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Abstract

The tailings dam failure of the pyrite mine in Aznalcollar released toxic
tailings slurries and liquid that contaminated soils and water throug-
hout the Guadiamar basin. In this study we attempt to ascertain the
recovery state of the zone four years after the dam failure, based on a
study of the soil diaspore bank and the method of cultivating soil plots
and determining the germinated species. Four localities were selected
in the middle zone of the basin. Once the plots were established (five
in each locality), they were divided into four groups, depending on the
culture conditions. Soil samples were also taken for the analysis of
heavy metals and edaphic parameters. Data seem to show that four
years after the dam failure soils have started a slow recovery and hea-
vy metal levels are decreasing.

Keywords: Aznalcéllar, Bryophyte, Diaspore bank, Guadiamar river,
Heavy metals.

Resumen

El banco de diasporas de briéfitos en suelos afectados por el desastre
minero de Aznalcéllar (Sevilla, SO Espafa).

La ruptura de la presa de contencion de la mina de pirita de Aznalco-
llar provoco la liberacion de lodos téxicos que contaminaron el suelo y
el agua de toda la cuenca del rio Guadiamar. En este estudio hemos
pretendido averiguar el estado de recuperacién de la zona cuatro afios
después del vertido. Para ello nos hemos basado en la observacién
del banco de diasporas del suelo, mas concretamente el método de
cultivar muestras de suelo para después determinar las especies que
germinan. Se seleccionaron cuatro localidades en la zona media de la
cuenca. Una vez tomadas las muestras de suelo (cinco por localidad)
necesarias, se separaron en cuatro grupos en funcion de las condicio-
nes de cultivo. También se tomaron muestras de suelo para el analisis
tanto de metales pesados como de los parametros edaficos. Los da-
tos parecen indicar que tras cuatro afios los suelos comienzan una lenta
recuperacion y los niveles de metales pesados comienzan a descen-
der.

Palabras clave: Aznalcdllar, Briofitos, Banco de diasporas, Rio Gua-
diamar, Metales pesados.
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Introduction

On the 25th of April, 1998, the retention dam at the
pyrite mine in Aznalcollar (Seville, Spain), burst, allo-
wing the contents of the tailings reservoir (about 3,62
Hm® of contaminated water and 0.88 Hm® of toxic
sludge) to flow freely into the rivers Guadiamar and
Agrio, both tributaries of Guadalquivir river. The slud-
ge flowed about 40 km, reaching the vicinity of Puen-
te de Don Simoén (Seville). In all, approximately 5,500
ha were affected, 293 of which corresponded to the
river course itself.

The waste, composed of sludges and water, had a
great ecological and socio-economic impact, leading
the Provincial and National government to draw up a
scientific and technical plan of action to restore the
lost ecological functionality.

The mine at Aznalcollar is located in the Iberian
pyrite belt, in the SW of the Iberian Peninsula. The
mineralogical composition is 83,1% pyrite (FeS,),
5,4% blende (ZnS), 2,1% galena (PbS), 1,4% chal-
copyrite (CuFeS,), 0,9% arsenopyrite (FeAsS) and
7,1% gange (Almodovar et al. 1998). After extrac-
tion, the tailings contain Pb, Zn, As and Cu (Simén
et al. 1998).

The upper basin of the Guadiamar river presents
two clearly differentiated zones. The metamorphic
and igneous rocks of the headwaters imparting a
markedly impermeable nature, while towards Aznal-
collar (the zone most affected by the accident) detri-
tic materials from the Andaluciense-Tortoniense Mio-
cene (progressively more recent and permeable
towards the south) predominate; lastly, there are sands
and silts from the mud flats of the lower Guadalqui-
Vir.

The climate is Mediterranean, becoming more
continental towards the higher parts of the basin, in
Sierra Morena. There are two bioclimatic belts in the
zone: thermomediterranean in the Guadalquivir plain,
below 400 m a.s.l. and mesomediterranean in the open
upper plains and shaded valleys. Three ombrotypes
are evident: humid in the higher zones of the Aznal-
collar and Escacena mountains, subhumid as we drop
in height and latitude, and lastly, in the mud flats, a
dry ombroclimate appears (Guerra et al. 2002).

The soils most affected by the toxic waste mate-
rials were typic and vertic fluvisols, and typic rego-
sols, most presenting characteristics that appear fa-
vourable for neutralising the negative impact of the
accident. These are neutral or slightly alkaline soils
(pH 7-8) with small variations in their organic mat-
ter (0,8 - 2,9%) and iron content and a carbonate
content of 0-20%. Other characteristics are more
variable; for example, the texture varies from very

clayey to sandy loam, the structure from massive to
angular blocks, and the gravel content from 0 to 43%
(Simén et al. 1998).

The present contribution is a study of the initial
recovery process of soils altered by the spill, where
the appearance of bryophytes, lichens and some al-
gae (mainly cyanophytes that intervene in nitrogen
fixation) is an excellent indicator of the soil’s reco-
very potential (Brasell et al. 1986), since they retain
water in the upper levels of the soil and they prepare
the edaphic environment for the appearance of vas-
cular plants. Such phenomena have been widely stu-
died and they are perfectly demonstrated in ecologi-
cal succession processes, for example, in burnt soils
(De Las Heras et al. 1990, De Las Heras 1992, De
Las Heras et al. 1994, During et al. 1987, Gloaguen
1990, Herranz et al. 1991, Puche & Gimeno
2000).The diaspore bank is a good starting point for
studying the state of a damaged ecosystem, especia-
lly if we compare it with the vegetation developed on
unaffected soils (Bisang 1996, During & Lloret 2001,
Hébrard 2001, Milberg & Persson 1994, Sundberg &
Rydin 2000, Trabaud et al. 1997).

In the area studied, the diaspore bank was in an
unusual condition, since a large part of the topmost
soil layer had been removed mechanically along with
the sludge, and with it a good part of the diaspore
bank. Moreover, since the river course is tidal, many
of the seeds and propagules come from the upper
stretches of the basin, which, to a certain extent, alle-
viated any losses in the diaspore bank.

Material and methods

Several procedures have been described for studying
the diaspore bank of a soil. One direct method, des-
cribed by Malone (1967), consists of extracting and
isolating diaspores for identification and counting
under a binocular microscope. An alternative, indi-
rect method, consists of taking soil samples and coun-
ting the seedlings corresponding to viable diaspores
that grow in a given cultivation or incubation condi-
tions (During 1997, Martinez & Maun 1999), while
yet another method observes the appearance of see-
dling in situ (Thompson et al. 1977, Roberts 1981).

The first method provides an approximation of the
total quantity of propagules in the soil, both viable
(those that regenerate the vegetation) and nonviable.
The second method only includes the viable diaspo-
res but shows exactly which species regenerate the
plant cover. The last method does not allow the con-
trol in the culture conditions. In the present study the
second method was chosen because the small size of
the bryophyte diaspores rendered their isolation im-
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Figure 1. Guadiamar river basin with localities studied (1-4).
Figura 1. Cuenca del rio Guadiamar con las localidades estudia-
das (1-4).

possible; furthermore, the distance between the loca-
lity studied and the place where the samples were
processed did not allow for the suitable study.

Four localities in the lower Guadiamar river ba-
sin were chosen (Figure 1), taking a total of twenty
soils samples (five per site) corresponding to the ara-
ble or superficial layer (down to 5-10 cm, approxi-
mately). These samples were put in plastic trays and
were covered with plastic film to prevent contamina-
tion. Some of the samples showed a slight covering
of bryophytes, which is to be expected in field con-
ditions.

In the same localities, and near zones where the
samples were taken (no more than 1-2 m away) soil
samples were removed for a study of their main eda-
phic parameters including pH, N total, C/N ratio,
conductivity, etc., and their heavy metal content.

Soil samples for culture were distributed into four
groups (Table 1), each of them under different cultu-
re conditions. Five trays were kept in a culture cham-
ber at a mean temperature of 20°C, a relative humi-
dity of 70% and a photoperiod of 16:8 (Light: Dark-
ness). Another five trays were cultivated in a culture
chamber at 20°C with a relative humidity of 70% and
a photoperiod of 12:12 (Light: Darkness). The remai-
ning ten trays were taken to a greenhouse, where five
of them were left uncovered and the other five cove-
red with plastic film (Table 5). These samples were
kept in the same conditions for three months and the
total and specific cover of each tray were estimated
visually every fifteen days.

The following methods were used to study the
edaphic parameters: pH by Peech’s method (1965) in
a 1:1 water extract of soil in water and in 1M KCI.

Tray (locality/condition) Place

1.1 Greenhouse uncovered
1.2 Culture chamber 16:8
1.3 Culture chamber 16:8
1.4 Culture chamber 12:12
1.5 Greenhouse covered

2.1 Culture chamber 16:8
2.2 Culture chamber 12:12
2.3 Culture chamber 12:12
2.4 Greenhouse uncovered
2.5 Greenhouse covered

3.1 Culture chamber 12:12
3.2 Culture chamber 16:8
33 Greenhouse covered

3.4 Greenhouse uncovered
3.5 Greenhouse covered

4.1 Culture chamber 16:8
4.2 Greenhouse uncovered
4.3 Greenhouse uncovered
4.4 Greenhouse covered

4.5 Culture chamber 12:12

Table 1. Culture conditions of the different samples.
Tabla 1. Condiciones de cultivo de las distintas muestras.
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pH C.E. C.I.C. N C M.O. C/N CaCo,
H,0 KCl dS/m cmol,, /kg g/kg g/kg g/kg %
1 6,0 5,7 3,99 15,77 1,13 8,13 14,02 7,2 6,1
2 4,7 4,1 3,35 10,52 0,80 4,35 7,50 5,44 0
3 6,8 6,5 2,14 10,70 0,76 1,59 2,74 2,09 6,8
4 7,9 7,4 1,41 9,27 0,84 3,31 5,71 3,94 3,1
Table 2. General analysis of the soil samples.
Tabla 2. Andlisis generales de las muestras de suelo.
Electrical conductivity (EC) by Bower and Wilcox’s Results

method (1965), expressing the results in dS/m. Ca-
tionic Exchange Capacity (C.E.C.) in ammonium
acetate at pH 7, according to Chapman (1965) and
expressing the results in cmol(ﬂ/kg. Total Nitrogen (N)
using Kjedahl’s method, as described by Duchaufour
(1970), expressing the results in g/kg. Total Organic
Carbon (C) using Anne’s method (1945), modified by
Duchaufour (1970) and expressing the results as g/
kg. Calcium Carbonate Equivalent (CaCO,) using the
Bernald calcimeter volumetric method, after calibra-
ting with Na,CO, R. A. and starting with a suitable
weight of fine sand, depending on its carbonate con-
tent. Results were expressed as CaCO, equivalent
percentages. The Textural Analysis was carried out
using the Robinson pipette method as described by
Kilmer and Alexander (1949). For heavy metal analy-
sis, pulverised samples were sent to the ICP-Masses
Unit of the Scientific Instrumentation Centre of the
University of Granada, where heavy metals were
measured with a mass spectrometer equipped with a
plasma torch ionisation source and quadrupole ion
filter (PERKIN ELMER Sciex-Elan 5.000 for 25 ele-
ments): Mn, Zn, Pb, Cu, As, Sb, Ba, V, Tl, Cr, Co,
Bi, Cd, Ni, Sn, Y, Be, U, Th, Sc, Hg, Mo, In, Se and
Au. Results are expressed in ppm.

Soil samples

General analysis

Table 2 shows the results of the analysis made of the
samples from the four localities.

The pH measured in the soil from the second lo-
cality indicates that the base content is very low,
which may produce severe toxicity fowards other ele-
ments, such as Mn, Zn and Ni (Lépez-Ritas & Lopez
Melida 1990). The pH of the fourth locality soil could
be considered normal if there were larger quantities
of carbonates in the soil, but this is not the case; ra-
ther, it is the presence of large amounts of Na and
Mg that is responsible for the pH of 7,9 recorded
(Lopez-Ritas & Lopez-Melida 1990).

As regards the Electrical Conductivity of the soils,
all but one shows values higher than 2 dS/m, which
indicates that the most sensitive species to the pre-
sence of salts would be affected, although the values
are not so high as to consider these soils as saline.
However, the electrical conductivity is nearer 4 dS/m
in the soil from the first locality, which can be consi-

Samples | <2 2-20 20-50 50-100 | 100-250 | 250-500 | 500-1000 | 1000-2000 Texture
1 9,8 19,3 18,4 15,3 234 9,1 4,2 0,3 sandy loam
2 6,5 20,6 20,9 17,2 18,7 9,8 6,0 0,3 sandy loam
3 10,6 16,4 20,8 16,6 24,8 8,4 2,1 0,2 sandy loam
4 11,2 13,6 8,9 10,7 18,9 18,8 17,0 0,9 sandy loam

Table 3. Textural analysis of the soil samples.
Tabla3. Andlisis textural de las muestras de suelo.
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1 2 3 4

Mn 7232 732,9 859,6 635

Cd 1,155 1,506 1,756 0,765

Zn 417,9 417,6 558,8 225

Ni 24,85 25,17 27,89 20,9

Pb 252 270,4 60,08 76,06 Sn 5,16 3,695 2,904 2,258
Cu 99,21 101,2 97,25 54,18 Y 12,93 13,9 17,12 12,33
As 107,4 127,2 29,82 33,48 Be 1,584 1,452 1,679 1,169
Sb 19,11 19,69 6,2 6,06 U 1,575 1,76 1,532 1,057
Ba 313,9 291,6 310,1 253,6 Th 7,09 7,609 6,495 4,506

\4 80,13 85,83 92,8 76,38

Sc 7,488 8,17 10,32 6,938

Tl 2,053 1,76 0,762 0,644

Hg 0,079 0,056 0,091 0,044

Cr 56,47 54,76 59,45 46,06

Mo 0,586 0,56 0,587 0,283

Co 13,02 13,61 15,7 10,83

In 0,109 0,12 0,084 0,053

Bi 1,367 1,445 0,456 0,488

Se 0 0 0 0

Au 0,149 0,131 0,096 0,093

Table 4. Heavy metal analysis in the soil samples (values expressed in pmm).
Tablad. Andlisis de metales pesados en |as muestras de suelo (valores en ppm).

dered as saline and where most of the species not
adapted to the presence of salts would be affected.
The first locality also has the highest cation exchan-
ge capacity in all the soils.

The C/N ratio is quite low as a result of of the
topmost layer of these soils having been removed. On
the other hand the soils with the highest amounts of
organic matter (the first and second locality) also had
the highest C/N ratios, indicating that soils still pre-
serve some of their potential for productive capacity.
The opposit may be said of the soils from sites three
and four, where the ratio is quite low. As in the pre-
vious case, this is related to the small amount of or-
ganic matter, indicating that these soils have lost some
of this capacity.

As regards soil texture, Table 3 shows that all the
soils were of the sandy loam type, indicating that they
are medium soils, warm and well drained, but with a
low water retention capability. These soils would be
difficult to flood, but neither would they preserve a
good vegetal cover since all the water would be lost
by percolation.

Heavy metals

Table 4 shows the heavy metal concentrations
found in the four soil samples (one per site) and
measured in ppm compared with the mean values
recorded by Simon et al. (1998) a few months af-
ter the mine accident in soils, water and sludges
(Table 5).

In most cases the heavy metal concentration has
clearly fallen, but is still important due to the increa-
sed in concentration of As, Cu, Zn, Pb, Sb, Bi, T1 and
Cd. Due to their toxicity we will study As, Zn, Cd,
Cu and Pb in greater detail.

After the accident As showed mean values of 127
ppm, with maximum values of up to 603 ppm, while
in our soil samples we found mean values of 74,5
ppm, and maximum values of 127,2 ppm. This means
a fall of up to 41,4 % in the concentration of this
metal. However, the level is still above the interven-
tion level of 20 ppm in German (Kolke 1980) and
Canadian (Sheppard et al. 1992) agricultural soils. It
is also above the intervention level in Belgium (45
ppm; Stringer 1990) and in Holland (50 ppm; NMHP-
PE 1991).

Mean Zn levels reached values of about 747,9 ppm
inmediately the accident, with maximum values up
to 2235,2 ppm. The present study shows mean con-
centrations of around 404,8 ppm and maximum va-
lues of 558,8 ppm, reflecting a fall in concentration
of about 45,8 %. These values are below the inter-
vention limits for agricultural soils in Belgium (Prost
1997) and Canada (Sheppard et al. 1992), but are still
above the values found in non contaminated soils
(230,8 ppm).

After the accident, Cu showed a mean concentra-
tion of 132,8 ppm, with a maximum value of 400,8
ppm, while the present study points to a mean con-
centration of about 87,97 ppm and a maximum value
of 101,2 ppm (a fall of 33,75 %). Although these
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sludges SC SNC Mu sludges SC SNC Mu
Mn 787,77 681,9 845,5 737,7 Cd 29,4 2,2 0,5 1,2955
Zn 7187 747,9 230,8 404,8 Ni 20,3 29,1 32,1 24,704
Pb 7996 370,4 41,8 164,6 Sn 10,1 1 0,8 3,5043
Cu 1993 132,8 42,2 87,97 Y 7,6 18,3 16,1 14,071
As 3114 127 18,1 74,46 Be 0,8 1,8 1,9 1,471
Sb 699,8 27,7 2,2 12,77 U 2 1,7 1,8 1,481
Ba 639.,9 292,1 292,9 2923 Th 5 13,9 11,7 6,425
v 43,8 94,7 100,6 83,78 Sc 4 10,9 11,9 8,2285
Tl 54,2 2,1 0,5 1,305 Hg 3,3 0,4 0,4 0,0675
Cr 61 68,5 68,5 54,19 Mo 6,8 0,7 0,2 0,504
Co 47,3 15,9 14,4 13,29 In 2,4 0,2 0,1 0,0915
Bi 68,6 2,6 0,4 0,939 Se 3,1 0,5 0 0
Au - - - 0,1173

Table 5. Comparison between mean values obtained by Simén et al. (1988) and those obtained in our samples (SC: contaminated soils;
SNC: non-contaminated soils; Mu: our samples).
Tabla 5. Comparacién de valores medios de los valores obtenidos por Simon et al. (1988) y los de nuestras muestras de suelo.

15 days 30 days 45 days 60 days 75 days 90 days
1.1 5 10 15 15 15 15
1.2 40 40 40 45 45 45
1.3 35 40 40 40 40 40
1.4 40 40 45 50 50 50
1.5 20 25 25 30 30 30
2.1 5 5 5 10 10 10
2.2 - - - - - -
23 15 15 20 20 25 25
2.4 5 10 10 10 10 15
2.5 25 25 25 25 20 20
3.1 25 30 35 35 35 35
3.2 15 20 25 30 30 30
33 20 15 20 20 20 20
34 10 5 10 15 15 15
3.5 60 60 65 65 65 65
4.1 10 10 10 15 15 15
4.2 5 5 10 10 10 10
43 10 10 15 15 10 10
4.4 35 35 40 40 35 35
4.5 - - - - - -

Table 6. Evolution of bryophytic cover (%) of the samples grouped in localities regarding culture days.
Tabla 6. Evolucién de la cobertura briofitica (%) de las muestras agrupadas por localidades en relacion a los dias de cultivo.
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values are higher than those found in non contami-
nated soils (42,2 ppm), they do not exceed the 100
ppm for intervention level in France (AFNOR 1985)
and Germany (Barth & Hermite 1987), although the
maximum value, which appears in the second locali-
ty, is slightly higher, these value are still over those
found at non contaminated soils (18,8 ppm).

Immediately after the accident, Cd showed mean
concentrations of 2,2 ppm, with a maximum value of
5,7 ppm. In the present study we found mean con-
centrations of around 1,29 ppm with a maximum
value of 1,75 ppm, representing a decrease in con-
centration of 41,1 %. These soils are already below
the intervention level of Belgium (2 ppm; Adriano et
al. 1997), although they are still higher than the va-
lues found in non contaminated soils (0,5 ppm).

The same can be said in the case of Pb, for which
the mean concentration after the accident was around
370,4 ppm, with a maximum value of 1785,5 ppm.
The present study shows mean concentrations of
around 164,6 ppm, with a maximum value of around
270,4 ppm. This represents a decrease in concentra-
tion of 55,5 % meaning that intervention levels for
agricultural soils in Belgium are not reached (300
ppm; Adriano et al. 1997), although still above the

40% -

concentrations found in non contaminated soils (41,8
ppm).

The decrease in concentration of Bi (63,88 %),
Sb (53,91 %) and T1 (37,86 %) mean that there has
been a generalized decrease in the heavy metal con-
centration, except in the case of Mn (8,18 %) and
Sn (250,4 %).

Cultures

The total bryophytic cover of the samples (Table 6,
Figure 2) did not vary substantially during the three
months that the cultivation experiment lasted, al-
though the samples for the second and fourth locali-
ty showed a lower cover than the other samples.

Table 7 presents a list of the bryophyte species
found and the trays in which each appear. The life
strategy type according to During (1979) and the
growth form are also mentioned.

The recovery process of a soil is divided into three
succession stages by many authors (De Las Heras et
al. 1994, Puche & Gimeno 2000). The first of them
is identified as a colonization stage and ussually be-
gins to manifest itself by the appearance of species
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Figure 2. Mean variation of the cover along the study, in the different samples of the studied localities.
Figura 2. Variacion media de la cobertura en las muestras de las diferentes localidades, alo largo del estudio.
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Species N° of trays Life strategie Growing form
Bryum bicolor Dicks. 17 Colonizer Low turf
Funaria hygrometrica Hedw. 17 Fugitive Open turf
Didymodon fallax (Hedw.) Zander 7 Colonizer Low turf
Barbula convoluta Hedw. 7 Colonizer Low turf
Bryum argenteum Hedw. 7 Colonizer Low turf
Barbula unguiculata Hedw. 4 Colonizer Low turf
Bryum caespiticium Hedw. 4 Colonizer Low turf
Bryum torquescens De Not. 3 Colonizer Low turf
Dicranella howei Ren. & Card. 2 Colonizer Low turf
Didymodon Iluridus Hornsch. 1 Colonizer Low turf
Phascum cuspidatum Hedw. 1 Annual shuttle Open turf
Microbryum starckeanum (Hedw.) Zand. 1 Annual shuttle Open turf
Bryum donianum Grev. 1 Colonizer Low turf
Tortula muralis Hedw. 1 Colonizer Low turf
Trichostomum brachydontium Bruch 1 Colonizer Low turf

Table 7. Species found in the different samples (trays) in which they grow, life strategie and growing form.
Tabla 7. Especies encontradas en las diferentes muestras (bandejas), estrategias de viday formas de crecimiento.

such as Funaria hygrometrica, Bryum bicolor and
Barbula convoluta two years after the perturbation.
The second one begins four years after perturbation
and may last for up to ten years. Within this stage,
two substages are recognized, the first a primary com-
petition stage lasting up to ten years after the pertur-
bation and characterized by the appearance of spe-
cies as Bryum capillare, Bryum torquescens or Bar-
bula unguiculata as well as such ephemeral species
as Bryum capillare, Bryum torquescens or Barbula
unguiculata. This is followed by a secondary compe-
tition stage which begins ten years after perturbation,
during which pluriannual or perennial species like
Pleurochaete squarrosa or Homalothecium aureum
appear.

Of note in our study is the presence of Bryum
bicolor and Funaria hygrometrica along with other
species such as Barbula convoluta and Bryum argen-
teum for the frequency with which they occur. The
propagation type and life strategy, as well as the
growing form, may provide valuable information for
identification of the recolonisation phase.

We observed a clear predominance of colonizers,
mainly Bryum bicolor, Funaria hygrometrica and
Barbula convoluta, which represents the initial pha-
se of the colonisation of the bare soil, although we
also found species which belong to a first phase of
competition (Barbula unguiculata and Bryum tor-

quescens) and even some annual shuttle species such
as Phascum cuspidatum, Pottia starckeana.

As regards the growing forms, there was a predo-
minance of turf, either open or low, growing forms
that agree with the colonisation phase.

The distribution in cover values of each one of
the species in the different samples is shown in Table
8.

It can be observed that Bryum bicolor and Funa-
ria hygrometrica appear in almost all the soil sam-
ples and at least one of them is always present. These
two species are followed in abundance by others such
as Didymodon fallax, Barbula convoluta and Bryum
argenteum which are present in seven of the twenty
samples. The first of them appears in all the locali-
ties, while Barbula convoluta does not appear in the
first locality and shows a clear preference for the third
locality, where it is found in four out of the five sam-
ples. Bryum argenteum is more frequent in the first
and third locality, where it grows in three of the five
trays.

There is a group of species that appears in four or
fewer samples, formed of Bryum caespiticium, Bar-
bula unguiculata, Bryum torquescens, Dicranella
howei. The first of them only appears in the samples
of the first and third locality, with a higher frequen-
cy at the former. Barbula unguiculata appears in all



Anales de Biologia 25, 2003 Bryophyte diaspore bank 45

Site 1 Site 2 Site 3 Site 4

N° of tray 1 12 13 14 15 21 22 23 24 25 31 32 33 34 35 41 42 43 44 45
N° of species 4 2 5 5 6 2 0 2 2 4 5 3 5 6 5 3 4 6 5 0
Bryum bicolor 22 1 2 + 2 - -1 2 2 1 22 2 1 2 3 3
Funaria hygrometrica 1 2 1 1 2 1 -2 2 2 2 + 1 P r 2 - 1 +
Didymodon fallax - -1 - 1 - + - - - -1+ - 1+
Barbula convoluta S + 1 1 + -1 -+ 1

Bryum argenteum + - - 1 + - - - - -2 - 2+ - -+ -

Barbula unguiculata S T - - - - +  + - - - -2
Bryum caespiticium - -1 2 3 - - - - - - + - - - -

Bryum torquescens - -2 - 1 - - | - - - - - -
Dicranella howei S L T S - -3 - - -1
Didymodon luridus - - - e e - - - -1 - - - - - -

Phascum cuspidatum S - - - - - |
Microbryum starckeanum S - - - - - |

Bryum donianum S - - - - - 2 - - - -

Tortula muralis + - - - - - - - - - e
Trichostomum brachydontivm - - - - - - - - - - - - S

Table 8. Species that appeared grouped into localities with their cover indexes. + =to 1%, 1 = 1to 10 %, 2 = 10 to 25 %, 3 = 25 to 50 %.
Tabla 8. Especies que aparecen, agrupadas por localidades; con sus indices de cobertura.

Greenhouse uncovered Greenhouse covered 16:8 Photoperiod 12:12 Photoperiod
N° of tray 1.1 24 34 42 43 15 25 33 35 44 12 13 21 32 41 14 22 23 31 45
N° of species 4 2 6 4 6 6 4 5 5 5 2 5 2 3 3 5 0 2 5 0
Bryum bicolor 2 1 2 2 3 + 2 2 2 3 2 1 2 11 2 - - 2
Funaria hygrometrica 12 1 - 1 2 2 1 1 + 2 1 1 + 2 1 - 2 2
Didymodon fallax - - - - 11 + - 1 + 1 - + - - -
Barbula convoluta - - -+ 1 - + o+ 1 - 1 - -1
Bryum argenteum -+ + -+ -2 - - - - - -1 - -2
Barbula unguiculata S -+ -2 - - - - -t - - -
Bryum caespiticium - -+ - -3 - - - - =] - - -2 - - -
Bryum torquescens L L | - - - - -2 - - - - - 1 -
Dicranella howei S - -3 1 - - - - - - e e
Didymodon luridus - - - e - - - - - e - S T
Phascum cuspidatum - - - - 1 - S - - - - e e
Microbryum starckeanum T . - - ..o
Bryum donianum - -2 - - - - - - - - R
Tortula muralis S S - - - - e e
Trichostomum brachydontium - + - - - - - -

Table 9. Species that appeared grouped into treatments with their cover indexes.
Tabla 9. Especies que aparecen, agrupadas por tratamientos, con sus indices de cobertura.
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localities except the second. Bryum torquescens only
appears in first and second locality, with better re-
presentation in the first. Dicranella howei is found
in the third and fourth locality, but only in one of the
five samples of each locality, showing a slightly hig-
her degree of cover in third locality.

Lastly, there is a group of species with a very scant
representation, since they only appear in one of the
twenty samples. These include Didymodon luridus,
Phascum cuspidatum, Pottia starckeana, Bryum do-
nianum, Tortula muralis and Trichostomum bra-
chydontium. Didymodon luridus only appears in the
third locality; Phascum cuspidatum appears in the
fourth, along with Pottia starckeana, in the same sam-
ple; Bryum donianum also appears in the third loca-
lity; Tortula muralis appears in the first and Trichos-
tomum brachydontium appears in the fourth locality.

In general, samples from second locality showed
a lower degree of diversity and cover. If, instead of
comparing each locality, we compare the different
photoperiods we applied to each group of samples,
the results reflected in Table 9 are obtained.

In this case Bryum bicolor and Funaria hygrome-
trica are still the most frequent and abundant, but less
so in the culture chamber with the 12:12 photoperiod,
where we also found two samples with no bryophytes
at all. Following the above species we find Didymo-
don fallax, Barbula convoluta and Bryum argenteum.
The first not appears in photoperiod 12:12, but whe-
re it has the highest presence is in the greenhouse, in
the covered trays, where it appears in four out of the
five trays. Although it also appears under different
conditions, Barbula convoluta shows greater presen-
ce in the greenhouse, especially in the covered trays.
Bryum argenteum however, does not appear under the
16:8 photoperiod but does so under the 12:12 photo-
period. Its greatest presence is shown in the uncove-
red greenhouse trays, where it appears in three of the
five trays.

Barbula unguiculata behaves in a similar way to
Bryum bicolor, appearing in all conditions except the
16:8 photoperiod. However, where it seems to have
the highest presence, though the difference is just one
tray, is in the covered greenhouse trays. Bryum caes-
piticium, on the other hand, appears regardless of the
conditions the tray is exposed to, appearing in one of
the trays of each condition. Bryum torquescens grows
under all conditions but the uncovered greenhouse
trays, while Dicranella howei only appears in the
covered greenhouse trays.

Finally, Didymodon luridus, Phascum cuspidatum,
Pottia starckeana, Bryum donianum, Tortula muralis
and Trichostomum brachydontium, as previously
mentioned, appear in only one of the twenty trays.

Didymodon luridus appears in the trays kept in the
12:12 culture chamber; Pottia starckeana along with
Phascum cuspidatum appears in the uncovered green-
house trays, the same as Bryum donianum, Tortula
muralis and Trichostomum brachydontium.

In general, it can be observed that the samples
showing the lowest cover are those from the culture
chamber, especially those kept under the 12:12 photo-
period. On the other hand, the samples showing the
highest cover were those placed in the greenhouse,
where a further differentiation may be made, those
that were left uncovered with a higher number of
species and those that were left covered. Although the
later produce a lower number of species, they still
have a higher cover than that observed under the other
conditions assayed.

Discussion

The fact that the samples from the second locality
show a lower plant cover, regardless of the culture
conditions, seems to be related with the characteris-
tics of the soil, since these soils have a significantly
lower pH value and a lower carbonate content than
the others. This may imply a certain degree of toxici-
ty on the part of other elements, which, in our case,
are present in the soil in large quantities due to the
spill, such as Mn (732,9 ppm), Zn (417,6 ppm) or Ni
(25,17 ppm). For this reason, too, it is not unexpec-
ted that one of the samples from this site produced
no bryophyte vegetation. Moreover, in the trays whe-
re some growth could be observed, this growth is
solely due to five species Bryum bicolor, Funaria
hygrometrica, Didymodon fallax, Barbula convoluta
or Bryum torquescens, of which, only the first two
appear in most of the samples (Bryum bicolor appears
in three of the five trays and Funaria hygrometrica
appears in four), while the other three species only
appear in one sample. So, it is clear that the second
locality soils remains severely affected by the spill,
due to the their pH, which renders some ions toxic
that under other conditions would not be toxic.

As regards the soils of the fourth locality, the hig-
her pH than that of the other soils is probably due to
the high carbonate content, but this does not explain
the presence of Na and Mg. The presence of Na would
be explained by a high electrical conductivity, which
does not occur, meaning that the high pH is due to
the presence of Mg in the soil. However, the pH va-
lue is very high, which would make this soil toxic for
some plants. This would explain the low cover found
in this locality and the fact that one of the samples
from this site produced no bryophyte vegetation.
Despite this, a great diversity is observed in this lo-
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cality (up to ten different species). Another peculia-
rity of this locality is the low electrical conductivity
of the soils, much lower than in others, but this see-
ms to have no special repercussion on bryophyte
growth; in fact there are some species such as 7Tri-
chostomum brachydontium or Phascum cuspidatum
that only appear in these soils.

In the first and third locality soils, the most ex-
cepcional characteristics are the high electrical con-
ductivity shown by both and the large amount of
organic matter in the first locality. These soils show
the highest values of cover and the lowest diversity.
Indeed, species that are not present in the other two
localities, such as Bryum caespiticium, Didymodon
luridus, Bryum donianum or Tortula muralis, appear
in these two localities
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