

Influence of a Mine Tailing Accident Near Don˜ ana National Park (Spain) on
Heavy Metals and Arsenic Accumulation in 14 Species of Waterfowl (1998 to
2000)
G. Go´ mez,1  R. Baos,2  B. Go´ mara,1  B. Jime´nez,1  V. Benito,2  R. Montoro,3  F. Hiraldo,2  M. J. Gonza´lez1
1   Department of Instrumental Analysis and Environmental Chemistry, Instituto Qu´ımica Orga´nica General (Consejo Superior de Investigaciones
Cient´ıficas), Juan de la Cierva 3, 28006 Madrid, Spain
2   Don˜ ana Biological Station (Consejo Superior de Investigaciones Cient´ıficas), Seville, Spain
3   Institute of Agrochemistry and Food Technology (Consejo Superior de Investigaciones Cient´ıficas), Valencia, Spain
Abstract. This article presents the impact on waterbirds in Don˜ ana National Park (Spain) of an accidental release of 5 million m3 acid waste produced by the processing of pyrite ore. Heavy metals (zinc, copper, cadmium, and lead) and arsenic were measured in several soft tissues (liver, kidney, and mus- cle) taken from 14 waterfowl species collected between April
1998 and May 2000. The main source of copper and zinc found in the waterfowl species examined was the spill waste, whereas cadmium,  lead,  and  arsenic  could  also  came  from  other sources. Kidney was the primary organ for cadmium and lead accumulation, whereas liver accumulated the most zinc and copper. Arsenic was concentrated in both muscle and liver tissue. The degree of contamination of the area where the birds lived, their age, their sex their size, and the time since the spill were found to have less influence than species and trophic level on the accumulation of metal in organs and tissues. Four species (Anser anser, Ciconia ciconia, Larus ridibundus, and Porphyrio porphyrio) were found to have the highest levels of the 5 elements.
Don˜ ana National Park (DNP) is a protected area that serves as a wildlife sanctuary for thousands of resident and migratory birds that nest and in some cases live in the reserve tempo- rarily. Although this remarkable ecosystem was given official protection in 1969, having survived relatively unspoiled for centuries thanks to the absence of permanent settlements, it has always suffered from the impact of human activities. One of the most serious impacts has come from the mining of pyrite ores in nearby Aznalcollar, an area rich in heavy metals and metalloids. Previous studies (Gonza´lez et al. 1990; Ferna´ndez et al. 1992; Arambarri et al. 1996) have shown that mining activities at locations upstream of DNP represent a constant danger to the ecosystems in the surrounding area. The sudden
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avalanche of water and sludge produced by the collapse of the tailings dam storing mining waste from the Aznalcollar mine on April 25, 1998, caused the rivers Agrio and Guadiamar to burst their banks, flooding approximately 4,500 ha of adjacent land (Fig. 1). The amount of sludge deposited in the Guadiamar basin has been estimated to be approximately 5 million m3. The contaminating sludge waste contained 0.5% arsenic, 0.8% each lead and zinc, 0.2% copper, and 0.007% cadmium on a dry weight (d.w.) basis, and part of these metals is likely to pass into the food chains of organisms living in DNP (Pain et al.
1998). The Spanish authorities, with the cooperation of scien- tists and volunteers from environmental organizations, have recommended urgent actions for preventive and mitigation purposes. Toxic mud was first removed using mechanical dig- gers and lorries and later by using manual extraction works. When the extraction work was finished, soils received chemical treatment using various types of adsorbent to decrease the solubility and bioavailability of metals and metalloids (Grimalt et al. 1999).
Many studies have been conducted to compare trace ele- ments in waterbirds living in areas that are affected by metal pollution with birds living in areas that are not affected by such pollution (Leonzio et al. 1986; Garc´ıa-Ferna´ndez et al. 1995; Burger and Gochfeld 2000; Hoffman et al. 2000). However, there have been very few opportunities to study the impact on waterbirds of a sudden release of a large quantity of metal pollutants such as occurred in DNP.
Studies conducted some years before the spill showed that metal contamination in birds that feed in the wetlands was low (Herna´ndez et al. 1987, 1988; Ferna´ndez 1992), except in the case of lead. The high levels of lead found in birds in DNP have always been linked to hunting in the area (Ramo et al. 1992). Preliminary studies (Herna´ndez et al. 1999), carried out 7 months after the spill accident, suggested that copper and zinc from  the  mine  spill  were  contaminating  the  waterfowls  of DNP, whereas lead, cadmium, and arsenic had not yet reached the food chain.
Data presented here were part of an extensive follow-up of the effects of metal contamination from the toxic spill at the
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Fig. 1.  Map of the area studied and sampling stations
Aznalcollar mine on living organisms in DNP and the sur- rounding area. In particular, the purpose of this study was to determine the levels of heavy metals and arsenic from the mining spill on resident and migratory waterbirds. Levels of the 5 elements in liver, kidney, and muscle tissues of 14 waterbird species collected from April 1998 to May 2000 were determined. Differences among species on the base of sex, size, and age as well as sampling season and site were studied.
Material and Methods
Sampling
From 14 waterbird species (Table 1), 340 specimens were collected between April 1998 and May 2000 in DNP and the surrounding area. The specimens selected for this study were limited to those found dead during the period mentioned and cannot therefore be considered a random sample of the population. Only the carcasses in good condi- tions were collected to guarantee that birds were recently dead. Table
1 lists the main characteristics of the species studied, sampling points, days elapsed from the spill accident, number of specimens analyzed, and migratory and feeding habits. Some samplings points were in the area affected by the accident, and the others were mainly within a radius of 1.5 to 60 km. The birds were stored at —20°C after collection until the analytic determinations were performed.
Analytical Procedure
Sample tissues (liver, muscle, and kidney) were analyzed for the presence of trace elements. A portion of the sample was digested using an acid medium according to a methodology previously published (Herna´ndez et al. 1999). Analyses of zinc were performed using a flame atomic absorption spectrometer (AAS) (Spectra A-100; Varian, Iberica, Madrid, Spain). Copper, cadmium, lead, and arsenic were measured using a Perkin Elmer (Hispania, Madrid, Spain) longitudinal AC Zeeman (AAnalyst 600) AAS equipped with a transversely heated graphite atomizer (Perkin Elmer Hispania, Madrid, Spain). The instru- mental detection limits (LOD) were cadmium 0.008 ng/mL; copper 0.1 ng/mL; lead 0.06 ng/mL; zinc 0.01 gg/mL; and arsenic 0.2 ng/mL. All specimens were analyzed in batches with method blanks; known standards; and reference material: DORM-2 (Dogfish liver [Squalus acanthias]) and TORT-2 (lobster hepatopancreas) from National Re- search Council of Canada. Accepted recoveries of reference material ranged from 88% to 110%. Relative standard deviation (RSD) in replicates and reference material was always < 10%.
Statistical Analysis
In most cases, the distribution of data was highly skewed. The vari- ables did not follow a normal distribution, and nonparametric tests were used for statistic comparisons. The data set was analyzed by nonparametric Kruskal Wallis (x2) one-way analysis of variance test to determine significant differences among the element contents in liver, kidney, and muscle found in each species. Kruskal Wallis test was also used to find significant differences among heavy metal and arsenic liver levels of each species according to their age and sex. Nonpara- metric correlation (Spearman) was used to compare metal content in the liver of each species with size, distance to the spill from the gathering area, and days elapsed from the spill accident at sampling

time. For statistic comparison, the nondetectable (ND) concentrations were taken to be half of the LOD. A difference of p < 0.05 was considered significant. Statistic Statgraphic package (version 5.0; STSC, Rockville, MD) was used for the calculations.
The generalized linear model (GLM; Dobson 1983; McCullagh and Nelder 1983) was used to derive a mathematic description of the individual variations of the concentrations of the various elements in the liver. The explanatory variables considered were introduced into the model as factors (species, sex, trophic position, and age) or continuous variables (days elapsed from the spill accident, distance to the spill from the gathering area, and size). The explanatory variables were fitted to the observed data by a modification of the traditional forward stepwise procedure in response to criticisms that have been leveled at this kind of fit (Bustamante 1997).
Results
Tissue Variations
Table 2 lists the geometric mean concentration, standard devi- ation, and ranges (in gg/g dry weight) of the 5 trace elements in the 14 waterfowl species (Table 1) gathered DNP and the surrounding area from April 1998 to May 2000. In all of the species, zinc and copper were the metals with the highest concentrations; lead and cadmium had medium concentration levels; and arsenic had the lowest concentration.
The content of the five elements found in liver, kidney, and muscle tissues of each species were compared using Kruskal- Wallis test (x2). Significant differences (p < 0.05)—although not in the case of all the elements—were found among the three tissues in almost all the species studied except for teal, black- winged still, and gray heron.
The highest lead and cadmium levels were found in the kidney tissues in most of the waterfowl species studied, whereas copper and zinc had mainly accumulated in the liver tissues. The tissue in which arsenic mainly accumulated was not as clearly defined as was the case for the other four elements. Some species mainly accumulated arsenic in muscle (e.g., black-winged still), whereas others did so in the liver or kidney (e.g., white stork) (Table 2).
Species Variation
Cross-species comparisons were carried out on the basis of the concentration levels of the five elements found in liver. Liver was chosen for several reasons. First, it is one of the soft tissues where the elements studied are mainly concentrated (Wenzel and Adelung 1996). Second, it is the most abundant soft tissue analyzed here. Finally, it is the tissue for which more data are available in the recent literature including waterbirds in DNP (Blomquist et al. 1987; Ferna´ndez 1992).
Like other authors, we observed high interspecific differ- ences. Pochards showed the highest geometric mean values of copper (198 ± 382 gg/g d.w.) and one of the highest of zinc (283 ± 147 gg/g d.w.) and arsenic (0.24 ± 0.21 gg/g d.w.) Geese exhibited the highest levels of lead (0.9 ± 133 d.w.) and one of the highest of cadmium (1.23 ± 3.22 gg/g d.w.) and presented a wide range of both values. White storks showed the highest mean arsenic concentrations (0.59 ± 5 gg/g d.w.), and
Table 1. Characteristics of waterfowl bird species from DNP studied in this work
No. of Samples and
Species

Type
Sampling
 
 Point

Days of
Exposure  Migratory Habits



Type of Food
Common Name
Scientific Name
Liver  Muscle  Kidney

(Fig. 1)

(Range)

(Place of Breeding)a

(Trophic Level)
Mallard
Anas platyrhynchos


29
29
9
2b, 10b, 25,
26


71–459   50% migratory (north Europe),
50% residents (DNP)


Omnivorous
Pochard                   Aythya ferina        13       13            1          3b, 10b, 28     62–569   Omnivorous
Teal                         Anas crecca            8         8            3          14, 28           126–204   Migratory (north Europe)                    Omnivorous Shoveler                  Anas clypeata        36       36          24          3b, 28           145–312                                                                 Omnivorous Gadwall                  Anas strepera        17       18            1          10b, 16, 28     65–196   10% residents (DNP)                           Omnivorous
Goose
Anser anser
90
90
89
3b, 5b, 8,
15, 18, 27,
28
Black-headed gull  Larus ridibundus  10
11
4
3b, 9, 10b,
28
Coot
Fulica atra
54
54
20
3b, 10b, 16,
22b

251–630
Herbivorous
69–444
Crab and fish predator
69–650   Residents (DNP)
Herbivorous
Purple gallinule
Porphyrio porphyrio

25
25
13
6b, 11, 17,
24

66–664
Herbivorous
Moorhen
Gallinula chloropus
Greater flamingo
Phoenicopterus ruber
Black-winged still  Himantopus himantopus

4
4
1b, 3b, 10b 
24–277
Omnivorous
3
3
12, 13, 23
107–137
Invertebrate predator
16
16
10b 
65–93
Invertebrate predator
White stork
Ciconia ciconia
32
18
18
3b, 4b, 5b,
6, 7b, 28


398–495   Chickens are residents in DNP   Crab and fish predator
Grey heron
Ardea cinerea
4
4
4
3b, 9, 28
283–444   >10% of adults spent the winter in north Africa wetlands (DNP)
a Rose and Scott 1997 (the reference where migratory habits and place of breeding of birds studied were described).
b Sampling point affected by the spillage. DNP: Don˜ ana National Park.

Fish and crayfish
black headed gulls had the highest cadmium values (1.35 ±
1.86 d.w.). The highest variations in the geometric mean values of the 14 waterfowl studied species were found in the case of cadmium (range of the geometric mean values were between
0.01 and 1.35 gg/g) followed by lead (0.03 to 0.9 gg/g), copper
(13 to 198 gg/g), arsenic (0.05 to 0.59 gg/g), and zinc (55.6 to
374 gg/g) (Table 2).
Statistically significant differences were found (p < 0.05) when liver contents of the five elements were compared be- tween waterfowl species in almost all of the cases. The largest significant differences were found in the case of liver copper and zinc contents. There were statistically significant differ- ences between almost all of the species (p < 0.05). The only similarities found were in zinc and copper liver levels in purple gallinule, black-winged stills, black-headed gulls, geese, and mallards (p > 0.05). Liver arsenic values were statistically different in the majority of the species except for white storks, purple gallinule, teals, and gadwalls, which exhibited similar arsenic  values  (p  > 0.05).  Finally,  the  smallest  significant differences were found when comparing liver lead with cad- mium content in different species.
To understand the factors and variables that were associated with variations in liver heavy-metal and arsenic levels, a GLM model was fitted to the experimental data. Seven variables (species, trophic level, days elapsed from the spill, distance

from the sampling site to the area affected by the spill, sex, age, and size) were included, but trophic level was finally excluded from the model because it was a linear combination of species variable. A single model—the one with the lowest residual variance—was selected in each group. These models indicated that species was the most significant factor in explaining vari- ations in element concentrations, and it was significant for all elements (p < 0.0001) (Table 3). Age was a significant factor for lead, cadmium, and zinc. Contamination of the area was a significant factor (p < 0.05) only for zinc, for which values increased with proximity to the source of contamination (esti- mated parameter = —0.006). Weight was a significant variable for lead, zinc, and arsenic. Days elapsed from the spill was a significant variable for cadmium, lead, and arsenic, the levels of which increased in proportion to the time elapsed since the spill occurred (estimated parameters were 0.0012, 0.002, and
0.0006 for cadmium, lead, and zinc, respectively). Sex was significant only for cadmium, which was higher for males than females specimens (estimated parameter = 0.11).
Because species was the most significant variable and was therefore able to mask other effects, each species was consid- ered separately. Differences in sex and age were examined by species and metal using Kruskal-Wallis (x2) test, and the Spearman correlation was used to study the relationship be- tween elements liver contents in each species and quantitative
variables (weight, time of exposure, and impact of the spill on the area) (data not shown). The statistic comparison was only conducted when more than four specimens were in each group. The results showed that significantly higher cadmium and lead levels were found in adults than in juveniles and chicks in some of the species studied (p < 0.05). Neither sex nor age was significant (p > 0.05) with respect to liver copper, zinc, and arsenic content. The majority of the species showed a negative correlation between liver copper content and the distance from the toxic spill location and time of exposure to it, whereas lead and arsenic showed a significant positive correlation (p > 0.05) with both of the aforementioned parameters.
Seasonal Variations
On the basis of the maximum data available for studying the time trends of the elements studied during the 2-year period, seven species were selected for analysis (these were the species for which at least two specimens were collected in a minimum of two different periods). The 2 years during which samples were collected (April 1998 to May 2000) were divided into four different periods: summer 1998, winter 1998/1999, sum- mer 1999, and winter 1999/2000. The results are shown in Figure 2, and it was possible to note some patterns.
The values reached by copper, zinc, and arsenic during summer
1998 slightly changed during (winter 1998/1999 through summer
1999). In most of the species studied, zinc levels in liver tended to slightly decrease, whereas liver arsenic levels tended to increase during these two time periods (Figure 2). Some species—in par- ticular coots, mallards, and black-headed gulls—showed an in- crease in arsenic levels during, and in some cases after, summer
1999. That increase was particularly high in the case of geese, which meant liver levels in winter 1999/2000 (geometric mean =
0.03 gg/g;  max = 0.22 gg/g)  were approximately four times higher than those found in winter 1998/1999 (geometric mean =
0.14 gg/g; max = 0.35 gg/g)
Cadmium and lead liver values showed a general increase during winter 1998/1999, and some species showed a statistically significant increase in cadmium and lead concentrations (p <
0.05) (Fig. 2). Thus, geometric mean lead liver levels in the purple gallinule and black-headed gull species increased > 100 times (summer 1998 to winter 1998/1999) to reach 1.05 and 1.74 gg/g d.w., respectively. Cadmium concentrations in both species in- creased 37 and 2.5, respectively. These values showed a general increase in the next period (summer 1999 through winter 1999/
2000), particularly in the case of lead. White storks and geese reached the highest levels of lead and cadmium during the last period (geometric mean values of 3 and 2.2 gg/g for lead and 0.5 and 2.5 gg/g for cadmium, respectively).
Discussion
General Trends
The spill occurred in April 1998, and the acid water flooded the land close to DNP, thus preventing birds from feeding nor- mally in the contaminated area. By June 15, the acidity of the

water had decreased considerably, and birds were able to feed in the area affected by the spill, where invertebrate fauna were beginning to recover. By October 30, > 90% of the sludge from the spill had been removed, but some (approximately
10%) remained in soils and sediments of DNP, mainly in the upper part of the Guadiamar river (Simo´n et al. 1999), where it continued to threaten life in DNP.
The results obtained suggested that copper, lead, cadmium, arsenic, and zinc from the mine spill reached the waterbird community of Don˜ ana 2 years after the accident. This seems particularly clear in the case of zinc, where GLM results produced showed that, as might be expected, contamination of individual specimens tends to increase as the point of sampling approaches the spill (estimated parameter = —0.006). GLM
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Fig. 2.  Variation of heavy metals and arsenic in waterfowl livers from DNP from summer 1998 to summer 2000. DNP = Don˜ ana National Park
Table 2. Geometric mean, range, and SD of arsenic, cadmium, copper, lead, and zinc levels in liver, muscle, and kidney in waterfowl from
	DNP from 1998 to 2000a

	
	Arsenic
	
	
	
	Cadmium
	
	
	
	Copper
	
	

	
	Liver
	Muscle
	Kidney
	
	Liver
	Muscle
	Kidney
	
	Liver
	Muscle
	Kidney

	Mallard
	(29)
	(29)
	(9)
	
	
	
	
	
	
	
	

	G. mean
	0.17
	0.1
	0.14
	
	0.08
	0.01
	0.73
	
	76.0
	13.7
	19.5

	SD
	0.32
	0.47
	0.25
	
	0.56
	0.09
	2.14
	
	66.5
	6.17
	9.37

	Range
	ND–1.52
	ND–2.62
	ND–0.58
	
	ND–2.2
	ND–0.44
	ND–5.6
	
	5–335
	2.3–30.8
	11.4–36.6

	Purple gallinula
	(25)
	(25)
	(13)
	
	
	
	
	
	
	
	

	G. mean
	0.16
	0.1
	0.26
	
	0.03
	0.01
	0.21
	
	15.6
	15.9
	18.5

	SD
	0.11
	0.32
	0.21
	
	0.57
	0.08
	1.1
	
	12.9
	8.9
	6.4

	Range
	ND–0.5
	0.02–1.5
	0.13–0.81
	
	ND–2.79
	ND–0.3
	0.03–4.3
	
	4–50.2
	4.8–35
	8.8–30.7

	Teal
	(8)
	(8)
	(3)
	
	
	
	
	
	
	
	

	G. mean
	0.20
	0.08
	0.01
	
	0.10
	ND
	0.09
	
	28.7
	19.6
	15.0

	SD
	0.24
	0.06
	0.0003
	
	0.61
	
	0.35
	
	13.2
	2.93
	9.83

	Range
	0.03–0.81
	0.03–0.21
	0.01–0.01
	
	ND–1.76
	
	ND–0.67
	
	14.8–49.8
	13–22.1
	10.6–28.0

	Gadwall
(17)
(18)
(1)

	G. mean
	0.13
	0.16
	0.17
	
	0.02
	0.01
	18.0
	
	74.6
	6.33
	34.0

	SD
	0.18
	0.07
	
	
	2.04
	0.47
	
	
	82
	14.4
	

	Range
	ND–0.55
	0.06–0.35
	
	
	ND–6.61
	ND–1.98
	
	
	8.4–289
	0.12–54.2
	

	Shoveler
(36)
(36)
(24)

	G. mean
	0.32
	0.23
	0.32
	
	0.16
	0.01
	3.14
	
	26.0
	15.3
	11.5

	SD
	0.14
	0.08
	0.24
	
	0.51
	0.08
	3.8
	
	20.3
	4.06
	7.23

	Range
	0.14–0.77
	0.09–0.43
	0.15–1.35
	
	ND–2.21
	ND–0.34
	0.2–12.3
	
	10–108
	6.1–25
	6.8–44

	White stork
(32)
(18)
(18)

	G. mean
	0.59
	0.19
	0.26
	
	0.23
	0.03
	0.88
	
	33.6
	7.03
	11.6

	SD
	5.0
	2.2
	1.66
	
	0.65
	0.25
	4.42
	
	18.2
	5.35
	5.3

	Range
	ND–28.7
	0.03–7.8
	ND–7.3
	
	0.04–3.5
	ND–1.02
	0.06–14.5
	
	14.6–87.5
	2–18.5
	9.4–29.2

	Black-winged
(16)
(16)
–

	G. mean
	0.05
	0.11
	–
	
	0.76
	0.01
	–
	
	13
	18
	–

	SD
	0.09
	0.46
	–
	
	1
	0.16
	–
	
	6.4
	5.35
	–

	Range
	0.02–0.36
	0.03–1.77
	–
	
	ND–3.6
	ND–0.5
	–
	
	3.7–26.2
	10–29.1
	–

	Coot
	(54)
	(54)
	(20)
	
	
	
	
	
	
	
	

	G. mean
	0.40
	0.37
	0.24
	
	0.09
	0.01
	0.44
	
	56.9
	44.5
	16.8

	SD
	0.76
	1.34
	0.18
	
	0.48
	0.16
	1.70
	
	91.3
	18.7
	13.9

	Range
	ND–5.4
	0.01–5.5
	ND–0.74
	
	ND–2.61
	ND–0.89
	ND–7.63
	
	8.3–498
	19.5–107
	6.82–58.4

	Black-headed
	(10)
	(11)
	(4)
	
	
	
	
	
	
	
	

	G. mean
	0.15
	0.55
	0.19
	
	1.35
	0.01
	6.25
	
	20.5
	16.3
	11.7

	SD
0.13
0.96
0.10
1.86
0.43
9.72
19.5
8.75
8.26

	Range
	ND–0.35
	0.18–3.27
	0.1–0.33
	
	0.25–6.62
	ND–0.32
	1.1–23.7
	
	2.1–64.6
	3.9–36.2
	7.6–25.4

	Pochard
	(13)
	(13)
	(1)
	
	
	
	
	
	
	
	

	G. mean
	0.24
	0.22
	0.03
	
	0.08
	0.01
	0.1
	
	198
	20.9
	48.1

	SD
	0.21
	0.50
	
	
	0.47
	0.06
	
	
	382
	19.3
	

	Range
	ND–0.73
	ND–1.6
	
	
	ND–1.3
	ND–0.2
	
	
	52–1300
	6.5–66.6
	

	Goose
	(90)
	(90)
	(89)
	
	
	
	
	
	
	
	

	G. mean
	0.05
	0.07
	0.11
	
	1.23
	0.01
	5.05
	
	78.0
	19.4
	18.7

	SD
	0.09
	1.35
	0.108
	
	3.22
	0.13
	10.9
	
	56.1
	13.7
	17.7

	Range
	ND–0.35
	0.014–12.8
	0.011–0.52
	
	ND–20.4
	ND–0.75
	ND–60.7
	
	6–299
	2.2–84.1
	9.4–138

	Grey-heron
(4)
(4)
(4)

	G. mean
	0.06
	0.06
	0.06
	
	0.01
	0.01
	0.09
	
	12.5
	12.6
	12.5

	SD
	0.03
	0.07
	0.03
	
	0.18
	0.10
	0.36
	
	14.1
	3.7
	9.4

	Range
	ND–0.08
	0.007–0.18
	ND–0.1
	
	ND–0.36
	ND–0.19
	ND–0.82
	
	4.44–32.9
	9–17.8
	7.7–28.2

	Greater flaming
	(3)
	(3)
	–
	
	
	
	
	
	
	
	

	G. mean
	0.37
	0.21
	–
	
	0.01
	
	–
	
	79.9
	14.3
	–

	SD
0.71
0.26
–
0.02
ND
–
13.3
3.24
–

	Range
	0.07–1.5
	0.055–0.57
	–
	
	ND–0.035
	
	
	
	66–92
	11–17
	–

	Moorhen
	(4)
	(4)
	–
	
	
	
	
	
	
	
	

	G. mean
	0.05
	0.05
	–
	
	0.13
	0.07
	–
	
	36
	31.9
	–

	SD
	0.13
	0.12
	–
	
	0.79
	0.43
	–
	
	19.3
	14.6
	–

	Range
	ND–0.27
	0.01–0.26
	–
	
	ND–1.6
	ND–0.97
	
	
	21.3–63.8
	21.1–54
	–


DNP: Don˜ ana National Park. ND: Not detected.
a The number of samples analyzed is in parentheses.
Table 2. Continued
Lead
Zinc
Liver
Muscle
Kidney
Liver
Muscle
Kidney
0.23
0.16
0.88
136
32.3
70.4
0.69
0.59
1.54
72.9
7.82
16.6
ND–2.8
ND–2.3
ND–4.1
65.7–365   19.7–7.8   41.6–96.4
0.16
0.14
2.04
55.6
49.7
64.6
22.0
0.44
9.20
64.8
26.2
15.2
ND–110
ND–1.86
0.23–36
2.9–223    27.9–144   31.5–96.7
0.04
0.22
0.60
109
23.5
57.2
0.88
1.21
3.58
67.9
8.39
12.8
ND–2.35    ND–2.78
ND–7.18   54.3–276  14.2–40.2  47.5–72.3
0.17
0.60
12.1
283
56.7
171
3.9
1.34
187
42.2
ND–15
ND–4.3
95.5–616   20.8–193
0.10
0.06
0.08
78.3
17.7
37.1
1.62
1.31
1.39
53.8
7.03
20.2
ND–6.7
ND–5.5
ND–4.1
47–388
8.4–38
14–113
0.53
0.2
0.86
229
63.3
79.8
7.5
0.43
0.9
95.4
32.4
24.7
0.07–43.2
0.1–1.9
0.28–3.3
112–523   34.2–167
47–157
0.03
0.01
128
37.9
0.36
0.20
70.9
23
ND–1.1
ND–0.92
65.2–302   23.8–116
0.21
0.03
1.11
195
66.4
61.5
1.54
0.55
5.10
164
71.8
41.3
ND–8.7
ND–2.3
ND–23.4    76–1084
26–309
38–234
0.08
0.10
1.66
177
68.4
106
1.25
0.59
1.57
83
44.8
28.1
ND–3.4
ND–1.6
0.86–4.2    88.5–328   31.1–189   72.2–140
0.17
0.17
330
283
80.6
89.5
41.1
1.05
147
60.9
ND–149
ND–3.8
106–562   42.8–260
0.90
0.13
3.29
183
40.3
77.8
133
1.29
93.7
242
22.1
37.6
ND–1157    ND–5.49
ND–793
69–1050    8.4–128
15.2–248
0.06
0.03
0.25
143
53.6
59.6
0.32
0.07
0.88
181
15.2
6.21
ND–0.69    ND–0.15
ND–1.97   56.5–460    39.7–70
54–66
0.06
0.05
–
192
53.7
–
1.5
    0.03
–

80

66.4
– ND–2.6
ND–0.16
–
121–281
31–147
–
0.09
0.05
–
374
88.2
–
4.61
    0.27
–

95.3

74.8
– ND–9.3
ND–0.66
–
251–460
43–214
–

results also showed that lead, cadmium, and arsenic increased with the number of days elapsing from the time of the spill accident, thus indicating the clear influence of the spill on the values reached by these elements in the waterbirds living in DNP (estimated parameters were 0.0012, 0.002, and 0.0006 for lead, cadmium, and arsenic, respectively).
Some waterbird species have concentrated more heavy met- als and arsenic than others, either because they live in areas directly affected by the spill or because of their physiology or dietary habits. The species most severely affected by the spill accident were geese, white storks, coots, purple gallinules, and black-headed gulls. Thus, the high liver arsenic levels found in the white stork could be related to the area where they were living, which was affected by the spill (Table 1). In contrast, the high liver levels of the elements in geese, coots, and purple gallinules may be related to their feeding habits and trophic position. These three species are herbivorous (Table 1) and feed on large quantities of bulbs of the Scirpus species, which concentrate high amounts of heavy metals (Simo´n et al. 1999; Amat 1995). They also take up sand and sediments to help them grind up vegetable matter in their gizzards and inciden- tally when they feed (Beyer et al. 1998). These results agreed with the those of other investigators (Blus et al. 1995; Henny et al. 1991) who reported that, with some exceptions, water- fowl that live in contaminated environments and that feed on contaminated vegetation and sediments are likely to ingest larger quantities of heavy metals than those feeding on inver- tebrates and vertebrates. The studies conducted by other work- ing groups showed that the mortality of waterbirds populations living in DNP did not suffer any significant decrease after the spill accident, but there were some physical (5% of white stork chickens had bill anomalies 1 year after the spill) and biologic anomalies (www.csic.com).
Cadmium
In our previous study (Herna´ndez et al. 1999), we showed that
7 months after the spill, cadmium from the mine had not reached the DNP waterbird population. The geometric mean cadmium liver values found during summer 1998 in waterfowls from DNP ranged from 0.01 to 1.42 gg/g d.w. These levels were similar to those obtained in waterbirds from DNP in the previous years (Ferna´ndez 1992). At this time, the main route by which cadmium entered the wetlands was the Guadalquivir River, and the cadmium values were considered as background cadmium levels in the waterbirds living in DNP. The data presented here indicated that the spill increased these levels three- or four-fold during winter 1998/1999 (geometric mean values = 0.03 to 3.45 gg/g  d.w.). These values slightly de- creased during the following periods, except in geese and white stork species (Fig. 2), but they never decreased to the same values before the spill accident happened. Geese reached a
 

geometric mean level of 2.52 gg/g d.w. of Cd in their livers in
winter 1999/2000. In this latter period, 33% of the geese analyzed had concentrations > 3 gg/g  d.w. in their livers, levels considered as background levels in wild birds (DiGiulio and Scanlon 1984).
Table 3. GLM explaining variation of trace element concentrations in aquatic bird livers from DNP
Lead
Cadmium
Zinc
Copper
Arsenic
	Model
	

	F(p)
	7.8 (0.0001)
	12.7 (0.0001)
	15.7 (0.0001)
	21.5 (0.0001)
	22.3 (0.0001)

	d.f.
	339
	339
	339
	339
	339

	r2
	0.31
	0.43
	0.47
	0.46
	0.52

	Variable entering (F, P)

	Species
	3.4 (0.0001)
	7.7 (0.0001)
	19.9 (0.0001)
	21.5 (0.0001)
	21.7 (0.0001)

	Age
	4.03 (0.008)
	14.1 (0.0001)
	2.8 (0.04)
	NS
	NS

	Sex
	NS
	4.39 (0.02)
	NS
	NS
	NS

	Distance
	NS
	NS
	6.7 (0.01)
	NS
	NS

	Days of exposition
	35.7 (0.0001)
	10.6 (0.001)
	NS
	NS
	16.7 (0.0001)

	Weight
	13.5 (0.0003)
	NS
	52.8 (0.0001)
	NS
	5.7 (0.02)


GLM = Generalized linear model. NS = Not significant.
Lead
In earlier studies (Ramos et al. 1992), it was found that birds living in DNP were suffering from chronic, medium-intensity lead poisoning as a result of intensive hunting in the area. Hunting has gradually decreased since 1975, and this is re- flected in the difference between lead levels found during this period with those detected in 1992 and 1998 (Ferna´ndez 1992; Herna´ndez et al. 1999). The results of the present study showed that lead from the spill entered the water birds in DNP 1 year after the accident and that this process continued 2 years later for some waterfowl species. Thus, geometric mean lead liver values found during summer 1998 waterfowl from DNP ranged from not detectable to 0.17 gg/g d.w, and these levels in- creased during winter 1998/1999 (geometric mean = 0.08 to
1.74 gg/g d.w.). These results agree with those obtained using GLM analysis, which showed that the concentration of lead increased with time elapsed from the spill (estimated parame- ter = 0.002).
Geometric mean lead concentrations found in the livers of the 14 waterbird species studied were < 26.7 gg/g d.w., which indicates lead toxicosis (Pace et al. 1999). A percentage of 5% of the studied specimens had higher levels of this value in their livers, the majority belonging to geese individuals.
Copper and Zinc
Seven months after the spill accident, zinc and copper values were higher than those reported for waterbirds in DNP before the spill (Ferna´ndez 1992). In summer 1998, their individual values were 2.05 to 1298 gg/g d.w. for copper and 2.96 to 1084 gg/g d.w. for zinc. The two metals entered the waterfowl in Don˜ ana very rapidly after the spill, and their levels increased significantly during the first months and these levels were retained during the rest of the sampling period. Only a slight decrease has been observed in a few species among those studied (e.g., coot).
The copper and zinc concentrations in the livers of the waterfowl specimens taken 2 years after the spill accident were higher than those found in waterfowl in other wetlands. In fact,
65% of these birds had > 122 gg/g  d.w. of zinc and 75%

had > 20 gg/g  d.w. of copper in their livers, the levels of which were considered equivalent to zinc and copper concen- trations present in birds from uncontaminated areas (Llacuna et al. 1995; Carpe`ne et al. 1995)
Arsenic
No previous data are available on arsenic levels in DNP wa- terfowl. However, the values reached just after the accident (summer 1998) may be taken as background levels because an earlier work (Hernandez et al. 1999) showed that arsenic had not yet entered into the waterfowls species at that time. The waterbird liver arsenic levels found in the individuals studied during summer 1998 were not detectable to 1.5 gg/g d.w. During winter 1998/1999, this value decreased, and individual levels ranged from not detectable to 0.74 gg/g d.w. These values tended to increase 5 years after the toxic spill (individual values found in summer 1999 ranged from not detectable to
28.7 gg/g d.w.), a fact that seems to indicate arsenic was being
mobilized from soils and sediments. At that time, several species (mallard, coot, black-headed gull, and pochard) had an increase of arsenic in their livers (Fig. 2). One critical case was that of white storks, which reached a geometric mean value of
0.61 gg/g d.w. during the summer of 1999. Moreover, 5.7% of
the white stork population showed bill abnormalities, which could be related to the high arsenic levels in the species during the period. Fortunately, in most cases levels decreased during the next winter (1999/2000) and during spring 2000, except for geese and purple gallinule species, in which arsenic liver levels continued to increase during this period.
The above results, together with those obtained using GLM (in which arsenic increases with time elapsed since the acci- dent), showed that arsenic is undergoing transfer processes from the soil and is being taken up by the waterfowl living in DNP. Despite the increased in levels of As shown by some species (starting in summer 1999), their geometric mean levels are < 5 gg/g d.w., which is considered the minimum amount at which negative effects on bird health may be observed (Camardese et al. 1990).
Conclusions
Species is the explanatory variable having the greatest contri- bution to explaining the variability of the concentration of metals and arsenic in the liver of the aquatic birds studied. This may be bound up with physiologic characteristics in the species regarding their ability to absorb and excrete metals and/or their ecologic characteristic as well as the trace element availability from soils.
Copper and zinc accumulated mainly in liver; lead and cadmium in kidney; and As in muscle and/or liver. The species most affected by the spill accident were geese, white storks, purple gallinule, and black-headed gulls. Two years after the accident, an increase of cadmium, lead, copper, zinc, and arsenic concentrations were found in the waterfowl from DNP. However, there is no evidence that the trace element concen- trations found in the present study were at toxic levels because almost all values were lower than those reported as toxic in the literature. All of this evidence shows that the actions taken to mitigate the spill accident effects in DNP have efficiently contributed to the inmobilization of trace elements in soils.
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