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Abstract—Studies of birds  from Don˜ ana (southwestern  Spain)  after the Aznalco´ llar mining  accident  (April 1998) have reported high levels of genetic damage when compared to conspecifics from reference areas. However, potential relationships between DNA damage and metal pollution  have not yet been reported.  The aim of the present study was to investigate  the current levels of Zn, Pb, As, Cu, and Cd and to determine if they were associated with the genetic damage observed in free-living, nestling white storks (Ciconia  ciconia)  and black kites (Milvus  migrans)  born in the Don˜ ana area after the mining spill. Blood concentrations  of heavy metals and of As were quantified  and DNA damage (comet assay) was determined  in 258 storks and 132 kites monitored  during a  four-year  period (1999 –2002). Correlations  between  these elements  and genetic damage varied between species and throughout years within species. Some elements did not show any relationship  with DNA damage (e.g., Pb), whereas others had a significant correlation  (e.g., As in storks,  and Cu and Cd in kites) or only marginal  statistical  effects  (e.g., Zn and Cd in storks, and As in kites) in some years but not in others.  These results  suggest  that nestling  white storks and black kites were affected,  in part, by the  elements  studied,  but  they  alone  do not  satisfactorily  explain  the observed  DNA  damage.  Moreover,  our results  show  that species-specific  differences should be carefully considered when planning schemes for pollution monitoring, and highlight the need for including  the temporal scale into the study of the pollutants  effects in the wild.
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INTRODUCTION
Mining and smelting activities generally represent a risk to wildlife inhabiting the surrounding areas [1]. Organisms living in these areas are chronically exposed to high levels of metals and related products that may cause detrimental health effects on individuals and populations [2]. In addition, acute contam- ination episodes resulting from accidental releases of the toxic wastes generated in their facilities add more concern about the impact that these kinds of activities may have on wildlife populations and ecosystems. An example is the accidental spill that happened  in the Aznalco´ llar mine, Sevilla (southwestern Spain), in April 1998. The tailings dam broke open, releasing more than 6,000,000 m3  of acidic wastes into the Agrio-Gua- diamar river system. The toxic spill flooded more than 4,000 ha of riverbanks and adjacent land, threatening an ecologically sensitive  area,  the  Don˜ ana  National  Park,  which  is the  last refuge for some globally threatened wildlife species and the largest reserve of bird species in Europe [3].
Cleanup  operations  started  a short time after the accident and prevented  the toxic sludge from reaching  the core of the Don˜ ana National Park [3]. The high amounts of metals spilled and the ecological  relevance  of the threatened  area promoted a long-term monitoring plan to assess the biological effects of this environmental  disaster.
Classically,   pollution-monitoring  approaches   have  been based on chemical analyses of water, sediment, and tissue sam-
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ples. During the last decade, however, these approaches  have been improved  greatly by the addition of measurements  on a wide range of biochemical, genetic, physiological, and eco- logical variables or biomarkers. These measurements, coupled with tissue residue analysis, provide an integrated detection system for evaluating the bioavailability, bioaccumulation, and ecotoxicological  effects of pollutants  on wild organisms  [4].
Biomarkers at the molecular or cellular level represent early or initial responses to environmental perturbations and con- tamination. Among them, DNA damage is an endpoint of in- creasing relevance in recent years as an important target of environmental  stress in both aquatic and terrestrial organisms [5,6]. Genotoxic effects of environmental contaminants may include the initiation of carcinogenicity  and the generation of hereditary  defects via germ cell mutations  and teratogenicity [6]. These have the potential to impact individual organism fitness, reproductive success, and subsequently, population dy- namics [7], thus being an issue of major concern for conser- vation biology.
The monitoring  of genotoxicity  in the wild requires an ad- equate selection of representative  organisms as sentinels. Avi- an species, through their trophic relationships, represent ideal indicators for assessing environmental health. Here, we have selected white storks (Ciconia ciconia) and black kites (Milvus migrans)  as sentinel  species  for several reasons.  They are at the top of the local food web and are common over a wide geographical range [8], thus being convenient species to study the effects of xenobiotics [9]. Some studies have shown black
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kites to be susceptible to metal toxicity [10], and contamination has been suspected as an important factor contributing to the decline of their populations [11]. Although adults of both spe- cies  migrate  long  distances,  the  prefledging  young  are  fed entirely on food resources obtained locally and have been dem- onstrated recently to be appropriate  as sentinels for genotoxic evaluation  in the study area [12–14].
The technique used for measuring DNA damage was the single-cell  gel electrophoresis  or comet  assay.  It has proven to be extremely sensitive and useful in the area of genetic ecotoxicology  and environmental  biomonitoring  [15]. The al- kaline  version  of this  technique,  introduced  by  Singh  et al. [16], allows the evaluation of DNA damage in individual cells, including double- and single-strand breaks, alkali-labile sites, DNA   protein   cross-links,   and   incomplete   excision   repair events. Moreover, the comet assay shows clear dose–response relationships  even at relatively  low levels of naturally occur- ring genotoxicants  [6].
Although the effects of metals on bird species have been studied  in  terms  of  their  toxicity  and  bioaccumulation,   not much is known about genotoxicity, especially under natural conditions [17]. To our knowledge,  no data are available con- cerning genotoxicity  with the comet assay in wild birds other than those previously reported by us [12–14]. In our previous works,  we  have  shown  that  nestling  white  storks  and  black kites from Don˜ ana had higher genotoxic damage than control birds sampled in reference areas [12,13]. Furthermore, the ob- served damage had increased over a four-year period after the toxic spill [14]. Although a number of factors may have been involved, the genotoxic, mutagenic, and even carcinogenic na- ture  of  some  of  the  metals  spilled  in  the  Aznalco´ llar  mine accident [18] led us to consider them as the most likely caus- ative agents. To test this hypothesis, we measured Pb, Zn, As, Cu, and Cd concentrations  in blood  of nestling  white  storks and black kites and looked for relationships between these elements and the DNA damage previously reported for both species with the comet assay [14].
To our knowledge,  the present study is the first to be per- formed in vivo on wild nestlings to study individual relation- ships between  DNA damage  measured  with the comet assay and levels of heavy metals and As. Moreover, we have per- formed it in two bird species along a four-year period to pre- clude the chances of spurious results caused by temporal, spa- tial, or ecological  variability  in the biological  response.
MATERIALS AND METHODS
Collection  sites and field procedures
Blood  sampling  fieldwork  was  conducted  in  successive years from 1999 to 2002. Nestling white storks were sampled in the Dehesa de Abajo colony (Puebla del R´ıo, Sevilla, south- western  Spain;  37°13’N,  6°09’W),  where  this species  breeds in open nests at the top of wild olive trees.  Today,  approxi- mately  300  white  storks  breed  at Dehesa  de Abajo,  making this one of the largest colonies for the species in the western Palearctic.  The toxic wastes spilled in 1998 were as close as
1 km from  the colony  [19].  Samples  of nestling  black  kites were collected in and around the Don˜ ana National Park (south- western Spain; 36°48’–37°20’N, 6°12’–6°40’W) in the vicinity of the area affected  by the spill.  In Don˜ ana, black  kites are present from early March to August and nest in trees, normally cork  oaks,  pines,  and  eucalyptus,  located  in  the  border  of marshy  areas.  More  than  600  breeding  pairs  have  been  re- corded in the area during the study period, with a nonbreeding

population that in certain years has been estimated as approx- imately 400 to 500 individuals  [19]. The area affected by the toxic spill is within the foraging grounds of our two sampled bird species (Fig. 1).
A total  of 258  nestling  white  storks  and  132  black  kites close to the age of fledging (white storks: median age, 52 d, calculated  according  to the method  described  in Negro et al. [20]; black kites: median age, 34 d, according to Vin˜ uela and Bustamante  [21]) were sampled for both comet assay and de- termination  of blood heavy metals and As levels.
All birds were individually identified with metal and plastic bands before sampling. Between 2.5 to 3 ml of blood were collected  from the brachial  vein of nestlings.  Approximately
1 ml was placed in vials with ethylenediaminetetra-acetic acid as an anticoagulant  and then transported in coolers to the lab- oratory on the day of collection. The remaining blood was transferred to lithium-heparinized vials and frozen at —80°C until analysis for Pb, Zn, As, Cu, and Cd.
Before returning birds to the nest, their wing chord length and body mass were recorded. A body condition index was calculated as the residuals from a Model II regression between the log10    of the body  mass  and  the log10    of the wing  chord length [22].
Lymphocyte  preparation  and comet  assay
Isolation  of lymphocytes  was performed  by centrifugation in a density gradient (2,000 rpm, 30 min) using a lymphocyte separation medium (Ficoll-Paque; Seromed, Berlin, Germany). Finally, cells were washed in phosphate-buffered saline (PBS), and lymphocyte concentrations were adjusted to approximately
105   cells/ml PBS.
For the comet assay, the protocol of Singh et al. [16] was followed,  with some modifications  to make it suitable for the bird lymphocytes,  as reported elsewhere  [12–14].
Fifty randomly selected lymphocyte comet images were analyzed  from each sampled  bird. The slides were examined at X200 magnification using a X20 objective on a fluorescence microscope (excitation filter, 550 nm; barrier filter, 590 nm; Vanox AHBT3; Olympus, Tokyo, Japan). Measurements were made using CASys image-analysis software (Synoptics, Cam- bridge,  UK), and the parameter  chosen  was the tail moment ((tail length)·(tail  intensity or % migrated DNA)) [23].
Heavy  metals  and As determination
Analyses of Pb, Zn, As, Cu, and Cd were performed in two different laboratories. The Institute of Agrochemistry and Food Technology (laboratory A; Valencia, Spain) analyzed blood samples of nestling white storks collected from 1999 to 2001. White stork blood samples in 2002 and samples of black kites collected during the whole period of study (1999 –2002) were analyzed at the Institute of Organic Chemistry  (laboratory B; Madrid, Spain). After digestion of biological samples, the total concentrations of Pb, As, Cu, and Cd were measured by atomic absorption spectrometry  as described previously in Baos et al. [19]. Analyses of Zn were performed using a flame atomic absorption  spectrometer  (Spectra  A-100; Varian Ibe´ rica, Ma- drid, Spain). For laboratory A, the detection limits (DLs) were as follows:  Pb, 2 ig/L;  Zn, 0.23 mg/L; As, 24 ig/L; Cu, 13 ig/L; and Cd, 0.10 ig/L. For laboratory  B, the DLs were as follows:  Pb, 1.7 ig/L;  Zn, 0.3 mg/L; As, 5 ig/L;  Cu, 3 ig/ L; and Cd, 0.25 ig/L. Analytical  results under the minimum detectable  concentration  were  set to half the respective  DL. The precision as measured by triplicate analysis, expressed as
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Fig. 1. Map of the Don˜ ana area (southwestern  Spain)  showing  the location  of the Aznalco´ llar mine and the area affected  by the toxic spill in
1998. The figure also illustrates  the position  of the Dehesa de Abajo (DdA) stork colony as well as the three main breeding  areas of the black kite population  sampled (striped areas).
the relative standard deviation, was always less than 10%. The range of recovery evaluated by certified materials and by spik- ing blood samples with each of the elements was 85 to 115%. Accuracy was established by analyzing various certified ref- erence samples (for details, see Baos et al. [19]). Values were consistently  within the certified ranges for each element (data not shown).
The present study is framed into the biomonitoring program for assessing the effects of the Aznalco´ llar toxic spill on Don˜- ana  bird  populations.  In  this  context,  information  regarding heavy metals and As levels on nestling white storks and black kites has been reported, in part, elsewhere [19], but temporal trends in concentrations  of blood metals have not.
Statistical  analysis
We used isotonic regression to test the variation on heavy metals and As concentrations through the period of study. This test is useful when an a priori hypothesis exists about the complete or partial order of the groups [24]. Here, because of the successive cleanup operations, we expected decreasing res-

idue levels through time, although some successive years could show no change. In the case of white storks, variation in levels of As and heavy metals was studied along three years (1999 –
2001), for which samples were analyzed in laboratory A. Moreover, because Pb concentrations showed a high repeat- ability between  samples  of the same individuals  analyzed  by both laboratories  (for further details, see Baos et al. [19]), the analysis of this metal was extended one more year up to 2002.
General linear mixed models (GLMMs) were used to assess the  relationship  between  DNA  damage  and  levels  of  heavy metals and As through the MIXED Procedure 8.0 for SAS® (Cary, NC, USA). Mixed models simultaneously account for random effects, fixed effects, and covariates [25]. Average tail moment was log10-transformed when necessary to attain nor- mality.  Because  genotoxic  damage  could  be  influenced  by sharing common parents and rearing conditions, we considered siblings to be nonindependent analysis units and, therefore, included  nest identity  as a random  factor.  Concentrations  of heavy metals and As were log10-transformed when necessary before analyses and included in the models as covariates along
Table 1.   Trace elements  in blood of nestling  white storks (Ciconia  ciconia)  and black kites (Milvus  migrans)  at Don˜ ana area
(southwestern  Spain)a
Species 
Year 
Cu (ig/L)
Pb (ig/L)
Zn (mg/L) 
Cd (ig/L)
As (ig/L)
White stork 

1999 
424.34  ± 84.3 
80.45 ± 37.78 
3.26 ± 0.96 
0.31 ± 0.71
29.14 ± 22.88 (n = 64) 

(279–776) 

(24–157.54) 
 (1.24–5.25)
  (ND–5.1) 

(ND–104)
2000 
351.69  ± 52.6 
48.84 ± 23.02 
2.76 ± 0.46 
ND 
31.68 ± 48.72 (n = 39) 

(236–503) 

(ND–97.76) 

(1.5–3.7) 
 — 

(ND–248)
2001 
358.86  ± 74.01 
70.52 ± 39.72 
1.85 ± 0.33 
ND 
20.78 ± 18.17 (n = 64)b 

(224–622) 

(ND–195.58) 
 (1.24–2.67) 
 — 

(ND–77)
2002 
373.27  ± 81.2 
73.23 ± 44.40 
3.18 ± 0.37 
0.76 ± 1.09 
21.06 ± 12.82
	Black kite
	(n = 91)
1999
	(253–682)
356.42  ± 48.35
	(18.56–220.5) 
(2.13–4.25) 
(ND–9.85) 
(ND–80.39)
45.83 ± 45.73 
5.15 ± 0.91 
0.43 ± 0.45 
262.36  ± 469.87 (4.7–265.2) 
 (3.34–7.47) 

(ND–1.9) 

(ND–1,559)

	
	(n = 43)
	(252–471)
	

	
	2000
	368.65  ± 72.78
	39.10 ± 50.24
	5.28 ± 1.02
	0.63 ± 0.50
	28.68 ± 56.20

	
	(n = 31)
	(236–561)
	(3.2–293)
	(2.25–7.51)
	(ND–1.8)
	(ND–298.7)

	
	2001
	357.47  ± 125.19
	36.97 ± 19.16
	5.21 ± 0.56
	1.63 ± 1.44
	15.50 ± 18.43

	
	(n = 36)
	(200–737)
	(12.6–84.28)
	(4–6.6)
	(0.57–7.13)
	(ND–97.74)

	
	2002
	312.91  ± 41.97
	27.76 ± 52.85
	4.76 ± 0.60
	0.47 ± 0.23
	40.22 ± 47.88

	
	(n = 22)
	(230–381)
	(ND–235)
	(2.95–6.09)
	(ND–0.9)
	(ND–165.9)


a  Values  are presented  as the mean  ± standard  deviation.  The range  is given  in parentheses.  Measurements  are on a wet-weight  basis.  ND =
not detected.
b  n = 36 for Zn.
with the body condition index. Interactions between body con- dition and levels of heavy metals and As were also tested. Age and sex effects were not studied, because they were demon- strated  previously  not to affect DNA damage  in nestlings  of both species [12–14].
In the case of black kites, the reduced number of two- and three-chick  broods  (see Results)  prompted  us to use the av- erage of nestlings’ mean tail moment as the measure of the genotoxic damage in nests where more than one nestling was sampled. Similarly, independent  variables were also averaged per nest before testing.
The effect of each independent variable on genotoxic dam- age was first studied  through  univariable  tests for each year and  for  each  variable  separately.  Bonferroni  correction  was not applied, because our aim was to show the extent to which single-year studies could produce significant univariable re- lationships  [22].  In a second  analysis,  multivariable  models were produced in which element concentrations and body con- dition, as well as its interaction with residue levels, were fitted to the model and controlled for the expected covariance among the explanatory variables. Analyses were performed separately for each year of monitoring.  The models were constructed by a stepwise backward procedure in which the least significant terms were sequentially removed [25]. Final (i.e., minimum adequate) models only retained those terms showing a signif- icant effect on DNA damage at a >5% rejection  probability.
Because  all the samples  of white storks analyzed  in 2000 and 2001 had Cd concentrations  lower than the DL (Table 1), this metal was not tested in the isotonic regression analysis or in the mixed models performed for these years. All tests were two-tailed.
RESULTS
Levels  of heavy  metals  and As
We determined  Pb, Zn, As, Cu, and Cd concentrations  in
64, 39, 64, and 91 nestling white storks from 48, 25, 44, and
52 nests sampled in 1999, 2000, 2001, and 2002, respectively. In the case of black kites, 43, 31, 36, and 22 nestlings  from
40, 28, 27, and 17 nests were sampled for the same period of time (Table 1).

The results  of the isotonic  regression  were significant  for
Pb  (white  storks:  E¯ 2   = 0.029,  p = 0.01;  black  kites:  E¯ 2   =
0.171, p < 0.001), Zn (white storks: E¯ 2   = 0.396, p < 0.001;
black kites: E¯ 2   = 0.041, p = 0.033), Cu (white storks: E¯ 2   =
0.176,  p < 0.001;  black kites: E¯ 2   = 0.060,  p = 0.009),  and
As (white  storks:  E¯ 2   = 0.036,  p = 0.014;  black  kites: E¯ 2   =
0.243, p < 0.001) in nestlings of both species. Levels of these elements adjusted to the pattern 1999     2000     2001 in white storks (1999   2000   2001   2002 for Pb) and to 1999  
2000     2001     2002 in black kites (Table 1). That was not the case for Cd concentrations  in nestling  black kites (E¯ 2   =
0.008, p = 0.335) (Table 1). In white storks, Cd levels were under the DL in the last two years of the period for which temporal variation could be established (i.e., 1999 –2001) (Ta- ble 1).
Relationships between  DNA damage  and levels  of heavy metals  and As
Univariable analyses gave a puzzling picture of the rela- tionships  between  DNA  damage  and levels  of heavy  metals and As, as well as body condition  (Figs. 2 and 3). Lead was not  significantly  related  to  DNA  damage  in  either  nestling white  storks  or black  kites  during  the study  period  (Figs.  2 and 3). Similarly, Zn effects on DNA damage were not sig- nificant for nestling black kites in any of the years studied and were only nearly significant for nestling white storks in 1999 (Figs. 2 and 3). Arsenic, Cd, and Cu showed significant re- lationships  with DNA damage in nestling white storks (in the case  of  As)  and  in  black  kites  (Cd  and  Cu)  in  single  and different  years  of monitoring  (Figs.  2 and  3). The  effect  of body condition on DNA damage was only significant for nest- ling white storks in 2002 (Figs. 2 and 3).
In  the  multivariable   analyses,  final  models  for  nestling white storks in 1999 and 2001 and for black kites in 1999 did not retain any of the variables tested or interactions  (Tables 2 and 3). Arsenic and body condition were the only variables retained  into  the  final models  performed  for  nestling  white storks in 2000 and 2002, respectively, both showing a negative effect on DNA damage (i.e., the more As, the less DNA dam- age, and the better the body condition, the less the DNA dam-
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Fig. 2. Relationships  between  DNA  damage  (log10   average  tail moment),  heavy  metals  (Pb, Zn, Cu, and Cd), and As (log10 ) in nestling  white storks (Ciconia  ciconia)  from Dehesa de Abajo (southwestern  Spain) after the Aznalco´ llar mining accident.  The p values of univariable  general linear mixed models are indicated,  with significant results in italic.
[image: image3.png]DNA damage (average tail moment)

1999 2000 2001 2002
1.0
o] © OO
05 % 80090 Q o«
° 050 0 o® Cg% o o
o, © & o 0_8;@349—0
0.0 OQOO o °© %0 00 2 2
oy RO o0 ) © SHEA
T e e o o
0,°% o s}
10 % 0.803 | 0.770 ‘ 0.741 | 0.048
23 24 25 26 27 28 29 23 24 25 26 27 28 29 23 24 25 26 27 28 29 23 24 25 26 27 28 29
Copper
1.0
o]
05 0 e B 2
L oo 5800 , R .
o %—é)‘g}
0.0 %0 & o
o__ooSo & % © [ o rofe)
05 \g‘@m\ o o
[ele} & ° o o
10 o ° 0.428 0.350 0.715 0.696
00 05 1.0 15 20 25 00 05 1.0 15 20 25 00 05 1.0 15 20 25 00 05 1.0 15 20 25
Lead
1.0
o O o
0.5 cﬂ%‘;%%\o %i S
o
3 00”20 o 5.0
0.0 O\Bég) oo ° 7 * oO 08 /G/ggc
o o [ee
05 @OO%OAEW o o °
[} °8 o] o [}
10 % 0.668 0.822 0985 0.418

03 04 05 06 07 0.8 09

03 04 05 06 07 08 09

03 04 05 06 07 08 09

03 04 05 06 0.7 08 09

Zinc
1.0
L o 8B
Q.
035 R o % ooo o o %¢ & Q: [}
00189 °° 3 ° o
°o g o © ®© goo
e—2 -
0.5 88 o Oo go o o
) g o o o o
o ke °© 0.819 | 0.049 | 0.352 | 0.730
1.0 -05 0.0 0.5 1.0 -1.0 <05 0.0 0.5 1.0 1.0 -05 0.0 0.3 1.0 -1.0 05 0.0 0.5 1.0
Cadmium
1.0 -
og g ©
0.5 - < o B¢ o a ® o
Ko ©
% o @ o) 3 <) ° o °
o
0.0 - OOO Q0 o © 8 ff)?o %0
oﬂ’oe\oo\o o 60 ©
05- 0 %™ > °°
o o o® o e}
10 °© 00.200 0414 0.067 0.812
0.005101520253035 0005101520253035 000510 1520253035 05 10 1.5 20 25 30 35
Arsenic
1.0 -
]
05 eX¢) O@ g e} o
5 - ,ﬁw/o o ©
2 P’ o 8 o°
oG 0% ¢ 2 0%
0.0 - b 0 %0 o 5o
o R & o s ¢ o©
.05 - e} 5% o] o o] o]
&OOO o
g0 ° ° 0.075 0.483 0.891 0.900

-0.3-02-0.1 0.0 0.1 02 03

02 01 00 01 0.2

02 01 00 01 0.2

Body condition





Fig. 3. Relationships  between  DNA  damage  (log10   average  tail moment),  heavy  metals  (Pb, Zn, Cu, and Cd), and As (log10 ) in nestling  black kites (Milvus  migrans)  from Don˜ ana area (southwestern  Spain) after the Aznalco´ llar mining accident.  The p values of univariable  general linear mixed models are indicated,  with significant results in italic.
Table 2.   Summary  of results from the multivariable  general linear mixed models (GLMMs)  explaining  DNA damage (average tail moment) in nestling white storks (Ciconia  ciconia)a
Year 
Effect 
Estimate 
Standard  error 
F (df ) 
p
	1999
	All variables
	
	
	
	
	>0.0551

	2000
	Intercept
	0.0457
	0.3101
	0.15b
	(24)
	0.8841

	
	As
Rest of variables
	—0.5493
	0.2328
	5.56
	(1,11)
	0.0379
>0.2167

	2001
	All variables
	
	
	
	
	>0.1957

	2002
	Intercept
	—0.2806
	0.0543
	—5.17b
	(51)
	<0.0001

	
	Body condition
Rest of variables
	—2.0474
	0.5454
	—3.75
	(1,38)
	0.0006
>0.2075


a  The estimated effect and standard error as well as F values and associated probabilities  are shown for those variables that significantly improved the fit of the model.
b  t test.
age) (Table 2). Regarding black kites, the final model in 2000 only retained Cd as a significant variable, with a positive effect on DNA damage (i.e., the more Cd, the more DNA damage) (Table 3). Body condition and its interaction  with Zn showed significant  effects  on  nestling  black  kites’  DNA  damage  in
2001 (Table 3), indicating that average tail moment was greater in birds  with  higher  body  condition  and  that  decreasing  Zn levels have a greater detrimental  effect on DNA of nestlings in good condition  than on that of nestlings in poor condition. Body condition was also retained in the final model for nestling black kites in 2002, and the direction of the response was the same  as  that  in  the  previous  year  (i.e.,  positive)  (Table  3). Copper and the interaction between body construction and Cd were also significant in 2002. High levels of Cd lead to higher DNA damage when body condition is low; that is, increasing Cd levels have a greater  detrimental  effect on DNA damage of nestlings in poor condition than on that of nestlings in good condition. Copper showed a negative effect on nestlings’ DNA damage (i.e., the more Cu, the less DNA damage) (Table 3).
Nest identity  had a significant  effect  on DNA damage  in the multivariable  models for white storks sampled in 1999 (Z
= 2.27, p = 0.012) and in 2002 (Z = 3.66, p < 0.001),  but
not in 2000 (Z = 0.08, p = 0.470)  or in 2001 (Z = 1.11, p
= 0.134).
DISCUSSION
Levels  of heavy  metals  and As
The present results corroborate what was reported in a pre- vious work [19]. Levels of heavy metals and As in the blood of both species’ nestlings were, overall, similar to those in conspecifics from other natural areas around Spain and lower than those  reported  for birds  sampled  near potential  sources of metals, such as refuse damps or municipal solid-waste in- cinerator plants [10] (B. Jime´ nez et al., unpublished data). The exception to the latter was As in black kites, especially during the first year of monitoring  (see also Baos et al. [19]). None- theless,  levels  of this metalloid,  as well as levels of Pb, Zn, and Cu, showed a tendency to decrease with the time elapsed since the toxic spill in both white storks and black kites. Cad- mium did not follow the same pattern in black kites, although levels were lower than those reported for this species by Blanco et al. [10]. Lead levels causing sublethal effects in birds (>200 ig/L [26]) were only reached by 0.4% of the nestling white storks and by 2.3% of black kites sampled throughout the four- year period of monitoring.

Relationships between  DNA damage  and levels  of heavy metals  and As
In the present study, we showed how the relationships be- tween DNA damage, heavy metals (Pb, Zn, Cu, and Cd), and As varied  between  species  and throughout  years within  spe- cies. Regarding the former source of variability, feeding ecol- ogy may account, in part, for such interspecific differences. Nestling  white  storks  from Dehesa  de Abajo  are mainly  fed on crayfish, a superabundant food resource in the area [20]. Crayfish is present in the diet of nestling black kites, but fish, juveniles of waterfowl species, and small mammals are also collected by the adult breeders in the nearby area of the nests for feeding their offspring [27]. Differences in prey items con- sumed as well as in timing and rates of exposure in foraging areas have been related to interspecific variations in levels of metals [28]. Additionally, different metabolic capabilities as- sociated to absorption or detoxification processes may explain variations in sensitivity to effects of heavy metals and As, thus contributing  to the species-specific  responses  [2].
Within species, and looking at the results of the univariable tests, the absence of a clear pattern in the genotoxic response to heavy  metals  and As is the most  characteristic  feature  to note. Some variables did not show any relationship with DNA damage (e.g., Pb), whereas others had a significant correlation in some years but not in others (e.g., As and body condition in white storks and Cu and Cd in black kites) or only marginal statistical effects in some years but not in others (e.g., Zn and Cd in white storks and As and body condition in black kites). Interannual   consistency   is  very  important   when  inferring cause-and-effect   linkages   from  contaminant   exposure   data [29]. Based on this requirement, neither the heavy metals stud- ied nor As seem to be behind the DNA damage observed here. Supporting this, DNA damage in nestlings of both species has, overall, increased with the time elapsed since the mining ac- cident [14], but levels of most heavy metals and As showed the opposite trend. Synergistic, additive, or antagonistic mech- anisms  between  metals  and/or  with  other  types  of contami- nants, such as organochlorines,  polycyclic aromatic hydrocar- bons,  and  organophosphate   and  carbamate   pesticides,   can greatly modify toxic effects [30] and may contribute to the absence of a clear pattern in the relationships  between geno- toxic damage and the elements studied here. Although con- taminants  other  than  metals  were  not  measured  in  nestling white storks or black kites from Don˜ ana during the period of study, small mammals (Mus spretus) collected in the spill area from  1999  to  2001  have  shown  biochemical  responses  that
Table 3.   Summary  of results from the multivariable  general linear mixed models (GLMMs)  explaining  DNA damage (average tail moment) in nestling black kites (Milvus  migrans)a
Year 
Effect 
Estimate 
Standard  error 
F (df ) 
p
	1999
	All variables
	
	
	
	>0.2001

	2000
	Intercept
	3.6002
	0.3768
	9.56b   (26)
	<0.0001

	
	Cd
	1.4029
	0.6792
	4.27   (1,26)
	0.0490

	
	Rest of variables
	
	
	
	>0.3529

	2001
	Intercept
	4.2233
	1.7439
	2.42b   (22)
	0.0241

	
	Zn
	—0.4978
	0.3324
	2.24   (1,22)
	0.1485

	
	Body condition
	104.5200
	46.7031
	5.01   (1,22)
	0.0357

	
	Zn X body condition
Rest of variables
	—19.3722
	8.9367
	4.70   (1,22)
	0.0413
>0.1142

	2002
	Intercept
	1.3145
	0.4327
	3.04b   (12)
	0.0103

	
	Cu
	—0.0044
	0.0013
	12.02   (1,12)
	0.0047

	
	Cd
	0.2547
	0.2456
	1.06   (1,12)
	0.3201

	
	Body condition
	6.409
	1.7587
	13.28   (1,12)
	0.0034

	
	Cd X body condition
Rest of variables
	—13.0912
	3.4048
	14.78   (1,12)
	0.0023
>0.0604


a  The estimated effect and standard error as well as F values and associated probabilities  are shown for those variables that significantly improved the fit of the model
b  t test.
indicate  the  simultaneous  exposure  to  organic  pollutants  as well as to the tailings metals [31]. In addition, infertile Fal- coniforme eggs collected during 1999 and 2000 showed that raptor  species  from Don˜ ana were exposed  to organochlorine pollutants (polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans,  polychlorinated  biphenyls, and DDTs), the lev- els of which were, in certain cases, higher than those associated with  egg-shell  thinning  and  reduced  hatching  success  [32]. Apart from contaminants,  other environmental  stresses,  such as exposure to cyanobacterial  blooms, generate DNA damage [33] and may interfere with the effects of metals. Birds from Don˜ ana have been demonstrated to be exposed to microcystins, the most common  group of cyanobacterial  hepatotoxins  [34].
Despite the interannual  variability  observed in our results, it seems  to be clear  that some  elements  are more  related  to the DNA damage than others, even at the relatively low levels reported  here  for nestling  white  storks  and  black  kites,  and that in some cases, the body condition of individuals modulates their effects.  This is the case for Cd, which is considered  to be a weak genotoxicant  in mammals (for review, see Hartwig [35]). An in vivo study performed on occupational workers exposed to Cd in a Polish battery plant found a lack of cor- relation between the level of genotoxic damage with the comet assay  and  Cd  levels  in  blood  (range,  5.4 –30.8  ig/L  [36]). Contrary to that study, we found that low environmental levels of Cd had a detrimental effect on DNA of black kites in 2000 (range, <0.25–1.8  ig/L)  and in 2002 (range, <0.25–0.9 ig/ L), being modulated by the body condition of the nestlings in the latter year. Indirect  effects  related  to repair inhibition  of the induced DNA damage have been reported at low, non- cytotoxic concentrations of Cd [37]. These indirect effects may be more relevant for populations exposed to mixtures of pol- lutants, such as ours, by favoring synergistic toxic effects [38]. On the other hand, the role of body condition as a modulating factor in the genetic  damage  induced  by Cd, although  it has to  be  interpreted  with  caution  because  of  the  small  sample size, would confirm that weak individuals are more prone to suffer the effects of environmental pollutants [39]. This adds concern about the synergistic effect of other potential envi- ronmental stresses affecting the body condition of individuals (e.g., reduced availability  of food resources,  parasites,  etc.).

The positive effect of body condition on DNA damage in nestling black kites in two of the four years of monitoring was an unexpected  result. Despite the fact that such a relationship was not tested  previously  in birds  or any other  taxa,  results based on the response of other biomarkers (e.g., immune re- sponse) suggest, a priori, the opposite trend [22]. Thus, further research is needed.
The  present  study  provides  chemical  and  biological  data for  wild  nestling  white  storks  and  black  kites  from  an area that was severely polluted as a consequence of a mining ac- cident, indicating that overall, average levels of most heavy metals and As were lower than values reported in the literature for conspecifics known to be exposed to metal pollution, show- ing a tendency to decrease in both species during monitoring. It also  shows  that  the two  bird  species  differed  in their  ge- notoxic response to metals and As pollution and that no clear pattern of association exists between the most abundant heavy metals and metalloids  in the toxic spill and the DNA damage in nestlings of both species throughout the four years of mon- itoring. In the context of the interannual variations, it is also important  to note that nest identity  in white  storks  appeared as a relevant factor in some years but not in others. This may indicate  a different  exposure  to genotoxicants  depending  on the  year  of  monitoring,  probably  associated  with  the  avail- ability of food resources in the area, which needs further in- vestigation. Together with the interspecific differences in the response and the within-species interannual variations in the relationships between DNA damage and levels of heavy metals and As, this supports long-term monitoring plans to assess the impact of environmental  contaminants in populations and eco- systems. The wide range of stressors that animal populations might experience  in the wild makes those findings in single- year  studies  can  be  seen  as  identifiers  of  potential  relevant links between  pollutants  and effects,  but they may not serve as general  rules  even  for the species  and  populations  under study because of the so-far-unconsidered interannual vari- ability. On the other hand, variations in sensitivity or exposure of various species to different pollutants requires that several species  be  studied,  as  exemplified  in  the  present  and  other studies  [2]. Including  several  species  with different  life his- tories and foraging tactics enables us to cover a broader scale
of direct  and  indirect  effects  of pollutants  than  would  have been possible with one species only.
In conclusion, our results indicate that nestling white storks and black kites were affected, in part, by the elements studied, even at the low levels reported. However, these trace elements alone do not satisfactorily explain the observed DNA damage. Genotoxicants other than metals, such as organochlorines, polycyclic   aromatic  hydrocarbons,   and/or  organophosphate and carbamate  pesticides  related to the agricultural  activities in the proximity  to the study  area  (mainly  rice production), may contribute directly or indirectly to the observed damage [30,40]. Clearly, a combination of factors is involved in the genotoxic  damage  seen  with  the  comet  assay  in  these  wild birds that requires further investigation, especially after the increase observed during the period of study [14]. Long-term ongoing monitoring  of both species needs to continue to pro- vide a better knowledge and understanding of these relation- ships as well as the potential effects that metals and/or organic contaminants  may have on the health  of Don˜ ana bird popu- lations and ecosystems.
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