46.5 ± 3.5

89.5 ± 2.5

47.5 ± 6.5

1.0 ± 0.0

6.0 ± 3.0

Significant effects: Pond x index P = 0.039; Pond x age P = 0.003.

beads towards ingestion of only one to four

beads was the greatest in Pryse birds.

Blastogenesis of lymphocytes in the

presence of Con-A was increased in birds

from Pryse ponds as compared to West-

farmers or Corcoran Ponds (Fig. 1). There

was no significant difference among col-

lection sites in resting anti-rabbit red blood

cell antibody titers, serum protein, he-

moglobin concentration, or hematocrits for

either laboratory-reared birds or samples

collected from free-ranging birds (Table

3). Hematocrits were elevated in free-

ranging birds as compared to laboratory-

reared birds from the same ponds, while

hemoglobin values were lower in free-

ranging birds (Table 3). Plasma protein

values did not differ significantly between

laboratory-reared birds and free-ranging

birds.

Total white blood cell (WBC) counts did

not differ significantly between field-col-

lected birds and laboratory-raised birds

(Table 4). Juvenile birds (pooled samples

from lab and field birds) had significantly

(P = 0.02) higher mean (± SE) counts than

chicks (juvenile = 3.1 x 103 ± 0.56, n =

15; chicks = 2.0 x 10’ ± 0.24, ri = 41;

= 2.01). Total WBC counts were not sta-

tistically different among ponds. No sam-

ples were collected from free-ranging birds

at the reference site, due to unsuccessful

capturing attempts. Differential WBC

counts differed significantly (P < 0.05)

T.SBLE 3. Blood chemistry parameters and resting antibody titers to rabbit red blood cells in wild and

laboratory-reared avocet chicks collected from sites contaminated with agricultural drainwater (mean ± SE).

Pond

Number of

samples

Hematocrit

(�)
Serum protein

(g/dl)

Hemoglobin

(g/dl)

Antibody’

titer

Westfarmers

Lab

Field

21

3

38 ± 5.8

43 ± 3.8

4.1 ± 0.3

4.1 ± 0.3

10.7 ± 1.2

9.5 ± 0.1

2.8 ± 0.08

-

Pryse

Lab

Field
12

12

30 ± 0.6

44 ± 3.4

3.6 ± 0.1

3.8 ± 0.8

11.5 ± 0.3

10.0 ± 0.5

2.6 ± 0.22

-

Corcoran

Lab 5 34 ± 0.5 3.9 ± 0.2 11.3 ± 0.5 2.6 ± 0.08
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TABLE 4. Total white blood cell counts and leukocyte percentages in wild and laboratory-reared avocet
chicks (<7 weeks old) collected from sites contaminated with agricultural drainwater (mean ± SE).

Number
of

Pond samples

Total WB(.
(x 10/mI)

Number
of

samples

Lymphocytes Heterophils Eosinophils Monocytes
Heterophil:

lymphocyte
ratio(%)

Westfarmers

Lab 9 2.8 ± 0.4 3 19 ± 3.3 5 ± 0.6 72 ± 2.7 3 ± 0.9 0.27 ± 0.54

Field 3 1.3 ± 0.1 3 29 ± 7.8 25 ± 5.2 44 ± 3.5 2 ± 0.6 1.14 ± 0.57

Pryse

Lab 5 5.3 ± 1.6 4 17 ± 4.1 22 ± 1.5 65 ± 3.0 1 ± 0.5 3.54 ± 1.39

Field 12 2.7 ± 0.8 12 28 ± 1.3 16 ± 2.2 56 ± 2.8 1 ± 0.4 0.57 ± 0.08

Corcoran

Lab 12 3.0 ± 1.6 4 23 ± 1.1 10 ± 3.5 62 ± 5.8 2 ± 0.9 0.26 ± 0.13

among ponds and between tab- and field-

reared birds. Corcoran birds raised in the

laboratory had lower heterophil and great-

er lymphocyte percentages than did lab-

oratory-reared birds from Pryse Pond and

higher percentages than similar birds from

Westfarmers Pond. Monocyte and eosin-

ophil percentages were similar across all

ponds. For Westfarmers Pond, birds raised

in the laboratory had lower heterophil and

lymphocyte percentages than field-raised

birds. Pryse Pond lab-reared birds also had

lower lymphocyte percentages than field-

raised birds, but heterophil percentages

were higher.

For the growth parameters, Westfarm-

ers Pond birds were similar to the birds

from the reference site at Corcoran; only

tarsus length at hatch was shorter and cul-

men growth rate was slower in Westfarm-

ers Pond birds (Tables 5 and 6). The major

differences were seen in Pryse Pond birds.

Pryse Pond birds began with lighter hatch

weights compared to Westfarmers and

Corcoran Pond birds and shorter tarsus

lengths at hatch compared to the Corcoran

Pond birds (Table 5). Moreover, Pryse Pond

birds grew at a faster rate, as measured in

the morphological characters, compared

to the birds from the other two ponds.

Ultimately, the asymptotic tarsus lengths

and wing lengths were shorter for Pryse

Pond birds; Pryse Pond birds had tighter,

and more variable, asymptotic weights

compared to Westfarmers Pond birds but

not to Corcoran birds.

Hatchability (% hatched) of eggs cot-

lected from Pryse and Westfarmers Ponds

did not differ significantly from hatch-

ability of eggs collected from Corcoran

ponds (x2 6.314, df = 3, P = 0.09). Eleven

eggs were collected from the Corcoran

Ponds, two of which were used for residue

analysis. Of the remaining nine eggs, six

hatched. All 12 incubated eggs collected

from the Pryse Ponds hatched. From the

Westfarmers ponds, 27 eggs were collected

of which 13 were used for residue analysis;

10 of the remaining 14 hatched. Only three

malformed embryos were seen, all from

eggs collected at Westfarmers ponds. One

had elongated, hemorrhagic toes and two

had their head and neck deviated to one

side.

There were no significant differences in

selenium liver (F = 0.14, df = 9, P = 0.87)

or muscle (F = 1.27, df = 9, P = 0.35)

residue concentrations among the three

ponds (Table 7). Similarly, egg selenium

concentration did not differ by pond (F =

0.17, df = 17, P = 0.85) due to the wide

range of values (1.5 to 38.0 ppm dry
weight) from all ponds. Liver arsenic was

lower (P = 0.08) in birds that hatched from

eggs collected at Westfarmers Ponds as

compared to those from either the Pryse

Ponds or the reference site at Corcoran.

Arsenic concentrations in eggs, muscle, and
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TABLE 5. Mean and standard error (SE) for the alpha (asymptote), beta (hatch size), and gamma (growth

rate) logistic parameters fit to the growth data for avocets from three collection sites (WF = Westfarmers,

COR = Corcoran, PRY = Pryse).

Variable Number of birds Pond

Logistic parameters

Alpha Beta Gamma

Weight (g) 6 WF Mean 246.47 2.83 0.105

4

5

COR

PRY

SE

Mean
SE

Mean

SE

12.82

237.42

16.00

159.94

42.40

0.37

3.23

0.17
1.87

0.24

0.011

0.144

0.014
0.135

0.029

Tarsus length (mm) 6 WF Mean 99.12 0.57 0.054

4

4

COR

PRY

SE

Mean
SE

Mean

SE

1.96

105.30

3.19

82.76

6.28

0.06

0.78

0.07

0.42

0.10

0.003

0.058

0.001

0.096

0.019

Culmen length (mm) 6 WF Mean 82.87 1.12 0.056

4

4

COR

PRY

SE

Mean

SE

Mean

SE

2.73

80.70

2.80

69.68

5.63

0.04

1.24

0.01

1.12

0.07

0.001

0.064

0.002
0.089

0.015

Wing length (mm) 6 WF Mean 82.87 1.56 0.082

4

5

COR

PRY

SE

Mean
SE

Mean

SE

1.08

86.40

2.40

64.28

8.38

0.09

1.80

0.08

1.34

0.26

0.007

0.090

0.003

0.105

0.007

kidney were below detection limits at all

ponds. Liver boron concentrations were

significantly lower (F = 17, df = 9, P =

0.002) in birds that hatched from eggs col-

lected at Westfarmers Pond; Pryse Pond

was similar to Corcoran. Boron concentra-

tionsmneggs(F=0.65,df=6,P=0.46)

and embryos (F = 2.04, df = 7, P = 0.20)

did not differ among sites, were below de-

tection limits in all muscle tissues, and were

measurable in kidney tissue only from birds

at Pryse Pond.

DISCUSSION

Concentrations of selenium, arsenic, and

boron in agricultural drainwater sampled

from Pryse and Westfarmers ponds were

well above the water quality criteria of 5

ppb for selenium, 50 ppb for arsenic, and

5 ppm for boron (Environmental Protec-

TABLE 6. Pairwise comparisons of logistic parameters from avocet growth curves; underlined groups are

not significantly (P > 0.10) different from one another.

Log istic parameter

Variable Alpha Beta Gamma

Weight

Tarsus length

PRY

PRY

COR

WF

WF

COR

PRY

PRY

WF

WF

COR

COR

WF PRY COR

WF COR PRY

Culmen length

Wing length

PRY COR WF PRY WF COR WF

WF

COR

COR

PRY

!�J1LPRY WF COR PRY WF COR
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T.sm.E 7. Selenium, arsenic, and boron residues (dry weight, ppm) in avocet eggs and tissues (mean ± SE)

from three ponds. Lower limits of detection are 1 ppb for selenium, 15 ppb for arsenic, and 5 ppb for boron.

Pond Egg Liver Muscle Kidney

Westfarmers Pond

Selenium

Arsenic

Boron

Sample size

15.965 ± 8.50

ND’

10.500 ± 2.20

13

6.033 ± 0.44

1.977 ± 0.42

4.492 ± 0.60

6

1.714 ± 0.02

ND

ND

6

-�

ND

ND

6

Pryse Pond

Selenium

Arsenic

Boron

Sample size

18.156 ± 11.78

ND

8.327 ± 0.86

3

6.534 ± 0.70

3.055 ± 0.22

10.280 ± 0.59

2

1.756 ± -,

ND

ND

2

-‘

ND

1.86 ± 1.86

2

Corcoran Pond

Selenium

Arsenic

Boron

Sample size

20.512 ± 23.90

ND

2

6.200 ± 0.83

3.895 ± 0.48

9.595 ± 1.28

2

2.101 ± 0.35

ND

ND

2

-‘

ND

ND

2

Not sampled.
Not detected (below detection limit

Sample size of one.

Four eggs collected from another reference site had mean (±SE) boron concentrations of 8.48 ± 0.312 (SE) ppm.

tion Agency, 1980, 1984a; National Re-

search Council, 1980). All other elements

measured (Table 1) were at concentrations

well below those known to have adverse

physiological effects (National Research

Council, 1980). The reference site, Cor-

coran Ponds, had very low selenium and

arsenic concentrations. Unfortunately, bo-

ron ��‘as not measured in the reference pond

water, making it difficult to implicate bo-

ron as a causative factor of observed ef-

fects. However, the fact that boron con-

centrations in Pryse and Westfarmers

ponds exceeded water quality criteria and

threshold levels for known physiological

effects in livestock (National Research

Council, 1980), is evidence that it may be

a contributing factor. We found that av-

ocet chicks exposed solely through in ovo

transfer of these elements from adults to

their progeny had significantly different

white blood cell differential profiles caused

by an increased heterophil : lymphocyte

ratio that was due to an increased per-

centage of heterophils and a decreased

percentage of lvm phocvtes. Additionally,

the phagocytic ability of macrophages was

significantly reduced in both Pryse and

Westfarmers Pond birds, while the ability

of lymphocytes to proliferate in the pres-

ence of a T-cell mitogen was increased in

birds from Pryse Ponds. Furthermore, size

at hatch and adult size, as measured by

body weight and wing, tarsus, and culmen

length, were significantly reduced in birds

from both sites with high concentrations

of these inorganic compounds.

The birds that were most severely af-

fected were those that hatched from eggs

collected from Pryse Pond which con-

tained moderately high concentrations of

selenium and boron and a very high con-

centration of arsenic. Based on studies of

the avian teratogenic effects of agricultur-

al drainwater in this area of California,

Ohlendorf et al. (1986a, b) implicated se-

lenium as the causative agent. Hoffman et

at. (1992) found that selenium can retard

growth rates of mallards in the laboratory.

However, because birds from Pryse Ponds,

which had arsenic concentrations 200 times

higher than the water quality criteria val-

ue and only moderately elevated selenium

concentrations, had the greatest number
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of adverse effects it is likely that arsenic

played a more significant role in causing

the observed effects in this avocet study

than did selenium. Alternatively, there

cotild have been an interactive, potentiat-

ing effect of the arsenic and selenium and,

possibly , boron. Although selenium is a

welt-known im m unomod ulator in birds

(Whiteley and Yuill, 1989; Fairbrother and

Fowles, 1990) as �velt as in mice (Koller et

at., 1980), Fowler (1977) found that arse-

nic protects against selenium toxicity

through increased excretion of selenium

from the liver. Both selenium and arsenic

exhibit hormetic effects on the immune

system, whereby exposure to low concen-

trations are immunostimulatory and high-

er levels are immunotoxic. Exposure to high

concentrations of arsenic inhibit the syn-

thesis and action of interferon, whereas

lower concentrations increase the antiviral

activity of interferon (Sharma, 1981).

Chronic arsenic poisoning affects the bone

marrow resulting in anemia, leukopenia,

granutoc�topenia, and eosmnophilia (En-

viron mental Protection Agency, 1984b;

Arnold, 1988). Chronic viral infections such

as herpetic lesions and chronic pulmonary

infections also have been associated with

chronic arsenic exposure (Environmental

Protection Agenc�’, 1984b). Arsenic is

known to have teratogenic properties (En-

viron mental Protection Agency, 1 984b),

affect growth rates, and interfere with en-

zyme function through disruption of di-

sulfide bonds in proteins as welt as reduc-

ing mitochondrial respiration through

disruption of oxidative phosphorylation.

Although there have been no reported

studies on immunotoxicity of boron, this

compound can block prostaglandin syn-

thesis (Larsen, 1988), an important intra-

cellular communication pathway in the

immune system. Given this information

and the results from this study, we hy-

pothesize that the observed physiological

effects in birds that successfully hatched

were caused by a combination of the com-

pounds, rather than by selenium alone.

Unfortunately, definitive cause-and-ef-

feet relationships could not be established

from this study. This frequently is the case

in field studies that provide largely obser-

vational data. However, hypotheses gen-

erated from this study could be tested in

controlled laboratory studies, where adult

avocets could be exposed to known con-

centrations of selenium, arsenic, and boron

in drinking water and similar parameters

measured (Fairbrother and Fowles, 1990).

In the current study, the results are further

confounded by a tack of differences in con-

taminant concentration in eggs collected

from the three study sites and in the body

tissues of the 12 to 16 wk-old juvenile birds.

Ohlendorf (1989) and Lonzarich et at.

(1992) documented high selenium concen-

trations in waterfowl and shorebird eggs

from these and nearby areas, although these

usually were associated with lethal abnor-

malities. The eggs we collected were bi-

ased towards nests that we thought would

hatch viable young (>1 egg, presence of

adult, away from shore). Therefore, the

concentrations in the eggs could be ex-

pected to be significantly lower than those

measured in previous studies. Moreover,

tissue residues of the three compounds were

measured in 16 to 20 wk-old birds that had

been held in the laboratory on clean diets

and consequently had depurated most of

the pollutants from their tissues.

Our results provide evidence that ex-

posure to excessive concentrations of in-

organic compounds affects the F1 gen-

eration of reproductively active birds.

Unfortunately, we were unable to monitor

the avocet chicks in the field to ascertain

the relationship between depressed immu-

nomodulation or growth rates and the

fledging success of the birds. However, the

study was successful at demonstrating that

physiological effects can be measured in

wild birds, both under laboratory condi-

tions and from free-ranging animals. The

assays described herein now can be ap-

plied to other field situations of suspected

environmental contamination and an in-

formation base developed to document

sublethal effects of intoxication. Coupled
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with ecological data on breeding success,

recruitment rates, and disease epizootics,

no observable adverse effects levels that

are protective of wild individuals can more

reliably be established for use in hazardous

waste site clean-up programs or establish-

ing criteria values for water or sludge-borne

contaminants.
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