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INTRODUCTION

An alarming number of reports about declines of fish
populations in various streams around the world have
been published over the past few decades (Bruton
1995, Duncan & Lockwood 2001, de Lafontaine et al.
2002, Cook et al. 2003, Faller et al. 2003, Fu et al. 2003,
Laë et al. 2004, Quirós 2004, Burkhardt-Holm et al.
2005, Keiter et al. 2006, Suski & Cooke 2007, Sarkar et

al. 2008) and have led to increasing public and scien-
tific concern. In the Upper Danube River (southern
Germany), such a decline of fish catch has been docu-
mented since the beginning of the 1990s. Despite
intensive and continuous stocking programs and sig-
nificant improvement of water quality since the 1970s
(LFU 2004), several fish species, in particular grayling
Thymallus thymallus, have been decreasing continu-
ously (Wurm 2001, Keiter et al. 2006). In the context of
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revealed no differences, ultrastructural investigations indicated severe disturbance of hepatic cell
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both control fish and field fish from the less contaminated site Riedlingen. The ultrastructural analy-
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Ehingen. Even though a straightforward cause-effect relationship between sediment contamination
and ultrastructural alterations could not be established, based on a meta-analysis and toxicity assays
it may be suggested that sediment-bound xenobiotics at least partly account for the hepatocellular
changes. A relationship between impaired fish health status and the decline of fish catches along the
Upper Danube River cannot be excluded.
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a comprehensive weight-of-evidence approach (for
design of such studies cf. Chapman & Hollert 2006), a
series of studies have been conducted over the past
5 yr in order to identify potential factors that might be
responsible for the decline in fish catches in the Upper
Danube River. Within these studies, a significant eco-
toxicological impact of sediments at different locations
along the Danube River has been detected by both
acute and mechanism-specific bioassays (Keiter et al.
2006, 2008, Otte et al. 2008, Seitz et al. 2008). However,
the relevance of the detected sediment contamination
for the observed fish decline has not yet been clarified.

In many cases, impairment of natural fish popula-
tions is due to immediate contaminant impacts or nat-
ural environmental stressors (e.g. temperature varia-
tion, habitat modification, sediment loading), or, more
likely, the consequence of a combination of both nat-
ural and human-induced perturbations (Adams et al.
1992, Burkhardt-Holm et al. 2005). Due to the physico-
chemical and biological complexity of most aquatic
systems, linking a specific response at higher levels of
biological organization (e.g. population growth and
reproduction) to contaminant-induced effects is a huge
challenge (Segner & Braunbeck 1998). In an attempt to
elucidate causal relationships between effects at dif-
ferent levels of biological organization, the potential
utility of biomarkers for monitoring both environmen-
tal quality and the health of organisms inhabiting the
polluted ecosystems has received increasing attention
during the last few years (Lopes et al. 2001, de la Torre
et al. 2005, Mdegela et al. 2006, Minier et al. 2006). For
the assessment of the consequences of waste water
release and agricultural activities to fish populations in
stream systems, a combination of structural indicators
and biochemical biomarkers has been recommended
(Adams et al. 1989, 2000, Braunbeck & Völkl 1991,
1993, Oulmi et al. 1995, Zahn et al. 1995, 1996, Segner
& Braunbeck 1998, Hinton et al. 2001, Triebskorn et al.
2001, 2007, Castano et al. 2003). Cellular biomarkers
including histopathological and ultrastructural effects
represent an intermediate level of biological organiza-
tion between lower-level biochemical effects and
higher-level individual and population effects. These
types of responses typically occur earlier than repro-
ductive changes and are more sensitive than growth or
reproductive parameters and, as integrative parame-
ters, provide a better evaluation of organism health
than a single biochemical response (Triebskorn et al.
1997, Segner & Braunbeck 1998).

The present investigation was designed to evaluate
the health status of field fish in the Upper Danube
River by means of fish liver ultrastructure. Changes in
liver cytology was used as a biomarker because of its
central role in uptake, accumulation (Couch 1975,
Gluth et al. 1985), biotransformation (Bieberstein &

Braunbeck 1998), as well as elimination of xenobiotics
(Köhler 1990). Ultrastructural investigations of liver tis-
sue of vertebrates and invertebrates have repeatedly
been shown to be useful tools to characterize the
health status of organisms (Braunbeck et al. 1989,
Braunbeck & Völkl 1993, Triebskorn et al. 2001) and
also provide valuable and simple measurements of
degraded environmental conditions (Braunbeck et al.
1990a, Biagianti-Risbourg & Bastide 1995, Oulmi et al.
1995, Braunbeck & Strmac 2001, Gernhöfer et al.
2001). Fish histology may also serve as an additional
line of evidence for the evaluation of the relevance of
in vitro investigations for the situation in the field
within complex weight-of-evidence studies (Chapman
& Hollert 2006). As an additional integrative indicator
of general fish condition (Mayer et al. 1992), the condi-
tion factor (CF) was determined for each fish. Due to its
benthic lifestyle and exposure to sediments, the com-
mon barbel Barbus barbus L. was selected as the test
organism. The barbel has also been reported to be
declining in fish catches in the Upper Danube River
(Wurm 2001, Keiter et al. 2006).

The main objectives of the present study were to (1)
determine the health status of field fish from different
locations in the Upper Danube River, (2) determine
sublethal in situ responses and elucidate whether
these can be correlated with adverse effects of sedi-
ments which have been documented in vitro studies,
and finally (3) consider additional information about
potential causes for the fish-catch decline.

MATERIALS AND METHODS

Sampling sites. Field fish were captured by elec-
trofishing at 3 locations along the Danube River
(Fig. 1). The sampling sites were selected according to
suspected differential sediment contamination, as
documented by previous ecotoxicological studies at
the same locations (Keiter et al. 2006, 2008, Seitz et al.
2008) and/or because of their exposure to sewage
treatment plant effluents. Sediments from the Danube
River at Riedlingen were considered less contami-
nated than those at Rottenacker and Ehingen. Control
fish were taken from locations in the Rhine River (C-
Rhine) as well as the Danube River at Riedlingen (C-
Riedlingen). Control fish were transferred to the labo-
ratory and allowed to acclimate under specific con-
ditions for at least 30 d in 400 l tanks (i.e. in purified
tap water, under constant aeration and a 12 h light:
12 h dark cycle at 15°C). Fish were fed daily with
3 mm pellets of commercially available trout feed and
once a week with freeze-dried chironomid larvae. To
minimize variations due to age and weight differences
of the samples at each location, 6 ind. with compara-
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ble weight, length, and age were selected for each
group.

Anesthetization and dissection. Field fish were dis-
sected immediately upon sampling; control fish were
dissected in the laboratory after appropriate periods of
maintenance. Prior to dissection, fish were anes-
thetized by immersion in a saturated aqueous solution
of ethyl-4-aminobenzoate (benzocaine; Sigma), and
body weight and length were determined. To guaran-
tee optimal fixation of the liver, fish were perfused in
situ via the ventricle as described previously (Braun-
beck et al. 1987). Briefly, after perfusion with ice-cold
perfusion fixative (1.5% glutardialdehyde, 1.5% form-
aldehyde [freshly prepared from paraformaldehyde],
2.5% polyvinylpyrrolidone [PVP] in 0.1 M sodium
phosphate buffer, pH 7.6), the anterior portion of the
liver was excised and transferred into perfusion fixa-
tive for at least 30 min at 4°C. Liver samples were then
cut into pieces of 1 to 2 mm length and rinsed 3 times
in cacodylate buffer (0.1 M, pH 7.6). Fixation was con-
tinued in 2.5% glutardialdehyde in 0.1 M sodium
cacodylate buffer (pH 7.6) containing 4% PVP and
0.05% calcium chloride for 1 h at 4°C. After duplicate
rinsing in cacodylate buffer, tissue blocks were post-
fixed in 1% osmium ferrocyanide (Karnovsky 1971) for
2 h at 4°C. After repeated rinsing in 0.1 M cacodylate
and 0.05 M maleate buffers (pH 5.2), the tissue was
stained en bloc with 1% uranyl acetate in maleate
buffer for at least 1 h at 4°C. The specimens were
dehydrated in a graded series of ethanol and embed-
ded in Spurr’s resin (Spurr 1969). Ultrathin sections of
50 to 100 nm thickness were stained with alkaline lead
citrate (Reynolds 1963) for 2 min and examined for

histo- and cytopathological alterations under a Zeiss
EM 10 electron microscope.

Semi-quantitative assessment of ultrastructural
alterations. To assess ‘health status’, ultrastructural
changes in the liver were classified into the following 4
categories: ±, without pathological findings; +, moder-
ately developed; ++, strongly developed; and +++, very
strongly developed. For each test group, the livers of
6 ind. (except for Site Ehingen, where only 4 fish could
be caught) were studied by investigation of at least 5
sections per liver from each test specimen under the
electron microscope, and the conditions of the cell
organelles were assessed.

CF was calculated as CF = (W × 100) × L–3 with W =
body weight (g) and L = length (cm) (Bagenal & Tesch
(1978). One-way ANOVA followed by a Bonferroni t-test
was used to determine significant differences between
the individual fish groups. Statistical analyses were con-
ducted using SigmaStat 3.5 (SYSTAT Software).

RESULTS

Condition factor (CF)

The mean CF of the control fish groups and of the
field fish collected at 3 sampling sites of the Upper
Danube River ranged from 0.69 (C-Rhine) to 0.98
(Ehingen) (Fig. 2). There were no significant differ-
ences between individual field sampling sites or
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Fig. 1. Sampling sites ( ) along the Danube River between
Sigmaringen and Ulm. s+: Sewage treatment plants (>10 000

residents according to LFW 2005)
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Fig. 2. Barbus barbus. Condition factor (CF) of control groups
(C-Rhine and C-Riedlingen) and field fish groups (Riedlin-
gen, Rottenacker, and Ehingen). Number of sampled fish was
4 (Ehingen) or 6 (all other groups). Data are presented as box
plots indicating the median (solid line), the mean (dashed
line), standard deviations (whiskers) and 25% and 75% per-
centiles (upper and lower limit of the shaded bar). *Signifi-
cant differences between the individual fish groups and
control group C-Riedlingen (1-way ANOVA, Bonferroni

t-test; p < 0.05)
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between sampling sites and control fish from Riedlin-
gen; however, the mean CF of control fish from the
Rhine River (C-Rhine) was significantly lower than CF
values of control fish from Riedlingen (C-Riedlingen)
and of all field fish groups (p < 0.05).

Liver ultrastructure

Alterations in liver ultrastructure were found in all
field fish compared to control fish, but the prevalence
and the severity differed between the individual sam-
pling sites. A semi-quantitative evaluation of ultra-
structural organization of hepatocytes from field fish
compared to control fish is given in Table 1.

Control fish

The ultrastructural organization of hepatocytes of the
control fish from the Rhine River as well as from the

Danube River at Riedlingen (Fig. 3) was basically iden-
tical and resembled the description of liver of control
barbel Barbus barbus as described by Hugla & Thomé
(1999). Overall, the appearance of the liver of control
fish showed a remarkable homogeneity between indi-
vidual hepatocytes. The animals mostly displayed a
compact homogeneous liver parenchyma, in which for-
eign cells such as macrophages were only rarely seen.
Generally, the liver parenchyma comprised hepato-
cytes, stromal cells including endothelial cells and Ito
cells, as well as extracellular spaces including the space
of Disse, sinusoids, and bile canaliculi.

The hexagonal hepatocytes were characterized by a
system of stacked cisternae of rough endoplasmic
reticulum (RER) arranged in parallel and in the vicinity
of the centrally located spherical nucleus; RER cister-
nae were associated with a few mitochondria and other
cell organelles such as small lysosomes and peroxi-
somes. One to 2 Golgi fields consisting of 2 to 4 slim,
short cisternae were consistently found in close prox-
imity to the nucleus indicating low activity (low num-
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Fig. 3. Barbus barbus. Transmission electron micrograph of control fish hepatocytes. The liver is highly regular in appearance and
the hepatocytes show a clear compartmentation into a central, perinuclear, and peribiliar organelle-rich area and extended
peripheral cell areas with storage material mainly consisting of glycogen (Gly). Around the centrally located nucleus (Nu), few
non-fenestrated lamellae of the rough endoplasmic reticulum (RER) and only a few mitochondria (Mito) and peroxisomes

(Perox) can be observed. Nuc: nucleolus; Ld: lipid droplet; Hc: heterochromatin. Scale bar = 4 µm
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ber of small Golgi vesicles), and the smooth endoplas-
mic reticulum (SER) was only slightly developed. The
cellular organization showed a clear compartmenta-
tion into a central, organelle-rich area and extended
peripheral cell areas with storage materials predomi-
nantly consisting of glycogen (‘intracellular compart-
mentation’, cf. Braunbeck et al. 1990b).

Field fish from the Danube River

Riedlingen. The liver ultrastructure of field fish from
Riedlingen differed only moderately from that of
control animals (Fig. 4). As in control fish, hepato-
cytes were well-compartmentalized; lysosomes, peroxi-
somes, macrophages, and myelin-like bodies could
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Ultrastructural alteration Site
Riedlingen Rottenacker Ehingen

Hepatocyte
Deformation of cell shape + ++ ++
Disturbance of intracellular compartmentation + +++ ++
Nucleus
Deformation of the nuclear envelope +++ ++ ±
Decrease of heterochromatin ± ++ ±
Marginalization of heterochromatin ++ ± ++
Augmentation of nucleoli +++ +++ ±
Mitochondria
Proliferation + +++ ++
Increased heterogeneity in size and morphology + +++ ++
Irregular distribution + +++ +++
Association with RER cisternae + ± ±
Association with peroxisomes + ++ ±
Peroxisomes
Proliferation ± +++ ++
Formation of clusters ± +++ +
Rough endoplasmic reticulum
Proliferation ± +++ ++
Formation of RER stacks ± ++ ++
Fragmentation ± + ++
Dilation ± +++ +
Vesiculation ± +++ ++
Smooth endoplasmic reticulum
Proliferation ± ± +++
Golgi fields
Proliferation + ++ ++
Increased secretory activity/vesicles + ++ +++
Dilation of cisternae ± +++ ++
Lyosomal elements
Proliferation ± +++ ++
Heterogeneous inclusions ± ++ ++
Myelin-like bodies ± ++ +
Multivesicular bodies ± ++ +++
Lipid droplets
Proliferation ± ++ ±
Association with mitochondria +++ + ++
Lipid clusters ++ ++ ±
Glycogen
Reduction ± +++ ++
Irregular density ± ++ ++
Additional findings
Increased amount of macrophages + +++ +++
Necrotic cells ± ++ ++

Table 1. Barbus barbus. Semi-quantitative assessment of ultrastructural alterations in the livers of field fish compared to control
fish. ±: without pathological findings; +: moderately modified; ++: strongly modified; +++: very strongly modified
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only rarely be observed (Fig. 4a). Ultrastructural differ-
ences included elevated morphological heterogeneity
of mitochondria, slightly increased numbers of RER
cisternae, lipid droplets, and mitochondria, as well as a
more intimate association of mitochondria with lipid
droplets (Table 1, Fig. 4b,c). Furthermore, numerous
hepatocytes were characterized by morphological
changes of the nuclei such as pronounced deformation
of the nuclear envelope, an increasing tendency of the
heterochromatin to condense in the nuclear periphery,
and an augmentation in the number of nucleoli
(Fig. 4a).

Rottenacker. In comparison to controls, the ultra-
structural organization of the liver of fish caught at Rot-
tenacker appeared markedly altered (Fig. 5). Gener-
ally, the appearance of the liver of fish caught at
Rottenacker showed a remarkable heterogeneity
between individual hepatocytes (Fig. 5a). The most
obvious differences were a loss of the cellular compart-
mentation and drastic glycogen depletion. The number
of cell organelles was strongly increased, and or-
ganelles were distributed irregularly throughout the
entire cytoplasm. The RER showed numerous struc-
tural alterations including proliferation, fragmentation,
dilation, and vesiculation of cisternae (Fig. 5a,b,h).
Mitochondria were highly heterogeneous in size and
morphology (Fig. 5i), and a close association of mito-
chondria and peroxisomes was evident (Fig. 5f).
Numerous hepatocytes displayed a deformation of cell
shape as well as a deformation of the nuclear envelope.
Lipid droplets and peroxisomes often accumulated to
form small clusters (Fig. 5a,j). Golgi fields were charac-
terized by an increased number of cisternae (5 to 6, in
contrast to 2 to 4 in controls), which were often fenes-
trated. Additionally, lyosomal elements (lysosomes,
myelin-like bodies, vacuoles) were markedly in-
creased in number and size in Rottenacker barbel
(Fig. 5d,e). Large electron-dense secondary lysosomes
were detected, mainly located close to the bile canali-
culi. Further pronounced changes were increases in
the numbers of macrophages (Fig. 5g) and necrotic
cells (Fig. 5c) as well as an increase in the amount of
moderately electron-dense, flocculent membrane-like
and vesicular materials (‘ghosts’) in the cytoplasm as
well as in the intercellular spaces (Fig. 5k).

Ehingen. Compared to the controls, the ultrastructural
image of the liver of field fish from Ehingen showed con-
spicuous modifications (Fig. 6), which basically resem-
bled those of field fish from Rottenacker. Alterations (that
were also found in field fish from Rottenacker) included
changes in the distribution and localization of organelles
within hepatocytes, a distinct reduction of glycogen
stores combined with a proliferation of lyosomal ele-
ments (e.g. lysosomes, myelin-like bodies, vacuoles) and
other cell organelles (e.g. mitochondria, RER, Golgi

fields), an elevated heterogeneity of mitochondrial size
and form, an increase of membrane-like and vesicular
material in the cytoplasm and in the intercellular spaces,
an increase activity of the Golgi fields, and a prominent
macrophage infiltration of the tissue (Fig. 6a,b,e). As a
result, hepatocellular compartmentation was no longer
evident, and the liver parenchyma showed conspicuous
heterogeneity. Furthermore, the RER showed numerous
structural alterations including proliferation, fragmenta-
tion, and vesiculation of cisternae, and transformation
into concentric membrane whorls; however, this was to a
lesser extent than in field fish from Rottenacker. Even
though the nuclei in most cells displayed no obvious al-
terations, in some hepatocytes the chromatin content
was completely condensed (Fig. 6d). The most conspic-
uous change in the livers of Ehingen barbel were in-
creased amounts of SER, which were randomly distrib-
uted as an irregularly shaped network of branching and
anastomosing cisternae between glycogen rosettes
(Fig. 6b,c). A further feature specific to fish caught at
Ehingen was the appearance of sizable, ovoid melano-
macrophages in the intercellular spaces (Fig. 6g). Finally,
numerous necrotic cells could be found between the
hepatocytes (Fig. 6f).

DISCUSSION

Condition factor (CF)

Gross health indices such as the CF have been
accepted as integrative indicators of general fish con-
dition and are thought to provide information on
energy reserves and possibly the ability of animals to
tolerate toxicant challenges or other environmental
stresses (Mayer et al. 1992). In the present study, mean
CF values differed only slightly between field fish from
contaminated sites and control fish from Riedlingen.
Likewise, CF values of Danube fish (0.9 to 1.0) were
similar to those reported for another field study with
barbel (1.0 to 1.2; Flammarion & Garric 1997). Accord-
ing to Bernet & Segner (2004), a CF value of between
0.8 and 1.2 indicates no deviation from the normal sta-
tus. However, the mean CF value of control fish from
the Rhine River was significantly lower than that of the
control fish from Riedlingen and any Danube field fish
group, indicating an impaired condition of Rhine fish.
For our observations, this may be due to the fact that
control fish from the Rhine River behaved differently
compared to control fish from Site Riedlingen during
the entire period of captivity. Whereas control fish from
Riedlingen adapted very rapidly to laboratory condi-
tions, fish caught in the Rhine River consistently
showed a higher sensitivity to human interference (e.g.
during daily feeding, cleaning, control of water condi-
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tions and oxygen supply). Therefore, the lower CFs in
Rhine fish may be due to reduced food uptake and
increased energy consumption during elevated loco-
motion under stress situations.

Consequently, our results do not seem to indicate a
relationship between site-specific stress and variable

pollution levels. In fact, this is consistent with other
field studies that failed to identify correlations between
environmental pollution levels and CFs of fish (Adams
1990, Flammarion & Garric 1997, Burkhardt-Holm &
Scheurer 2007, de la Torre et al. 2007, Hinck et al.
2007). According to Huuskonen & Lindstroem-Seppae
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Fig. 4. Barbus barbus. Ultrastructural organization of hepatocytes of field fish from Site Riedlingen. (a) Typical hepatocyte with a
clear cellular compartmentation and large peripheral amounts of glycogen (Gly). The nucleus (Nu) shows a pronounced deforma-
tion of the nuclear envelope, an increasing tendency of the heterochromatin (Hc) to condense in the nuclear periphery, and an
augmentation of the number of nucleoli (Nuc). Scale bar = 2 µm. (b,c) Mitochondria (Mito) are highly heterogeneous in size and
morphology and a close association of mitochondria and lipid droplets (Ld) is evident. Gof: Golgi fields; RER: rough endo-

plasmic reticulum. Scale bar = (a) 1 µm and (b) 0.5 µm
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Fig. 5. Barbus barbus. Ultrastructural organization of hepatocytes of field fish from Site Rottenacker. (a) The appearance of the
liver shows a remarkable heterogeneity between individual hepatocytes. The number of cell organelles is strongly increased, and
organelles were distributed irregularly throughout the entire cytoplasm, resulting in a loss of cellular compartmentation. While
the amount of glycogen (Gly) is significantly reduced, the number of lipid droplets (Ld) is markedly increased. Scale bar = 7 µm.
(b) In numerous hepatocytes, the rough endoplasmic reticulum (RER) is dilated and vesiculated, and an augmentation of the
number of nucleoli (Nuc) can be observed. Scale bar = 3 µm. (c) Necrotic cells (Nec) are frequently found in the liver parenchyma.
Scale bar = 5 µm. (d) Proliferation of the RER and increasing numbers of large lysosomes (Lys) with membrane-like and vesicular
material. Scale bar = 4 µm. (e) Cluster of Lys with electron-dense inclusions. Scale bar = 0.5 µm. (f) Close association of mitochon-
dria (Mito) and peroxisomes (Perox). Scale bar = 1 µm. (g) Macrophage (Mag). Scale bar = 4 µm. (h) Dilated and vesiculated RER.
Scale bar = 0.5 µm. (i) Deformation of Mito. Scale bar = 0.5 µm. (j) Cluster of Perox. Scale bar = 1 µm. (k) Moderately electron-
dense, flocculent membrane-like and vesicular material (‘ghosts’) in the intercellular space. Scale bar = 1 µm. Ery: erythrocyte;

Nu: nucleus
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(1995), CF values depend on the availability of nutri-
ents in the water rather than on water pollution or
other stress factors, and thus, for our investigation, it
may be possible that this parameter is apparently not
sensitive enough to be used as a biomarker of environ-
mental contamination.

Ultrastructural investigations

In contrast, the ultrastructural investigations revealed
conspicuous and consistent differences between con-
trol fish and field fish as well as between field fish from
differently contaminated sites. Whereas modifications
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Fig. 6. Barbus barbus. Ultrastructural organization of hepatocytes of field fish from Site Ehingen. (a) The hepatocytes display a
disturbed cellular compartmentation, an invasion of macrophages (Mag), and a massive decrease of storage products.
The amount of organelles, e.g. rough endoplasmic reticulum (RER), smooth endoplasmic reticulum (SER), mitochondria (Mito),
and lysosomes (Lys), is markedly increased. Mitochondria are highly irregular in size and shape. Scale bar = 4 µm. (b) In numer-
ous hepatocytes, the amount of SER is markedly increased. The organelles are randomly distributed throughout the cell, and Mag
with remnants of hepatocytes can be found. Scale bar = 2 µm. (c) SER can be found in intimate association with Golgi fields (Gof)
as an irregularly shaped network of branching and anastomosing cisternae. Peroxisomes (Perox) display slight morphological al-
terations and are mostly concentrated in fields of dilated and fenestrated RER cisternae. Scale bar = 1 µm. (d) Split nucleus (Nu)
with condensed chromatin. Scale bar = 2 µm. (e) Mag. Scale bar = 1 µm. (f) Necrotic cell (Nec). Scale bar = 0.5 µm.

(g) Melano-macrophages (Mel) in the intercellular space. Scale bar = 2 µm. Ery: erythrocyte; Nuc: nucleolus
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in the liver of field fish from Riedlingen were restricted
to nuclear changes, liver ultrastructures of fish from
Rottenacker and Ehingen were markedly altered. The
most obvious ultrastructural alterations observed in the
hepatocytes of field fish from Rottenacker and Ehingen
were proliferation, modified structure and irregular dis-
tribution of almost any cell organelle system, as well as
a drastic reduction of glycogen contents, eventually re-
sulting in a complete loss of cellular compartmentation.
Similar cellular changes were observed in several stud-
ies investigating the health status of different fish spe-
cies from polluted streams (Hugla et al. 1995, Trieb-
skorn et al. 1997, Schramm et al. 1998, Gernhöfer et al.
2001), or exposed to contaminated sediments (Wu et al.
1999) as well as various xenobiotics (Oulmi et al. 1995,
Braunbeck & Appelbaum 1999, Hugla & Thomé 1999,
Triebskorn et al. 2004, 2007).

Generally, most of the liver reactions observed can
be interpreted as symptoms of elevated stress of fish
during mobilization of energy reserves and as evi-
dence of morphological restructuring in adaptation to
the need for intensified metabolization/detoxification
capacities (Segner & Braunbeck 1998, Triebskorn et al.
2004). Likewise, nuclear changes such as marginaliza-
tion of heterochromatin, deformation of the nuclear
envelope, augmentation of nucleoli, enhanced mor-
phological variability of mitochondria, as well as immi-
gration of macrophages into the hepatic parenchyma
also most likely represent unspecific signs of stress
(Braunbeck et al. 1989, 1990a,b). The functional signif-
icance of cluster formation of peroxisomes found in
hepatocytes of field fish from Rottenacker remains
unclear, but has also been reported in hepatocytes of
carp Cyprinus carpio after exposure to endosulfan
(Braunbeck & Appelbaum 1999).

Proliferation of lysosomes and myelin-like structures
has repeatedly been interpreted as a sign of general
intoxication caused by xenobiotics (Hinton et al. 1978,
Braunbeck 1993) related to an increased degeneration
of cell organelles (Hugla & Thomé 1999). Alterations of
the RER, including proliferation, fragmentation, and
vesiculation, are common reactions to xenobiotic stress
(Hacking et al. 1978, Burkhardt-Holm et al. 1999, Wu
et al. 1999) and have been correlated to a higher bio-
transformation capacity of hepatocytes (Schoor &
Couch 1979, Braunbeck & Völkl 1993, Au et al. 1999).
Wu et al. (1999) reported proliferation of myelin figures
in fish hepatocytes after 4 wk of exposure to contami-
nated sediments. Proliferation of lysosomes and myelin
figures has also been interpreted as a general mecha-
nism of adaptation in response to increased degenera-
tion of cell organelles; as a consequence, it seems logi-
cal that lysosomes and myelin numbers have also been
observed in control fish hepatocytes as a function of
aging (Wu et al. 1999).

Apart from these unspecific alterations, phenomena
such as the proliferation of SER, which was found in the
liver of fish from Ehingen, are regarded as a clear
symptom of intoxication and have been associated with
induction of the detoxification process of xenobiotics
(Klaunig et al. 1979, Schoor & Couch 1979, Hawkes
1980, Gingerich 1982, Hinton et al. 1987, Braunbeck et
al. 1989, 1990a,c, Braunbeck & Völkl 1991). Prolifera-
tion of SER has been found in other studies of fish ex-
posed to organic xenobiotics (Klaunig et al. 1979,
Braunbeck et al. 1990c, Arnold et al. 1996) and contam-
inated sediments (Wu et al. 1999). Since numerous bio-
transformation enzymes such as cytochrome P450 are
localized on membranes of the endoplasmic reticulum
and since these enzymes are involved in detoxification
of many organic toxicants (Van der Weiden et al. 1989),
SER proliferation has been accepted as a sensitive indi-
cator of exposure to organic toxicants in fish.

Reasons for fish decline in the Danube River

Generally, the severity of ultrastructural modifica-
tions in the liver of fish from the Danube River reflects
different levels of contamination at the 3 sampling
sites. In comparable field studies, ultrastructural find-
ings have repeatedly been shown to correspond to the
degree of pollution (Hugla et al. 1995, Schramm et al.
1998, Gernhöfer et al. 2001). However, given that some
of the ultrastructural alterations observed may also be
induced by a whole range of ‘normal’ environmental
factors other than contaminants such as feeding (Gas &
Pequignot 1972, Segner & Möller 1984, Avila 1986a,
1986b) and temperature (Berlin & Dean 1967, Braun-
beck et al. 1987), it is not possible to unequivocally
establish a clear cause–effect relationship between
the ultrastructural alterations observed and different
degrees of sediment contamination. However, since
environmental factors such as availability of food and
the temperature regime may be assumed to have been
at least comparable between different sites along the
Danube River, it is most likely that the ultrastructural
changes were driven by environmental pollutants.
Furthermore, liver ultrastructure as well as the CF val-
ues of control fish from Riedlingen differed only
slightly from those of field fish collected from the same
site. Therefore, an influence of the holding conditions
of control fish compared to field fish on the liver ultra-
structure can be excluded. Since most persistent con-
taminants tend to accumulate in sediments (Ahlf et al.
2002), it is possible that sediment contamination con-
tributed the ultrastructural alterations observed.

Nonetheless, environmental stressors including con-
taminants are likely to weaken fish (Anderson & Zee-
man 1995, Rice et al. 1996, Schwaiger et al. 1997), thus
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making them more susceptible to disease or even mor-
tality (Shul’man 1974). Hence, it seems even more rea-
sonable to assume that the stress responses of fish from
Sites Rottenacker and Ehingen are at least partly due
to the relatively high sediment contamination.

Many xenobiotics tend to accumulate in the liver,
making this organ particularly sensitive (Health 1995,
Segner & Braunbeck 1998). Since most lipophilic toxi-
cants in aquatic systems preferentially bind to sedi-
ments (Ahlf et al. 2002), benthic fish species such as
the barbel run an increased risk of being exposed to
elevated levels of contamination than pelagic fish. For
instance, barbel has been shown to be more strongly
contaminated by polychlorinated biphenyls (PCBs)
than salmonids and other cyprinids from the same
locations (Keck & Raffenot 1979, Vindimian et al. 1991,
Hugla et al. 1995). Hugla et al. (1995) correlated alter-
ations in liver ultrastructure similar to our observations
to high PCB concentrations in barbel from the River
Meuse, and PCBs have also been shown to generate a
multitude of hepatic alterations in other studies
(Weibel & Paumgartner 1978, Hugla et al. 1996, Hugla
& Thomé 1999). Indeed, Keiter et al. (2008) docu-
mented considerably higher concentrations of PCBs in
sediments from Sites Rottenacker and Ehingen than in
those from Site Riedlingen. Although overall PCB con-
centrations were comparatively low, PCBs may have
accumulated much more strongly in barbel via either
food or direct contact with contaminated sediments.

Likewise, other studies within the weight-of-
evidence approach addressing the decline of fish pop-
ulations in the Upper Danube River revealed com-
paratively high aryl hydrocarbon receptor (AhR)-
mediated dioxin-like activities as well as high geno-
toxic potentials in sediments from Rottenacker and
Ehingen (Keiter et al. 2006, 2008, Otte et al. 2008, Seitz
et al. 2008). Furthermore, high concentrations of prior-
ity polycyclic aromatic hydrocarbons (PAHs) were
determined in sediments from several sites along the
Upper Danube River (maximum sum of 16 US EPA
[Environmental Protection Agency] PAHs 26 µg g–1

sediment equivalent; Keiter et al. 2008). AhR agonists
such as PCBs, dibenzo-p-dioxins (PCDDs), dibenzofu-
rans (PCDFs), PAHs, and polychlorinated naph-
thalenes (PCNs) have been documented to profoundly
alter liver ultrastructure (Howard et al. 1991, Wu et al.
1999, Strmac & Braunbeck 2002). AhR agonists like
PCBs have been shown to have adverse consequences
on fish health and population growth and are sus-
pected to have been involved in several cases of fish
declines (Niimi 1983, Gilbertson 1992, Monosson 1997,
Fairbrother et al. 1999, Whyte et al. 2000, Van der Oost
et al. 2003). However, care must be taken not to over-
interpret such relationships, particularly since it is not
clear which level of impairment in fish health status

translates into which level of population decline, and
whether the reduction in fish health status as observed
at Sites Rottenacker and Ehingen is severe enough to
significantly affect population growth.

CONCLUSIONS

In summary, ultrastructural investigations could be
documented to be good biomarkers to characterize the
health status of field fish. Even though there is no
direct proof of a simple cause–effect relationship
between sediment contamination and the ultrastruc-
tural alterations, it is reasonable to assume that expo-
sure to sediment-bound xenobiotics may have resulted
in adverse effects in the liver of Barbus barbus. Given
that the nature and severity of the ultrastructural alter-
ations correlate with the degree of contamination,
together with results from other studies within the
weight-of-evidence approach addressing the fish
decline in the Upper Danube River, the ultrastructural
liver changes may well be one line of evidence that
sediment contamination may directly translate into
adverse effects in the health status of fish and the per-
formance of fish populations (Chapman & Hollert
2006). Although the immediate ecological relevance of
the cellular changes for the fish decline in the Upper
Danube River cannot be proven, a relationship
between impaired fish health status and the decline of
fish populations in the Upper Danube River cannot be
ruled out. As a consequence, further investigations will
have to focus on (1) histo- and cytopathological studies
into other organs such as gonads, kidney, and gills; (2)
bioassay-directed fractionation procedures to identify
the pollutants responsible for the adverse effects of
sediments; and (3) the identification and quantification
of concentrations of xenobiotics in field fish from the
Upper Danube River.
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