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Abstract—Marbled teal (Marmaronetta angustirostris) and white-headed  duck (Oxyura leucocephala) are the two European ducks threatened  with global  extinction.  We investigated  lead (Pb) poisoning  in stifftails  (Oxyura  spp., n = 83) and marbled  teal (n =
80) shot or found dead or moribund  in Spanish  wetlands  via gizzard examination  and liver, bone, and blood Pb analysis. Ingested Pb shot was present in 32% of shot stifftails and 70 and 43% of dead or moribund  stifftails and marbled teal, respectively.  Lead- shot ingestion  was more frequent  in Valencia  (eastern  Spain),  where Pb-shot  densities  were higher and grit scarcer. Selection  of larger grit similar in size to Pb shot may explain the higher rate of Pb-shot ingestion observed in stifftails. Ingested shot was found more  frequently  in juvenile  stifftails  than  in adults.  Lead  bone  concentrations  were  higher  in ducklings  <9 d old than  in fully grown teal and were also higher in adult than in juvenile teal. Our results show the need for a ban of Pb shot for waterfowl hunting in Spain and the cleanup of spent shot at major wetlands.
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INTRODUCTION
Lead poisoning as a result of ingestion of spent Pb shot in wetlands has been a major cause of waterfowl mortality [1]. Lead-shot densities in wetlands along the Mediterranean coast of Europe, where all hunters still use Pb shot, are among the highest  recorded  anywhere  in the world  [2]. The prevalence of Pb-shot ingestion in the widespread mallard (Anas platy- rhynchos) ranges in Mediterranean wetlands from 20 to 45% [2–6].  The  prevalence  registered  for  mallard  or  the  related black duck (Anas rubripes) in Britain or North America, where Pb shot has been banned  for over a decade,  was <10%  [7–
9]. However, in some southern states of the United States, the exposure in mallard and the related mottled duck (Anas ful- vigula) equaled the values observed in Mediterranean  Europe [8,10].
Two of the species most affected by Pb poisoning in Med- iterranean  wetlands  are the northern pintail (Anas acuta) and the common pochard (Aythya ferina), which have prevalences of Pb-shot ingestion of 50 to 70% [2– 4,11] and have undergone population  declines  in  Europe  over  the  past  25  years  [12]. These are still relatively widespread and abundant species of waterfowl. However, it has previously been suggested that Pb poisoning  may be a significant cause of mortality for the two duck species present in Europe that meet the World Conser- vation Union criteria for globally threatened status [13], the marbled teal (Marmaronetta angustirostris) and the white- headed duck (Oxyura  leucocephala) [14].
Here we present the first study of Pb poisoning in the mar- bled teal and white-headed  duck. We focus on Spain, the most important European range country for both species, which are
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resident there. The marbled teal has undergone a long-term decline in Spain [15] and elsewhere in its range, having a remaining  world  population  of 15,000  to 25,000  individuals [13]. Since 1990, total numbers in Spain have fluctuated be- tween  approximately  50  and  700  ([16],  A.J.  Green,  unpub- lished data). The marbled teal is a dabbling duck in ecological (but not taxonomic)  terms [16].
The white-headed  duck is the only stifftail (tribe Oxyurini, a group of diving ducks) native to the Palearctic. It has a fragmented  distribution  and a declining  world  population  of
10,000 to 20,000 birds [13]. In Spain, numbers have recovered from 22 birds in 1977 to 1,453 in 1999 in response to con- servation  measures,  especially  protection  from hunting  [17]. The Spanish population  of the white-headed  duck is affected by the spread of the North American ruddy duck, Oxyura jamaicensis  jamaicensis,  introduced  to northern Europe [14]. Ruddy ducks produce fertile hybrids with the white-headed ducks; both ruddy ducks and hybrids are shot by governmental conservation organizations to counter genetic integration [14]. The white-headed duck, ruddy duck, and their hybrids flock together and have very similar foraging ecology [18] and grit selection (this study) and can be expected to respond to Pb exposure  in  a  similar  way.  We  therefore  include  the  ruddy duck  and  their  hybrids  shot  or  found  dead  in  Spain  in  this study as a useful surrogate for studying Pb exposure in the globally threatened  white-headed  duck.
We assess the frequency of Pb-shot ingestion in both stiff- tails and teal in different parts of Spain and the proportion of the populations  affected  by toxic levels of Pb in tissues.  We assess the differences between age classes and sexes in the prevalence of Pb exposure by shot ingestion. We compare the composition of grit ingested by each taxon in different regions
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Fig. 1. Location of autonomous communities and wetlands where stifftails and marbled teal were collected in Spain. Wetlands 1 through
11, marked with circles, are within the range of the white-headed duck and  marbled  teal.  Numbers  of birds  (L = white-headed  duck,  J = ruddy  duck,  H = hybrid,  M = fully  grown  marbled  teal, m = teal chick) collected  at each wetland are as follows. Andaluc´ıa:  1 = Veta la Palma, Don˜ ana, Sevilla, H (6), J (1), M (6); 2 = Lucio del Cangrejo Grande, Don˜ ana, Sevilla, J (1); 3 = Laguna de Medina, Ca´diz, J (1);
4 = Lagunas  de Puerto  Real,  Ca´ diz,  J (1);  5 = Laguna  de Tarelo, Don˜ ana, Ca´ diz, H (4), J (2); 6 = Albufera  de Adra, Almer´ıa,  H (2), J (1); 7 = Punta  Entinas-Sabinar and nearby,  Almer´ıa,  J (3), H (2). Valencia:  8 = Santa Pola, Alicante  M (4); 9 = El Hondo,  Alicante, J (8), H (12), L (28), M (48), m (20); 10 = Albufera  de Valencia,  L (1),  M  (1),  m  (1).  Castilla-la  Mancha:  11  = Dehesa  de  Monreal, Toledo, H (1). Arago´n: 12 = Laguna de Sarin˜ era, Huesca, J (1). Pa´ıs Vasco:  13, Ullibarri-Gamboa,  A´ lava,  J (7). Cantabria:  14, Marisma de Santon˜ a, J (1).
and consider how this relates to the rates of Pb-shot ingestion. We also investigate the levels of Pb found in newly hatched ducklings (not subjected directly to ingested Pb shot), an issue not previously  studied in any waterfowl  species.
MATERIALS AND METHODS
Collection  of specimens
We studied a total of 83 stifftails (29 white-headed  ducks,
26 ruddy ducks, and 28 hybrids) collected from 14 Spanish wetlands (Fig. 1) at different times of the year [18]. Most ruddy ducks and hybrids  were shot during a control  program  orga- nized  by  the  Spanish  regional  and  national  administrations. These birds were tracked down and hunted individually by marksmen,  and we do not anticipate  a bias toward  shooting birds more exposed to Pb. The white-headed ducks were either found dead or dying (usually during epizootic outbreaks of salmonellosis, botulism, or other diseases) or shot (either in- cidentally during the ruddy duck control program or shot il- legally and then confiscated).
We studied  a total of 80 marbled  teal, including  59 fully grown  birds and 21 ducklings  (19 of the youngest  age class Ia of 1–8 d old, 2 of class II of 18– 41 d old [19]). All except seven fully grown birds and one duckling came from El Hondo and Santa Pola along the Mediterranean  coast in the autono- mous  community  of Valencia  in eastern  Spain  (Fig.  1). All but three fully grown birds were found dead or dying, and 45 of them were collected during a die-off at El Hondo from September to November 1997 that was apparently caused by organophosphate  poisoning and botulism (C. Gerique, unpub- lished data). Most ducklings  died shortly after being rescued from a concrete-lined drainage canal in El Hondo, in which hundreds of ducklings were trapped each year [20] until ramps were installed in 1999.

In order to study regional differences  in the prevalence  of Pb exposure by shot ingestion, we compared those birds from the  autonomous  community  of  Valencia  with  those  coming from  other  parts  of Spain.  Compared  with  other  areas,  Val- encian  wetlands  have  particularly  high  densities  of Pb  shot [6], and most of our birds came from El Hondo, where densities of up to 163 shot/m2   are recorded [21]. El Hondo is the most important European wetland for both marbled teal and white- headed ducks [15].
Treatment  of  birds  varied  considerably  in  this  heteroge- neous   sample,   involving   many   organizations   and  people. Blood samples (0.2–0.5 ml) were taken from eight sick white- headed ducks upon arrival at the Center for Nature Protection and Study in Valencia. Blood samples were collected in metal- free tubes with sodium heparin and frozen to —20°C before analysis. Most dead birds were frozen shortly after collection and were  sent to the Don˜ ana National  Park or Don˜ ana Bio- logical Station for necropsy. Fully grown birds were sexed and aged (adults or juveniles) based on plumage characteristics, gonad inspection, and presence or absence of the bursa of Fabricius [19,22]. Samples of liver and bone (humerus and/or femur) were removed  and stored in metal-free  plastic vials.
Analysis  of Pb-shot  presence  and Pb concentrations
Gizzards were examined externally for the presence of shot entry holes to establish  whether  shot found within  had been shot in or ingested. Each gizzard was cut with scissors and its contents washed with water and then dried. Food items were removed by flotation. The precipitate was dried and placed in plastic Petri dishes. After Pb shot were removed and weighed, grit was sieved (sieve sizes 4, 3, 2, 1.5, 1, and 0.5 mm) and each size class of particles was weighed [5]. Lead shot was excluded  from analyses of grit composition.
Livers were analyzed at the Autonomous University of Bar- celona (Barcelona, Spain), bones at the National Wetlands Re- search Center, and blood samples at the Sagunto 99 Laboratory of Veterinary Analysis (Valencia, Spain). Livers were homog- enized and a portion was dried at 60°C until its mass was constant.  A 500-mg  aliquot  of dry liver  was  microwave  di- gested in 70% nitric acid for 45 min at 180 psi in a microwave digester MDS2000 (CEM, Matthews, NC, USA). Lead con- centrations were measured by Zeeman graphite furnace-atomic absorption spectroscopy on a 4100 ZL spectrometer (Perkin- Elmer, Norwalk,  CT, USA). Our results from three replicates of a certified reference sample of bovine liver (BCR 185, Prom- ochem,  Wesel,  Germany)  with a mean ± standard  deviation of 501 ± 38 ng/g dry weight were 540 ± 14 ng/g. Bones were cleaned of inserted muscles, oven dried to constant mass, and weighed to the nearest 0.1 mg. Each bone was then microwave digested and Pb concentrations  were measured by inductively coupled  plasma-atomic  emission  spectroscopy  on an Optima
3000  spectrometer   (Perkin-Elmer).   Blood  Pb  concentration was determined in duplicates of each sample by a graphite furnace-atomic  absorption  spectroscopy  on a GBC GF 2000
Controller  spectrometer  (GBC, Dandenong,  Victoria, Austra- lia) after dilution of 50 iil of blood in 50 iil of Triton X-100 (1%) and 150 iil  of deionized  water. Blood Pb concentration of each sample was obtained from the average of duplicates. Results  from duplicate  analyses,  fortified samples,  and refer- ence samples of human blood (Lyphochek, Bio-Rad Labora- tories, Richmond,  CA, USA) with three levels of Pb (0.081,
0.285,  and  0.541  iig/ml)  were  within  quality  control  guide- lines.  Minimum  detection  limits  of  Pb  were  0.1  iig/g  dry
Table  1.  Proportions  of fully grown  ducks  from wetlands  of Valencia  and other parts of Spain  containing  ingested  Pb shot in the gizzard  and those above threshold levels of Pb exposure  in liver and bone (humerus  and/or femur); percentages  are presented  in parentheses
Pb shot in gizzard


Liver Pb
>5 iig/g dry weighta


Bone Pb
>10 iig/g dry weightb
	
	Valencia
	Others
	Total
	Valencia
	Others
	Total
	Valencia
	Others
	Total

	Marmaronetta angustirostris
	21/50c
	0/6
	21/56
	10/25
	0/5
	10/30
	3/41
	0/6
	3/47

	
	(42)d
	(0)
	(38)
	(40)
	(0)
	(33)
	(7)
	(0)
	(6)

	Oxyura  leucocephalae
	13/25
	0/1
	13/26
	9/17
	0/1
	9/18
	1/1
	0/1
	1/2

	
	(52)
	(0)
	(50)
	(53)
	(0)
	(50)
	(100)
	(0)
	(50)

	Oxyura  jamaicensisf  + hybridsg
	9/20
	4/33
	13/53
	4/16
	1/12
	5/28
	1/5
	0/12
	1/17

	
	(45)
	(12)
	(25)
	(25)
	(8)
	(18)
	(20)
	(0)
	(6)

	Total Oxyura  spp.
	22/45
	4/34
	26/79
	13/33
	1/13
	14/46
	2/6
	0/13
	2/19

	
	(49)
	(12)
	(33)
	(39)
	(8)
	(30)
	(33)
	(0)
	(11)


a  [5].
b  [23].
c  Birds exposed/n.
d  Percentage.
e  White-headed  duck.
f  Ruddy  duck.
g  Oxyura  leucocephala X jamaicensis.
weight  in liver of fully grown  birds, 0.3 iig/g  dry weight  in liver of ducklings,  0.05 iig/g  dry weight  in bones,  and 0.01 iig/ml in blood samples. Birds were considered exposed to abnormal  Pb  levels  with  liver  concentration   >5 iig/g  dry weight  [5],  bone  concentration  >10 iig/g  dry  weight,  and blood concentration  >0.2iig/ml [23]. Those birds found dead with liver Pb concentrations  >20 iig/g dry weight can be considered to have died by Pb poisoning and those with blood Pb concentrations  >1 iig/ml as severely poisoned  [23].
Statistical  analyses
Prevalences  of  Pb-shot  ingestion  and  Pb  concentrations above the chosen threshold levels were compared among spe- cies,  locations,  and  collection  method  (shot  or  found  dead) with  Fisher  exact  tests.  Generalized  linear  models  (GLMs) were constructed  using GLIM software [24] to investigate the factors explaining variation in presence or absence of Pb shot (as a binary variable) and the concentration  of Pb in liver and bone tissue in fully grown birds. Lead-shot prevalence was analyzed using a binomial error and logit link function, while tissue concentrations were analyzed using normal error and identity  link functions  (log-transforming  the dependent  vari- able to remove heteroscedasticity). Predictors used in the mod- els were region where the birds were collected (factor of two levels, Valencia or other areas), collection method used (factor, shot or found dead), sex (factor), and age (factor, adult or juvenile). Separate models were constructed for stifftails and marbled teal (excluding the three birds shot and the factor collection method from the latter models). Sample size varied considerably  between models because not all tissues were an- alyzed  in all birds and not all birds could be sexed or aged. We present the final models in which collection method (for stifftails)  and region were included  together with sex or age, when these had significant effects. We also present the partial effects of the nonsignificant  variables when these were added to the final models.
In stifftails, the humerus was the only bone analyzed. In marbled  teal,  the  humerus  and/or  the  femur  were  analyzed. For the GLMs, we analyzed humerus concentrations  or femur concentrations  when the former were not measured.  Prelimi- nary analyses showed that there were no significant differences between these two measures  in fully grown teal.

In  order  to  study  the  relationship  between  Pb  levels  in tissues  and the amount  of Pb ingested,  we used the number of Pb shot observed in the gizzard and the estimated mass of Pb eroded.  The  latter  was  calculated  by subtracting  the ob- served mass of the shot from the expected  mass of uneroded shot (considered  to be 128 mg [2]). We added these variables to GLMs  to identify  their partial  correlations  with Pb tissue levels while controlling  for region and collection  method.
The Pb concentrations  in teal tissues showed a log-normal distribution (confirmed with Kolmogorov–Smirnov tests) and comparisons between tissue levels within and among age clas- ses (ducklings and fully grown birds) were made using log- transformed concentrations and t tests. Pearson correlations among  log-transformed   Pb  tissue  concentrations   were  con- ducted for each age class. Because of the log-normal distri- bution of Pb concentrations, results are expressed with geo- metric  means  and 95% confidence  intervals  (CI) rather than with arithmetic  means.
Differences in the total weight of grit in the gizzard between taxa, sex, age, location,  collection  method,  and the presence of ingested shot were studied with analyses of variances. Be- cause of the unit-sum constraint of grit size fractions for each individual  duck,  differences  in  grit  composition  due  to  the above factors were studied by means of compositional analysis of the fractions as percentages, using a multiple analysis of variance  of the log of the weight of each fraction divided by the weight of grit <0.5 mm [22].
RESULTS
A high proportion of marbled teal and stifftails studied had ingested  Pb  shot  or  abnormal  Pb  concentrations  in  liver  or bone tissues, particularly in Valencia (Table 1). Eighty percent of the white-headed  ducks and 20% of the marbled teal found dead had lethal liver Pb concentrations  (Fig. 2), and common necropsy findings in these birds were ingested Pb shot; weight loss;  pale  tissues;  bile-stained  gizzard,  liver,  and  vent;  and white  streaks  in the heart.  Lead  levels  in the blood  of eight white-headed  ducks  rescued  from  El Hondo,  seven  of them not included  in Table  1, were all indicative  of Pb poisoning (range 1.4 –6.2 iig/ml) and all of them died within a few days of  their  admittance  to the  Center  for  Nature  Protection  and Study in Valencia. These birds showed weakness, bright green
Lead poisoning  in threatened  waterfowl  from Spain 
Environ.  Toxicol.  Chem.  20, 2001 
2863
[image: image2.png]- — _ N 40 ‘ —_ _—
- = 30 -
| :;/ 20 - 5.6%
i ; 80.0%
‘ 133% 209 1 E 0 11.1% m"
| | _\ s o4  — w
<5 5-20 >20 <5 5-20 >20
Liver Pb (ug/g) Liver Pb (ng/g)
‘ 60 ——— - —
‘ . i
I 2404 20.39 \
« wm— O M T,
8 s 5, L, a4 E 20 | ‘
(o PSS B | I~ A N1
T T L L al 0 - ; p— o —
1z 3 4 >4 0 1 2 3 4 >4
Shot in gizzard (n) Shot in gizzard (n)

Marmaronetta angustirostris Oxyura spp.




Fig. 2. Distribution of the number of ingested Pb shot and Pb liver concentrations   in  fully  grown  marbled  teals  and  stifftails  (Oxyura spp.) from Spain, separating  birds shot (black bars) and those found dead or moribund (white bars). Percentages  within two ranges of liver Pb concentration  or with Pb shot in the gizzard are shown for birds shot (regular) and found dead (italics). Exact number of birds with different numbers of Pb shot in the gizzard are also shown.
diarrhea, paleness of mucous membranes,  and low hematocrit
(30 –35%).
The differences observed between taxa in prevalences were strongly influenced by the way the birds were collected (Fig.
2). Most of the fully grown marbled teal (95%, 56 of 59) and
69% (20 of 29) of white-headed ducks were found dead, where- as 98% (53 of 54) of ruddy ducks and hybrids were shot. Thus, the data  in Table  1 for marbled  teal and white-headed  duck are likely to exaggerate the prevalence of Pb exposure in their populations because they are mainly birds found dead, whereas the data for ruddy ducks and hybrids, mainly shot, are likely to reflect more accurately  the prevalences  in the group of the stifftails. For example, 70% (14 of 20) of stifftails found dead in Valencia had ingested Pb shot, compared with only 32% (8 of 25) stifftails  shot in this region (Fisher exact, p < 0.017),

and similar differences were observed for all areas combined (Fig. 2). Liver Pb concentrations suggest that Pb-shot ingestion is more  likely  to be a direct  cause  of mortality  for stifftails than for marbled teal (Fig. 2). Among birds found dead in Valencia, 43% of marbled teal (20 of 47) had ingested Pb shot, compared with 70% of stifftails (14 of 20) (Fisher exact, p =
0.06). Similarly, 40% of these marbled teal (10 of 25) had Pb liver concentrations  over 5 iig/g, compared with 80% of stiff- tails (8 of 10) (Fisher exact, p = 0.06).
The  GLMs  showed  that  the  proportion  of  stifftails  con- taining ingested Pb shot was significantly higher in Valencia, higher in birds found dead than those shot (Fig. 2), and lower in adults than in juveniles (Table 2). For marbled teal, the prevalence  of ingested  Pb shot was also significantly  higher in Valencia,  but there were no age or sex effects (Table 2).
The Pb concentrations  in liver were significantly higher in stifftails found dead than in shot birds (Fig. 2), but the regional and age effects were not significant (Table 3). In marbled teal, no predictor variables had a significant effect on liver con- centrations (Table 3), although they were marginally higher in Valencia  (p < 0.08).  The GLMs  for Pb bone concentrations revealed rather different patterns. In stifftails, concentrations were significantly higher in Valencia and in females (Table 4). The data suggest that, for a given exposure to ingested Pb shot, female  stifftails  deposit  more  Pb  in bone  than  males.  Even when  controlling  for  the  number  of  ingested  Pb  shot  (i.e., adding  this predictor  to the model  of Table  4), females  still had higher  Pb levels  in bone  than males  (F1,14 = 4.84,  p <
0.05).  In  marbled  teal,  bone  concentrations  were  higher  in
adults than in juveniles  (Table 4).
Although not included in the models presented in Tables 3 and 4, the amount of Pb shot found in the gizzard is a strong predictor of the Pb concentration in liver and bone tissues, confirming ingested shot as the primary source of contami- nation.  While  controlling  for region  (plus collection  method for stifftails) in GLMs, both number of ingested shot in the gizzard  and eroded  mass  of Pb showed  strong  partial  corre-
Table 2.  Generalized linear modelsa  of Pb-shot prevalence in the gizzards of fully grown marbled teal (Marmaronetta angustirostris) and stifftails
(Oxyura  spp.)
Marmaronetta angustirostrisb


Oxyura  spp.
Parameter estimatec


Standard
error
22 c 


Parameter estimatec


Standard
error
22 c 
Constant 
—0.30 
0.30 
0.55 
0.62
Regiond
Valencia 
8.27 
17.95 
6.14* 
1.84 
0.80 
5.96* Collection  methodd
Shot 
—10.23 
26.25 
7.18**
Sexd
Male 
(+) 
0.00 
(—) 
1.17
Aged
	Adult
	(—)
	0.09
	—2.55
	0.92
	10.60**

	Residual  deviance
	64.11
	6.14*
	44.33
	
	20.32***

	Residual  df
	51
	
	55
	
	


a  The dependent  variable  was one (when shot were present)  or zero, using a binomial  error and a logit link function.
b  Collection  method  was excluded  from the teal model.
c  Partial 22  values and the sign of the parameter  estimate  (in parentheses)  are shown  for independent  variables  excluded  from the final models.
d  Region  other, collection  method  found dead, sex female, and age juvenile  were aliased.
* p < 0.05.
** p < 0.01.
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Table  3.  Generalized  linear  modelsa   of Pb liver  concentration  (expressed  as ln[concn.  in ng/g  dry weight  + 2]) of fully  grown  marbled  teal
(Marmaronetta angustirostris) and stifftails (Oxyura  spp.)
Marmaronetta angustirostrisb


Oxyura  spp.
	
	Parameter
	Standard
	
	Parameter
	Standard
	

	
	estimatec
	error
	F ratioc
	estimatec
	error
	F ratioc

	Constant
	7.94
	0.49
	
	6.71
	0.36
	

	Regiond
Valencia
	2.20
	1.20
	3.34
	0.63
	0.60
	1.12


Collection  methodd
Shot 
—4.01 
0.65 
37.67*** Sexd
Male 
(+) 
0.05 
(—) 
0.04
Aged
Adult 
(—) 
0.25 
(—) 
1.30
Residual  deviance
Residual df

168.51
28

3.34 
128.19
43

24.19***
a  Using a normal error and identity  link function.
b  Collection  method  was excluded  from the teal model.
c  Partial F values and the sign of the parameter  estimate  (in parentheses)  are shown  for independent  variables  excluded  from the final models.
d  Region  other, collection  method  found dead, sex female, and age juvenile  were aliased.
*** p < 0.001.
lations  with  the Pb concentrations  in liver  of stifftails  (r =
0.48, F1,39 = 11.8, p = 0.0014; and r = 0.52, F1,39 = 14.4, p
= 0.0005,  respectively)  and marbled  teal (r = 0.47,  F1,27  =
7.6, p < 0.011; and r = 0.49, F1,39 = 8.4, p < 0.008, respec-
tively). The equivalent partial correlations of Pb concentrations
in bone tissue with the number of ingested shot and the eroded mass of Pb were even stronger in stifftails (r = 0.82, F1,15  =
30.4,  p < 0.0001;  and r = 0.88,  F1,15 = 49.2,  p < 0.0001,
respectively)  and marbled  teal (r = 0.56,  F1,41 = 18.4,  p =
0.0001; and r = 0.56, F1,41 = 18.4, p = 0.0001, respectively).
Major  differences  were  observed  in tissue  concentrations
between  ducklings  and  fully  grown  marbled  teal  (Table  5). Since the presence of ingested Pb shot in the gizzard is a major determinant  of Pb concentrations,  we excluded birds with in-

gested  shot from statistical  comparisons  of tissue concentra- tions among and within age groups. Ingested Pb shot was only recorded in one marbled teal chick, a bird of intermediate age (class II). Liver Pb concentrations  were higher in fully grown birds than in ducklings, but the reverse was true for both hu- merus and femur (Table 5). Humerus Pb concentrations in marbled teal ducklings, although adjusted to a log-normal dis- tribution,  showed  high dispersion  (Table  5), and two groups of ducklings are apparent. In eight birds, Pb concentration was
 4 iig/g  dry  weight,  and  in the  other  six  birds,  the  values
ranged from 8 to 26.6 iig/g dry weight, the latter possibly corresponding  to ducklings  whose  mothers  were  exposed  to Pb shot prior to or during clutch formation. However, this bimodal  distribution  was  not observed  in femur  Pb concen-
Table  4.  Generalized  linear  modelsa  of Pb concentration  in humerus  or femur  (expressed  as ln[concn.  in iig/g  dry weight  + 0.002])  of fully grown marbled teal (Marmaronetta angustirostris) and stifftails  (Oxyura  spp.)
Marmaronetta angustirostrisb


Oxyura  spp.
	
	Parameter
	Standard
	
	Parameter
	Standard
	

	
	estimatec
	error
	F ratioc
	estimatec
	error
	F ratioc

	Constant
	1.01
	0.08
	
	1.79
	0.14
	

	Regiond
Valencia
	0.19
	0.13
	2.16
	0.82
	0.16
	26.68***


Collection  methodd
Shot 
0.18 
0.39 
0.22
Sexd
Male 
(+) 
0.25 
—1.91 
0.31 
38.18***
Aged
	Adult
	0.23
	0.11
	4.39*
	(+)
	0.01

	Residual  deviance
	1.83
	
	3.78*
	1.14
	55.55***

	Residual  df
	22
	
	
	15
	


a  Using a normal error and identity  link function.
b  Collection  method  was excluded  from the teal model.
c  Partial F values and the sign of the parameter  estimate  (in parentheses)  are shown  for independent  variables  excluded  from the final models.
d  Region  other, collection  method  found dead, sex female, and age juvenile  were aliased.
* p < 0.05.
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Table 5.  Lead concentrations  (iig/g dry wt) in tissues of marbled teal
(Marmaronetta angustirostris) without  ingested  Pb shot
Ducklings 
Fully grown

different  stifftail  taxa.  Marbled  teal  ducklings  had  no  mea- surable grit.
DISCUSSION
Liver 
n
GMa
95% CI Humerus 
n
GM
95% CI Femur 
n
GM
95% CI

16
0.21bc
0.15–0.28
14
4.32b
1.91–9.79
12
2.71b
1.62– 4.53

20
0.75
0.34 –1.64
27
0.68
0.45–1.01
25
0.62
0.36–1.07


Previous studies of Pb poisoning in the Mediterranean  part of Europe showed it to be a major problem for relatively wide- spread, abundant species of waterfowl wintering in the region but  breeding  further  north  [2–6].  Ours  is  the  first study  to focus on waterfowl  species resident in the Mediterranean  re- gion  and  shows,  based  on  clinical  signs,  necropsy  findings, and liver Pb concentrations, that Pb poisoning is a cause of mortality  [23]  in  two  globally  threatened  species  in  Spain,
a  Geometric  mean (i.e., mean of the log-transformed distribution).
b  Significantly different from concentrations  in the same tissue of fully grown birds (Student’s  t tests, p < 0.01).
c Significantly  different  from humerus  and femur concentration  in ducklings (paired t tests, p < 0.001). No significant differences were found between  different tissue concentrations  in fully grown teal or between humerus and femur concentrations  in ducklings.
trations. In ducklings, higher Pb concentrations  were found in bones than in liver (humerus vs liver, n = 14, geometric means
= 4.32 vs 0.22; femur vs liver, n = 12, geometric  means =
2.71 vs 0.19; paired t tests, p < 0.001), but there were no such differences  in fully grown birds (Table 5).
Correlations  among  Pb  concentrations  in  liver,  humerus, and femur were significant for fully grown teal (liver with humerus:  n = 21, r = 0.581, p = 0.005; liver with femur: n
= 16, r = 0.503, p = 0.046; humerus with femur: n = 34, r
= 0.678,  p < 0.001)  but  not  for the  ducklings  (p > 0.05). Liver and humerus Pb concentrations were also correlated in stifftails (n = 19, r = 0.633, p = 0.003).
Grit size composition was different between fully grown marbled teal and stifftails (Wilk’s X = 0.49, F5,116  = 24.12, p
< 0.0001),  stifftails  selecting  grit more similar  in size to Pb
shot (Fig. 3). Grit size composition was different between Valencia  and  other  regions  (marbled  teal:  Wilk’s  X = 0.77, F5,49   = 2.87, p = 0.0236;  stifftails:  Wilk’s X = 0.83, F5,61   =
2.56,  p = 0.036),  with smaller  proportions  of coarse  grit in
Valencia, especially in the teal (Fig. 3). The total mass of grit was higher in stifftails than in teal (F1,126  = 4.744, p = 0.031) and lower for both taxa in Valencia (F1,126  = 9.81, p = 0.0022). Mean  mass ± standard  error of grit in stifftails  was 0.79 ±
0.13 g in Valencia (n = 40) and 1.23 ± 0.12 g in other areas (n = 34). Mass of grit in marbled  teal was 0.44 ± 0.04 g in Valencia  (n = 50) and 0.93 ± 0.19 g in other areas (n = 6). No significant  differences  were observed  in the total amount or size composition of grit between collection methods, the presence  or absence of ingested  shot, sex, or age or between
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Fig. 3. Mass of the different  grit size categories  from the gizzards of fully grown marbled teals and stifftails (Oxyura spp.) from Valencia (black bars) and other regions in Spain (white bars). Significant dif- ferences in the mass of fractions between areas are marked with as- terisks (analysis of variance, p < 0.05).

especially in El Hondo and other wetlands in the Valencian community  where  both marbled  teal and white-headed  duck have become  increasingly  concentrated  over the past decade [15]. Other waterfowl species of conservation concern are like- ly to be similarly affected by Pb poisoning in Mediterranean wetlands. During the course of our study, we analyzed one ferruginous duck (Aythya nyroca), a species close to extinction in Spain and considered near threatened at a global level [13]. This bird, found dead at El Hondo on February 29, 1997, had
30 ingested Pb shot.
Marbled teal and stifftails collected in Valencia had sig- nificantly  more  ingested  Pb  shot  than  those  collected  else- where, as was expected given the higher densities of shot in Valencian  wetlands  (range of means: 124 –288 shot/m2)  com- pared  with  the  Don˜ ana  wetlands  in  Andaluc´ıa   (maximum mean: 14 shot/m2), one of our other study areas [6]. The prev- alences of Pb-shot ingestion in other waterfowl species in Val- encian wetlands are among the highest recorded in Spain [6], and epizootics of Pb poisoning in greater flamingos (Phoen- icopterus ruber roseus) have occurred annually over the last decade in El Hondo [21]. Bone Pb concentration  was higher in stifftails from Valencia, reflecting the higher rate of shot ingestion  in that  wetland.  Low  calcium  intake  may  also  in- crease  Pb  deposition  in  bones  [25],  and  grit,  an  important source of calcium, is scarce in these wetlands  [6].
Our results suggest that stifftails were more affected by Pb poisoning than marbled teal. The lower prevalence of ingested shot  and  Pb  levels  in  liver  in  stifftails  that  were  shot  was expected since many birds found dead had apparently died of Pb poisoning. However, Pb exposure in shot birds was still commonplace (e.g., 32% of stifftails shot in Valencia had in- gested  shot). The prevalence  of ingested  Pb shot in stifftails shot  may  even  underestimate  the  exposure  of  white-headed ducks to Pb since most birds collected by shooting were ruddy ducks or hybrids that were killed as soon as possible after they were  first observed  at the  site  [14].  They  are thus  likely  to have  been  newly  arrived  or newly  fledged birds  having  had less time exposed  to the high Pb-shot  densities  at sites such as El Hondo than the average white-headed  duck. The time of residence  in an area can affect  the risk of Pb-shot  ingestion in waterfowl [26,27]. Among Australian waterfowl, two stiff- tails,  the  blue-billed  duck  (Oxyura  australis)  and  the  musk duck (Biziura  lobata),  appear to be the species most affected by Pb exposure, with 24 and 50% of individuals, respectively, showing elevated levels in bone [28]. Few data exist on the prevalence  of shot  ingestion  in ruddy  ducks  in their  natural range in North America, but these suggest they are as sus- ceptible to Pb exposure as other diving ducks [10], which tend to  be  more  affected  than  dabbling  ducks  because  they  can easily reach Pb shot present at the bottom of wetlands  [8].
Given  that  almost  all our fully  grown  marbled  teal were
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found dead (i.e., the absence of a less biased sample collected by shooting), it is harder to assess the true prevalence of Pb exposure in this species. However, this prevalence must be relatively high given that the proportion of the marbled teal population that died in the epizootic of organophosphate poi- soning and botulism at El Hondo in 1997 that provided most of our sample was at least 25%, and possibly over 50%. Thus, even in the unlikely  event that all individuals  exposed  to Pb shot died in the epizootic,  the overall prevalence  of ingested shot in the El Hondo population would still have been at least
11% at that point in time (we found a prevalence  of 45% in the 44 individuals collected in the 1997 epizootic, but at least
150  teal  died  from  an estimated  total  of 600).  The  marbled teal in Spain has a particularly high annual mortality rate [29], and Pb poisoning is likely to be one factor responsible, ex- acerbating  its threatened  status.
Overall, stifftails selected more and larger grit sizes than marbled teal, a result consistent with the obser ved difference in Pb-shot  exposure.  In confusion,  waterfowl  select Pb shot for large grit particles [30]. The amounts of grit selected approximately   1  to  2  mm  in  diameter  by  both  taxa  were similar to those selected by other waterfowl species showing high  prevalences  of Pb-shot  ingestion  of 28 to 74%  in the Ebro delta, another Spanish Mediterranean  wetland [22]. The regional differences we found in grit selection may be a prod- uct of differences  in grit availability.  In both taxa, birds col- lected  in El Hondo  had a smaller  proportion  of coarse  grit, where  the particles  of grit >0.5 mm constitute  only 0.86% of the total weight of sediment, while in other Spanish wet- lands,  they constitute  1.5 to 13.4%  [6]. Some regional  var- iation in stifftail diet has been recorded in Spain [18], and changes  in diet could affect grit requirements  and selection [30]. The marbled teal collected in Valencia were feeding mainly on Scirpus litoralis seeds, while those collected else- where were feeding mainly on Ruppia maritima seeds (A.J. Green, unpublished  data). These seeds are similar in size but may var y in hardness, R. maritima  possibly requiring larger grit to break them up.
Adult stifftails had a lower prevalence of ingested shot than juveniles, perhaps due to the foraging inexperience of juvenile birds that increases their likelihood of ingesting shot [26,31]. Alternatively, the higher Pb-shot ingestion in juvenile stifftails may  reflect  the fact  that  a higher  proportion  of adults  were ruddy  ducks  (49%,  compared  with 30% of juveniles).  Some ruddy  ducks  were  collected  from  northern  Spanish  wetlands (Fig. 1), which perhaps have particularly low shot densities. Others shot on Mediterranean  wetlands  had probably  arrived from further  north in Europe  shortly  before  being shot [14], thus having less time to ingest Pb shot than the white-headed ducks or hybrids native to these wetlands with high Pb-shot densities. This could explain why we found differences in Pb- shot prevalence between age classes in the absence of any differences  in grit size selection. Other studies have found no age-related differences in the prevalence of shot ingestion [3,7,32] or have observed higher prevalences of Pb-shot in- gestion [8] or elevated blood Pb [33] in adults.
Major differences  within and between taxa were observed in the predictors of variation in Pb-shot ingestion and Pb con- centrations in liver and bone. From a statistical perspective, it is difficult to assess which of the differences between analyses are reliable since the data set for each analysis was somewhat different  (since not all tissues were analyzed  in all birds and not  all  birds  could  be aged  or sexed)  and  the  measurement

error for each dependent variable is likely to differ somewhat. For example,  the only significant  effect of sex was observed in stifftail bones, yet less than a third (n = 19) of all stifftails were included in this data set, of which only two were females, both of which  showed  extremely  high levels.  Differences  in Pb-shot ingestion  or tissue concentrations  related to sex have been described in several studies of different species, but this is far from being a general pattern [1,3,7,10,26,32,34,35]. Ex- perimental  studies suggest that the higher bone Pb concentra- tion in females could be related to calcium requirements  and to the active bone metabolism during egg laying [25,35,36]. However,  White and Stendell [34] did not find differences  in bone Pb concentrations  in a field study with mallard, northern pintail,  and black duck, and sexual differences  in absorption rates may not exist outside  the breeding  season  [37] or may even be higher in males [38].
No data are available on Pb concentrations  in eggs of mar- bled teal from El Hondo,  but a transfer  of Pb from exposed hens to their eggs and the high deposition of Pb following the calcium pathway for bone formation in chicks [25,39] may explain  the high Pb bone  levels  in teal ducklings.  However, in fully grown teal with bones that have reached full size, juveniles  had lower bone Pb concentrations  than adults, pos- sibly due to the dilution of maternal Pb in the larger bones of juveniles  compared  with ducklings  [35] and also to the long- term exposure of adults to Pb shot. Given their young age (<9 d), Pb in teal ducklings probably came from the eggs or from ingested food or sediment but is not likely to have come from ingested Pb shot or grit because none was observed in their gizzards. From the bimodal distribution  observed in humerus Pb concentration, we estimate that 42% of ducklings may have been  young  of Pb-exposed  females.  The relationship  among the ducklings analyzed and the Pb levels in their mothers are unknown,  so  this  percentage  may  not  accurately  reflect  ex- posure levels for breeding female teal. Transfer of Pb from females  to chicks  has  been  demonstrated  in doves  [39],  al- though accumulation  of Pb in eggs is variable [35].
In fully grown birds, we found significant correlations be- tween  Pb  concentrations  in  different  tissues  and  significant partial correlations of these tissue concentrations  with Pb-shot ingestion. As expected, stronger correlations were observed between humerus and femur than between either bone and liver in fully grown teal. However, the number of Pb shot ingested and the mass of shot eroded showed  stronger  partial correla- tions with bone than with liver Pb concentrations  for both teal and stifftails. These results were unexpected and may be partly due to the fact that sample sizes were different for the analyses of liver and bone concentrations. Furthermore, these partial r values were heavily influenced by the other variables included in the GLM  model.  Thus,  when  sex was added  to the bone model for stifftails,  the partial r values were reduced to 0.58 for the eroded mass of Pb and 0.36 for the number of ingested shot.  When  age was added  to the marbled  teal bone  model, the r values were reduced  to 0.002 for both. Direct relation- ships between  Pb-shot  ingestion  and bone Pb concentrations have only been found in other studies when comparing pop- ulations [34] and are usually weak [40] because the bone Pb concentration  tends to reflect long-term  exposure  rather than the acute high-level exposure reflected in liver concentrations [23]. The finding that adult marbled teal accumulate  more Pb in bone  than  juveniles  could  reflect this long-term  exposure to Pb, as observed in other studies [37,38]. Our strong partial correlations  between  Pb-shot  ingestion  and bone Pb are also
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probably  related to the rapid hunting of ruddy ducks and hy- brids upon their appearance  in Spain  and to the presence  of so many juvenile teal (c.65%) fledged in the weeks just before the epizootic in El Hondo. For these reasons, bone Pb con- centrations were relatively low compared with other studies [38,40] or similar to those observed in immature birds of about
1 iig/g dry weight [37] and therefore may better reflect recent
exposure  to Pb shot.
Conservation  measures are urgently required to reduce the major impact that Pb exposure is having on waterfowl in Spain, particularly the globally threatened marbled teal and white- headed  duck.  About  5.5% of the shot stifftails  showed  liver Pb concentrations  compatible  with  severe  clinical  poisoning (>20 iig/g dry wt) [23], and a monthly mortality rate of 7.4% could  be estimated  from  the number  of ingested  Pb shot  in the  gizzard,  as  calculated  by  Bellrose  [1]  for  mallards.  Al- though our results suggest that Pb poisoning is more frequent in the white-headed  duck, the additive  effect of this problem may be more significant for the marbled teal. While the Spanish (but  not  the  global)  white-headed   duck  population  has  in- creased  in  the  last  20  years[17],  the  Spanish  marbled  teal breeding  population  is smaller,  is relatively  more  dependent on  the  highly  contaminated  El  Hondo,  and  is undergoing  a long-term  decline [15]. It is important that the use of Pb shot in hunting activity in Spain be banned as soon as possible and that the most highly contaminated parts of El Hondo and other important  wetlands  be cleaned of Pb shot to prevent die-offs of waterfowl  of all species.
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