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Abstract Plant litter and organic sediments are a main sink
for metals and metalloids in aquatic ecosystems. The effect
of invertebrate shredder (a key species in litter decay) on
metal/metalloid fixation by organic matter is described only
under alkaline water conditions whereas for slightly acidic
waters nothing can be found. Furthermore, less is known
about the effect of invertebrate shredders on the quality of
dissolved organic carbon (DOC) and nitrogen (DON) re-
leased during litter decay. We conducted an experiment to
investigate the impact of invertebrate shredder (Gammarus
pulex) on metal/metalloid fixation/remobilization and on the
quality of DOC/DON released under slightly acidic water
conditions. During decomposition of leaf litter, invertebrate
shredder facilitated significantly the emergence of smaller
particle sizes of organic matter. The capacity of metal fixa-
tion was significantly higher in smaller particles (POM
2,000–63 μm) compared to original leaf litter and litter
residues. Thus, G. pulex enhanced metal fixation by organic
partition of sediments by increasing the amount of smaller
particle of organic matter in aquatic ecosystems. In contrast,
the capacity of metal/metalloid fixation in the smallest frac-
tion of POM (<63 μm) was lower compared with leaf
residues in treatment without invertebrates. Remobilization

of metals and metalloids was very low for all measured
elements. A significant effect of invertebrates on quantita-
tive formation of DOC/DON was confirmed. The quality of
released DOC/DON, which may affect metal/metalloid re-
mobilization, was also significantly affected by invertebrate
shredders (e.g., more carboxylates). Hence, invertebrate
shredder enhanced significantly the fixation of metals/met-
alloids into POM in slightly acidic environments.
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Introduction

High concentrations of metals, metalloids and radionuclides
are of global concern in freshwater ecosystems and environ-
mental health where concentration levels are mainly affected
by element release from ores and contaminated soils
(Baborowski and Bozau 2006; Dinelli et al. 2001). Metals
and metalloids dissolve at low pH (predominantly as cati-
ons), low Eh and within a neutral to alkaline aerobic milieu
(e.g., as carbonate complexes) (Burton et al. 2008). They
readily form organic complexes with humic and fulvic acids
as part of dissolved organic carbon (DOC) (Zhao et al.
2009), are fixed to colloids, and consequently remain mo-
bile. The dissolved elements may also adsorb on organic and
inorganic compounds in the water body, for instance, inor-
ganic particles and leaf litter, which settle forming water
sediment (Dienemann et al. 2006; Karbassi et al. 2008).
Small streams as allochthonous ecosystems depend on ex-
ternal input of energy by organic matter entry including leaf
litter. During the first step of litter decomposition (e.g., in
small streams), DOC emerges (Wallace et al. 2008) with
microorganisms (e.g., hyphomycetes and bacteria) being the
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first colonizers and decomposers of, for example, leaves.
These microorganisms establish a biofilm on the decompos-
ing litter and at the same time produce exudates, in partic-
ular exo-polysaccharides (EPS) (Flemming et al. 2007) with
a large surface area and hence more functional groups
resulting in higher adsorption capacity for metals/metal-
loids. In the second step of litter decay, invertebrate shred-
ders facilitate the decomposition processes (Hieber and
Gessner 2002). An invertebrate shredder of high importance
because of its abundance is Gammarus pulex L. (Schaller et
al. 2008). The genus Gammarus is dominant in most fresh
water ecosystems in Europe and Central Asia. G. pulex is a
Crustacean that is able to survive in weak alkaline to weak
acidic water until a pH of around 5 (Meijering 1991),
whereas the mortality increases with decreasing pH (Felten
et al. 2008). G. pulex, feeding on litter, substantially influ-
ences the formation of small particle sizes within particulate
organic matter (POM) (Benfield 2007; Camilleri 1992). The
impact of G. pulex on heavy metal, metalloid and radionu-
clide fixation during litter decomposition is described for a
variety of metals/metalloids in both laboratory and field
experiments under neutral to low alkaline pH conditions
(Schaller et al. 2008, 2010a, b). For lower pH values,
nothing is known, to our best knowledge (Schaller et al.
2011). At lower pH the speciation and complexation of the
metals/metalloids is different, resulting in more mobile
metals and/or less mobile metalloids (Tipping et al.
2003), which in turn may result in lower/higher fixation
of these elements by litter during decay. Furthermore,
nothing is known about the effect of invertebrate shred-
der on the quality of DOC released from organic matter.
Effects of DOC (as quantitative not qualitative parame-
ter) on metal/metalloid remobilization are quite well
understood, whereas less is known about the composi-
tion of this DOC (from sugar to humic acids and other
forms of higher polymeric compounds). Different DOC
compounds may have different effects on remobiliza-
tion, complexation, and transport of metals/metalloids.
A first approach to describe this complex system of inter-
actions would be a detailed characterization of DOC and the
resulting effect on metal/metalloid remobilization. An
understanding of these processes is particularly impor-
tant in estimating the potential of these ecosystem processes
to enhance metal/metalloid sequestration. This in turn is of
special interest in view of high costs (up to $10 m3) and low
efficiency of conventional water treatment plants (Gatzweiler
et al. 2004).

The aim of our study was to investigate the impact of
invertebrate shredders on element accumulation during litter
decay and the removal potential of these elements in low
acidic waters. Furthermore, the impact of invertebrate shred-
der on the quality and quantity of DOC released from the
litter was investigated.

Material and methods

The test organisms

The specimens of G. pulex L. were collected from a stream
in Dresden (Germany) called Prießnitz. To adapt the animals
to experimental conditions, the specimens of G. pulex were
acclimated for 5 days in the laboratory (in 40 l tap water,
12–15°C, ~100 lx of light intensity for 14 h/day) until the
start of the experiment. During the acclimation period, the
animals were supplied with degrading leaves of alder (Alnus
glutinosa L.), the same used in the experiment.

Litter collection and treatment

Leaf litter used in the experiment was from fresh fallen leaf
(Alnus glutinosa), collected from uncontaminated plants at a
trial plot at Moritzburg near Dresden (Germany). Leaf litter was
placed into mesh bags (nylon mesh, 250 μm pore size) and
exposed to heavymetal contaminatedwater (pH5.3) for 14 days
at a former uranium mining site in Lengenfeld (Saxony,
Germany), to allow colonization of leaf litter with microbes
adapted to heavymetals as well as to allow the organic matter to
accumulate heavy metals. An exposure time of the leaf litter of
14 days was used for comparability with other experiments
(Schaller et al. 2008, 2010a). Themetal/metalloid concentration
in this water (in μg l−1) were 45 (manganese), 108 (iron), 49
(arsenic), 23 (gallium), 1.4 (lead) and 74 (uranium).

Experimental conditions and design

The experiments were conducted in batch culture modified
from Canhoto et al. (2005). pH was stabilized to 5.3 by
adding HCl and Eh were stabilized by aeration (0.5 l filtered
air/min). Each test vessel contained 3 l of tap water at a
temperature of 17°C, 3.9 g DM−1 of leaf litter, and it was set
up with 100 individuals of G. pulex (G+) or without G.
pulex (G−). The chosen density of individuals of G. pulex
was in naturally existing range (Welton 1979) and was used
previously (Schaller et al. 2008). The experiments were
replicated five times with a duration of 7 weeks. The experi-
ments were set with 14 h/day light.

Sampling, sample preparation and analysis

During the experiment water samples were taken for metal
and DOC analysis at an interval of 1 week during the 7-
week experiment (four replicates per date) using PE (poly-
ethylene) bottles. For element analysis, 20-ml water samples
were acidified with HNO3 (analytical grade, Carl Roth
Germany) immediately after collection. For DOC determi-
nation, 20-ml water samples were filtered using a 0.45-μm
cellulose-acetate filter membrane (Whatman GmbH,
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Germany) and immediately frozen at −20°C. Fourier trans-
form infrared spectroscopy (FT-IR) analysis was done to
determine the effect of invertebrate shredders on the quality
of remobilized DOC using a FT-IR spectrometer (Nicolet
210). The inspissated samples were introduced directly by a
golden gate ATR facility and measured each with 500 scans.
The range of measurements is 4,000 to 650 cm−1 with a
resolution of 2 cm−1. For evaluation, a baseline correction
was carried out using the points at 3,700 and 1,800 cm−1.

At the end of the experiment, the solid samples were
partitioned into different sizes by sieving through 2,000-,
250- and 63-μm polyethylene sieves to separate the different
fractions of POM. The G. pulex were separated from the
material collected on the sieves using a tweezer. The leaf litter
and the POM samples were digested in a closed vessel micro-
wave system (MARS5 CEM Corp., Mattews, USA) accord-
ing to DIN-EN-13805 (2002) using nitric acid and hydrogen
peroxide. All water samples were acidified and kept at room
temperature before metal analysis with inductively coupled
plasmamass spectrometry (ICP-MS; Plasma Quad PQ2+, VG
Elementar, Winsford, UK) according to DIN-EN-ISO-17294-
2 (2004). The ICP-MS was calibrated using standards pre-
pared from single-element andmulti-element solutions (Bernd
Kraft, Duisburg, Germany). Calibration validity was con-
firmed with standard reference material GBW7604, poplar
leaves (Office of CRM’s, China), digested in the samemanner
as the litter samples. Limit of detection (LOD) was calculated
as the 3-fold standard deviation of instrument blank (acidified
water). DOC in the water samples was determined using a
TOC Analyzer 5000 (Shimadzu, Japan) according to DIN-
EN-1484 (1997). Carbon and nitrogen contents in the solid
samples were measured with Elementar vario el III (Hanau,
Germany) in accordance with DIN-ISO-10694 (1995). All
chemicals used in the experiment were of analytical grade.

Statistical analysis

Analysis of variance (ANOVA) was used to compare the
elemental (including DOC and DON) data between all dif-
ferent treatments during the experiment, whereas for the

comparison of the data between start and end of experiment
the t-test was used. Data of the element content of the
different fractions in the different treatments were statisti-
cally analyzed with the t-test using SPSS version 11.5.

Results and discussion

Impact of invertebrate shredder on POM and DOC
formation

The decomposition of litter is evident by a significant
weight loss and formation of smaller particles which in turn
is enhanced by invertebrates (Levinton 1995). The forma-
tion of smaller particles of organic matter (particles sizes:
250–2,000 and 63–250 μm) in this experiment was signif-
icantly higher in treatments with G. pulex (G+) compared to
treatments without invertebrate shredders (G−) (Fig. 1; p<
0.01), whereas no significant differences between the two
treatments were found for a particle size <63 μm. As was
expected, less leaf litter at the end of the experiment (p<
0.01) was found in the treatment with invertebrates (G+)
compared to the treatment without invertebrates (G−). It has
long been described that the shredder cuts the leaf litter into
smaller parts, partially ingests and excretes them or distrib-
utes undigested litter as POM of smaller particle sizes
(Graça 2001). Furthermore, shredder may influence the
release of soluble polymeric organic carbon and nitrogen
in the course of decomposition and, in later stages, even the
formation of humic substances (Berg and McClaugherty
2003). Considering Fig. 2, DOC and DON increased signif-
icantly in both treatments during the experiment is revealed
(ANOVA, p<0.01). At the end of the experiment significant
higher concentrations were found for DOC and DON (p<
0.01, t-test) in the treatment with (G+) compared to the
treatment without invertebrates (G−). The enhanced DON
concentration in the treatment with invertebrate shredders
(G+) can be explained by the excretion of nitrogen com-
pounds by the invertebrates (Horne 1968; Rosas et al. 2001).
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The results of an enhanced DOC/DON release in the
treatment with invertebrates (G+) shown in Fig. 2 were
supported by findings of FT-IR measurements (Fig. 3).
The FT-IR spectra of the different treatments are dominated
in the upper wavenumber region by a broad absorption band
at about 3,377 cm−1, which is caused by O–H and N–H
stretching (Abdulla et al. 2010). This is overlaid by the C–H
stretching of sp2 hybridised (3,051 cm−1) and sp3

(2,829 cm−1) carbon. The strong band at 1,633 cm−1 in the
upper wavenumber region contributes a lot of vibrations,
e.g., O–H and N–H deformation, amid bands of proteins
(Abdulla et al. 2010), C 0 C stretching and the antisymmet-
ric stretching of carboxylates. The band at 1,409 cm−1

should be mainly caused by C–H deformation and the
symmetric stretching of carboxylates (Mao et al. 2000),
whereas the absorption at 1109 cm−1 is due to C–O–C and
C–OH stretching (Brandenburg and Seydel 2002). Sulfate
stretching also contributes to this band which is confirmed
by a small band at 1,008 cm−1 in the FT–Raman spectra
(data not shown due to intensive fluorescence and the ab-
sence of other bands). The most obvious difference between
spectra of the treatment with (G+) and without invertebrates
(G−) (see Fig. 3) is the presence of C–H stretching bands in
spectra G+ which are missed in spectra of G−. This indicates
the absence (or only small amount) of C–H groups in the
latter samples. This statement is spectroscopically con-
firmed in the upper wavenumber region (see Fig. 3) by the
smaller intensity of the band at 1,409 cm−1 in these spectra.
Other differences in spectra reflect natural inhomogeneity
between samples. In summary, invertebrate shredders sig-
nificantly enhance the formation of smaller particles and
influence the amount and quality of DOC. Since the quality
effects of DOC on metal/metalloid remobilization is a largely
neglected part in this research area at the moment (Schaller et
al. 2011), we initiate here a first impulse by measuring DOC
quality in our experiment. Comparing the few existing results

of specific DOC quality on metal/metalloid remobilization
(Kolokassidou et al. 2009) with our data, no DOC compound
can be found explaining the enhanced/reduced metal/metal-
loid remobilization. Further research on the effect of specific
DOC quality on metal/metalloid remobilization is needed to
explain the remobilization potential of specific DOC
compounds.

Amount of metals/metalloids accumulated by organic
particles under litter decay affected by G. pulex

At the end of the experiment, we found that the enrichment
of metals/metalloids in smaller particles from organic matter
for both treatments (with [G+] and without invertebrates [G−])
depends on the particle size (Table 1). Comparing remaining
leaf parts and different POM fractions (250–2,000 and 63–
250 μm), significant differences were found for all measured
elements (p<0.01), except for manganese in the treatment
with invertebrates (G+). At the same time, significant differ-
ences between both treatments (G+ and G−) were revealed in
leaves and POM (fraction 63–250 μm) for all elements (p<
0.01) except for manganese in leaves. Hence, the presence of
invertebrates is essential for the metals/metalloids fixation
capacity of litter, by increasing the amount of smaller par-
ticles, which can accumulate higher amounts of metals/metal-
loids. The enrichment into lower particle sizes can be
explained by both increasing surface area of the litter as the
volume decreases and higher adsorption capacity of a larger
amount of growing biofilm enhancing the surface even more
(heterotrophic microorganisms). It is well established that the
growing biofilm (periphyton) with its larger surface area and
hence more functional groups results in higher metal and
metalloid fixation (Flemming et al. 1996; Schorer and Eisele
1997). Furthermore, EPS are described to fix high amounts of
metals/metalloids. The microorganisms are able to protect
themselves against high metal concentrations by producing
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excess EPS, which is probably their most important survival
mechanism (Pirog 1997). The microorganisms are capable of
controlling the amount of EPS in their environment (Zhang
and Bishop 2003).

A formation of POM (250–2,000 μm) could not be
detected in the treatment without invertebrates. Hence, it
was only in the treatment with invertebrates (G+) that a
significant metal/metalloid enrichment from leaf litter to
POM (250–2,000 μm) was found. In contrast, significant
(p<0.05) higher concentrations of all measured elements
were found for treatment G− compared to G+ for POM
(63–250 μm). However, there is a significant difference
in the amount of POM produced in the different treat-
ments (G+, G−) with G+ producing the highest amount
of POM. Considering the quantity of the different particle
sizes (Fig. 1) we conclude that in treatments with the inverte-
brate shredder G. pulex more metal and metalloid can be
fixed.

In addition, significantly less metals/metalloids (p<0.05)
were found for both treatments between leaves and POM
(<63 μm) (Mn, Ga, Pb, U and As, Fe only in treatment
without invertebrates). A possible explanation for the low
metal/metalloid content in POM (<63 μm) would be the
composition of these particles consisting mainly of hardly
degradable (e.g., lignin) carbon compounds. This in turn
results in less attached biofilm (Ardon and Pringle 2007), or
may pass the alimentary canal of the invertebrates, which
may also result in less attached biofilm (Franken et al.
2005; Kulesza and Holomuzki 2006).

Furthermore, the results of our slightly acidic exper-
iment show the same effect of invertebrate shredder on
metal/metalloid fixation by organic sediments (in the
fractions between 2,000 and 63 μm) as described for neutral
to slightly alkaline conditions (Schaller et al. 2008, 2010a, b),
but are contrary for POM <63 μm. Consequently, it could
be concluded that the process of metal/metalloid accu-
mulation into organic sediments (POM <63 μm) by
invertebrate shredders occur as long as the invertebrates could
survive.

Remobilization of metals/metalloids during litter
decomposition

No clear effect of invertebrate shredders on metal/metalloid
remobilization was revealed due to large error bars at low
concentrations (Fig. 4), whereas the overall remobilization
of metals/metalloids was very low. The clearest effects were
revealed for gallium, which increased with increasing DOC/
DON (Fig. 5), as previously shown for molybdenum
(Schaller et al. 2010a). A high correlation between gallium
and DOC as well as DON was proven only in the treatment
with invertebrates (G+) (Fig. 5). Significantly higher con-
centrations of manganese, gallium and arsenic were found at
the end comparing with the start of the experiment in treat-
ments with invertebrates (G+) (p<0.01, t-test). In contrast
no clear differences were found for manganese, gallium and
arsenic between both treatments (G+ and G−) at any time.

Fig. 3 FT-IR-ATR spectra of the inspissated water samples of treat-
ments with (G+) and without invertebrate feeding (G−) in different
wavenumber regions, absorbance offset 0.02

3946 Environ Sci Pollut Res (2012) 19:3942–3949



Furthermore, in treatment G+ a significant decrease (p<
0.05) of iron water concentration and in treatment G− a
significant decrease (p<0.05) in lead water concentration
was found in the course of the experiment (t-test). In con-
trast, the uranium concentration increased slightly in treat-
ment G− (p<0.05). The low effects of DOC on metal/
metalloid remobilization are in accordance with the results
of Schaller et al. (2010a), but contrasting others (Sachs et al.
2007). As noted earlier, further research on the impact of
specific DOC quality on metal/metalloid remobilization is
needed to explain the specific remobilization pattern.
Nevertheless, it could be concluded that 8 mg l−1 DOC
dominated by O–H–, N–H–, C–H–, C 0 C–, C–O–C– and
C–OH groups do not remobilize high amounts of metals/
metalloids in the presence of POM of different sizes, except
of gallium.

Conclusion

During the decay of leaf litter, G. pulex facilitated signifi-
cantly the formation of smaller particle sizes of organic
matter. The capacity of metal/metalloid fixation was signif-
icantly higher for smaller particles (POM 2,000–63 μm)

compared to the original leaf litter and litter residues.
Hence, G. pulex enhanced metal/metalloid fixation into the
organic partition of sediments by increasing the amount
of smaller particle sizes of organic matter. In contrast to
this, in the smallest fraction of POM (<63 μm) the
capacity of metal/metalloid fixation was lower compared
with the leaf residues in the treatment without inverte-
brates. The remobilization of the metals and metalloids
was very low for all measured elements. Thus, inverte-
brate shredder enhanced significantly the fixation of
metals/metalloids in weak acidic environments. In addi-
tion, a significant effect of invertebrates on the quanti-
tative formation of DOC/DON was proven. Furthermore,
the quality of released DOC/DON, revealed by FT-IR
measurements, was also significantly affected by inver-
tebrate shredders. However, specific metal/metalloid re-
mobilization experiments are still needed to estimate the
impact of specific DOC quality (compounds) on metal/
metalloid release. In conclusion, invertebrate shredders
significantly enhance the binding capacity for metals/
metalloids in organic sediments under weak acidic water
conditions. Hence, allochthonous aquatic ecosystems with an
existing functional animal group of shredders are a sink for
metals and metalloids.

Table 1 Influence of inverte-
brate feeding (G+ with and
G− without invertebrates) on
metal/metalloid enrichment/de-
pletion into the different organic
fractions of decomposing leaf
litter (units for all values
are mg kg−1 DW−1, n05)

Fraction Treatment Value Manganese Iron Arsenic Gallium Lead Uranium

Leaf start G+/− Median 321 8,011 6.8 57.3 7.2 80.5

Min 258 6,755 5.7 41.9 4.0 77.7

Max 375 13,318 11.8 81.2 7.6 94.0

Leaf end G+ Median 183 1,490 1.2 9.6 4.8 49.6

>2,000 μm Min 136 1,356 1.0 8.5 4.0 46.3

Max 215 2,542 2.7 15.2 6.4 78.3

G− Median 182 3,797 3.0 27.0 6.4 59.6

Min 162 2,380 1.8 20.4 5.6 55.6

Max 202 5,214 4.3 45.9 7.2 64.7

POM G+ Median 157 12,800 10.4 60.7 12.6 171.2

250–
2,000 μm

Min 122 11,881 9.7 54.7 12.3 166.3

Max 201 14,155 11.8 66.1 16.9 190.5

POM G+ Median 219 12,809 10.6 76.5 12.9 170.4

63–250 μm Min 128 12,528 10.3 56.0 11.7 160.4

Max 356 14,870 13.2 83.9 13.6 183.8

G− Median 762 28,070 30.2 320 25.3 234.1

Min 524 23,859 26.3 237 19.4 176.8

Max 884 57,726 60.6 566 57.5 321.8

POM G+ Median 32 1,222 1.3 5.18 1.7 11.3

<63 μm Min 22 697 1.0 1.66 1.1 6.6

Max 52 2,909 3.2 10.2 2.2 16.4

G− Median 16 970 1.2 5.59 1.8 10.0

Min 13 427 0.7 4.37 0.9 1.7

Max 45 2,641 3.0 8.74 2.9 11.2
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