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Abstract Mining activities are responsible for high con-
centrations of metals in river networks in many parts of the
world. Mining activities and the resulting high loads of
heavy metals interact with intensive acid rain, and often
have great consequences for biodiversity. However, con-
sidering the frequently episodic nature of these heavy acid
rains, there is little detailed evidence of direct impacts. In
2011 we observed a massive mortality of noble crayfish and
stone crayfish in Padrťsko Special Area of Conservation
(SAC) in the Brdy Mountain region of the Czech Republic.
Based on concentrations of metals (Al, Fe, As, Cd, Pb, Cu,
Zn and Hg) in various tissues (gills, hepatopancreas, mus-
cle) of both dead and live crayfish in this locality compared
to reference populations, these crayfish had experienced
long-term exposure to increased levels of these metals. Here
we give detailed documentation of crayfish mortality asso-
ciated with high metal concentrations in the gills and other
tissues of these endangered invertebrates.
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Introduction

Acidification and high concentrations of metals (Al, Fe, As,
Cd, Pb, Cu, Zn and Hg) both have wide negative impacts on
biodiversity at a global scale (Lampert and Sommer 2007).
Both factors often act simultaneously, with heavy acid rains
lowering water pH and therefore increasing the availability
of toxic heavy metals for organisms from stream sediments
(Singh and Agrawal 2008), often leading to vast con-
sequences for biodiversity. Despite the seriousness of this
problem, information on how heavy or toxic metals influ-
ence individual animal groups in natural aquatic ecosystems
is varied. The situation in fish has been relatively well
documented, with many studies demonstrating an affinity of
metals for various fish tissues (Dalzell and MacFarlane
1999; Peuranen et al. 1994; Poléo et al. 1994; Wauer and
Teien 2010). Some studies have also investigated the
varying accumulation of metals in various organs in cray-
fish, reviewed by Kouba et al. (2010). These studies have
mostly been focused on the accumulation of metals in North
American crayfish species (Al Kaddissi et al. 2012; Alcorlo
et al. 2006; Alexopoulos et al. 2003; Antòn et al. 2000;
Ward et al. 2006), although the accumulation (and/or
depuration) of metals in native European crayfish species
has also been investigated (Antòn et al. 2000; Fjeld
et al.1988; Guner 2010; Meyer et al. 1991; Simon et al.
2000).

The bioaccumulation of metals is a process involving
metals from a polluted environment becoming deposited in
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some tissue. Crayfish readily accumulate metals in various
tissues, and this accumulation is dose- and time-dependent
(Antòn et al. 2000). However, crayfish are considered
relatively resistant animals to environmental contamination,
and common concentrations of metals are usually not
responsible for crayfish mortality (Kouba et al. 2010).
On the other hand, individual metals can lead to many
problems. For instance, Al accumulation can cause behavioral
changes (Alexopoulos et al. 2003), morphological changes in
gills leading to a disruption of ion transport between the
environment and the crayfish body (Fjeld et al. 1988), or
destruction of the immune system (Ward et al. 2006).

Another important process in the relationship between
crayfish and heavy metals is depuration. In addition to a
high concentration of metals in water leading to bioaccu-
mulation, decreasing amounts of metals in a water ecosys-
tem can cause depuration of the accumulated metals from
tissues; e.g., Zn, Cu and Cd can be depurated in only a few
weeks (Guner 2010, Kouba et al. 2010). Therefore, when
evaluating the influence of heavy and toxic metals it is of
great importance to gather data on the dynamics of metal
gradients in the examined stream or to know the approx-
imate time the pollution occurred.

In the spring of 2011 (April to June), there was a massive
mortality of stone crayfish Austropotamobius torrentium
and noble crayfish Astacus astacus in the Klabava stream in
Padrťsko Special Area of Conservation (SAC), in the Czech
Republic. Hundreds of dead or dying individuals were
found along a six-kilometer-long stretch, which is the
only stretch of the stream inhabited by both crayfish
species. Before dying, affected individuals left their
shelters and acted apathetically, and displayed no flight
response. This atypical behavior (compared to the standard
crayfish behavioral elements described by Lundberg
2004) and further mortality lasted until the summer of
2011.

The Klabava stream is acidified as a result of three fac-
tors: (1) atmospheric acidification (from sulfur oxides and
nitrogen emissions); despite a decline in sulfur emissions in
Central Europe in the late 80’s (Kopáček et al. 1998),
acidification continues at some sites; (2) accumulated sulfur
in soil horizons leaching out from the locally-devastated
landscape after mining activities; and (3) a bedrock with
exhausted neutralizing capacity (Psenner and Catalan
1994). Moreover, in January 2011, there was a rapid
snowmelt accompanied by intense rainfall, whereas water
levels were low in the spring.

The aim of this study was to assess the influence of all
these circumstances as possible factors in this mass crayfish
mortality, i.e., stream acidification, heavy and toxic metals
originating from the surrounding landscape, historic pollu-
tion by toxic heavy metals from mining activities, and
weather conditions.

Material and methods

Study area

This study was conducted in the Czech Republic at two sites
on the Klabava stream within the Padrťsko SAC, and at the
Stroupínský stream in a nearby SAC serving as a reference
locality (Fig. 1). These sites had previously been documented
as having sympatric populations of both noble and stone
crayfish (Vlach et al. 2009). The Klabava stream has its
origin in the Brdy Mountains, a region long used for iron ore
mining. Demand from the local mining and glassworks
industries for charcoal led to the destruction of the original
beech-fir forests; since about the end of the 18th century they
have been replaced by fast-growing Norway spruce (Picea
abies) monocultures. Iron ore mining in the area ceased
around the end of the 19th to beginning of the 20th centuries
(Sucharová and Suchara 2004; Žák et al. 2009). Intensive
forestry harvesting still occurs, and emissions containing
toxic metals from a steelworks in nearby Příbram have
negative effects (Hojdová et al. 2011; Sucharová and Suchara
2004; Sucharová et al. 2011). In addition, the bedrock in the
watershed has an exhausted neutralization capacity (see
Results). Streambeds in the affected area have been partly
modified, including the Klabava, which used to flow through
several fish ponds but was diverted to a channel bypassing
the ponds around the year 2000. Endangered crayfish only
occur in natural meanders in a section of the stream from
below the fish ponds to the confluence with the Třítrubecký
stream (the stream section inhabited by both crayfish species
is about 6000m long). The Třítrubecký stream is highly
acidified and has high metal concentrations (e.g., Al) as well
as ANC4.5, and below this point no crayfish occur.

While the Klabava mainly flows through forests and
meadows with two managed ponds, the Stroupínský stream
flows through an agricultural region with several towns.
Both localities can be considered as intermediately polluted,
but oxygen levels are normal (Table 1). The Stroupínský
stream has organic pollution year-round, while higher
BOD5 levels are only found in the Klabava during autumn
when fish ponds are drained.

The average abundance of stone crayfish in the Klabava
is 1.37 individuals m−2 and in the Stroupínský 2.13 indi-
viduals m−2 (Vlach et al. 2009); abundances of noble
crayfish in these stretches have yet to be measured. The
species are partially syntopic in both streams, generally
hiding under stones; burrows, if present, are preferably
inhabited by noble crayfish.

Water quality analyses

Water quality in both studied streams has been analyzed
long-term, with two sampling points in each stream (K1,
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Fig. 1 Map of the observed stream: dashed lines indicate presence of sympatric occurrence of noble and stone crayfish; K1-2…sampling points on
Klabava, S1-2…sampling points on the Stroupínský brook, stars indicate presence of mining input

Table 1 Water quality in the Klabava and the Stroupínský streams

Klabava (Kla.) Stroupínský (Str.) reference site Salmonid waters
(EHP 2006/44/ES)

Variable N Med Min Max N Med Min Max limit value

O2 (mg L−1) 50 10.60 7.30 13.70 120 10.0 7.50 18.7 50% >9

pH 50 7.30* 4.70 8.33 123 8.10* 7.31 9.40 6–9

ANC4.5 3 0.67* 0.36 0.90 3 4.66* 3.20 5.41 –

BOD5 (mg L−1) 49 1.20* 0.50 12.0 119 1.60* 0.70 7.30 <3

CODCr (mg L−1) 48 20.00 6.30 146 102 13.5 4.40 36.0 –

NH4
+ (mg L−1) 49 0.06 0.03 2.84 120 0.05 0.01 1.12 <0.04

Susp. solids (mg L−1) 49 4.80 1.00 647 120 5.20 1.00 111 <25

NO2
− (mg L−1) 49 0.013* 0.005 0.115 120 0.071* 0.004 0.440 <0.01

t (°C) 50 8.20* 0.00 18.9 120 12.2* 0.30 22.50 2% >21.5

Conduk. (µS cm−1) 50 68.5* 27.0 136.5 123 723* 467 1170 –

Ca2+ (mg L−1) 16 10.0* 4.40 19.0 54 67.1* 50.6 89.60 –

Al (µg L−1) 16 414.* 163 4930 46 215* 40.0 2700 –

As (µg L−1) 11 40.1* 9.36 117 4 1.35* 1.00 1.83 –

Cd (µg L−1) 35 0.16 0.05 6.80 5 0.20 0.20 0.20 –

Cu (µg L−1) 14 5.60 1.70 20.10 16 3.60 1.76 21.80 <400

Fe (µg L−1) 49 600* 170 13500 15 157* 20.0 660 –

Zn (µg L−1) 14 11.6 5.40 340 11 11.9 5.0 32.10 <300

Asterisk (*) indicates significant differences between streams (Pairwise Wilcoxon rank sum tests with adjusted p values using the Bonferroni
method, p< 0.05), N…number of samples evaluated, underlined values indicate exceeding the limits for salmonids water in European Union
(following the rule EHP 2006/44/ES)

Toxic and heavy metals as a cause of crayfish mass mortality from acidified headwater streams 263



K2, S1, S2—see Fig. 1). A total of 48 water samples were
taken from 2009–2011 in Klabava (8 samples per year and
sampling point, at seven-week intervals), and 120 water
samples from 2007–2011 in the Stroupínský stream
(12 samples per year and sampling point, at four-week
intervals). More detailed information is shown in Table 1,
and sediment profiles are given in Table 2. Water quality
was conducted using standard methods and equipment
(APHA, AWWA and WEF 2005); sediment was sampled
following European standards (ISO 5667-1:2006). At the
time of the crayfish mortality event (June 8, 2011), water
and sediment samples were taken from the Klabava for the
measurement of standard parameters (pH, ANC4.5, O2,
BOD5, CODcr, NH4

+, NO2
−, NO3

−, Cl−, SO4
2− and P in

total) and metals (Al, Fe, Cd, As, Cu, Zn), as well as being
analyzed for pesticides and petroleum compounds.

Water quality was tested using standard methods and
equipment (APHA, AWWA and WEF 2005); sediment was
sampled following European standards (ISO 5667-1:2006).
Metal analyses were carried out in accredited laboratories of
the State Enterprise Povodí Vltavy (the Vltava River
watershed public management organization, Prague, Czech
Republic) using operating procedures according to the
International Organization for Standardization (ISO) stan-
dards. Pesticides were measured by liquid chromatography-
mass spectrometry using triple quadrupole instrumentation
in Multiple Reaction Monitoring mode. Petroleum com-
pounds were measured using GC/MS.

Crayfish sampling

In June 2011, five dead noble crayfish with total body
length (TL) varying between 77 and 109 mm (x̄= 90.2 mm)
and two dead stone crayfish (with TL of 72 and 54 mm)
with no signs of decomposition were taken from the Kla-
bava for analysis. For comparison purposes, an additional
two noble crayfish (with TL 109 and 65 mm) and 19 stone
crayfish with TL between 51 and 82 mm (x̄= 65.9 mm)
were taken from Klabava in November 2011. The numbers
of crayfish available for this study were constrained by: 1.
the accessibility of dead crayfish without signs of decom-
position; 2. the standard population density of both species

in the locality; 3. the accessibility of the locality (the stream
flows through a prohibited military area); and 4. the fact that
both species are critically endangered.

Because of the lack of information on metal levels in
various organs, especially for the stone crayfish, an addi-
tional 14 crayfish (7 stone crayfish with TL between 54 and
85 mm, x̄= 67.5 mm, and 7 noble crayfish with TL between
61 and 95 mm, x̄= 76.5 mm) were taken from the Strou-
pínský stream to serve as a reference.

Crayfish from both localities were tested for the presence
of the most common pathogens: Aphanomyces astaci
Shikora (crayfish plague) using conventional PCR accord-
ing to Oidtmann et al. (2006) and Vrålstad et al. (2009), and
Thelohania contejeani Henneguy (thelohaniasis) using the
observation of sporoblasts in crayfish muscles (Bower et al.
1994).

Metal analysis

In order to measure metals from various crayfish organs, the
gills, hepatopancreas, and abdomen muscle tissue were
dissected. Hepatopancreas analysis was performed on just
one of the dead individuals, and for crayfish taken live from
both the Stroupínský and Klabava streams, the hepatopan-
creas was only dissected from individuals larger than 50
mm in TL. Samples were homogenized by pulverization,
and then lyophilized and mineralized. Mineralization was
performed on sub-samples weighing from 10 mg (for gills
and hepatopancreas) to 100 mg (for muscle) using high-
pressure microwave digestion in nitric acid and hydrogen
peroxide. This was followed by ICP-MS analysis for Al, Fe,
Cu, Zn, As, Cd, Pb, and Be. When sample amounts were
sufficient, Hg was determined directly from the dry material
on an AMA 254 analyzer using 20–50 mg of homogenized
material.

Statistical analyses

Water quality of both analyzed streams was compared using
pairwise Wilcoxon rank sum tests (with adjusted P values
using the Bonferroni method). Data on metal concentrations
obtained from alive and dead crayfish from the Klabava
stream and alive crayfish from the Stroupínský stream were
compared using Kruskal—Wallis ANOVA; Dunn’s Test
(with adjusted P values using the Bonferroni method) was
used to find individual differences among particular groups.
These non-parametric methods were used because most of
the observed parameters did not have a normal distribution
as found previously by the Shapiro—Wilcox normality test.
Moreover, the data on all crayfish were grouped and after
log-transformation compared with data from the Strou-
pínský stream. Pairwise Wilcoxon rank sum tests (with
adjusted P values using the Bonferroni method) were used

Table 2 Metal concentrations (dry weight) in sediment (mg kg−1)

Variable Klabava Stroupínský brook

Al 17,300 27400

As 406 12.8

Cd <0.8 <0.8

Cu 8.71 31.3

Fe 30,900 35800

Zn 60.7 272
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to test for differences in all groups of metal concentrations
found in particular tissues (gills, muscle, hepatopancreas)
and crayfish occurrence sites (Stroupínský, Klabava). A
non-parametric method was again used because normality
and variance homogeneity assumptions were not satisfied
(using the Shapiro—Wilk normality test and the Bartlett test
of homogeneity of variances).

Results

Individuals that died in the mass mortality were tested for
the presence of Aphanomyces astaci, but no samples tested
positive. Likewise, microscopic examination revealed no
presence of the microsporidian parasite Thelohania
contejeani.

Water analysis from the Klabava at the time of the
mortality did not reveal the presence of any of the tested
harmful parameters (low pH, O2, BOD5, NH4

+, NO2
−,

pesticides, or petroleum products). Although metal con-
centrations (Al, Fe, Cd, As, Cu, Zn) were also not higher in
the period of the mortality, earlier monitoring (see Material
and methods) had found incidents of high concentrations of
Fe (up to 5.7 mg L−1), Al (up to 3.55 mg L−1) and As (up to
108 µg L−1), and pH values as low as 4 (Table 1). The
neutralization capacity of the stream was very low, with
ANC4.5 varying between 0.36 and 0.90. Before capturing
live crayfish, the lower pond on the Klabava had started to
be drained (Fig. 1), and extreme values for some metals
were measured at this site (the maximum values for Al, Fe,
Zn, and As in Table 1). At the reference Stroupínský stream,
no water sample analyzed had low pH, and there were no
high concentrations of metals, even though the sediments
had higher concentrations of Al, Fe, Zn, and Cu (Table 2)
than the Klabava did. The neutralization capacity ANC4.5 in
Stroupínský varied between 3.2 and 5.4.

When comparing data from long-term water quality
monitoring in both streams, many significant (P< 0.05)
differences were found. There were higher amounts of Al
(Z= 2.91), As (Z=−2,81), Fe (Z=−4.72) and CODcr (Z
= 4.02) in the Klabava stream, whereas higher amounts of
BOD5 (Z=−2.57), Ca (Z=−6.04), Cl (Z=−5.52), NO2

(Z=−8.87), NO3 (Z=−10.17), P (Z=−8.73), pH (Z=
−9.36), SO4 (Z=−4.68) and conductivity (Z=−10.30)
were found in the Stroupínský stream (Table 1).

Firstly, three groups of data were analyzed: dead crayfish
from the Klabava, live crayfish from the Klabava, and live
crayfish from the Stroupínský stream. When comparing the
concentrations of Al, Fe, As, Cd and Pb in gills, no sig-
nificant differences were found between the first two
groups. All the crayfish from the Klabava (both live and
dead) had a higher amount of these metals in their gills.
When comparing the total loads of metals in gills, the

differences were similar (see Fig. 2). In contrast, dead
crayfish had a significantly lower concentration of Cu and
higher concentration of Zn in their gills than the two other
groups (Dunn’s Test, z-value >2.39).

The differences in individual metals in muscle between
localities were not as marked as for gills. The only sig-
nificantly greater (P< 0.05) concentrations were of As and
Cd in the muscle of crayfish from Klabava compared to
Stroupínský, while concentrations of Al were significantly
lower from Klabava. Other metals in crayfish muscle did
not show significant differences between the localities
(Table 3.)

The essential elements Cu and Zn showed different pat-
terns than the remaining metals. There were no significant
differences in Cu and Zn in either gills or muscles between
crayfish in the Klabava and the Stroupínský brook, while the
concentration of Cu was significantly higher (P< 0.05) in the
hepatopancreas of crayfish from the less-polluted reference
locality (Table 3, Fig. 6). Higher Cu values (P< 0.05) were
found in the gills of live crayfish at the Klabava and Strou-
pínský brooks compared to dead crayfish.

Total loads of all metals in each crayfish group

Based on these results, the concentrations of all metals in
the tissues of all crayfish (i.e., both crayfish species, as there
were no statistical differences between the species) from
Klabava were compared to concentrations from the refer-
ence Stroupínský stream; significant differences (P< 0.05)
were found between these two sites (Table 3, Figs. 3–8).

Our results confirm those of other authors (e.g., Alcorlo
et al. 2006; Williams et al. 2009) that have found that metal
bioaccumulation differed between crayfish organs. The
median of the sum of all analyzed metals in the gills of

Fig. 2 The total concentration of all metals (Al, As, Cd, Fe, Pb), on
the gills of live (Kla.-L) and dead (Kla.-D) crayfish from the Klabava
and on the gills of live crayfish from the reference site (Str.-Strou-
pínský stream)
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crayfish from Klabava reached a value of 17,421.3 mg kg−1

dry weight (maximum 242,832 mg kg−1), while the median
from Stroupínský was only 3908.8 mg kg−1 (maximum
14,552 mg kg−1). There were also significant differencesT
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Fig. 3 Concentration of Al, in gills, muscle and hepatopancreas of
crayfish (Astacus astacus, Austropotamobius torrentium) from Kla-
bava (Kla.) and from the reference site, Stroupínský brook (Str.)

Fig. 4 Concentration of Fe, in gills, muscle and hepatopancreas of
crayfish (Astacus astacus, Austropotamobius torrentium) from Kla-
bava (Kla.) and from the reference site, Stroupínský brook (Str.)

Fig. 5 Concentration of Zn, in gills, muscle and hepatopancreas of
crayfish (Astacus astacus, Austropotamobius torrentium) from Kla-
bava (Kla.) and from the reference site, Stroupínský brook (Str.)
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(P< 0.05) not just in the total loads of metals in gills but
also for individual metals except for the essential elements
Zn and Cu (Table 3). Concentrations of metals on a kg dry
weight basis were significantly greater (P < 0.05) in gills

than in muscle except for Zn and Hg. Mercury accumula-
tion was significant lower in gills than in muscle. Because
of insufficient sample material, Hg in gills was only ana-
lyzed from four crayfish (mean 0.2± 0.073 mg kg−1), but
when compared to the amount of Hg in the muscle of these
same crayfish, the concentrations were 4× to 13× higher
(mean 1.3± 0.19 mg kg−1).

Discussion

Because of a mass mortality of noble and stone crayfish, we
compared the accumulation of metals in crayfish tissues
from the affected stream and a reference locality. In total, 28
crayfish from the affected Klabava stream and 14 from the
reference Stroupínský stream were studied (of both sexes).
Differences between sexes were not evaluated, since there is
no intersexual difference in the accumulation of metals in
tissues (e.g., Alcorlo et al. 2006; Naghshbandi et al. 2007).

Our analysis found significant differences between
crayfish from the two localities in the accumulation of
metals in the gills. Concentrations of Al, Fe, and other
metals were many times higher in both dead and live
crayfish from the Klabava compared to the reference site.
As in the study of Naghshbandi et al. (2007), the highest
concentration of Fe was found in the gills of Klabava
crayfish. According to a study by Svobodová et al. (2012),
there is a negative correlation between the presence of
crayfish and Fe and Al concentrations in water. Maximal
concentrations of Al in the gills of dead crayfish from the
Klabava were 50× higher (64,000 mg kg−1) than that found
by Alexopoulos et al. (2003) in the American signal cray-
fish Pacifastacus leniusculus (1294 mg kg−1). In that study,
crayfish were exposed to sub-lethal Al concentrations in the
water (0.5 mg L−1) compared to the Klabava stream where
there was a higher amount of heavy and toxic metals.
In addition to Al concentrations in various crayfish
tissues, Alexopoulos et al. (2003) studied changes in
behavior associated with length of exposure to this metal
(0–20 days). After 15 days of exposure to Al, crayfish
stopped moving and did not respond to prodding with a
probe (Alexopoulos et al. 2003). Similar behavior was
observed in Klabava crayfish, which left their shelters even
during the day, lay on the bottom of the stream without
moving, and occasionally tried to leave the current or lay
apathetically in the shallows or completely out of the water.

The median concentration of carcinogenic and terato-
genic Cd in the water of the Klabava was 0.16 µg L−1, but
Cd concentrations in the muscle of living crayfish some-
times reached up to 1.7 mg kg−1 and even 38 mg kg−1 in
the hepatopancreas. This shows that even under relatively
low concentrations in the water, with only one outlying high
value of 6.8 µg L−1 measured during our study, toxic Cd

Fig. 6 Concentration of Cu, in gills, muscle and hepatopancreas of
crayfish (Astacus astacus, Austropotamobius torrentium) from Kla-
bava (Kla.) and from the reference site, Stroupínský brook (Str.)

Fig. 7 Concentration of Cd, in gills, muscle and hepatopancreas of
crayfish (Astacus astacus, Austropotamobius torrentium) from Kla-
bava (Kla.) and from the reference site, Stroupínský brook (Str.)

Fig. 8 Concentration of As in gills, muscle and hepatopancreas of
crayfish (Astacus astacus, Austropotamobius torrentium) from Kla-
bava (Kla.) and from the reference site, Stroupínský brook (Str.)
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can accumulate in high concentrations in some tissues,
especially the hepatopancreas. This high concentration of
Cd in the hepatopancreas indicates repeated high episodes,
which were not recorded; however, during our monthly
water quality monitoring. Moreover, Cd is rapidly depu-
rated from crayfish tissues (Guner 2010) and the lasting
high amounts of Cd also supports these supposed episodes
with high stream levels of Cd. Limits of Cd in muscle for
biota (0.016 mg kg−1, IRIS) were exceeded in 22 out of 28
crayfish from the Klabava.

Even though these crayfish species are protected in the
Czech Republic and their consumption is prohibited,
another indicator of acceptable levels of Cd loads is Eur-
opean Commission Regulation No 629/2008 for certain
contaminants in foodstuffs for crayfish meat, which sets
the highest acceptable level at 0.5 mg kg−1 wet weight.
Although Simon et al. (2000) did not consider the bioac-
cumulation of Cd in crayfish tissues to be a risk to crayfish
predators (including humans), our study shows that half of
the crayfish from the Klabava exceeded the acceptable limit
for consumption. Dalzell and MacFarlane (1999) demon-
strated unsafe high concentrations of metals in the gill
filaments of aquatic organisms, and found non-dissolved Fe
compounds in the III oxidation state covering the gill fila-
ments of fish, which decreases the respiratory surface area
of the gill and can lead to death by asphyxiation. According
to the studies of Fjeld et al. (1988) and Alexopoulos et al.
(2003), the toxicity of freshly neutralized Al to the signal
crayfish is largely due to its extracellular interaction with
the gill, resulting in asphyxiation and osmoregulatory dys-
function. Al-hydroxides may easily bind to the gill surface
(Wilkinson and Campbell 1993), where negatively charged
sites act as Al polymerization nuclei. Repeated episodes of
such anomalies on the gills of crayfish caused by sub-lethal
Al concentrations (0.5 mg L−1) can lead to hypoxia and
weaken the immune system, and can thus be even more
harmful than direct Al toxicity (Ward et al. 2006). Alex-
opoulos et al. (2003) showed that exposure to sub-lethal Al
concentrations for 15 days led to a complete lack of a flight
response in signal crayfish. Other studies on toxic metals
have shown that chronic loads can appear in high con-
centrations in the hepatopancreas of crayfish even though
during acute episodes there are higher concentrations
in gills, for instance Cd (Al Kaddissi et al. 2012; Meyer
et al. 1991).

Crayfish in the Klabava are repeatedly exposed to high
metal concentrations, which mainly occur in runoff during
heavy rains or snowmelt from acidification-damaged spruce
monoculture forests with highly degraded soils or from old
mine drainage. For instance, in January 2011, there was a
rapid snowmelt accompanied by intense rainfall, whereas
water levels were low in the spring. Crayfish are also
endangered here when fish ponds are drained for harvesting

because their sediments are contaminated with toxic metals.
For these reasons, there were no significant differences
between crayfish dying in the spring and live crayfish
caught after pond draining in autumn. These expositions are
presumably recurring because the level accumulation of Cd
was high in both dead and live crayfish from Klabava and
Cd is rapidly depurated from crayfish tissues (Guner 2010).

The different patterns in the essential elements Cu and
Zn (there were no difference in these metals in gills between
the polluted and the reference stream) could also be asso-
ciated with the rapid depuration of these metals (Kouba
et al. 2010).

On the other hand, the presence of ponds in the water-
shed is partly responsible for the continued occurrence of
crayfish. The acidification processes mentioned above
occasionally decrease stream pH level below 5; this pH
level is usually considered as a limiting factor for the pre-
sence of crayfish (Nyström 2002). Moreover, lower pH
affects reproduction processes (Appelberg 1984) as well as
disturbed Ca metabolism leading to exoskeleton defects
(France 1983). However, the ponds in the watershed are
managed, with liming performed to prevent lower Ca levels.
In addition, the accumulation of water plays an undisputable
role in buffering lower pH. Unfortunately, a bypass was
recently built around the biggest pond, which has resulted in
the acidified precipitation from tributaries flowing directly
into the Klabava without buffering. Moreover, crayfish
don’t occur below the confluence with the Třítrubecký
stream, a highly acidified tributary.

Crayfish from the Klabava had extremely high con-
centrations of Al and Fe in the gills and of As and Cd in
muscle (Figs 3, 4, 7, and 8) compared to concentrations in
the gills and muscles of crayfish from the reference Strou-
pínský stream. The mass crayfish mortality, lasting more
than three months, was thus probably due to a combination
of the negative influence of extracellular interactions of
individual metals (Al, Fe, As, Cd and Pb) with the gill
epithelia, resulting in hypoxia and osmoregulatory stress, as
well as the chronic effects of toxic metals and bioaccumu-
lation of these metals in crayfish tissues (As and Cd). Both
factors can lead to a weakening of the immune system,
making crayfish more susceptible to lethal infections from
commonly occurring bacteria in the water. However, our
data did not allow us to determine whether low concentra-
tions of Cu in dead crayfish from polluted localities con-
tributed to weakening their immune systems and thus if this
played a role in the mortality.
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