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Evaporation ponds that dispose of agricultural drainwater provide attractive
habitat for waterbirds but may result in contaminant exposure that impairs

reproduction. I estimated post-hatching survival and evaluated productivity
estimates for American avocets (Recurvirostra americana) nesting at evaporation
ponds in the Tulare Basin, California from 1991 to 1993. Avocets and Blacknecked stilts (Himantopus mexicanus) comprised the majority of 5,969 nests found.
Nest success and embryo mortality varied among ponds and between species.
Embryo deformity and mortality rates associated with selenium were higher in

stilts. The majority of reproductive losses were attributed to predation, especially
at ponds without islands.

Post-hatch survival of radiomarked avocets after 5 weeks ranged from
0.375-0.729 and differed among ponds (log-rank

x2

7.12, 2 df, P = 0.028).

Predation accounted for 55.4% (36/65) of known mortalities. Depredated chicks
ranged from 1-30 days of age with a median age of 6 days.

Arsenic concentrations in avocet livers were below detection limits while
boron concentrations were below detection limits at Westlake-South (WLS) and

Tulare Lake Drainage District-South (TLDD-S) in 1993. Mean boron
concentration in livers was 3.7 ppm at TLDD-S in 1992 and 22.9 ppm at Lost Hills

Water District (LHWD). Liver selenium concentrations increased with age and
differed among ponds (P = 0.000 1). Mercury concentrations differed among ponds
(P

0.000 1), but were similar to background.

Growth, survival and selenium exposure were consistent to support posthatching effects of selenium. Mortality in avocet chicks was highest at LHWD,

intermediate at TLDD-S and lowest at WLS, consistent with selenium exposures. I
observed lower survival, histologic lesions, lower hatchling weights, slower
growth, and elevated selenium and boron in tissue at LHWD.

I used capture-recapture analysis also to estimate post-hatching survival and

calculated avocet productivity. Survival estimates for the first 4 weeks posthatching, based on model averaging, ranged from 0.572 to 0.75 1. Productivity at
some ponds was insufficient to offset adult mortality. Estimates of average annual

productivity were 0.49 and 0.45 in 1992 and 1993, respectively. Juvenile survival
rates necessary for recruitment to offset 10% and 20% adult mortality ranged from
0.204 to 0.408 and 0.222 to 0.444, respectively.
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Post-hatching Survival and Productivity of American Avocets at Drainwater
Evaporation Ponds in the Tulare Basin, California
GENERAL iNTRODUCTION

In California's Central Valley, which supports large waterfowl and
shorebird populations, over 90% of native wetlands have been destroyed as a result
of agricullural conversion and other human activities (Frayer et al. 1989). Since the
1970s, approximately 3,000 ha of evaporation ponds have been constructed in

California's San Joaquin Valley to dispose of subsurface agricultural drainwater,
with almost the entire area situated in the Tulare Basin (Moore et al. 1990). Given
the extensive loss of historic wetlands, evaporation ponds may be the most
abundant wetland habitat available to wildlife in the Tulare Basin during the spring
(Moore et al. 1990).

In order to maintain agricultural productivity on lands with poor drainage,
excess irrigation water is applied to fields to leach salts from the crop root-zone and
subsequently removed through subsurface drains (Nelson and Johnston 1984,

Presser 1994). Over 61 million cubic meters of subsurface irrigation drainage are
discharged annually to evaporation pond systems (Ohlendorf and Skorupa 1989).
The subsurface drainwater contains salts as well as inorganic trace elements such as
selenium, arsenic, boron, and cadmium (Moore et al. 1989), which are leached
from the soil.

Wildlife use of habitats receiving drainwater has resulted in exposure to
contaminants, with the most severe effects being reproductive impairment and
mortality in birds due to selenium toxicity (Ohlendorf and Skorupa 1989). Effects
of selenium contamination have focused primarily on individual organism

responses, specifically the embryonic stage. There has been little assessment of the
potential effects on avian demographic performance, particularly survival.
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It is unknown whether avian use of evaporation ponds and other constructed or
artificial "wetlands" compensates for historic losses of natural wetland habitats
(Page and Gill 1994).

The purpose of this work was to document use of Tulare Basin evaporation
ponds by breeding waterbirds and to evaluate the reproductive impacts of exposure

to drainwater contaminants. I monitored nesting at evaporation ponds during
1991-1993 to 1) assess use by breeding birds, 2) estimate reproductive success,
including post-hatching survival in American avocets, and 3) quantify contaminant-

related reproductive impairment. In Section 2, I report on avian use of evaporation
ponds, nesting success, causes of partial and complete nest failures in nesting
populations, embryonic mortality and deformity rates, and selenium exposure.

American avocets (Recurvirostra americana) were the most abundant breeding
birds at Tulare Basin evaporation ponds. I describe effects on post-hatching
survival, including mortality factors, growth, and contaminant exposure of

radiomarked avocet chicks in Section 3. Section 4 contains an assessment of the
effects of drainwater contaminants on population characteristics of American

avocets. I estimated local productivity, post-hatching survival using capturerecapture analyses and used a simple model that assumed a stationary population in

order to evaluate productivity on evaporation ponds. Lastly, in Section 5,
I summarize the findings of the previous sections and offer suggestions for future
research.
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SELENIUM EXPOSURE AND REPRODUCTIVE iMPAIRMENT IN
AMERICAN AVOCETS AND BLACK-NECKED STILTS BREEDING AT
EVAPORATION PONDS IN THE TULARE BASIN, CALIFORNTA

INTRODUCTION

Wetland losses in the Central Valley of California imperil the future of
migratory bird populations that depend on wetlands for breeding and wintering

habitat (Gilmer et al. 1982, Shuford et al. 1998). The Central Valley supports
approximately 60% of the wintering waterfowl population in the Pacific Flyway

(Gilmer et al. 1982). Shorebirds, the second most numerous group of wetland birds
in the Pacific Flyway, rely more on Central Valley wetlands in winter and spring

than on any other interior site in western North America (Shuford et al. 1998).
Comprised of the Sacramento Valley in the north and the San Joaquin Valley in the
south, the Central Valley encompasses only 13% of the state's total area (Peters
1989), but accounts for 80% (1.6 million ha) of California's estimated wetland

acreage prior to settlement (Gilmer et al. 1982). Over 90% of native wetlands
within the Central Valley have been destroyed as a result of agricultural conversion
and other human activities (Frayer et al. 1989).

The Tulare Basin in the San Joaquin Valley once contained over 210,600
ha of permanent and seasonal wetlands, the largest tract of wetlands historically
present in the state (Central Valley Habitat Joint Venture Implementation Plan
1990). Tulare Lake, formerly the largest freshwater lake west of the Mississippi,
has been almost completely converted to agricultural use (Moore et al. 1990). Most

of the remaining 4% (3,200 ha) of historic wetlands in the Tulare Basin are
seasonally flooded lands that are of limited value to migratory waterbirds because
they typically do not provide habitat during the breeding season (Moore et al.
1990).
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Since the 1970s, approximately 3,000 ha of evaporation ponds have been
constructed in the San Joaquin Valley to dispose of subsurface agricultural
drainwater, with almost the entire area situated in the Tulare Basin (Moore et al.

1990). In order to maintain agricultural productivity on lands with poor drainage,
excess irrigation water is applied to fields to leach salts from the crop root-zone,
and subsequently removed through subsurface drains (Nelson and Johnston 1984,
Presser 1994). Because the Tulare Basin is usually a closed hydrologic system,
discharge and eventual disposal of irrigation drainwater into the Pacific Ocean via
the San Joaquin River and its tributaries normally does not occur (Moore et al.

1990). Currently, evaporation pond systems are considered the only technically or
economically feasible option for the treatment and disposal of irrigation drainwater

(Bradford et al. 1991). Over 61 million cubic meters of subsurface irrigation
drainage are discharged annually to evaporation pond systems (Ohlendorf and
Skorupa 1989).

Given the extensive loss of historic wetland habitats, evaporation ponds
may be the most abundant wetland habitat available to wildlife in the Tulare Basin

during the spring (Moore et al. 1990). Although use of evaporation ponds by
shorebirds varies by species and season, it is significant given the limited acreage
of agricultural evaporation ponds relative to other shorebird habitats (e.g.,
agricultural croplands, managed wetlands, sewage ponds) within the Central Valley

(Shuford et al. 1998). It is unknown whether use of evaporation ponds and other
constructed or artificial "wetlands" by avocets, stilts and other shorebirds,

compensates for historic losses of natural wetland habitats (Page and Gill 1994).
Since the discovery of selenium-induced embryotoxicity and adult mortality

in aquatic birds at Kesterson Reservoir in the 1980s (Ohiendorfet al. 1986a, b;
1988), agricultural drainage contaminated with selenium has been identified as a

threat to wetland ecosystems (Presser et al. 1994, Skorupa 1998).

Wildlife use of habitats receiving drainwater has resulted in exposure to
contaminants, with the most severe effects being reproductive impairment and

mortality in birds (Ohlendorf and Skorupa 1989). Selenium toxicity is the most
plausible explanation for the adverse reproductive effects observed from field and
laboratory studies because aquatic bird eggs typically contain embryotoxic

concentrations only of selenium; evidence is lacking for interactive or additive

effects with other drainwater constituents (Skorupa and Ohlendorf 1991). Few
pesticides are detected in drainage water and in bottom material, and concentrations
are low (Schroeder et al. 1988, Moore et al. 1989).

Skorupa and Ohlendorf (1991:345) considered drainwater with selenium
concentrations from 3-20 ppb as "peripherally hazardous to aquatic birds" and
concentrations over 20 ppb as "hazardous to most species under most

environmental conditions." Waterborne selenium concentrations for Tulare Basin
evaporation ponds averaged 50 ppb (Moore et al. 1990). If breeding birds at
evaporation ponds are to be protected, management actions need to reduce either
the number of birds exposed or the exposure concentrations (Skorupa and
Ohlendorf 1991).

The purpose of this work was to document use of Tulare Basin evaporation
ponds by breeding waterbirds and to evaluate the reproductive impacts of exposure

to drainwater contaminants. While selenium-induced embryotoxic effects on avian
reproduction have been documented previously at evaporation ponds in the Tulare
Basin (Schroeder et al. 1988, Ohlendorf and Skorupa 1989, Skorupa and Ohlendorf

1991, Skorupa 1998), post-hatching effects have not been studied. I investigated
nesting at evaporation ponds during 1991-1993 to 1) assess use by breeding birds,
2) estimate reproductive success, including post-hatching survival in American

avocets (Recurvirostra americana) and black-necked stilts (Himantopus
inexicanus), and 3) quantify contaminant-related reproductive impairment

(Ohlendorf et al. 1989). American avocets and Black-necked stilts are the most
abundant breeding birds at Tulare Basin evaporation ponds (Schroeder et al. 1988).

This paper reports on avian use of evaporation ponds, nesting success, causes of
nest failures, and embryonic mortality and deformity rates.

METHODS
Study sites

I selected study sites from the 24 evaporation pond systems located in
Fresno, Kings, Tulare, and Kern counties in the southern San Joaquin Valley,

California (Figure 1; Moore et al. 1989). Selection criteria were based primarily on
the potential for sites to attract large numbers of nesting American avocets and
Black-necked stilts (Family Recurvirostridae) and secondarily on waterbome
selenium concentrations in order to obtain a range among sampled ponds each year.

I refrained from sampling evaporation ponds that did not contain isolated wind
erosion barriers, which serve as nesting islands, or that were not among the 8

largest evaporation ponds based on surface acreage. However, landowners limited
my access in 1991 to the sites sampled. Thus, I monitored selected sites that
comprised approximately 20, 73, and 70% of total acreage of active evaporation

ponds in 1991-1993, respectively. In addition, I monitored nesting at the City of
Corcoran's sewage treatment ponds in 1991.

I searched for nests weekly from April through July 1991-1993. Duration
of nest monitoring was abbreviated at Liberty Farms in 1991 because drainage
impounded was less than 25% of total capacity and the only pond receiving
drainage dried completely before the end of the breeding season. I located nests by

walking pond levees, windbreaks and islands. Nest monitoring was limited at the
Tulare Lake Drainage District's (TLDD) Hacienda site in 1993 due to lack of
impounded water and removal of nesting islands; monitoring included the levees of
the eastern pond complex (about 60% of the site) but did not include nests located
on exposed sediments of drained ponds.
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Figure 1: Location of evaporation ponds selected as study sites for
monitoring avian reproduction in the Tulare Basin,
California, 199 1i 993.
Source: Moore et al. 1989

I flagged nests, aged nests found with complete clutches by egg floatation
(Westerskov 1950, Alberico 1995), and aged nests with incomplete clutches by

assuming that females laid one egg per day. I monitored incubation status weekly
until nest fates were determined. I classified a nest as successful if at least I chick
hatched or if after the predicted hatching date the empty nest cup lacked signs of
nest depredation and contained small eggshell fragments or detached shell
membranes.

I collected eggs that failed to hatch from successful nests. As an indicator
of avian selenium exposure at each site, 1 egg each from a maximum of 20

randomly selected nests was collected for chemical analysis. These randomly
collected eggs as well as failed eggs were assessed for viability and any late-stage

embryos examined for multiple gross abnormalities indicative of selenium toxicity;
these included gross malformations of the eyes, brain, wings and legs (Hoffman et

al. 1988). Samples were analyzed for selenium using hydride generation by
Environmental Trace Substances Laboratory, Columbia, Missouri following quality
assurance/quality control procedures established by the Patuxent Analytical Control
Facility, Patuxent Wildlife Research Center (Laurel, MD).

Statistical analysis

Statistical tests were calculated using SAS for personal computers
(SAS Institute Inc. 1990), unless noted otherwise.

Nest success and cause-specific failure rates
Calculations for nest success and cause-specific nest failures were similar to

Ohlendorf et al. (1989). If 10 or more nests were located, we estimated nest
success using Mayfield's method (Mayfield 1961, 1975) with modifications

(Johnson 1979, Hensler and Nichols 1981). Exposure days were calculated (Klett
et al. 1986) with nesting intervals of 25 days for stilts and 26 days for avocets

(Ohlendorf et al. 1989). For evaporation pond systems with levee windbreaks that

remained surrounded by water (i.e., Pryse, TLDD-South, TLDD-Hacienda in 1992,

but not Liberty Farms), we stratified nests by habitat (i.e., island versus non-island)
and applied Mayfield's method to each group separately to obtain a weighted
average of nest success (Johnson 1979, Klett and Johnson 1982).
Cause-specific nest failure rates were estimated using program

MICROMORT (Heisey and Fuller 1985). I classified failures by causes: 1) nest
abandonment, 2) nest destruction (e.g., predators, flooding, and levee maintenance),

3) unknown factors, and 4) embryotoxicosis. Embryotoxicosis was assumed only if
unsuccessful nests survived the entire nesting interval and lacked any identifiable
cause for all eggs failing to hatch (e.g., eggs stuck in mud after exposure to rain). I
did not include nests terminated by researchers, nests with unknown fates, or nests
abandoned immediately after detection.

Multiple comparisons of nest survival rates were conducted using the
generalized procedures (Sauer and Williams 1989) implemented in the computer

program CONTRAST (Hines and Sauer 1989). This method uses a general Chisquare statistic to address both simple and composite hypotheses of differences in

rates. I first compared rates between evaporation pond systems with islands and
pond systems without islands. Within each of the latter groupings, I examined
species and temporal (i.e., yearly) differences. Based on the significance (P <0.05)
of tests for year and species within year effects, comparisons were conducted

among pond systems. I adjusted significance levels for multiple comparisons
among ponds based on the Bonferroni method (i.e., a / m, where a = 0.05; and m =
number of comparisons).
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Partial nest failure and selenium
Site-specific nesting populations

I analyzed both successful nests and unsuccessful nests that failed due to
embryotoxicosis to estimate reproductive impairment that also includes partial nest

failure at each site. At each site, I calculated the proportion of affected nests,
hatched eggs, and deformed embryos for recurvirostrids (Ohlendorf et al. 1989).
Affected nests and egg hatchability reflect the incidence of both embryo mortality
and deformity, and thus are more sensitive response variables than embryo

deformity. However, embryo deformity is an unambiguous response because
noncontaminant-related factors can affect egg hatchability (Skorupa and Ohlendorf
1991). 1 defined affected or impaired nests as those that survived the entire

incubation period and contained 1 or more eggs that failed to hatch. I estimated
egg hatchability at each site by calculating the ratio of the sum of eggs that hatched

to the total number of eggs that remained in the nest for the entire nesting interval.
Because clutch size differed among nests, standard errors were calculated using a
ratio formula for cluster sampling (Cochran 1977:66).

Incubating adult stilts and avocets at TLDD-S were collected in April 1992
for a separate study by resource agency personnel. I considered this as a significant
disturbance that affected incubation behavior at this site because 22.6% (4/15) of
stilt and 51.5% (17/33) of avocet full-term nests initiated in April contained 1 or

more eggs that failed to hatch. Therefore, I omitted nests initiated prior to and 1
week after the disturbance event from estimates of reproductive impairment.
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Hatchability within clutches
To estimate the effect of egg selenium concentration on stilt hatchability
within a clutch, I used logistic regression analysis (Hosmer and Lemeshow 1989).

I included only 4-egg nests that survived the entire incubation period and contained

an assessable embryo (>8 days) in the egg sampled for selenium. I assumed that a
randomly sampled egg was representative of the selenium concentrations for
sibling eggs in the clutch. I also assumed collected eggs would have hatched unless
the sampled egg contained a dead or deformed embryo.

Data on avocet hatchability within a clutch were insufficient (i.e., too few

affected nests), and resulted in inestimable parameters. After omitting 2 affected
nests because of the disturbance event at TLDD-S (see above), only 2 (egg
selenium < 8 ppm, dry weight) of 51 full-term nests did not successfully hatch the

entire clutch. Therefore, the analysis for avocets was based on sampling the
counted proportion of impaired nests within populations. I used logistic regression
for binary responses (Ramsey and Schafer 1997:604) to model the proportion of
affected nests in avocet nesting populations as a function of geometric mean egg

selenium at each site. Mean egg selenium at each site was estimated from
randomly sampled nests. I included only full-term nests and sites with 10 or more
full-term avocet nests. I created an index for disturbance to address variability in
hatchability due to differences in disturbance levels among sites. I classified
disturbance at sites based on the proportion of island nests found in the population.
In general, density of nests on islands was high and more time was spent nest

monitoring and banding in island colonies. Also, pond operators in trucks or allterrain vehicles hazed birds nesting at evaporation ponds with islands, with the
exception of Liberty Farms, with noisemakers.
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Embiyo deformity rates
I used logistic regression to model deformity rates (i.e., counted binomial
proportion) as a function of egg selenium concentrations in nesting populations for

both stilts and avocets. Additionally, for sites where deformities were observed in
eggs, I used exact binomial probabilities (Fisher 1973, Ramsey and Schafer 1997)

to compare the observed occurrence of deformities against a benchmark. I selected
a benchmark deformity rate of 0.3%, which is the upper 95% confidence interval
for an expected background deformity rate for avocets and stilts (J.P. Skorupa,

unpubl. data). If observed deformity rates were not statistically (P <0.05) elevated
from the benchmark, I used the statistical software PASS 6.0 (Hintze 1991) to
calculate, a posteriori, the detectable or hypothetical effect sizes, given the
observed sample sizes and target settings for alpha and beta of 0.2 (Steidi et al.
1997). This provided a conservative estimate of the deformity rate necessary to
detect statistical differences, given the sample sizes observed in the study.

RESULTS

I located 5,969 nests comprising 19 species at 9 sites from 1991-93 with
waterborne selenium concentrations ranging from 1.2 to 211 ppb (Table 1).
Almost half (47.7%) of the waterbird nests located in the study were found in 1992.
Avocet nests were 70, 61, and 72% of the total nests encountered each year while

stilts accounted for 26, 23, and 13% of the total nests. In 1993, 17.2% fewer nests
were located on evaporation ponds than in 1992. While numbers of avocet nests
decreased by 3% between 1992 and 1993, numbers of stilt nests decreased by over
55%.

Table 1: Waterbird nests located on evaporation ponds in the Tulare Basin, California, 1991-1993.

WATERBORNE
SITE1

SE (ppb)

SPECIES2

AMAV

BNST

FOTE

SNPL

KIDE

DUCK

EAGR

OTHER

TOTAL

1991

Pryse

LHWD
LF

CSP

14.0

122

23

20

0

0

2

0

0

167

165.8

132

87

1

0

0

0

0

3

223

10.1

240

28

0

0

1

2

0

0

271

1.2

41

60

0

0

2

0

0

0

103

1992
10.5

108

30

47

1

0

3

0

0

189

190.2

75

94

0

6

0

1

0

0

176

TLDD-S

8.6

998

189

39

20

8

24

0

32

1310

TLDD-H

12.0

471

232

99

12

5

17

0

0

836

TLDD-N

2.5

58

105

0

0

2

1

109

1

276

WLS

9.1

24

13

0

6

0

0

0

0

43

Stone

1.5

4

5

0

3

0

0

6

0

18

Pryse

LHWD

Table 1 (Continued)
WATERBORNE
SITE

SE (ppb)

SPECIES2

AMAV

BNST

FOTE

SNPL

TOTAL

KifiE

DUCK

EAGR

OTHER

1993

10.7

125

21

0

3

3

3

0

0

155

211.4

119

46

0

0

1

0

0

0

166

TLDD-S

7.1

732

109

109

11

9

16

0

64

1050

TLDD-H

14.2

309

78

27

12

7

10

0

0

443

TLDD-N

2.6

25

13

0

9

8

1

48

0

104

WLS

8.0

376

30

0

33

0

0

0

0

439

3959

1163

342

116

46

80

163

100

5969

Pryse

LHWD

TOTAL

'Abbreviations are Lost Hills Water District (LHWD), Liberty Farms (LF), Corcoran Sewage Ponds (CSP), Tulare Lake
Drainage District-South (TLDD-S), TLDD-North (TLDD-N), TLDD-Hacienda (TLDD-H), and Westlake Farms-South
(WLS).
2
Species are American avocet (AMAV), Black-necked stilt (BNST), Forster' s tern (FOTE) Sterna forsteri, Snowy plover
(SNPL) Charadrius alexandrinus, Killdeer (KIDE) Charadrius vocferus, waterfowl (DUCK), and Eared grebe (EAGR)
Podiceps nigricollis. Other includes Brewer's blackbird (Euphagus cyanocephalus), Common nighthawk (Chordeiles
minor), Wilson's phalarope (Phalaropus tricolor), Caspian tern (Sterna caspia), and American coot (Fulica americana).
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Nest success and cause-specific failure rates
Nest success and the cause-specific nest failure rates varied by site, year,

and species (Table 2). Nest success for avocets and stilts was higher in each year
(P <0.0001) at sites with functional islands (i.e., difference = 0.39, z2 = 23.2 for
Pryse in 1991; difference = 0.24,

x2

= 42.7 for Pryse, TLDD-S and TLDD-Hacienda

in 1992; differeiice = 0.53; x2= 173.4 for Pryse and TLDD-S in 1993) than at sites

without islands. At the pond systems with islands, there was no difference (x2
0.0 12, P

0.91) in nest success between species. Nest success differed (x2 = 193, 2

df, P <0.0001) among sites with islands (i.e., Pryse> TLDD-S > TLDDHacienda).

When species nested both on islands and in other habitat, nest success on
islands was higher (difference = 0.50, x2

235, P <0.0001) because predation rates

were lower on islands (Table 3). For example, at TLDD-S in 1992, nest success
was 69% on islands and only 8% in other habitat, while predation rate on islands

and in other habitat was 30% and 92%, respectively. The weighted mean estimate
of nest success was 46%. Thus, weighted estimates of nest success increased at
evaporation pond sites with islands as the proportion of island nests in the
population increased.

Among sites without islands, I detected no differences in nest success
(Table 2) between avocets and stilts in 1991 (difference = 0.062, x2 = 0.81, P =
0.37) or 1993 (difference

0.024, x2= 0.37, P = 0.54). In 1991, nest success of

avocets and stilts differed (x2 = 60.5, 2 df, P < 0.001) among sites (Corcoran>

Liberty> LHWD). In 1993, nest success at LHWD was greater (x2

77.1, 3 df, P

<0.0001) than at other non-island sites because nest depredation was lower. Nest
success for stilts was greater than avocets in 1992 (difference

0.23,

x2

15.4, P

0.000 1) due primarily to differences in nest success at Westlake-South (WLS).

Table 2: Mayfield estimates of nest success and cause-specific failure rates for American avocets (AMAV) and B lacknecked stilts (BNST) at evaporation ponds in the Tulare Basin, California, 199 1-i 993.
Cause-specific Nest Failure Rates (SE)

% Nest
(Exposure
Days)

Success
SE)

Pond
Operations

Predation

Past Term

MudlRain

Abandoned

Unknown

Site

Year

Species

Corcoran

1991

AMAV

26 (218.5)

69.8 (14.5)

0

20.1 (12.7)

0

10.1 (9.5)

0

0

BNST

51(635)

46.8 (8.2)

0

50.4 (8.2)

2.8 (2.8)

0

0

0

205 (1494.5)

37.7 (5.0)

62.3 (5.0)

0

0

0

0

0

25 (276)

32.9 (10.6)

67.1 (10.6)

0

0

0

0

0

98 (1395.5)

86.1 (4.6)

8.7 (3.7)

0

0

3.5 (2.4)

0

1.7 (1.7)

BNST

21(234.5)

58.3 (14.0)

8.3 (8.0)

16.7 (10.7)

0

16.7 (10.7)

0

0

AMAV

96 (1363)

72.2 (5.7)

22.9 (5.4)

1.6 (1.6)

1.6 (1.6)

0

0

1.6 (1.6)

24 (378)

76.6 (10.2)

17.5 (9.2)

5.8 (0.3)

0

0

0

0

115 (1648.5)

93.9 (3.0)

6.1 (3.0)

0

0

0

0

0

17(251)

74.0 (12.8)

17.3 (11.1)

0

8.6 (8.3)

0

0

0

AMAV

100(593.5)

0.97(0.5)

97.0(1.6)

2.0(1.4)

0

0

0

0

BNST

77(732.5)

10.2 (2.9)

84.2 (3.8)

0

4.2 (2.4)

0

0

1.4 (1.4)

AMAV

56 (559)

16.0 (4.8)

84.0 (4.8)

0

0

0

0

0

BNST

61(674)

27.4 (6.1)

70.4 (6.3)

2.1 (2.1)

0

0

0

0

100 (1638.5)

54.3 (5.4)

40.9 (5.3)

0

0

0

1.2 (1.2)

3.6 (2.0)

42 (595)

57.6 (8.8)

29.4 (8.2)

0

0

0

0

13.0 (6.1)

Liberty

1991

AMAV
BNST

Pryse

1991

1992

AMAV

BNST
1993

AMAV
BNST

LHWD

1991

1992

1993

AMAV

BNST

--

Table 2 (Continued)

Cause-specific Nest Failure Rates (SE)

% Nest
(Exposure
Days)

Success

Predation

Unknown

Pond
Operations

Past Term

Mud/Rain

Abandoned

Site

Year

Species

TLDD-S

1992

AMAV

870 (12155)

41.7 (1.8)

57.1 (1.8)

0.1 (0.1)

0.4 (0.2)

0.1 (0.1)

0

0.4 (0.2)

BNST

164 (602.5)

55.8 (4.2)

42.3 (4.2)

0

0.7 (0.7)

0

0

0.7 (0.7)

642 (10351.5)

53.5 (2.1)

36.8 (2.1)

7.6 (1.1)

0.4 (0.3)

0

0.2 (0.2)

1.5 (0.5)

94(1662)

79.7 (4.7)

18.9 (4.6)

1.4 (1.3)

0

0

0

0

AMAV

418 (5414.5)

28.0 (2.2)

67.6 (2.3)

2.2 (0.8)

1.4 (0.6)

0

0.3 (0.3)

0.5 (0.4)

BNST

208 (2518.5)

28.3 (3.2)

67.1 (3.4)

4.0 (1.5)

0

0.6 (0.6)

0

0

AMAV

285 (2549.5)

8.8 (1.4)

66.6 (2.9)

23.7 (2.7)

0

0

0.04 (0.04)

0.04 (0.04)

BNST

71(573.5)

9.3 (3.1)

73.3 (5.5)

17.4 (5.0)

0

0

0

0

AMAV

55 (407.5)

3.6 (1.7)

94.5 (2.6)

2.0 (1.9)

0

0

0

0

BNST

96 (715.5)

5.2(1.7)

65.2 (5.0)

28.4 (4.9)

1.2(1.2)

0

0

0

AMAV

23 (134)

1.5 (1.4)

88.6 (6.7)

4.9 (4.8)

4.9 (4.8)

0

0

0

BNST

13(100)

12.4(9.2)

43.8(16.1)

43.8(16.1)

0

0

0

0

17(209.5)

24.6(10.4)

75.4(10.4)

0

0

0

0

0

13 (243)

81.3 (11.9)

18.7(11.9)

0

0

0

0

0

340 (3949.5)

18.8 (2.0)

78.6 (2.1)

2.3 (0.9)

0

0

0

0.3 (0.3)

4.5 (4.4)

0

0

0

0

1993

AMAV

BNST
TLDD-H

1992

1993

TLDD-N

1992

1993

WLS

1992

AMAV
BNST

1993

AMAV

81.7 (7.4)
13.7 (6.3)
28 (249)
BNST
Number of nests included in Maytield analysis. See Methods for exclusions.
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Without WLS, the difference was 0.065

(x2

= 2.56, P = 0.11). In 1992, nest success

in avocets was lower at TLDD-N than at other sites

(x2

= 7.81, P

0.005) while

nest success in stilts differed among sites (WLS > LHWD> TLDD-N; x2 50.8, P

<0.0001).
Among all sites, predators and pond operations were responsible for 90 and

8% of the total identified nest failures, respectively (Table 2). Coyotes (Canis
latrans) and raccoons (Procyon lotor) appeared to be responsible for the majority
of depredated nests. Flooding of nests was the primary (96%) cause of nest failures

attributed to pond operations. Observed nest failures attributed to embryotoxicosis
for all sites combined was 1.2%. However, 13% of stilt nests and 4% of avocet
nests failed due to embryotoxicosis at LHWD in 1993; all of the stilt nests (4) and 2

of the 3 avocet nests that were past-term contained deformed embryos. Evidence of
embryonic deformities in past-term nests also was detected in lof 3 avocet nests at
TLDD-S in 1992.

Partial nest failure and selenium
Site-specific nesting populations

The proportion of impaired nests at Tulare Basin evaporation ponds ranged
from 0 to 2 1.8% in avocets and 0 to 45.4% in stilts (Table 3). However, mean egg
hatchability for both species among sites was greater than 90% except at LHWD in
1993 where observed egg selenium concentrations were highest. Mean egg
selenium for sites ranged from 1.8 to 37 ppm in avocet eggs and from 1.9 to 43

ppm in stilt eggs.

Deformity rates among sites ranged from 0 to 3.3% in avocets and from 0 to
19.0% in stilts. Embryonic deformities were found in avocet nesting populations at

LHWD, TLDD-S, TLDD-Hacienda and WLS (Table 4). Deformities in stilt
embryos were observed at TLDD-S and LHWD. Only the embryonic deformity
rates at LHWD, the lowest of which was 11 times greater than background, were
statistically greater than a background rate of 0.3%.

Table 3: Predation rate and Mayfield estimates of nest success for American avocets (AMAV) and Black-necked stilts
(BNST) at evaporation ponds with islands in the Tulare Basin, California 1991-1993. Estimates were not
calculated (NC) if < 10 nests were located.

% Nest Success

Predation Rate

Nests Found

Island

Nonisland

Nonisland

Island

Nonisland

Weighted
Mean

Site

Species

Year

Pryse

AMAV

1991

88

34

5.3

14.8

89.3

80.2

86.5

1992

77

31

4.9

57.9

87.7

42.1

74.9

1993

111

14

0

43.6

100

56.4

95.4

1991

20

3

0

NC

62.2

NC

NC

1992

17

13

0

37.0

89.0

63.0

77.1

1993

15

6

0

NC

84.4

NC

NC

1992

653

345

30.0

91.6

68.6

7.7

46.1

1993

604

128

21.0

93.9

68.3

1.5

56.2

1992

109

80

2.6

87.8

94.8

12.2

58.5

1993

98

11

7.3

99.9

91.2

0.04

82.5

AMAV

1992

110

361

35.7

77.3

56.5

19.6

28.6

BNST

1992

36

196

26.1

75.3

57.6

22.6

28.3

BNST

TLDD-S

AMAV

BNST

TLDD-H

Island

Table 4: Measures of reproductive impairment and egg selenium concentrations (ppm dw) in American avocets
(AMAV) and Black-necked stilts (BNST) nesting at Tulare Basin sites, California, 1991-1993.
Eggs from Full-term Nests

Full-term Nests

Egg Se (ppm dw)

% Abnormal

% Hatch

71

0

97.2

5.0

2

1.8 (1.4, 2.2)

21.8

544

0

92.6

0.6

5

8.0 (3.1-14)

0

20.2

338

0

93.2

1.0

5

6.8 (3.8-14)

78

0

19.2

296

0

92.9

1.1

3

4.4 (4.1-4.6)

109

0

19.3

420

0

94.0

0.8

7

4.8 (3.3-12)

LHWD 1991

2

0

0

4

0

100

-

5

28 (18-45)

LHWD 1992

12

0

0

39

0

100

-

3

18 (9.1-26)

LHWD 1993

61

6.56

18.0

211

3.32

89.6

1.4

7

37 (12-70)

TLDD-S 1992

418

1.20

20.3

1589

0.31

93.5

0.2

6

8.2 (6.1-11)

TLDD-S 1993

393

1.02

16.4

1475

0.34

93.6

0.2

9

11(4.7-16)

TLDD-H 1992

151

0.66

12.6

566

0.18

94.2

0.6

9

8.9 (7.4-11)

TLDD-H 1993

51

0

13.7

180

0

93.3

1.8

7

11(6.8-22)

TLDD-N 1992

5

0

20.0

19

0

94.7

22.6

2

2.4 (1.8, 3.2)

TLDD-N 1992

3

0

0

8

0

100

-

2

5.1 (3.2, 8.1)

92

1.09

13.0

337

0.30

95.5

1.0

7

7.4 (4.1-10)

Species

Site-Year

n

% Abnormal

% Affected

AMAV

Corcoran 1991

20

0

10.0

147

0

Pryse 1991

89

Pryse 1992
Pryse 1993

Liberty 1991

WLS 1993

n

n

SE

Geo.

(range)

Table 4 (Continued)

Species

BNST

Egg Se (ppm dw)

Eggs from Full-term Nests

Full-term Nests

n

% Abnormal

% Affected

% Abnormal

% Hatch

Corcoran 1991

23

0

13.0

79

0

96.2

4.4

3

1.9 (1.7-2.0)

Liberty 1991

12

0

16.7

37

0

94.6

8.5

5

8.7 (7.1-9.6)

Pryse 1991

15

0

26.7

55

0

92.7

6.2

5

8.3 (7.2-10)

Pryse 1992

19

0

21.0

71

0

93.0

4.9

3

3.7 (2.8-4.9)

Pryse 1993

14

0

14.3

51

0

94.1

6.9

5

3.8 (2.9-5.1)

LHWD 1991

14

0.071

7.1

45

6.67

93.3

7.1

18

34.7 (15-65)

LHWD 1992

26

19.2

88

0A

4

3.7

9

24 (5.2-42)

LHWD 1993

33

0.39

45.4

105

19.0

69.5

1.7

18

43 (14-160)

TLDD-S 1992

87

0.011

17.2

336

0.30

94.6

1.0

5

15 (10-33)

TLDD-S 1993

79

0

8.9

292

0

97.3

1.2

3

8.6 (7.2-9.4)

TLDD-H 1992

81

0

6.2

303

0

98.4

1.2

10

8.6 (6.2-15)

TLDD-H 1993

15

0

0

54

0

100

-

5

4.8 (2.1-9.8)

TLDD-N 1992

12

0

16.7

43

0

95.3

8.4

5

4.0 (3.6-4.6)

TLDD-N 1993

4

0

0

13

0

100

-

3

2.9 (2.4-3.3)

WLS 1992

11

0

27.2

42

0

92.8

8.7

0

WLS 1993

8

0

25.0

28

0

92.8

12.5

5

Site-Year

ADoes not include 2 deformed siblings that hatched from an affected nest

n

n

SE

Geo.

(range)

-

4.5 (3.5-7.0)
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Although no deformities were observed in failed eggs at LHWD in 1992, two
sibling stilt chicks with overt deformities hatched from a nest containing a failed

egg. Given the observed sample sizes, the minimum detectable effect size for
deformity rates at the remaining sites were 4.2 times greater than background for
stilts at TLDD-S, and 2.0, 3.2 and 4.2 times greater than background for avocets at
TLDD-S, TLDD-Hacienda and WLS, respectively.

Hatchability within clutches

Based on 56 stilt nests, the probability of partial nest failure (i.e.,

1 eggs

from a 4-egg clutch failing to hatch) increased with egg selenium (Wald x2 = 9.25,
P = 0.0024, r2 = 0.30). The estimated odds of an impaired clutch increased by a

factor of 1.053 for each unit increase in selenium. The 95% confidence interval for
this multiplicative odds factor was 1.018 to 1.088.
Mean egg selenium and the proportion of island nests in avocet nesting
populations were marginal predictors of affected nests (x2 = 5.7, 2 df, P = 0.05 8).
No relationship between the proportion of affected nests and mean egg selenium
was detected in the 12 avocet nesting populations (Wald x2 = 0.18, P

0.67).

However, the indicator selected for disturbance (i.e., the proportion of island nests),
was significant (Wald

x2 =

5.43, P = 0.02). The odds ratio for impaired clutches

was 1.73 times higher (95% CL: 1.091-2.75) at sites with 50% or more of the
avocet nests located on islands.

Embryo deformity rates

The occurrence of deformities in nesting populations of stilts exhibited a
dose-response relationship with geometric mean egg selenium (Wald x2 = 46.32,

p = 0.0001, r2= 0.42). The odds of deformities in nesting populations increased by
17.8% (95% CL: 12.4-23.5) for each unit increase in mean egg selenium.
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The odds of deformities also increased with egg selenium in avocet nesting
populations (Wald

z2

= 35.62, P = 0.000 1). The odds ratio for deformities in

avocets was 1.106 for each unit increase in mean egg selenium (95% CL: 1.07-

1.144). However, mean egg selenium was a poor predictor (r2 = 0.098) of
deformities in avocet populations in our study because only 1 estimated deformity

rate (i.e., LHWD in 1993) was significantly above background. Alternatively
stated, the observed selenium values were too limited in range to adequately

estimate a dose-response curve for avocets. Without the 1993 LHWD data, the
relationship between mean egg selenium and deformity rates in avocets is less
conclusive (Wald

2.07, P = 0.15).

DISCUSSION

Breeding waterbirds in the Tulare Basin contend with extensive loss of
historic wetland habitat and potential reproductive impairment from selenium

exposure at created evaporation ponds. Evaporation ponds that dispose of
agricultural drainwater in the Tulare Basin are attractive breeding habitat for a
variety of wetland birds although quality of evaporation ponds as breeding habitat

varies. Pond use by nesting birds was still appreciable in 1993, even though this
was the first "Above Normal" water year following 6 years of "Critical" and "Dry"

water years within the State. In this study, nest success and embryo mortality in
relation to selenium contamination varied among evaporation ponds and between
avocets and stilts.

Nest success and associated cause-specific failure rates, while not as
sensitive an indicator of selenium toxicity as partial nest failure rates, are

informative indicators of productivity at evaporation ponds. High mammalian
predation and consequently low nest success occurred on evaporation pond systems

without islands and in non-island habitat on pond systems with islands. Nest
success was comparable to other studies at San Joaquin Valley managed wetlands
and Kesterson Reservoir (Ohlendorf et al. 1989, Hothem and Welsh 1994).
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Lower predation on islands and at Corcoran, which was fenced and excluded
mammalian predators, resulted in high nest success at some Tulare Basin sites.
These rates were similar to those reported for avocets nesting on islands (Grover
and Knopf 1982, Sidle and Arnold 1982, Giroux 1985) or sites where predators
were controlled (Gibson 1971).
Islands appeared to be attractive nesting habitat on evaporation ponds.
Nests on islands were associated with high nesting success where islands remained

inaccessible to ground predators. Previous studies (Sidle and Arnold 1982, Giroux
1985) have reported greater use of islands by nesting avocets in response to nest

predators, and Giroux (1985:1303) found avocets selected nest sites on islands with
"sparse and short cover, affording them an unobstructed view while on the nest."

I did not examine nest-site selection at this scale (cf Johnson 1980), although I did
observe fewer recurvirostrids nesting on highly vegetated islands at TLDD-S,

which is consistent with Giroux's findings.
Pond operations resulting in flooding of nests also was a significant source
of nest failure at some sites (e.g., Corcoran, TLDD-N, TLDD-H) and in certain

years. Site and year differences in nest failure rates attributed to flooding also were
observed at Kesterson Reservoir and Volta Wildlife Area (Ohlendorf et al. 1989).
Sordahl (1996) reported 68 and 8% of recurvirostrid nests lost to predators and

flooding, respectively, at an alkaline marsh in Utah. Stilts at some sites may be
more susceptible than avocets to nest flooding as they tend to nest closer to water

than avocets (Hamilton 1975). I observed nest supplementation by stilts when
confronted with rising water levels as has been reported previously (see Hamilton
1975).

Drainage inflows to evaporation ponds as well as nesting phenology vary

temporally and spatially. As the primary function of evaporation ponds is to
dispose of irrigation drainage, it may be challenging to reduce this source of nest

failure. More flexibility is available to prevent losses due to levee and routine pond
maintenance activities or to reduce the attractiveness of ponds for nesting.
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Attractiveness of evaporation ponds can be reduced (see Bradford et al. 1991) both
by site-specific actions (e.g., removal of islands for nesting) as well as by regional
actions (e.g., increase amount of quality habitat at non-drainwater wetlands).

Use of evaporation ponds by breeding waterbirds in this study likely reflects
both habitat conditions on the ponds as well as wetlands within the Tulare Basin

region. A disproportionately larger decrease occurred in stilt nests at evaporation
ponds between 1992 and 1993 compared to avocets (55% vs. 3%). This suggests
that stilts may have responded more strongly to the increased availability of
freshwater on other sites concomitant with greater precipitation and the end of a 6year drought. If there are species differences in response to availability of nondrainwater wetlands in the Tulare Basin, stilts may benefit more from the creation

of freshwater mitigation wetlands. Reduced exposure to drainwater contaminants
may also disproportionately affect stilts because reproductive impairment due to

selenium exposure in this study was higher in stilts. Although embryonic
deformities were found in more avocet nesting populations, this likely reflects
greater sample sizes and statistical power as nesting avocets outnumbered stilts on
evaporation ponds.

Both embryo deformity and mortality rates associated with egg selenium

concentrations were higher in stilts than in avocets. Stilts and avocets are closely
related phylogenetically; however, stilt embryos are twice as susceptible to

selenium as are avocets (Skorupa 1998). Based on species-specific teratogenic
response curves, the reported 50% effect concentration (EC50) is 58 ppm selenium
in stilt eggs and 105 ppm in avocet eggs. Additionally, the incidence of deformities
reported for avocets is 0.0% in eggs containing up to 40 ppm selenium and 5.0% in

eggs with 4 1-60 ppm selenium (Robinson et al. 1997). The rates of teratogenesis
observed in this study, although based on mean egg selenium in nesting
populations, are compatible with Skorupa's (1998) findings based on individual
nests (i.e., lower thresholds based on population-level analysis and overlapping CL;

cf. Skorupa and Ohlendorf 1991). Thus, the finding of a weak dose-dependence in
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embryonic deformities for avocets in this study is not unexpected given that the
highest mean egg selenium concentration observed was just below the predicted
EC1 threshold value of 41 ppm and the highest individual egg selenium
concentration was below the EC10 of 74 ppm (Skorupa 1998).

While egg hatchability is a sensitive indicator of selenium toxicity (Skorupa
1998), fewer than 25% of avocet nests at evaporation ponds observed in this study
contained

1 egg that failed to hatch. The maximum mean egg selenium observed

at any evaporation pond was 37 ppm. Clutch viability data in this study were
slightly higher than probabilities of impairment for avocet eggs containing < 60

ppm selenium (National Irrigation Water Quality Program 1998). However, I
observed an association between impairment and human disturbance in avocets as

measured indirectly by the proportion of island nests among sites. This noncontaminant induced impairment may be related to human disturbance affecting

avocets' incubation behavior. Studies with artificial incubation confirmed that the
hatchability depression at Tulare Basin evaporation ponds was contaminant-

induced (Skorupa and Ohlendorf 1991). The relative insensitivity to selenium in
ovo by avocets (Skorupa 1998) in combination with an apparent heightened

sensitivity to disturbance during incubation likely explains the observed nest

impairment in this study. Therefore, differences in the magnitude or duration of
disturbance, including research activities, can account for variation in estimates of

non-contaminant impairment in avocets. For example, at a non-drainwater site
where adult avocets were trapped at the nest, 60% of nests contained at least 1
inviable egg (Alberico 1995).
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Impairment from an unexpected acute disturbance at one evaporation pond
in this study (i.e., TLDD-S, see Methods) suggested that avocets are more sensitive

than stilts to nesting disturbances. Robinson et al. (1997) also reported that nesting
stilts were less sensitive than avocets to research activities; therefore, the potential
exists for disturbance to affect partial nest failures in avocets, thereby reducing the

power of field estimates to detect contaminant effects. Nevertheless, reproductive
impairment associated with elevated selenium exposures was observed in both
species in this study.

The waterborne selenium concentrations at the evaporation ponds in this
study, with the exception of LHWD (> 100 ppb), exceeded the contamination
threshold but were within the range Skorupa and Ohlendorf (1991:345) considered

as "hazardous to some species under some environmental conditions." At LHWD,
high selenium exposures resulted in reproductive impairment in both species, even
though avocets are about half as sensitive to selenium toxicity as stilts (Skorupa

1998). At the remaining ponds, mean egg selenium concentrations in avocets and
stilts were at or below the threshold range associated with teratogenic populations
(Skorupa and Ohlendorf 1991, Skorupa 1998); therefore, embryotoxic nest failure

rates were low. However, nest failure rates underestimate, in absolute terms,
embryotoxic losses at evaporation ponds because partial nest failures are not
considered. Although egg hatchability exceeded 90%, egg selenium concentrations
were elevated above background, and reductions in egg hatchability were
associated with increasing selenium exposure.

The majority of reproductive losses on the evaporation ponds were
attributed to nest predation, reaffirming the need for quality nesting habitat that is
both inaccessible to mammalian predators and uncontaminated (Robinson et al.

1997). Recent management actions such as removal of nesting islands on
evaporation ponds concurrent with operation of mitigation wetlands providing
nesting habitat, indicate some success in reducing use of evaporation ponds by stilts

and avocets (see Robinson et al. 1997). However, the sustainability of this

-

-

-

response, effects on survival of adults and juveniles that continue to use
evaporation ponds, and potential population impacts are unknown (Robinson et al.
1997). Impacts on other avian species, some more sensitive to selenium than stilts
(e.g., waterfowl; Skorupa 1998), and impacts resulting from evaporation pond use

in the nonbreeding season warrant examination as well. Future research is needed
to address these unknowns as well as factors influencing use and selection of
evaporation ponds by breeding recurvirostrids within the Tulare Basin.
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POST-HATCH SURVIVAL, GROWTH, AND CONTAMINANT EXPOSURE
OF RADIO-MARKED AMERICAN AVOCETS AT EVAPORATION PONDS
IN THE TULARE BASIN, CALIFORNIA, 1992-1993

INTRODUCTION

Since 1972, evaporation ponds have been constructed in California's San

Joaquin Valley to dispose of subsurface agricultural drainwater. Over 61 million
m3 of drainwater are delivered annually to San Joaquin Valley evaporation pond

systems (Ohlendorf and Skorupa 1989). Of the approximately 3,000 ha of
evaporation ponds in the San Joaquin Valley, 96.5% are situated in the Tulare

Basin (Moore et al. 1990). Tulare Lake, formerly the largest freshwater lake west
of the Mississippi, was converted almost entirely to agricultural use (Schroeder et

al. 1988) and only 4% (-3,200 ha) of the historic wetlands in the Tulare Basin
remain (Moore et al. 1990). Thus, in an area with few remaining historic wetlands,
evaporation ponds attract numerous species of wildlife and may be the most
abundant wetland habitat available to wildlife in the spring (Moore et al. 1990).
Selenium-contaminated agricultural drainage has been identified as a threat
to numerous wetlands throughout the western United States (Presser et al. 1994,

Seiler and Skorupa 1995, Skorupa 1998). Adverse effects of agricultural
drainwater on the health and reproduction of aquatic birds were first observed at

Kesterson Reservoir, California during 1983-1985 (Ohlendorfet al. 1986a, b; 1988,
1989). In order to maintain agricultural productivity, excess irrigation water is
applied to leach salts from the crop root-zone and is collected subsequently by

subsurface drains (Nelson and Johnston 1984, Presser 1994). Although irrigation
drainwater contains many potentially toxic elements (e.g., arsenic, boron,
molybdenum, cadmium; Moore et al. 1989), avian mortality and reproductive
impairment observed at Kesterson Reservoir were attributed to bioaccumulation of
the trace element selenium.
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Selenium is the only drainwater contaminant found in aquatic bird eggs at

embryotoxic concentrations (Ohlendorf and Skorupa 1989). Numerous controlled
laboratory studies (Heinz et al. 1987, 1989; Hoffman and Heinz 1988; Hoffman et
al. 1991a, 1992a, b; Heinz 1996) later confirmed the adverse effects of selenium,
including teratogenesis and embryotoxicity, documented in the field. For example,
in one experiment with female mallards fed diets supplemented with
selenomethionine, egg and liver selenium concentrations increased with dietary
treatment, multiple deformities in embryos were similar to those at Kesterson
Reservoir, hatchling survival was reduced, and reproductive impairment was dosedependent (Heinz et al. 1989).

Drainwater with selenium concentrations from 3-20 ppb is considered
"peripherally hazardous to aquatic birds" with concentrations over 20 ppb deemed

"hazardous to most species under most environmental conditions" (Skorupa and

Ohlendorf 1991:345). Evaporation ponds in the Tulare Basin average 50 ppb
waterborne selenium (Moore et al. 1990). Studies conducted during 1987-1989
identified several evaporation ponds where avian exposure to selenium and other
drainwater contaminants was high and where reproductive impairment occurred
among aquatic birds (Ohlendorf and Skorupa 1989, Skorupa and Ohlendorf 1991,

Skorupa 1998). Evaluation of contaminant impacts, however, was restricted to
embryonic effects. There has been little assessment of the potential effects on
demographic performance of birds although selenium toxicity was implicated as
the most likely cause for the apparent recruitment failure in black-necked stilts

(Himantopus mexicanus) and American avocets (Recurvirostra americana) at
Kesterson Reservoir in 1984 and 1985 (Williams et al. 1989). Assessment of the
overall demographic consequences of avian exposure to drainwater contaminants
requires estimates of adult and juvenile survival.
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The purpose of this study was to identify mortality factors and estimate
post-hatch survival, growth, and contaminant exposure in American avocet chicks

at Tulare Basin evaporation ponds. I hypothesized that exposure to drainwater
contaminants would have an adverse effect on post-hatch survival and growth of
avocet chicks.

METHODS
Study Sites

I selected evaporation pond systems in and around the Tulare Basin,
California (Figure 2; Moore et al. 1989) that supported large populations of

breeding avocets. The study area, located in the southern San Joaquin Valley
between the cities of Fresno and Bakersfield, has been described extensively by

Moore et al. (1990). Pond systems ranged from 32 to 741 ha and with the
exception of Pryse, included 4 of the 5 largest systems comprising 64% of the total

impounded acreage. I monitored avocets nesting at 6 evaporation pond systems in
1992 and 1993. 1 attempted to radiomark avocet chicks each year from 3

evaporation pond systems representing a range of waterborne selenium

concentrations. Due to high rates of nest predation and nest failure in 1992, I
radiomarked fewer than 10 chicks at Pryse and Tulare Lake Drainage District's

(TLDD) Hacienda ponds. Therefore, sampling was limited to 74 radiomarked
chicks at Tulare Lake Drainage District-South (TLDD-S) in 1992. Tn 1993, I
radiomarked 71 chicks at TLDD-S, 37 chicks at Westlake-South (WLS) and 16
chicks at Lost Hills Water District (LHWD) evaporation ponds.

I located nests by walking pond levees, erosion control windbreaks and

islands each week from April through July 1992-1993. I estimated hatching dates
based on a 26-day incubation period for nests found during the laying period
(Robinson et al. 1997) and floated eggs to age nests (Westerskov 1950) with

complete clutches. In addition to weekly visits, I sometimes returned to non-island
nests within 36 hours after detection of pipped eggs to capture chicks by hand.
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Figure 2: Location of evaporation ponds selected as study sites for survival of
radiomarked American avocet chicks in the Tulare Basin, California,
1992-1993.
Source: Moore et al. 1989
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To maintain brood integrity in dense nesting colonies, especially on islands, I
placed clear, plastic (LEXAN) circular enclosures (approximately 60 cm in
diameter and 14 cm high) around broods until banding activities in the area were

completed. I weighed chicks with Pesola® spring balances to the nearest I g and
obtained culmen, wing and tarsal (to the end of the middle toe) measurements. I
banded chicks for individual identification with up to 3 plastic-colored leg bands
and a metal USFWS band, all placed above the tibiotarsus.

Radiomarking and Recapture of Chicks

I sampled broods if

1 chick within a captured brood retained an egg tooth,

which I considered indicative of recent (< 1 day) hatch. I radiomarked 1 chick,

selected at random, from a brood. I defined a brood to include chicks and pipping
eggs in the nest. I modified a subcutaneous suturing method used on ducklings (G.
Krapu, pers. comm.) and attached 1.3-1 .5-g radiotransmitters to chicks along the

dorsal midline with 3 subcutaneous surgical silk sutures. I aligned the anterior
edge of the tag with the leading edge of the wings. Iii 1992, I used

radiotransmitters that contained 3 embedded tubes, 2 ventral and I dorsal, through
which I threaded sutures. I tied off each suture with 2 square knots and then
applied a drop of cyanoacrylate glue over the knots. In order to reduce premature
tag loss, radiotransmitters in 1993 lacked the middle dorsal tube; I positioned the
third suture between the anterior and posterior tubes, tied it around the
radiotransmitter and glued the square knot dorsally to the radiotransmitter with
cyanoacrylate glue. Radiotransmitters (model BD-2T, Holohil Systems, Ltd.,
Woodlawn, Ont., Canada KOA3MO; use of manufacturer's name does not imply

government endorsement) measured approximately 1.7 x 0.8 x 0.6 cm and
contained a temperature thermistor that regulated pulse rate and served as an

indicator of mortality. Radiotransmitters had an expected lifespan of 6 weeks.

I monitored radiomarked chicks daily using truck-mounted 5-element null-

detection systems until chicks were>
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days of age. Avocet chicks attain flight

capabilities between 4-5 weeks of age (Gibson 1971). As radiotracking was
conducted during early morning hours when ambient temperatures were below
avian body temperature (about 400 C), I assumed chicks were alive unless pulse

rates indicated a radiotransmitter temperature < 35 C. I attempted to recapture
radiomarked chicks to monitor growth at least once prior to chicks attaining flight

capabilities. Although some chicks were recaptured opportunistically during nest
monitoring activities, I tried to minimize effects of recapture on survival by

recapturing radiomarked chicks> 10 days old. I weighed and measured recaptured
chicks similar to initial capture and, if necessary, added a suture to secure the
radiotransmitter. Approximately 5 chicks from TLDD-S each year and from WLS
were recaptured (> 2 weeks of age) and euthanized by carbon dioxide inhalation; I
did not collect chicks from LHWD due to the small sample of radiomarked chicks.

Mortality factors

Recovered carcasses were necropsied, and histopathological examination of
multiple sections of heart, liver, kidney, lung, proventriculus, ventriculus, small
intestine, and either spleen, pancreas, or bursa of Fabricius were conducted by
California Veterinary Diagnostic Lab, Sacramento, Calif. Based on field evidence,
carcass examination, and necropsy results, I assigned mortality to the following

factors: predation, accidents, windblown foam, disease, and unknown factors. I did
not discriminate between depredated chicks and chicks that may have died from

other causes but that were subsequently scavenged. Accidental deaths resulted
from injuries due to vehicular collisions that were not research-related.

I assigned windblown foam as a mortality factor when I found chicks enveloped in
salt spray and dying along shorelines, or recovered carcasses encrusted in salts; I

assumed that chicks immerged in windblown foam lost feather insulation and

thermoregulatory ability. Mortalities not attributed to the 4 former categories were
attributed to uiknown factors.

Contaminant Analysis
I removed and froze livers from recovered carcasses of radiomarked and
umnarked chicks and from euthanized chicks for subsequent chemical analysis.
When the amount of liver sample was below the minimum necessary for tissue

analysis, I composited samples by pond and chick age. Composited samples

contained livers from 2-5 chicks (x = 3). Environmental Trace Substances
Research Center (Columbia, MO) conducted TCP metal scans, which included
selenium, boron, mercury, and arsenic following quality assurance/quality control

procedures established by the Patuxent Analytical Control Facility, Patuxent
Wildlife Research Center (Laurel, MD).

Statistical Analyses

I conducted statistical analyses using SAS software (SAS institute, 1990). I
included for survival analyses only ponds with> 10 radiomarked chicks (i.e.,
excluded Pryse and TLDD-Hacienda in 1992). I tested for differences among

ponds in 1993 and between years for TLDD-S. Unless otherwise noted, statistical
significance was assessed at the a

0.05 level of significance.

Survival Estimates

My ability to determine chick fates was limited by poor retention of
radiotransmitters; therefore, I used the non-parametric Kaplan-Meier estimator for
post-hatch survival estimates that included censored observations (Kaplan and

Meier 1958). Qualitative examination of log-survival and log-log-survival plots

did not indicate exponential or Weibull distributions (Lee 1980, Allison 1995). 1
defined the time origin as hatching, not calendar date, and assumed all chicks were
radiomarked

1 day of hatching. I omitted 5 TLDD-S chicks from my analyses (2

in 1992, 3 in 1993) due to inoperative temperature thermistors. I used Program
CONTRAST (Hines and Sauer 1989, Saner and Williams 1989) to compare 35-day
survival estimates between ponds. I estimated crude mortality rates due to disease,
predation, known and suspected predation (see following section for definition),

and death from unknown factors. I calculated mortality rates (Mortality =

1

Survival) for each of these competing risks by treating deaths from other causes as
censored observations (Pollock et al. 1989).
I considered chicks that survived > 35 days of age as fledged. Observations

were censored if chicks were euthanized, emigration from evaporation ponds
occurred, radiotransmitters were recovered without evidence of predation, or

transmitter signals disappeared without evidence of impending radio failure. I also
censored 2 TLDD-S chicks (1 in 1992, 1 in 1993) due to research-related injuries.
Censored observations were treated in the analysis as surviving until the censoring
date and having unknown fates after censoring.

Noninformative Censoring Assumption

Survival estimates may be biased if the assumption of independence
between censoring and subsequent survival is violated, e.g., if lost signals or
recovered tags actually represent depredated chicks (Pollock et al. 1989, Bunck and

Pollock 1993). Unfortunately, it is not possible to test whether censoring is
informative (i.e., non-random) or noninformative (Lagakos 1979). When censoring
mechanisms are potentially informative, upper and lower bounds of survival can be
estimated by assuming censored observations represent either all survivors or all
deaths (Heisey and Fuller 1985, Pollock et al. 1989).
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When censoring occurred for individual chicks during the first week posthatch, I suspected that observations classified as radiotransmitter failure actually

represented mortality due to predation. In older, rapidly growing chicks, poor
suture retention often resulted in detachment of radiotransmitters and subsequent

signal loss when tags detached over water. I confirmed tag detachment and
transmitter failures in 19 of the 41 censored observations by subsequently

resighting marked chicks. I resighted only 20.0% (4/20) of chicks

7 days of age

when tags or signals were lost compared with 71.4% (15/2 1) of chicks> 7 days of

age when tags or signals were lost. Independent resighting (i.e., not based on
telemetry) of radiomarked chicks that fledged was high (82-100%). Updating the
status of censored observations based on resighting information can result in
violating noninformative censoring assumptions because updates are more likely to

occur for survivors (Bunck and Pollock 1993). Therefore, I conducted an
additional sensitivity analysis (see Allison 1995:249) based on classifying all tag or
signal loss that occurred during the first week post-hatching as suspected predation.

This assumed that predators were responsible for early ( 7 days) tag and signal
loss, but that later (> 7 days) censoring was random, reflecting poor suture
retention.

Effects of Covariates on Survival
I used the log-rank test to compare survival curves among ponds in 1993

and between years at TLDD-S. I tested for covariate effects of initial mass and

hatching date on survival using the log-rank statistic. I also tested for recapture
effects on survival. I assumed a proportional hazards model for the time-dependent
covariate of age at first recapture because recapture was necessarily dependent on

chicks surviving. I set a = 0.2 for initial univariate screening of all covariates.
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Chick Growth

I used analysis of variance (ANOVA) to examine differences in mass at

initial capture among ponds. As I recaptured chicks opportunistically, growth data
included both variability in the frequency of recaptures and in the age at recapture

for individual chicks. I excluded culmen measurements from analyses as I was
interested primarily in culmen length as a covariate when unbanded chicks of

unknown age were captured. I included only measurements taken while chicks
were alive. I first transformed logarithmically mass and tarsal length in order to
more closely approximate a linear model. I estimated a linear growth rate (Nisbet
et al. 1995) for mass, and tarsus and wing length because I lacked sufficient

recapture data to estimate an individual growth curve for each chick. Linear
growth rates (i.e., slope) were calculated for each recaptured chick by fitting
regression lines to the data during the "quasi-linear period of growth" (Nisbet et al.
1995:337). Based on composite growth curves for avocets, this period ranged from
hatching to 26 days of age for mass, hatching to 31 days of age for tarsal length,

and 9-39 days for wing length. Nisbet et al. (1995) also defined a subsequent
period of near constant growth (i.e., asymptotic) based on their composite growth

curves for terns. Because I had fewer recaptures for chicks as they approached
fledging, this portion of the curve was not well-defined. Therefore, 11 omitted this

period of the growth curve from the analysis.

Dfferences Among Ponds: Chicks that Survived
Because growth data from LHWD were limited to chicks that survived, I
used ANOVA to examine differences in linear growth rates (mass, tarsal length and
wing length) among ponds only for chicks that survived

35 days. I used Tukey's

multiple comparison procedure to separate means among ponds.
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Homogeneity of variance was assessed with Bartlett's test. I compared growth
rates between years at TLDD-S using ANOVA for tarsal growth. The
nonparametric Wilcoxon rank-sum test was used for mass and wing growth as data
indicated violations for assumptions of homogeneity of variance and normality.

Differences between Chicks that Died and Survivors

At sites other than LHWD, recaptures included chicks that subsequently
fledged as well as chicks that subsequently died. To test for effects of chick status
(i.e., died or survived) on linear growth rates, I first excluded wing growth because

of sparse data and classified euthanized chicks as survivors. I then rank
transformed data from WLS and both years at TLDD-S to meet ANOVA
assumptions.

Tissue Contaminant Concentrations
I quantified and analyzed statistically results from the ICP scan for arsenic,
boron, mercury, and selenium when

50% of the submitted samples reported

concentrations above the limits of detection. For analyses, samples reporting below
the limits of detection were assigned values equal to one-half the detection limit.

Liver concentrations (g/g, dry weight) were transformed logarithmically for
statistical comparisons. To include composited values, I first tested the assumption
of homoscedasticity among ponds in 1993 and between years for TLDD-S using

only individual samples. When this assumption was not rejected (P > 0.05), I used
a value equal to half the estimated pooled variance to adjust downward the
arithmetic means from composited samples.
Initially, I tested for differences in liver concentrations for both mercury and

selenium due to chick status (euthanized or died) using an analysis of covariance to

adjust for chick age. I excluded LHWD because only chicks that died were
sampled. I failed to detect differences in mercury concentrations due to chick
status (P = 0.11). Euthanized chicks tended to have higher liver selenium

concentrations (P

0.18) even after adjusting for age. Therefore, I dropped chick

status as a factor, included LHWD samples, and compared mercury and selenium
concentrations among ponds based on least squares means adjusted for age.

RESULTS

Survival Estimates

I obtained survival estimates for 72 radiomarked chicks in 1992 and 121 in
1993 (Table 5). Post-hatch survival after 5 weeks in 1993 ranged from 0.375-

0.729 and differed significantly among sites (Figure 3; log-rank

0.028). Survival was greater at WLS

(x2

x2 =

7.12, 2 df, P =

6.00, P = 0.0143) and at TLDD-S (x2 =

3.90, P = 0.048) compared with LHWD. No differences in survival were detected

either between WLS and TLDD-S (x2 = 0.69, P = 0.41) or between years at TLDDS (log-rank x2 = 0.044, P = 0.83).

Assuming random censoring of lost signals and radiotransrnitters, 82 and
53% of mortalities in 1993 and 1992, respectively, occurred within the first week

post-hatching. One confirmed case of emigration from evaporation ponds occurred
in 1992 when a chick fledged from a livestock watering pond approximately 1.6

km from TLDD-S. No censored observations due to tag or signal loss occurred at
LHWD; however, 17 observations (6 in 1992 and 11 in 1993) at TLDD-S and 3

observations at WLS involved censoring due to early ( 7 days) radiotransmitter or
signal loss. Assuming these early losses represent additional mortality at WLS and

TLDD-S decreases in survival estimates ranged from 6.7 to 12.6% (Figure 4). This
analysis reduces detection of differences in survival estimates among ponds in 1993
(log-rank x2= 4.30,2 df, P = 0.12).
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Table 5: Fates and Kaplan-Meier estimates of survival through 5 weeks for
radiomarked avocet chicks at evaporation ponds in the Tulare Basin,
California, 1992-1993.

Pond

Survival

No.

No.

No.

Died

Lived

Censored

n1

(95%

Cl)2

1992

Pryse

8

4

4

0

NC

TLDD-Hacienda

8

3

3

2

NC

72

25

21

24

0.584

TLDD-South

(0.451, 0.717)
1993

TLDD-South

68

21

29

17

0.646

(0.522, 0.770)

Westlake-South

37

9

16

12

0.729

(0.574, 0.883)

Lost Hills Water

16

10

6

0

0.375

(0.138, 0.612)
District
Number of radiomarked chicks excluding radiotransmitters that failed within
24 hours.
2Survival estimates and confidence intervals assuming random censoring of
all lost signals and radiotransmitters. Estimates were not calculated (NC)
when fewer than 10 chicks were radiomarked.
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Figure 3: Kaplan-Meier survival estimates of radio-marked avocets at evaporation ponds in the Tulare
Basin, California, 1992-1993.
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Figure 4: Kaplan-Meier survival estimates, including presumed predation, of radio-marked
avocets at evaporation ponds in the Tulare Basin, California, 1992-1993.

I failed to detect any covariate effects on survival (assuming random
censoring) due to either initial mass (log-rank x2 = 0.90, P = 0.34) or recapture
(Wald x2 = 0.045, P = 0.83). Calendar date did not affect survival in 1993 (log-rank

2.37, P = 0.67), but survival decreased with calendar date of hatching at
TLDD-S in 1992 (log-rank x2 = 12.17, P = 0.0005). When early radiotransmitter
and signal losses are classified as mortality events, initial mass provides a slightly
better (Wald x2= 2.91, P = 0.087) estimate, with the hazard or risk ratio of 0.863

(95% CL 0.728-1.022) predicting that as initial mass increases, the hazard of
mortality decreases (13.7%).

Necropsy Diagnoses
Over half (14/24) of the carcasses initially assigned to unknown factors
were autolyzed at necropsy. Necropsy results were obtained on the remaining 10

chicks that died from unknown causes. At WLS, 75% (3/4) of cases had symptoms
consistent with pneumonia, ranging from diffuse mild to moderate renal and
pulmonary congestion, to severe pulmonary congestion with air capillary collapse
and diffuse, moderate to severe pneumonia, although no organisms were detected.
One chick was diagnosed with moderate to severe bursal depletion in

addition to severe pulmonary congestion. Diffuse, moderate to severe enteritis
associated with coccidia was found in 1 of the 4 carcasses from LHWD. Based on
these findings, 3 of 8 unknown mortalities at WLS and 1 of 9 at LHWD were
reassigned to mortality attributable to disease.

The exact cause of mortality remained undetermined in the remaining 6

carcasses: 2 from TLDD-S, 3 from LHWD, and 1 from WLS. One carcass was
recovered each year from TLDD-S. Both 2-day-old chicks exhibited bursal
lymphoid necrosis with diffuse, mild to moderate hepatocyte vacuolation. One of
these cases also had mild to moderate pulmonary congestion. Bursal depletion,
cestodiasis and nematodiasis occurred in a chick with low weight from LHWD;
however, the parasitic lesions were not considered severe enough to cause death.

Infection of avocets by internal parasites is well-documented (Garcia and Canaris
1987, Edwards and Bush 1989). Diffuse, moderate pulmonary congestion with no
indication of infectious or inflammatory condition was seen in an emaciated chick

from LHWD. The third case from LHWD exhibited histologically normal tissues
with no gross evidence of infection or inflammation. Lastly, cestodiasis was noted
in an emaciated chick from WLS.

In addition to necropsies of chicks that died from unknown factors, 4
euthanized and 4 depredated carcasses recovered in 1993 were necropsied.
Multifocal mild to moderate ventriculitis from an undetermined cause was

diagnosed in a depredated carcass from LHWD. Moderate to severe pulmonary
congestion and edema occurred in a depredated chick from WLS. Possible mild
bursal lymphoid depletion and a mild reactive spleen were diagnosed in 2

depredated chicks from TLDD-S. Necropsy results on 2 euthanized chicks from
WLS showed evidence of mild skeletal muscle atrophy, a reactive spleen and

unidentified parasites in the small intestine. Mildly reactive spleen also was
diagnosed in 2 euthanized chicks from TLDD-S in 1992.

Mortality Factors
Predation accounted for 5 5.4% (3 6/65) of known mortalities, and 94.4%

(34/36) of depredated chicks, in equal numbers each year, were from TLDD-S.

Depredated chicks ranged from 1-30 days of age with a median age of 6 days. I
identified predators to class in 61.8% (21/34) of occurrences at TLDD-S.

Mammals, specifically coyotes (Canis latrans) and raccoons (Procyon lotor),
accounted for 90% of identified predators with 1 case of predation by a gopher
snake (Pituophis melanoleucus) and 2 cases of unidentified avian predation.
Although I did not estimate survival for the 16 chicks from Pryse and TLDDHacienda, predation occurred in 66.7% (4/6) of known mortalities; recovery of 3
radiotags occurred in a wading bird rookery (black-crowned night heron
{Nycticorax nycticorax], snowy egret [Egretta thula], white-faced ibis [Plegadis

50
chihi])

located on a nearby flood retention basin. Three deaths (6.5%) due to foam

entrapment occurred at TLDD-S (2 in 1992 and 1 in 1993) with chicks ranging in

age from 4-11 days. One 26-day-old chick from TLDD-S in 1992 when recaptured
in the morning, was unable to stand or hold its head up. It died later that day and I
attributed mortality to an unidentified disease. At WLS, death of a 31-day-old
chick occurred as a result of a vehicular collision. Chicks that died due to unknown
factors (n = 24) ranged in age from 1-16 days with the median mortality occurring

at 4 days. Based on crude mortality rates (Table 6), death attributed to unknown
factors was the leading cause of mortality at WLS and LHWD, followed by
disease. At TLDD-S, predation was the leading cause of death each year while
death due to unknown factors was second.

Chick Growth
In 1993, chicks from LHWD had significantly

(P < 0.05)

less mass when

initially banded than chicks from TLDD-S (Table 7). Linear growth rates (mass,
tarsus and wing) of chicks that survived were significantly greater (P < 0.05) at
TLDD-S than at LHWD, and mass and wing length were greater (P <0.05) at WLS

than at LHWD. Chicks from LHWD were not only smaller, but attainment of
flight capabilities also was delayed (Figure 5); after 5 weeks, wing length was

insufficient to sustain flight in half (3/6) of the recaptured chicks from LHWD. I
detected no differences in mass growth rate (P

0.42) or wing growth rate (P =

0.59) between years at TLDD-S although tarsal growth was greater in 1993 (P =

0.031). Tarsal growth was greater in chicks that fledged compared to chicks that
died (P = 0.008) while results for mass growth rates, although higher in chicks that
survived, were less conclusive (P = 0.07 1).

Table 6: Cause-specific mortality rates (SE) of radiomarked avocet chicks through 35 days post-hatching at evaporation ponds
in the Tulare Basin, California, 1992-1993.
1993

1992

1

Mortality Source1

TLDD-South

TLDD-South

Westlake-South

Lost Hills Water District

Unknown Factors

0.076 (0.029)

0.05 1 (0.029)

0.172 (0.072)

0.551 (0.133)

Disease

0.044 (0.042)

0

0.084 (0.046)

0.091 (0.087)

Predation

0.3 10 (0.066)

0.303 (0.063)

0.040 (0.039)

0.062 (0.060)

Suspected Predation

0.377 (0.066)

0.438 (0.063)

0.124 (0.059)

0.062 (0.060)

Includes known and presumed predation mortality.

Table 7: Mass at initial capture and linear growth rates of fledged avocet chicks at evaporation ponds in the Tulare Basin,
California, 1992-4993. Column entries sharing the same letter are not significantly different (P > 0.05) based on
Tukey's test.
Mean Linear Growth Rate

Mass (g)
Pond

N'

Mean

SE

n

Mass (log

SE

n

Tarsus

SE

n

SE

(cm/day)

(log cm/day)

g/day)

Wing

0.6665

0.0423

20

0.6812a

0.013 1

0.00106

14

0.6296a

0.0169

0.00198

5

0.5178b

0.0448

TLDD-S 1992

74

19.9

0.24

16

0.1063

0.00823

17

0.028872

0.00114

9

TLDD-S 1993

71

19.5a

0.20

29

0.1077a

0.00301

29

0.03196a

0.00083

WLS

37

19.Oab

0.25

14

0.09536a

0.00304

14

0.02854ab

LHWD

16

18.Ob

0.54

5

0.08020b

0.00605

5

0.02602b

1Number of chicks radiomarked, includes chicks omitted from subsequent survival analysis (see Methods).
2Significantly (P <0.05) different from TLDD-S in 1993.
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Tissue Contaminant Concentrations
Arsenic concentrations in avocet livers (Table 8) were below
detection limits (ca. 0.2 ppm, dry weight in all but 4 samples from 1992 when the

detection limit was 6 ppm) in over half of the samples from all ponds. Boron
concentrations in avocet livers also were below the limit of detection (2-8 ppm dry

weight) in over half of the samples from WLS and TLDD-S in 1993. Mean boron
concentration in liver was 3.7 ppm at TLDD-S in 1992 when 56% of samples

exceeded detection limits. At LHWD, mean boron concentration was 22.9 ppm
with all samples above detection limits.
Selenium concentrations in avocet livers increased with age and differed
among all ponds in 1993 (F
1.517 + 0.01 16[AGE]

12.65; 3,19 df; P = 0.0001; Adj. r2= 0.61; Log Se

0.7081[WLS]

0.2386[TLDD-S]). Liver selenium was

highest at LHWD, intermediate at TLDD-S and lowest at WLS. Selenium
concentrations from TLDD-S were higher in 1993 (P = 0.0019) compared with
1992 (F = 29.8; 2, 14 df; P = 0.0001; Adj. r2= 0.78, Log Se

1.243 + 0.0137[AGEJ

0.1 874[Year = 1992]). Mercury concentrations were highest at WLS,

intermediate at LHWD, and lowest at TLDD-S (F = 22.56; 3, 18 df; P = 0.0001;
Adj.

r2

= 0.75; Log Hg =

0.116 + 0.679{WLS]

0.497[TLDD-S]

0.0126 [AGE]). No difference in mercury concentrations was detected between
years at TLDD-S (P = 0.71).

Table 8: Contaminant concentrations (ppm, dry weight) in livers of avocet chicks at evaporation ponds in
the Tulare Basin, California, 1992-1993.
Hg3 (Range)

(Range)

Se (Range)

9 (2)

3.7 (BDL-16)

17.0# (12-23)

0.16 (0.066-1.2)

1993

9 (4)

NQ (BDL-14)

30.la (14-50)

0.14a (0.043-0.38)

Westlake-South

1993

9 (5)

NQ (BDL-13)

l0.2b (6.6-27)

2.Ob (1.1-5.1)

LHWD

1993

5 (0)

22.9 (11-56)

52.2c (23-80)

0.60c (0.28 3.0)

Pond

Year

n (Euthanized)

TLDD-South

1992

TLDD-South

B2

1Values are geometric means for boron and least squares means for selenium and mercury. Within columns,
letters indicate means are significantly different (P < 0.05) while # indicates significantly different from
TLDD-S in 1993.
2
Boron concentrations were not quantified (NQ) when> 50% of samples were below detection limits (BDL).
3Sample size for LHWD =4.

Ui

Ui
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DISCUSSION
Chick Survival

Post-hatch survival of radiotagged avocets at Tulare Basin evaporation
ponds in 1992 and 1993 (this study) exceeded estimates of complete recruitment
failure at Kesterson Reservoir where most of the post-hatching mortality was

attributed to selenium toxicity (Williams et al. 1989). This is due, in part, to
differences in selenium exposure and study methods. Although I did not sample
invertebrate food items for selenium to compare to Kesterson (Schuler et al. 1990),
selenium exposure at Kesterson probably exceeded levels at WLS and TLDD-S but

not at LHWD. For comparison, egg selenium concentrations (ppm, dry wt) in
avocets was 16.4 and 32.2 at Kesterson in 1984 and 1985, respectively (Ohlendorf
and Skorupa 1989) and 37.0, 7.4, 11.0, and 8.2 at LHWD, WLS, TLDD-S in 1993,
and TLDD-S in 1992, respectively (see Section 2).

Direct comparison of survival between studies also is limited, as differences

in methodology exist. Survival estimates at Kesterson were based on brood
censuses and estimated through 7-weeks post-hatching (Williams et al. 1989).
I estimated post-hatching survival only through 5 weeks and used radiotelemetry to

reduce uncertainty associated with resighting probabilities. However, poor
retention of sutured radiotransmittors (Houston and Greenwood 1993, Rotella et al.
1993) and high depredation rates may have resulted in misclassification and

underestimation of mortality during the first week post-hatching. I suspect that
censored observations were not completely independent of chicks' fates; early
losses likely were the result of predation and later signal losses resulted more from
detachment of transmitters. Therefore, survival estimates, especially at TLDD-S,

may be biased high (see Figures 3 and 4). High predation rates on chicks at
evaporation ponds are consistent with the lack of both emergent vegetation and
suitable vegetative cover along levees, which are managed to control vegetation in
order to discourage nesting waterfowl.
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Another critical assumption in telemetry studies is that radiomarking has no

adverse effect on survival (Pollock et al. 1989). Although radiotags weighed
approximately 7-8% of hatchling mass, they were < 1% of avocet fledgling mass
I observed no adverse effects on behavior immediately after radiomarking and

chicks at all sites were capable of walking and running upon release. I did not
detect any effects on survival associated with recapture of chicks, which was
necessary to measure growth.

While I do not believe radiotagging negatively biased survival estimates in
this study, I cannot eliminate the possibility of an interaction between reduced
growth in chicks at LHWD and possible adverse effects of radiomarking on

survival. Bakken et al. (1996) found increased heat loss in ducklings with sutured
transmitters, but no biologically significant increases in thermoregulatory

metabolism were observed. Chicks at LHWD were smallest and grew slowest.
The increased time spent at a reduced size may have increased vulnerability to

effects of radiotagging due to heat loss. However, I did not remove downy
insulation prior to attaching radiotags, which presumably would have limited heat
losses. Additionally, adult avocets continue to brood downy young, which would
also have limited incidence of hypothermia.

Growth, Survival and Contaminant Concentrations
Growth rates also affect post-hatch survival in shorebird chicks (Cairns
1982, Galbraith 1 988a). I observed higher growth rates (tarsus and to a lessor
extent, mass) in avocet chicks that fledged compared to those that died. Although 1
failed to detect a significant association between initial mass and survival, when

early ( 7 days) tag and signal losses were classified as mortality, results were
marginal in associating a decrease in mortality risk with increases in mass. These
findings are consistent with observations of greater growth and post-hatch survival
in shorebird chicks that are bigger and heavier at hatching (Gaibraith 1 988c).

Habitat and seasonal effects also affect growth (Galbraith 1 988b), so the possibility

exists that site-specific differences in food availability influenced growth rates in

this study. However, I consider this explanation unlikely because biomass of
aquatic invertebrates is high at Tulare Basin evaporation ponds (Euliss 1990,
Moore et al. 1990), arid chick density was lowest at LHWD (C. Mam unpubi. data).
Among surviving avocet chicks, growth was greater at TLDD-S and WLS

compared with LHWD, although mean hatchling mass differed only between

TLDD-S and LHWD in 1993. At LHWD, I observed the following: lowest 5-week
survival, smallest hatchlings, slowest growth, and delayed development of flight

capabilities. Additionally, as surviving chicks remained on-site until flight
capabilities developed, they continued to be at risk from both ground predators and

continued contaminant exposure. I do not know whether smaller avocet chicks
from LHWD eventually fledged, exhibited compensatory growth and attained

average adult sizes. Sedinger et al. (1995) reported lower survival in the first year
for smaller Black brant (Branta

bernicla)

goslings and correlations between gosling

size and subsequent adult size and fecundity. Thus, it appears likely that adverse
effects on subsequent juvenile survival occurred in chicks from selenium at
LHWD.

Based on observed liver concentrations, contaminant exposure accounts for

some of the observed differences in growth rates. Numerous laboratory studies
have documented lower hatching weights or impaired growth in ducklings after in
ovo (Heinz et al. 1989), in

ovo

and dietary (Heinz et al. 1987, Stanley et al. 1994;

1996), and dietary selenomethionine exposure (Heinz et al. 1988; 1996, Hoffman et

al. 1991b; 1992a, b; 1996). For example, Heinz et al. (1989) found lower, but not
statistically significant, hatching weights in ducklings from parents exposed to 8and 16-ppm dietary selenium. Although ducklings received no dietary exposure to
selenium, surviving ducklings in the 8-ppm treatment weighed 20% less than
controls after 6 days, and all of the ducklings from the 16-ppm treatment died

within 3 days of hatching. At LHWD, lower hatchling weights and impaired
growth in avocet chicks are consistent with selenium exposure.

w
Observed egg selenium concentrations (37.0 ppm) and elevated rates of
teratogenesis (see Section 2) also support selenium toxicity at this site.
Selenium is not the only contaminant associated with drainwater that may
affect growth. Boron adversely affected growth in mallard ducklings through both
dietary (Hoffman et al. 1990; 1991b), and in ovo and dietary exposures (Smith and

Anders 1989, Stanley et al. 1996); some in ovo and dietary exposures decreased

hatching weights as well. Although boron concentrations in Tulare Basin eggs
(Skorupa et al. unpubi. data) were below concentrations that affect mallards (Smith
and Anders 1989, Stanley et al. 1996), boron concentrations in avocet livers at
LHWD and TLDD-S in 1992, were comparable to boron-exposed ducklings with
altered development and growth (Smith and Anders 1989, Hoffman et al. 1990).
Boron, when mixed into diets as boric acid, accumulated rapidly in mallards,

reaching equilibrium levels in 2-15 days (Pendleton et al. 1995). Although Stanley
et al. (1996) found no significant interactions between selenium and boron on
duckling growth and survival, Hoffman et al. (1991b) documented further
decreases in duckling growth during the first 3 weeks of age from exposure to both
selenium and boron than to either contaminant alone.
I regarded arsenic as less likely than either selenium or boron to have
affected growth in avocets at WLS, TLDD-S and LHWD (but see Fairbrother et al.

1994). Arsenic concentrations in avocet chick livers in this study were below both
detection limits and concentrations associated with exposures adversely affecting

growth in ducklings (Hoffman et al. 1992a, Stanley et al. 1994). However, even
low concentrations (0.1 ppm dry wt) affected growth of female ducklings in
another study (Camardese et al. 1990).

Determination of Contaminant Effects on Survival
Tissue Concentrations
Diagnosis of contaminant-induced mortality in individual avocet chicks in
this study was limited by the inability to recover carcasses that were not severely
autolyzed (e.g., only 2 carcasses from TLDD-S examined) and to diagnose
definitively cause of death in cases where mortality was attributed to unknown

factors. However, contaminant concentrations from recovered carcasses focused
attention on selenium toxicity. I discounted arsenic as a factor because it was
detected in < 50% of the liver samples from each site (Table 4) and much higher
concentrations are necessary to affect survival based on laboratory studies with

mallard (Anasplatyrynchos) ducklings (Camardese et al. 1990, Hoffman et al.
1 992a, Stanley et al. 1994). Similarly, boron concentrations were quantified only

at TLDD-S in 1992 and at LHWD. Boron concentrations in liver at both sites were
lower than concentrations associated with experimentally induced mortality in
mallard ducklings (Smith and Anders 1989, Stanley et al. 1996).
Although mercury concentrations in chick livers differed among
evaporation ponds (Table 4), concentrations were similar to background levels for
birds raised in captivity or to concentrations in wild birds from sites without

industrial mercury contamination (Scheuhammer 1987). Based on a review of the
literature, Zillioux et al. (1993) reported 5 ppm (ww) liver concentrations in

waterbirds as a conservative threshold for toxic effects. Mean concentrations in
this study were below concentrations reported to have effects in other avian species

(Wolfe et al. 1998). Although ducklings from hens fed diets containing 3 ppm
(ww) methylmercury exhibited hyper-responsive avoidance behaviors compared
with controls and ducklings from parents fed diets with 0.5 ppm mercury (Heinz
1976), liver concentrations in ducklings that died (3 ppm treatment) were an order
of magnitude higher than avocets in this study. Avocet concentrations were < 1
ppm (ww), with the exception of 1 individual sample from WLS (1.49 ppm ww)

and a composite sample from LHWD (1.6 ppm ww). Therefore, given the

61

observed concentrations, it is possible that some avocet chicks may have
experienced sublethal behavioral effects, but it seems unlikely that mercury
exposure was responsible for observed mortalities.
Mercury and selenium may act synergistically with respect to adverse

effects on reproduction (Heinz and Hoffman 1998). In adult mallards, diets with
mercury (10 ppm methylmercury chloride) and selenium (10 ppm seleno-DL-

methionine) combined resulted in greater toxicity to embryos and ducklings than

diets administered with either contaminant alone. In combination, mercury
appeared to enhance the storage of selenium in eggs and adult livers, while
increasing teratogenic effects and decreasing hatching, survival and growth of

ducklings. It is unclear, however, whether this synergistic interaction extends to
lower doses. Given the comparatively low exposures to mercury at Tulare Basin
ponds, the extent of any synergistic interaction affecting avocet chicks in this study
is uncertain.

Elevated concentrations of selenium occurred in avocet chicks at each of the
Tulare Basin evaporation ponds. Based on laboratory studies with both in ovo and
dietary selenium exposure of ducklings, which are analogous exposures for avocet
chicks at evaporation ponds, the dietary threshold for selenium-induced mortality in

ducklings is between 7 and 8 ppm (Stanley et al. 1996). Under laboratory
conditions, exposure to 7 ppm dietary selenium produced eggs with a mean
selenium concentration of 24.5 ppm (dry wt) and ducklings with a mean liver
selenium concentration of 18.5 ppm at 14 days post-hatching (Stanley et al. 1996).
Embryos of dabbling ducks are approximately twice as sensitive to selenium-

induced teratogenesis as stilts, which are about twice as sensitive as avocets
(Skorupa 1998). However, lacking comparable laboratory data for avocet chicks
and given the absence of natural stresses operating on laboratory ducklings, I
considered comparisons to the proposed mallard guidelines as an adequate
approximation.
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Egg (37 ppm, see Section 2) and liver selenium (52.2 ppm, Table 8)
concentrations from LHWD and liver concentrations (30.1 ppm, Table 8) in avocet
chicks from TLDD-S in 1993 exceeded the corresponding threshold concentrations

in mallards (Stanley et al. 1996). The liver concentrations from TLDD-S
approached and at LHWD exceeded the proposed sublethal effects concentration of

33 ppm (dw) based on experimental selenosis in mallards (Heinz 1996). Some
samples from LHWD exceeded the likely mortality threshold of 66 ppm (Heinz
1996). Thus, it appears that selenium concentrations in avocets were high enough

to cause mortality. Variability in tissue selenium concentrations between survivors
and birds that died (Heinz 1996) precludes a diagnosis of mortality due to selenium
toxicity based solely on tissue selenium concentration (Albers et al. 1996).

Diagnostic Criteria for Selenosis
Green and Albers (1997) recognized that it is difficult to distinguish among
the following diagnoses in free-ranging birds with elevated selenium
concentrations: mortality due to opportunistic infections, chronic fatal selenium
toxicity, and sublethal chronic selenosis that is accompanied by a fatal acute

selenium ingestion. Proposed diagnostic criteria for selenium toxicosis in aquatic
birds include a combination of histologic lesions (Green and Albers 1997, O'Toole
and Raisbeck 1997), macroscopic effects (Albers et al. 1996), and elevated tissue

selenium concentrations (Heinz 1996). In experimentally induced selenosis in
mallards, O'Toole and Raisbeck (1997) considered lesions in liver, beak, nails,
feathers, and weight loss of diagnostic value while acknowledging that some

individuals with fatal selenosis will exhibit few gross or histologic lesions. Green
and Albers (1997) found no pathognomic histologic lesions in mallards with fatal

and nonfatal chronic selenosis. They therefore considered a presumptive diagnosis
of fatal chronic selenosis when characterized lesions occurred in

50% of the

following: liver, pancreas, kidney, lymphoid organs, skin and feathers, and
lipocytes.
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I did not examine lipocytes, skin or feathers, but lesions detected in the

bursa and less frequently in liver, were consistent with selenosis. Pulmonary
edema and bursal lymphoid depletion were the most common histologic lesions
detected in avocet chicks dying from unknown factors. These symptoms also were
not observed in euthanized chicks, which had different lesions that may have
resulted from stress associated with capture and handling prior to euthanasia.
Although pulmonary edema also was observed in adult American coots (Fulica
americana)

diagnosed with selenium toxicosis at Kesterson Reservoir (Ohlendorf

et al. 1988), I did not observe histologic lesions in the liver, flaccid heart, or the
excess fluid and fibrin from the peritoneal cavity, which are indicative of acute
selenosis (Albers et al. 1996).

Gross macroscopic effects observed with experimentally induced fatal
chronic selenosis (Albers et al. 1996) include low body weight or emaciation,
atrophy of immune system organs, and liver necrosis. The following effects are
associated with nonfatal chronic selenosis: low body weight, poor plumage,
delayed molt or feather loss on the head or neck, loss of claws, decreased hatching
success, or an increase in embryonic abnormalities with corresponding egg

selenium concentrations in excess of 10 ppm dry weight (Heinz 1996). While I did
not specifically evaluate claws, plumage or molt in radiomarked chicks, I did
observe delayed molt, poor plumage and feather loss on the head and neck of

untagged chicks at LHWD (C. Mam unpub!. data). The latter observations support
Green and Albers (1997) contention that abnormal feather development occurs in
birds chronically exposed to high selenium concentrations while molting.
Although I was unable to diagnose definitively selenosis in individual
chicks that died, the data support a diagnosis of fatal and nonfatal chronic selenosis

in avocets nesting at LHWD. These data include high selenium concentrations in
chicks, histologic lesions, low body weight and emaciation, feather abnormalities,
and an elevated incidence of embryonic deformities accompanied by> 10 ppm egg

selenium. At TLDD-S, histologic lesions in the 2 chicks dying from unknown

factors are consistent with fatal selenosis, and elevated liver and egg selenium

concentrations from the site are indicative of nonfatal chronic selenosis. While
liver selenium concentrations at WLS were elevated, examination of 1 of 5
carcasses attributed to mortality from unknown factors precludes a diagnosis.

Additionally, radiotagged chicks from WLS were often resighted in managed

wetlands adjacent to the evaporation ponds. This introduced variability as this
wetland did not receive drainwater, and birds feeding at the site presumably
reduced their dietary exposure to drainwater contaminants.

Interpretation of Cause-specific Mortality Factors
I was unable to quantify mortality due to selenium toxicity; however,

mortality attributed to unknown factors, which includes probable selenium toxicity,

was the primary cause of death at LHWD and WLS (Table 3). Mortality
attributable to selenium exposure may be underestimated because there may be an
association, or lack of independence, between mortality attributed to unknown
factors and mortality due to disease because selenium is immunotoxic (Whiteley
1989, Fairbrother and Fowles 1990, Fairbrother et al. 1994). In ovo exposure to
drainwater constituents, including selenium and boron, altered non-specific host
defenses in avocet chicks, including reduced lymphocyte counts and phagocytic

ability of macrophages (Fairbrother et al. 1994). Fairbrother and Fowles (1990)
exposed mallards to 2.2 mg/L selenomethionine in drinking water and found
suppressed cell-mediated immune function as measured by a delayed-type

hypersensitivity test to tuberculin (Mycobacterium bovis). In addition, sublethal
exposures resulting in liver selenium concentrations of 7.6 ppm (dry wt) reduced
disease resistance in mallard ducklings challenged with a picornavirus (Whiteley

1989). Avocets in this study had greater selenium exposure, based on liver
selenium concentrations, than ducklings in the former study.
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Given the expectation in wild birds of "concurrent infectious diseases and
selenosis" (Albers et al. 1996:482), the possibility exists that observed disease
mortality resulted from a compromised immunity due to selenium exposure (Green
and Albers 1997).
A lack of independence between mortality factors also may have

overestimated predation and underestimated mortality associated with selenium
exposure, especially at TLDD-S where mortality attributed to predation was

highest. High predation rates were consistent with observed cause-specific nest
failure rates. For avocet nests located on levees, predation rates were 40.9, 78.6
and 93.9%, at LHWD, WLS, and TLDD-S, respectively (C. Marn unpubi. data).

While nest predation was high at WLS, relatively low chick predation at this pond

system may reflect partial use of adjacent wetlands. These wetlands contained
vegetative cover, in contrast to the managed levees of the evaporation ponds where
vegetation that may attract nesting waterfowl was controlled.

Although chick predation among ponds is consistent with observed nest
predation rates, mortality attributed to predation likely involved selenosis and

disease. First, birds with clinical symptoms of chronic fatal and nonfatal selenosis
often are inattentive, weak, recumbent, and lethargic (Albers et al. 1996). Under
field conditions with high predation pressure, chicks exhibiting these symptoms
would have been extremely vulnerable. Additionally, the few depredated carcasses

examined had histologic lesions suggestive of selenosis or other disease. Lastly, in
classifying mortality factors, I also was unable to differentiate between depredated

individuals and scavenged remains. Thus, for chicks that died from selenosis or
other diseases but whose remains were subsequently scavenged, mortality was
attributed to predation.

Interpretation of cause-specific mortality rates in avocet chicks was
complicated, even assuming all contaminant-related deaths were correctly

diagnosed. First, under field conditions, competing mortality risks affect chick
survival such that complete observation of deaths from selenosis is: "an

unachievable event" (Lagakos 1979:151). Essentially, treating mortalities from
other causes as censored observations assumes that only the mortality factor of

interest operates on the population. Eliminating other sources of mortality in the
analysis does not necessarily confer an actual comparable increase in survival. For
example, it is incorrect to assume that eliminating mortality due to predation at

TLDD-S produces a 30% increase in chick survival. in the absence of competition
from predation mortality, deaths from other mortality sources likely would have

occurred (Heisey and Fuller 1985). Second, competing risk analysis assumes
independence between mortality sources (Heisey and Fuller 1985), and it is likely

that this assumption was not met at evaporation ponds. As discussed previously,
exposure to selenium potentially can affect growth directly and survival indirectly,
or reduce immune function, increasing susceptibility to other diseases. Sick or

dying individuals also are vulnerable to predation. Chicks dying from any cause
that were subsequently scavenged by predators were classified as mortalities
attributed to predation.

Cause and effect relationships could not be established from this study

(Hurlbert 1984). Nevertheless, despite difficulties associated with interpretation of
cause-specific mortality, the data on growth, survival and selenium exposure were

consistent with post-hatching effects of selenium. Mortality in avocet chicks was
highest at LHWD, intermediate at TLDD-S and lowest at WLS, which was

consistent with observed selenium exposures. Additionally, I observed lower
survival, higher incidence of mortality attributed to unknown factors, histologic
lesions, lower hatchling weights, slower growth, and elevated tissue concentrations
associated with selenium toxicosis (Albers et al. 1996, Heinz 1996) at LHWD.
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Lower hatchling weights and growth in chicks from LHWD were associated with
elevated boron concentrations as well. More equivocal results for selenium effects
were obtained from WLS and TLDD-S. Unfortunately, the data do not support
either quantification of growth effects due to selenium, boron, or their possible
interaction or quantification of survival effects due to any interaction between
mercury and selenium.

Management Implications
Post-hatching effects may be greater than embryotoxic effects in avocets at
Tulare Basin evaporation ponds. Laboratory studies with mallards (Heinz et al.
1989, Stanley et al. 1994; 1996, Heinz and Hoffhian 1998) have typically

documented greater embryotoxic effects than post-hatching effects for dietary and
in ovo

selenomethionine exposures. However, under laboratory conditions

duckling survival is probably overestimated because selenium-exposed birds are
protected from natural stresses that typically interact and affect growth, immune

function, and survival. Diagnosis of contaminant-induced mortality in individual
avocet chicks and quantifying indirect effects of selenium on survival, especially

for non-fatal exposures, is difficult. Additionally, interpretation of indirect effects
of contaminants on growth, immune function, and predation risk is complicated and

additional research is indicated. Observed decreases in chick survival in avocets
were associated with in ovo and dietary exposure to selenium. This occurred
despite the relative insensitivity of avocet embryos to selenium toxicity and for
exposures below the predicted EC01 for teratogenesis of 41 ppm (Skorupa 1998).

At LHWD, the site with the highest selenium exposures, chick survival was

> 25% lower than at other evaporation pond sites with elevated selenium. This
estimate is conservative because chicks that survived to 35 days of age at this site
may not have actually fledged as overall size was smaller and feather development
delayed. If growth rates at LHWD reflect elevated boron exposure, or possibly a
synergistic interaction with selenium, then assessment of reproductive impacts in
waterbirds at some Tulare Basin evaporation ponds should include possible posthatching effects of boron as well as selenium.
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POST-HATCH SURVIVAL AND PRODUCTIVITY OF AMERICAN AVOCETS
AT DRAINWATER EVAPORATION PONDS IN THE TULARE BASIN,
CALIFORNIA, 1992-1993

INTRODUCTION

Many species utilize habitats that are heterogeneous in both their

distribution as well as quality. Pulliam (1988) identifies source and sink habitats
and some of the implications of habitat-specific demographic rates on population
dynamics and community structure. If within-habitat reproduction is inadequate to

compensate for local mortality, the habitat is considered a sink. Sink habitats
require immigration for populations to persist, while highly productive source

habitats can be considered as net exporters of individuals. Large numbers of
individuals in sink habitats can be maintained by dispersal from source habitats, but
source-sink meta-populations are vulnerable to threats that degrade source habitats.
Contaminants in source-sink systems can affect populations beyond the local area
of contamination, therefore, habitat-specific information on survival, reproduction,
and migration is necessary (McLaughlin and Landis 2000). While studies have
documented contaminant effects on reproduction and survival, assessment of

population responses to contaminants has been limited (Rattner et al. 2000).
Agricultural drainwater contaminated with selenium has been identified as a
threat to numerous wetlands throughout the western United States (Presser et al.
1994, Seiler and Skorupa 1995, Skorupa 1998). Adverse effects of agricultural
drainwater on the health and reproduction of aquatic birds were first observed at

Kesterson Reservoir, California during 1983-1985 (Ohiendorfet al. 1986a, b;
1988; 1989). Drainwater with selenium concentrations from 3-20 ppb is
considered "peripherally hazardous to aquatic birds" and concentrations over 20
ppb are "hazardous to most species under most environmental conditions"
(Skorupa and Ohlendorf 199 1:345). Evaporation ponds constructed in the Tulare
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Basin in California's San Joaquin Valley average 50 ppb waterborne selenium

(Moore et al. 1990). Studies conducted in the Tulare Basin during 1987-1989
identified several evaporation ponds where avian exposure to selenium and other
drainwater contaminants was high and where reproductive impairment occurred
among aquatic birds (Ohlendorf and Skorupa 1989, Skorupa and Ohlendorf 1991,
Skorupa 1998).

Effects of selenium contamination have focused primarily on individual

organism responses, specifically the embryonic stage. Although selenium toxicity
was implicated as the most likely cause for the apparent recruitment failure in
black-necked stilts (Himantopus mexicanus) and American avocets (Recurvirostra

americana) at Kesterson Reservoir in 1984 and 1985 (Williams et al. 1989), there
has been little assessment of the potential effects on avian demographic

performance, particularly survival. The purpose of my study was to assess the
effects of drainwater contaminants on population stability of American avocets.

Avocets are distributed across the arid western United States and are specialists in

utilizing ephemeral wetland (Robinson et al. 1997). I investigated habitat-specific
demographic rates in avocets in the Tulare Basin because they are the most

abundant shorebird species nesting at evaporation ponds. I estimated post-hatching
survival using capture-recapture analyses and calculated local productivity
estimates. In order to extrapolate beyond individual effects, I used a simple model
that assumed both a stationary population and adult and juvenile survival rates from

avocets in the western Great Basin (Robinson and Oring 1997). I evaluated
observed productivity on evaporation ponds with survival rates necessary for
recruitment to compensate for adult mortality.
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METHODS
Study Sites

Selection criteria for study sites were based primarily on their potential to

attract large numbers of nesting American avocets and secondarily on selenium

concentrations to obtain a range among sampled ponds each year. In order to focus
on pond systems with the potential for producing large numbers of avocet chicks, I
refrained from sampling evaporation ponds that did not contain isolated wind
erosion barriers, which serve as nesting islands, or that were not among the 8

largest evaporation ponds based on impounded acreage. I monitored nesting by
avocets at evaporation pond systems located in Kings, Tulare, and Kern counties in

the southern San Joaquin Valley, California (Figure 6; Moore et at. 1989). Poor
nest success resulted in too few marked avocet chicks at the Tulare Lake Drainage
District North (TLDD-N) ponds and Lost Hills Water District's (LHWD) ponds in
1992. In 1993, nesting by avocets was limited at the Tulare Lake Drainage District
Hacienda (TLDD-Hac) site due to the lack of impounded water and removal of

nesting islands. However, Westlake-South (WLS) was included in 1993 when
constraints against sampling were removed. Therefore, study sites where posthatching survival was estimated included TLDD-S and Pryse in 1992 and 1993,
TLDD-Hac in 1992, LHWD in 1993, and WLS in 1993.

Marking and Resighting of Chicks

I monitored nests weekly from April through July 1992-1993. I located
nests at each site by walking pond levees, windbreaks and islands. I aged nests
with complete clutches by egg floatation (Westerskov 1950, Alberico 1995) and

those with incomplete clutches by assuming that females laid one egg per day. In
addition to weekly visits to monitor nest success, I sometimes returned to non-

island nests within 36 hours afler detection of pipped eggs. During these early
morning and late afternoon visits, chicks were captured by hand in and around
nests.
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Figure 6: Location of evaporation ponds chosen as study sites for posthatch survival estimates of colormarked American avocets in the
Tulare Basin, California, 1992-1993.
Source: Moore et al. 1989
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To maintain brood integrity in dense nesting colonies, especially on islands, I
placed clear, plastic (LEXAN) circular enclosures (approximately 60 cm in
diameter and 14 cm high) around broods until banding activities in the area were
completed.

Brood surveys to resight marked chicks were conducted weekly in 1992 and
twice weekly in 1993 at each pond system from May through early September.

Observers, equipped with binoculars, spotting scope, Questar® telescope and

tripod, drove pond system levees and recorded marked individuals seen. Two
observers were assigned to cover separate areas for surveys at the largest (>400 ha)
pond systems, TLDD-S and TLDD-Hac. Surveys were 3 hours in length,

commencing within one half hour of sunrise. Additional surveys were conducted
approximately 3 hours prior to sunset during the latter portion of each breeding
season, after all monitored avocet nests had hatched.

Avocet eggs, 1 each from a maximum of 10 randomly selected nests, were
collected for chemical analysis as an indicator of exposure to selenium at each site.
Samples were analyzed for selenium using hydride generation by Environmental

Trace Substances Laboratory, Columbia, Missouri following quality
assurance/quality control procedures established by the Patuxent Analytical Control
Facility, Patuxent Wildlife Research Center (Laurel, MD).

Capture-Recapture Estimates of Survival
I used Program MARK (White and Burnham 1999) to estimate survival

based on live recaptures (resightings). Analysis of resighting data was based on
Cormack-Jolly-Seber (CJS) open population models and included grouping of
individuals based on categorical variables as well as individual covariates

(Lebreton et al. 1992). For each of the individually marked chicks I constructed
capture histories based on resighting surveys over a 16-week period. The majority

of chicks at all ponds except TLDD-S hatched within an 8-week period.
At TLDD-S, marking of hatchlings continued over approximately 12 weeks.

Capture histories representing 4, 4-week time periods were constructed by pooling

results across 4 weekly time periods. The first 4-week time period was determined
by hatching dates at each site and therefore does not correspond to identical
calendar dates among ponds. If an individual was resighted at least once during

the 4 weeks after initial capture and marking, it received a code of 1 for that 4-week
time period. Time periods when individuals were not seen were coded with Os.
For example, the capture history for a hatchling marked in week 1, and resighted
only in weeks 2-4 would by represented as { 1 000} while { 11 OO} could represent a

hatchling marked during week 4 and resighted again during weeks 5-8.
Based on recommended procedures (Lebreton et al. 1992, Burnham and
Anderson 1998, White et al. 2001), the general approach consisted of: I)
formulation of a candidate set of models, including a global model containing
relevant effects based on species biology and study objectives, 2) assessment of
model fit, 3) selection of models based on Akaike's Information Criterion (AIC),
and 4) parameter estimation that includes model selection uncertainty among
several plausible models. Model notation is described in Lebreton et al. (1992).

Candidate Models
Based on study objectives and biological considerations, I considered
general models that examined differences in survival and recapture rates among

ponds. I grouped marked avocets into 7 pond and year combinations: TLDD-S

'92, TLDD-Hac '92, Pryse '92, WLS '93, TLDD-S '93, Pryse '93, and LHWD '93.
I tested for age effects on survival for candidate global models because avocet
chicks are precocial and don't attain flight capabilities until around 4 weeks of age
(Robinson et al. 1997). 1 therefore hypothesized that survival rates differed
between the first age class (i.e., hatching through 4 weeks of age) and subsequent

age classes consisting of fledged individuals. Also, based on the behavior of
radiomarked avocet chicks (C. Marn unpubi. data), the likelihood that fledged
chicks dispersed increased after 8 weeks of age. If marked individuals dispersed,

apparent survival estimates would be lower for chicks older than 9 weeks compared

to the previous age class. Therefore, I modeled survival rates for 2 age classes (i.e.,
hatchling through 4-weeks vs. fledged) and 3 age classes (hatchling through 4weeks, 5-8 weeks old, and

9 weeks) separately. Although time-dependent

effects in age classes seemed logical based on biological considerations, data
appeared too sparse to incorporate time-dependence and age; marking of sufficient
numbers (> 10) of hatchlings through more than 2 time periods occurred only at
TLDD-S.

I considered models with group and age, group and time, and group, age
and time effects in resighting probabilities because ponds differed in size and
chicks behaved differently as they aged and acquired flight capabilities. I also
included models that incorporated either a trend over time (T) or effort (personhours/acre/time period) in resighting rates as the number of surveys increased
during the breeding season. Also, as effort increased between years, I considered
resighting rates for simpler models that consolidated groups by year (i.e., pond
sampled in 1992 versus 1993).

Additive models (i.e., no interaction term) were constructed for group and
age effects on survival as well as simpler models consolidating groups by year and

time effects on recapture probabilities. For better supported models, I added further
constraints. As I lacked individual measures of selenium exposure, I constrained
survival estimates for models that contained group effects. Each of the 7 groups
was modeled as a linear function of the geometric mean selenium values for avocet

eggs at each site. Geometric mean selenium concentrations (ppm dw) from avocet
eggs incorporated into models were as follows: 8.2, 8.9, 4.4, for TLDD-S, TLDDHac, and Pryse in 1992, respectively and 7.4, 11, 4.8, and 37 for WLS, TLDD-S,

Pryse, and LHWD in 1993, respectively. Additionally, I added aposteriori
hatchling density (log) as a constraint on groups. Hatchling density was calculated
on a per acre basis by multiplying the following estimates: number of nests found,
mean nest success, mean clutch size, and mean egg hatchability.

Among the best supported models (see Model selection below), survival
estimates for the first age class also were constrained based on individual

covariates. The three covariates examined were weight at initial capture, tarsus
length, and a size index calculated as weight divided by tarsus. I assumed that
covariates obtained at marking would only affect individual survival over the first
4-weeks of age.

Model Selection
I used program RELEASE (Bumham et al. 1987) to assess the Goodness of
Fit (GOF) of the CJS model (i.e., group and time effects) and to examine potential
reasons for lack of fit. I narrowed the candidate list of models using AIC based on

information theory and the relative Kuilback-Liebler distance between models

(Burnham and Anderson 1998). AIC values represent the tradeoffs between
increased parameterization, which accounts for additional variability in the data
(i.e., lower deviance, less bias) and increased sampling variance and reduced
precision of the parameter estimates (Lebreton et al. 1992, Anderson et al. 1994,

Burnham and Anderson 1998). AIC differences (AAIC) provide a relative
measure to rank the set of models with the smallest AIC values corresponding to

the best model (Bumham and Anderson 1998). Thus, the principle of parsimony
guides model selection objectively and "selects" models that best approximate the
information in the data (Bumham and Anderson 1998).

Post-hatch Survival Estimates

Models with the lowest i AIC values were selected as the basis for
statistical inference.

Based on A AIC values, several models seemed equally

plausible and supported by the data, so I used model averaging to compute the
average estimate of survival for the first age class (Burnham and Anderson 1998,

White et al. 2001). Model averaging in Program MARK incorporates the
uncertainty associated with model selection into the estimate of the precision of the

parameter. Rather than selecting a single "best" model from which to base
parameter estimates, estimates are based on a set of models weighted by Akaike

weights (Burnham and Anderson 1998, White et al. 2001). Akaike weights are
estimates of the likelihood of given models and provide information (i.e., weight of
evidence) on the uncertainty in the best model (Bumham and Anderson 1998).

Inferences were based on a set of competing models with AAIC <10. As the most
competitive models included the indivividual covariate, hatchling weight, I used
the mean weight for hatchlings marked at each site rather than the mean weight of

all hatchlings to calculate post-hatch survival estimates. Thus, the survival
estimates for each site are based on hatchlings of average weight for that site.

These estimates of post-hatching survival "averaged" among models were used
subsequently to develop productivity estimates.

Because too few hatchlings were banded at some evaporation ponds that I
monitored for productivity, I extrapolated the results of the capture-recapture

analysis to estimate avocet chick survival. For TLDD-N, LHWD in 1992 and
TLDD-Hac in 1993, chick survival estimates were based on the highest ranking

model without group effects. As individual weights of chicks from these sites were
unknown, the average covariate value of chicks from the capture-recapture analysis
was assumed in the estimation of survival.

Productivity Estimates

Under equilibrium conditions, recruitment into the breeding population
sufficiently offsets adult losses and recruitment (per pair) equals twice the annual

adult mortality (Perrins 1991). Thus, for populations that are stationary, ignoring
immigration and emigration, annual adult mortality is offset by the average number
of females recruitedlfemale/year. I assumed a stationary population in which local
recruitment compensates for adult mortality, similar to the "Balance per pair per

year" approach of Bacon and Perrins (1991). I first estimated fledgling production
at Tulare Basin ponds and assumed certain adult survival rates to calculate the

corresponding minimum juvenile survival rates necessary for recruitment to
maintain populations.
Survival rates of adult and juvenile avocets at Tulare Basin ponds were

unknown. Based on estimates of 83-86% adult survival (Robinson and Oring
1997), I set adult mortality at 0.1 and 0.2. Recruitment was defined as the product

of productivity and juvenile survival. Productivity was measured as fledglings
produced per female. When recruitment is equal to adult mortality, minimum
juvenile survival rates can be calculated for known estimates of fledgling

production (i.e., adult mortality divided by fledgling production). I also assumed
juvenile survival was less than or equal to adult survival, and avocets normally rear
one brood per year and breed at 2 years of age (Robinson et al. 1997).

To evaluate estimates of fledglings produced at Tulare Basin ponds, I

constructed theoretical equilibrium curves with productivity on the xaxis, juvenile
survival on the yaxis and recruitment set equal to adult mortality. Curves were
plotted with the corresponding juvenile survival rates and productivity values such

that recruitment equaled adult mortality. Points lying above the curves indicated
local recruitment exceeded mortality. Conversely, points falling below the
equilibrium curves indicated recruitment was insufficient to offset adult mortality.
I estimated productivity at Tulare Basin evaporation ponds based on the
following equation: Fledglings Produced

(# Breeding Females) x (# Nests Initiated/Female) x (Nest Success) x (Egg
Hatchability) x (Mean Clutch Size/Successful Nest) x (Post-hatch Survival).
I used field data to estimate nest success, egg hatchability, and mean clutch size for

successful nests (discussed previously). I estimated nest success using Mayfield's
method (Mayfield 1961, 1975) with modifications (Johnson 1979, Hensler and

Nichols 1981). Exposure days were calculated (Klett et al. 1986) using a nesting

interval of 26 days for avocets (Ohiendorfet al. 1989). For evaporation ponds with
levee windbreaks that remained surrounded by water (i.e., Pryse, TLDD-S, TLDD-

Hac in 1992), I stratified nests by habitat (i.e., island versus non-island), applied

Mayfield's method to each group separately, and obtained a weighted average of
nest success at each site (Johnson 1979, Klett and Johnson 1982). Incubating adult
avocets at TLDD-S were collected in April 1992 for a separate study by resource

agency personnel. I considered this a significant disturbance that affected
incubation behavior at this site because 51.5% (17/33) of avocet full-term nests
initiated in April contained

1 eggs that failed to batch. Therefore, I omitted nests

initiated prior to and 1 week after the disturbance event from estimates of nest
success and hatchability.

To estimate partial nest failure at each site, I calculated the proportion of
hatched eggs and mean clutch size based on successful nests and unsuccessful nests

that failed due to embryotoxicosis. Egg hatchability at each site was estimated by
calculating the ratio of the sum of eggs that hatched to the total number of eggs that

remained in the nest over the entire nesting interval. As I included nests with
different clutch sizes, standard errors were calculated using a ratio formula for
cluster sampling (Cochran 1977:66).

Post-hatching survival of chicks through 4-weeks was estimated based on

color-marked hatchlings as described above. As no adult avocets were marked or
censused, I estimated the number of breeding females based on the number of nests
found at each site divided by 1.068, an estimate of the number of nests initiated by

female avocets obtained from the literature (Robinson et al. 1997). A range of
adult mortality was calculated (i.e., Mortality =

1

Survival) from reported adult

survival estimates (Robinson and Oring 1997).

I also estimated the average annual productivity of avocets nesting at Tulare
Basin evaporation ponds in order to identify the average juvenile survival rate

necessary for recruitment to balance adult mortality. This productivity estimate
included additional ponds that were monitored for nesting success but not chick

survival (see Section 2). Productivity estimates averaged for each pond were
weighted by the number of estimated females nesting at each site/year.

RESULTS
Survival Estimates

I color-marked 737 hatchlings for the capture-recapture analysis. Goodness
of fit results (TEST 2 + TEST 3) from program RELEASE indicated that the data
fit the Cormack-Jolly-Seber model

overdispersion (c-hat =

x2

(x2

= 27.88, 21 df, P = 0.14). The estimate of

/ df) was only 1.33 and no quasi-likelihood adjustment

was made for variance inflation (Anderson et al. 1994). Although data were sparse

for some release batches and ponds, Program RELEASE results were not
significant for TEST2 (x2= 1.47, 6 df, P = 0.96), but were significant (x2= 26.41,

15 df, P = 0.034) for TEST3; at most ponds there was a tendency for newly marked
chicks to have a lower probability of ever being seen again than previously marked
chicks, which suggested the possibility of age effects.

The best supported models had resighting probabilities, with and without
interactions, based on yearly grouping of ponds (group) and trend in timedependence (i.e., T), or year- and time-dependence (Table 9). Resighting rates

modeled on effort were not supported (i.e., iAIC> 10). Among the general
candidate models, the lowest AIC values supported models with group- and age-

dependent survival and group- and time-dependence in resighting rates. Support
was greater for survival rates based on 3 age classes rather than 2 age classes.
Models that included an interaction between group and age effects on survival rates
were not supported as compared to models with additive group and age effects on
survival rates.

Models that constrained group effects with mean egg selenium

values had lower iAIC values when interactions were included while models with
additivity between age effects and selenium constraints produced higher AAIC

values than starting models. While the support for survival rates modeled with
hatchling density as a constraint on groups was greater than selenium, neither
constraint resulted in improvements upon models with group and age effects.

Table 9: Capture-recapture models for survival estimation of American avocets
hatchlings at evaporation ponds in the Tulare Basin, California, 1992-1993.
Model parameters include: 3 age classes (age3), hatchling weight (WT),
time trend (T), year, and 2 age classes (age2).
AICc

Model

AICc

Delta AICc Weights

Number of
Deviance

Parameters

hi(group+age3+WT) p(year*T)

1996.729

0.000

0.240

14

1968.361

hi(group+age3+WT) p(year+time)

1997.003

0.275

0.209

14

1968.636

1997.759

1.030

0.143

13

197 1.440

Phi(logDensity+age3+WT) p(year*T) 1998.308

1.580

0.109

9

1980.152

)hi(group+age3+WT)p(year*time)

1998.319

1.590

0.108

16

1965.842

Phi(age3+WT)p(year*T)

1999.116

2.388

0.073

8

1982.991

Phi(logSe*age3+WT) p(year*T)

2000.572

3.843

0.035

11

1978.341

Phi(logSe+age3+WT) p(year*T)

2000.8 12

4.083

0.03 1

9

1982.655

Phi(age3+WT) p(year*time)

2000.970

4.24 1

0.029

10

1980.778

Phi(group+age3+WT) p(group+time)

2002.988

6.260

0.010

19

1964.321

Phi(group+age3+WT) p(group+T)

2003.849

7.120

0.007

18

1967.248

Phi(group+age3) p(year*tirne)

2005.574

8.846

0.003

15

1975.154

Phi(group+age3+WT) p(group*T)

2006.778

10.050

0.002

23

1959.805

Phi(age3) p(year*time)

2007.081

10.352

0.001

9

1988.924

Phi(group+age3+WT) p(group*time) 2010.800

14.071

0.000

30

1949.149

Phi(group*age3) p(group+T)

2017.548

20.819

0.000

25

1966.400

Phi(group*age3) p(group+time)

2018.687

2 1.958

0.000

27

1963.349

Phi(group*age3) p(year*time)

2020.519

23.791

0.000

27

1965.181

E)hi(group*age3) p(group*time)

2033.243

36.5 14

0.000

42

1946.003

Phi(group*age2) p(group*time)

2039.336

42.608

0.000

35

1967.090

Phi(group*time)p(group*time)

2058.865

62.137

0.000

36

1984.489

Phi(group+age3+WT) p(year+T)

['I'J

Four of the top 5 models included group, age (i.e., 3 classes) and weight effects on
survival, and their cumulative AAIC value was 0.70, indicating strong support for
these effects on survival rates.

Among individual covariates, models that included weight or the size index
consistently improved AIC measures while models with tarsus length had higher

AIC values than starting models. The improvement in relative AIC values (i.e.,
reduction of AIC) was greater for the covariate of weight than of size. Therefore,
weight was chosen as the only covariate to include among the different models

evaluated by the model averaging procedure. The best models included agedependent (3 classes) survival and individual weight for the first age class.

Resighting rates were based on interactions with year and time trend. There were a
number of competing models that were similarly supported by the data with AAIC

values <2.0. These models included similar resighting parameters (i.e., year and
time or time trend), and age and individual weight effects on survival rates, either
alone or in combination with group effects.

Survival estimates for the first 4-weeks post-hatching, based on model

averaging, ranged from 0.572 to 0.751 (Table 10). The survival estimates
extrapolated from the model with hatchling density, age and individual weight for
TLDD-N, TLDD-Hac in 1993 and LHWD in 1992, ranged from 0.743 to 0.801.
These estimates were used to calculate productivity at each site.

Productivity Estimates
There were 1,710 nesting attempts located in 1992 and 1,686 in 1993
corresponding to estimates of 1,600 and 1,577 breeding female avocets (Table 10).

Nest success at each site varied from 0.015 to 0.939. In general, nest success was
higher at ponds that had isolated windbreaks or islands: Pryse, TLDD-S and
TLDD-Hac in 1992. Mean egg hatchability was > 90% except at LHWD in 1993
where observed egg selenium concentrations were highest.

Table 10: Productivity estimates for American avocets at evaporation ponds in the Tulare Basin, California, 1992-1993.
1993

1992
LHWD

Pryse

TLDD-H

TLDD-S

TLDD-N

WLS

TLDD-H TLDD-N

TLDD-S

LHWD

Pryse

4.4

18

8.2

8.9

2.4

4.8

37

11

11

5.1

7.4

ests Found

108

75

998

471

58

125

119

732

309

25

376

est Success

0.722

0.16

0.417

0.28

0.0358

0.939

0.543

0.535

0.0885

0.015

0.188

Mean Clutch

3.8 (21)

3.25

3.8 (451)

3.75 (151)

3.8 (5)

3.85 (109)

3.46 (61)

3.75 (393)

3.53 (51)

2.67 (3)

3.66 (92)

Egg Selenium

(ppm thy 4)

(12)

Size (ii)

Hatchability

0.929

1

0.919

0.942

0.947

0.94

0.896

0.936

0.933

1

0.955

Post-hatch

0.688

0.743

0.687

0.751

0.769

0.612

0.654

0.572

0.743

0.801

0.724

Survival

(95% CI)

0.541-0.853

0.521-0.696 0.497-0.784 0.459-0.679

0.577-0.780 0.594-0.861

0.520-0.818

#FledgedlNest

1.75

0.39

1

0.74

0.1

2.08

1.1

1.07

0.216

0.032

0.475

Estimated#

101

70

934

441

54

117

111

685

289

23

352

0.94

0.21

0.53

0.4

0.053

1.11

0.59

0.57

0.12

0.017

0.25

dult Females

#Females
fledgedlFemale

Although TLDD-N, LHWD in 1992, and TLDD-Hac in 1993 had high
extrapolated survival estimates, the number of chicks fledgedlnest was low because

predators reduced nest success. The estimated number of female fledglings/female
across ponds ranged from 0.017 to 1.11. Productivity was highest at Pryse, the
smallest pond system monitored. Pryse also had the lowest egg selenium
concentrations but the highest hatchling density. Productivity at Pryse increased
from 1992 to 1993, corresponding to an increase in nest success and a decrease in

post-hatch survival. Similar patterns occurred at TLDD-S from 1992 to 1993.
TLDD-S and Pryse accounted for approximately 75% of avocet productivity at
sampled evaporation ponds each year.

Productivity in both years was insufficient to replace estimated adult

mortality at TLDD-N (Figure 7). All values for hypothesized juvenile survival
intersected productivity estimates for TLDD-N below the curves where recruitment
compensates for adult mortality. Productivity estimates for TLDD-Hac in 1993

replaced adult mortality only if both adult and juvenile survival rates were high. If
adult survival was high, productivity estimates for WLS and LHWD in 1992 offset
mortality when juvenile survival rates were at or below the range of 0.484 to 0.575
estimated by Robinson and Oring (1997); lower adult survival rates required
corresponding high juvenile survival rates for recruitment to offset adult mortality.
Productivity estimates were insufficient when adult mortality approached 20%
because juvenile survival rates would have had to exceed adult survival estimates
for recruitment to offset adult mortality.

Productivity estimates were sufficient for recruitment to offset adult
mortality at TLDD-Hac in 1992, LHWD in 1993, TLDD-S, and Pryse ifjuvenile
survival rates were at or below the Robinson and Oring (1997) estimates for the

entire range of modeled adult mortality. The highest productivity estimates for
Pryse only required juvenile survival rates <25% for sufficient recruitment to
offset modeled values of adult mortality.
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Estimates of average annual productivity at Tulare Basin evaporation ponds

were 0.49 and 0.45 in 1992 and 1993, respectively (Figure 8). The corresponding
juvenile survival rates necessary for recruitment to offset 10% and 20% adult

mortality ranged from 0.204-0.408 and 0.222-0.444, respectively (Figure 8).
These ranges were below the juvenile survival estimates from western Great Basin
avocets (Robinson and Oring 1997).

DISCUSSION
Survival Rates

Age-dependent (3 classes) survival and the individual covanate weight for
the first age-class were common to the most competitive models based on AAIC

values, with some support for additive year or group effects. Hatchling density
models were selected to extrapolate post-hatching survival estimates. While this
model was competitive (AAIC <2), models with unconstrained group effects were

best supported by the data. The addition of egg selenium concentrations as a
constraint on group effects did not improve model fit over additive group effects.
Although competing models indicated by AAIC values provide the best
summary of the information in the data, models are only approximations of reality

(Lebreton et al. 1992). Because selenium exposure was not measured for
individual chicks, and high selenium exposure in ovo can reduce hatching weights
(Heinz et al. 1989), group, selenium and weight are confounded in this analysis.

The best models in the capture-recapture analysis partitioned variation in survival
estimates among groups after standardizing for weight effects based on a mean

hatchling weight of 19.75 g. Although I used the average hatchling weight at each
site in model averaging procedures to estimate post-hatch survival, some of the
variation in survival at different ponds due to selenium exposure may have been

reflected in models by the individual covariate, weight. While biologically
meaningful, selenium effects on survival rates may have been too small to support
additional structure in the age-dependent survival model given small sample sizes.

In this study, LHWD in 1993 had the highest selenium concentrations, lowest mean
hatchling weights, and the fewest number of marked chicks; Pryse had the lowest
egg selenium values, highest mean hatchling weights, and the highest hatching
density.

I focused on estimates of post-hatch survival for the first 4-week period for

two major reasons. First, data from radio-marked chicks at Tulare Basin
evaporation ponds indicated that temporary emigration could occur after chicks

attain flight capabilities (C. Marn unpubl.data). Emigration prior to fledging is
likely negligible (< 1%) based on movements of radio-marked broods (C. Mam

unpubi. data). In mark-recapture analyses, emigration is indistinguishable from
mortality; estimates indicate apparent survival based on assumptions of site fidelity.
Thus, I assume that survival rates < 1 indicate the occurrence of mortality during

the first 4-week age class. However, mortality and emigration are confounded in
apparent survival estimates for subsequent age classes. Second, 11 wanted to make

comparisons to 5-week survival estimates for radio-marked avocets at TLDD-S,
LHWD and WLS in 1993 (see Section 3).

With the exception of LHWD in 1993, survival for older age classes is
probably higher than our reported apparent survival estimates because fledged

chicks likely dispersed. Post-fledging dispersal of chicks away from natal lake
systems has been observed in American avocets in the western Great Basin

(Robinson and Oring 1996, Plissner et al. 1999). At LHWD in 1993, I observed
reduced growth rates and delayed fledging in avocet chicks associated with

elevated selenium exposure (see Section 3). Apparent survival estimates for the
second age class may represent additional mortality for affected chicks because site
fidelity was likely high until chicks attained flight capabilities.
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Confidence intervals for parameter estimates of survival through 4 weeks
(Table 10) at TLDD-S and WLS, obtained from capture-resighting data, overlap
and are comparable to 5-week survival estimates from radio-marked avocet chicks

(see Section 3). However, at LHWD the mean survival estimate was considerably
higher (0.702 vs. 0.375) than the estimate based on radio-marked chicks. Effects
due to selenium were observed in individual chicks at this site (see Section 3).

Capture-recapture data from LHWD were sparse. Parameter estimates from the
highest ranking model with selenium, (AAIC = 3.84) are closer 0.584 (0.4290.725), and overlap the confidence interval for estimates of radio-marked chicks at

LHWD (0.138-0.612). It is possible that survival estimates from radio-marked
chicks from LHWD were lower because radio-marking, in combination with
elevated selenium exposure, affected chicks at LHWD to a greater degree than at
TLDD-S or WLS.

Productivity Estimates
Differential nest success rates at ponds resulted in a range of estimates of

productivity during the 2-year study. Although selenium exposure was elevated
(see Section 2), egg hatchability was high and post-hatch survival estimates were

fairly consistent. Studies of Pied Avocets (Recurvirostra avocetta) in Europe
identified chick loss as the key factor affecting breeding success (Hill 1988, Hill

and Carter 1990, Hotker and Segebade 2000). While predation was the major
factor affecting nest success of R. avocetta in coastal colonies (Hill 1988, Hotker
and Segebade 2000), chick survival was largely dependent on temperature regimes
(Hotker and Segebade 2000) or attributed to reduced food availability (Hill and
Carter 1990). Predation was the main factor affecting nest success in this study.
Although this study encompassed only 2 breeding seasons, post-hatching

mortality was not as variable as nest success. Mortality of American avocet chicks
also has been attributed to cold weather (Robinson et al 1997); however, I did not
observe unseasonably inclement weather that would have affected young chicks

during the 2-year study. Although I did not sample invertebrates, evaporation
ponds are highly productive (Euliss 1990). My sampling methods may have
resulted in some reduction in observed variability because I deliberately sampled

ponds with large or potentially successful nesting colonies. I did not directly
estimate post-hatching survival at sites when few chicks hatched (i.e., TLDD-N and
LHWD in 1992) and estimated post-hatching survival with models that included

hatchling density. Parameter estimates for these sites were higher because
hatchling densities were low. While these conservative estimates of survival were
used to calculate productivity at these sites, the average productivity estimate for all
evaporation ponds was weighted, and little affected.

Productivity estimates for avocets at some ponds were insufficient to offset

adult mortality, regardless ofjuvenile survival. Depending on actual adult and
juvenile survival rates, productivity at some evaporation ponds appeared adequate

to compensate for mortality. The weighted average productivity across ponds in
both years indicated that compensation for 10-20% adult mortality could occur
when average juvenile survival rates are lower than observed for juvenile avocets in

the western Great Basin (Robinson and Oring 1997). Estimates of average
productivity in 1992 and 1993 suggest that local recruitment at Tulare Basin
evaporation ponds was sufficient to compensate for hypothesized adult mortality if
Tulare Basin adult and juvenile avocets had similar survival rates as western Great
Basin individuals (Robinson and Oring 1997).

Habitats where productivity exceeds mortality are considered source
habitats while habitats where productivity is insufficient to compensate for local

mortality are referred to as sink habitats (Pulliam 1988). Sink habitats require
continued immigration for populations to persist. My assessment of productivity in
avocets breeding at evaporation ponds in the Tulare Basin is based on a simple
stationary population model that incorporates 2 additional unknown parameters:

adult and juvenile survival rates. Without estimates for adult and juvenile survival
and dispersal, the data are insufficient to identify evaporation habitat as sources or
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sinks (Pulliam and Danielson 1991, Watkinson and Sutherland 1995). If the adult
and juvenile survival rates for western Great Basin avocets approximate survival of
Tulare Basin avocets, then productivity at evaporation ponds during this study
appears adequate to offset adult mortality, increase local populations or provide a
source of emigrants.

However, in 1993, evaporation pond operators were required by the state of
California to provide freshwater wetland habitat to mitigate for selenium toxicity to

wildlife (Gordus 1999). Subsequently, close to half of the ponds in the Tulare
Basin have ceased discharging subsurface agricultural drainage water (Skorupa
1998). This includes Pryse, the pond with highest productivity in this study.
Modifications to reduce attractiveness of evaporation ponds to nesting shorebirds
(i.e., removal of windbreaks) occurred at TLDD-S, a site with high avocet

productivity in this study. Mitigation wetlands constructed adjacent to evaporation
basins now provide foraging habitat to dilute dietary selenium intake from
evaporation ponds and attract high densities of nesting avocets (Gordus 1999).
These changes affected the pond systems that accounted for over 75% of avocet

productivity observed in this study. The extent to which these efforts to reduce
exposure have affected demographic parameters in avocets breeding in the Tulare
Basin is not known.

There is connectedness between populations of avocets breeding in the
Tulare Basin and the Great Basin as evidenced by recapture of an avocet hatched in
the Tulare Basin breeding in the Honey Lake Valley in northeastern California

(Robinson and Oring 1997). Additionally, birds from the western Great Basin use
Tulare Basin evaporation ponds during migration (Robinson and Oring 1996). It is
not clear whether differences in exposure during the breeding season or migration

translate into differential mortality risks. Selenium exposure and subsequent
impairment in immune function have been documented in waterfowl (Fairbrother

and Fowles 1990, Whiteley and Yuill 1991). Although indirect lethal effects are
plausible, there are no data relating contaminant exposure at evaporation ponds to

subsequent effects on adult survival of avocets. If adult mortality in Tulare Basin
avocets is higher than the Great Basin, the equilibrium recruitment-mortality curves
(see Figures 7 and 8) shift to the right, requiring higher rates of productivity and
juvenile survival to maintain populations.
Without additional information on habitat-specific demographic rates (e.g.,
adult survival) uncertainty will continue to affect evaluation of contaminant
impacts that extend beyond individual responses, limiting our ability to protect

populations. Assessment of productivity measured at Tulare Basin would clearly
benefit from additional research to quantify adult and juvenile survival and

mortality risks relating to contaminant exposure. Information also is needed to
assess the effectiveness of management actions to reduce exposure and increase

nesting habitat on demographic parameters. It is not clear whether reductions in
avocet productivity associated with removal of high quality nesting islands is
compensated by creation of mitigation wetlands or how these changes will affect
avocet populations.

Last, but not least, while avocets are the most abundant shorebird nesting at
evaporation ponds, their tolerance to embryotoxic effects of selenium is higher than

black-necked stilts or waterfowl (Skorupa 1998). Thus, as noted by Pulliam
(1988), habitats can operate as a sink for one species yet be self-maintaining for

others. Reducing exposure to selenium is an obvious management objective.
However, the effects on avocet productivity should be considered for actions, such
as removal of windbreaks and islands, which reduce the amount of nesting habitat

that is protected from predators. Evaluation of demographic parameters in
mitigation and other habitat designed to replace nesting habitats is recommended to
ensure that sufficient productivity is maintained to offset mortality.
In summary, I estimated post-hatching survival and evaluated productivity

estimates for avocets nesting at evaporation ponds. Mark-resighting data from
hatchlings supported models that included age, and individual weight effects on

survival rates with year and trend over time effects in resighting rates. Selenium

effects were likely small relative to other modeled effects given the sparse data and

confounding of pond, selenium effects, and hatchling weight. Parameter estimates
were averaged based on relative model support and incorporated into productivity

estimates for each site. Average productivity for Tulare Basin ponds appeared
sufficient to compensate for adult and juvenile mortality rates that were based on

estimates from western Great Basin avocets (Robinson and Oring 1997). However,
subsequent management actions to reduce avian exposure at evaporation ponds

have likely influenced current habitat-specific demographic parameters. Further
research is recommended to evaluate the impact of management actions on avocet
populations.
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GENERAL CONCLUSION

In a landscape where more than 95% of native wetlands have been lost,
evaporation ponds in the Tulare Basin provide attractive breeding habitat for

wetland birds. However, exposure to drainwater constituents such as selenium can
cause reproduction impairment. I observed reductions in egg hatchability
associated with increasing selenium exposure. Both embryo deformity and
mortality rates associated with egg selenium were higher in stilts than in avocets.
High mammalian predation and consequently low nest success occurred on
evaporation pond systems without islands and in non-island habitat on pond

systems with islands. The majority of reproductive losses were attributed to nest
predation.

Post-hatch survival of radiotagged avocets at Tulare Basin evaporation
ponds exceeded estimates of complete recruitment failure at Kesterson Reservoir.
Data on chick growth, survival and selenium exposure were consistent in providing
lines of evidence to support post-hatching effects. I observed lower survival rates,
histologic lesions, lower hatchling weights, slower growth, and elevated selenium
and boron in tissue concentrations at Lost Hills Water District.

In addition to observed effects on individuals associated with exposure to
drainwater contaminants, avocet productivity at some ponds was insufficient to
offset adult mortality. However, estimates of average annual productivity at Tulare
Basin evaporation ponds were 0.49 and 0.45 in 1992 and 1993, respectively.
Juvenile survival rates necessary for recruitment to offset 10% and 20% adult

mortality are below reported estimates ofjuvenile survival from avocets at nondrainwater sites. Further research quantifying the survival rates assumed in the
demographic model is recommended. Also, additional research is recommended to
evaluate the impact of management actions on avocet populations as habitat
changes to reduce avian exposure at evaporation ponds subsequent to this study
have likely influenced current habitat-specific demographic parameters.
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