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Abstract 

Background:  Cathodic protection by sacrificial anodes composed of aluminum-zinc-indium alloys is often applied 
to protect offshore support structures of wind turbines from corrosion. Given the considerable growth of renew-
able energies and thus offshore wind farms in Germany over the last decade, increasing levels of aluminum, indium 
and zinc are released to the marine environment. Although these metals are ecotoxicologically well-studied, data 
regarding their impact on marine organisms, especially sediment-dwelling species, as well as possible ecotoxicologi-
cal effects of galvanic anodes are scarce. To investigate possible ecotoxicological effects to the marine environment, 
the diatom Phaedactylum tricornutum, the bacterium Aliivibrio fischeri and the amphipod Corophium volutator were 
exposed to dissolved galvanic anodes and solutions of aluminum and zinc, respectively, in standardized laboratory 
tests using natural seawater. In addition to acute toxicological effects, the uptake of these elements by C. volutator 
was investigated.

Results:  The investigated anode material caused no acute toxicity to the tested bacteria and only weak but signifi-
cant effects on algal growth. In case of the amphipods, the single elements Al and Zn showed significant effects only 
at the highest tested concentrations. Moreover, an accumulation of Al and In was observed in the crustacea species.

Conclusions:  Overall, the findings of this study indicated no direct environmental impact on the tested marine 
organisms by the use of galvanic anodes for cathodic protection. However, the accumulation of metals in, e.g., crusta-
ceans might enhance their trophic transfer within the marine food web.
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Background
Offshore installations, such as wind turbines, are founded 
on support structures that mainly consist of steel. In 
order to ensure sufficient durability of submerged sub-
structures, appropriate corrosion protection strategies 
are required. Because of its comparatively low weight and 
high electrochemical capacity, aluminum-zinc-indium 
alloys are commonly applied as sacrificial (i.e., galvanic) 
anodes for cathodic corrosion protection of steel in the 
marine environment [1]. The galvanic anode and the 

steel are combined to an electrochemical local element 
resulting in a continuous oxidation of the galvanic anode 
and thus transfer of electrons to the steel that exhibits a 
higher standard electrode potential [2, 3]. As numbers 
of offshore wind farms increase to meet the goals of 
the European strategy for a “prosperous, modern, com-
petitive and climate neutral economy” [4], an increas-
ing amount of galvanic anodes is expected to be used in 
the marine environment. More than 5,000 offshore wind 
turbines have been installed across 12 European coun-
tries until 2019, which corresponds to a total capacity 
of around 22 GW. The majority (77%) of this capacity is 
located in the North Sea [5]. The necessary amount of 
a certain anode material mainly depends on its desired 
life time and the surface area (i.e. foundation type) that 
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requires protection against corrosion [6]. A conserva-
tive estimate based on calculations from Kirchgeorg et al. 
[7] reveals a current annual release of around 1900 t alu-
minum and 90 t zinc solely to the North Sea. This evalu-
ation assumes the exclusive installation of aluminum 
anodes (Al-Zn-In alloy) with a life time of 25  years on 
uncoated monopile foundations without considering off-
shore substations or converter platforms. By the end of 
2030 the wind capacity in Europe is expected to grow to 
76 GW [5], which more than triples the need of corrosion 
protection as well.

The release of metals into the marine environment due 
to the use of galvanic anodes raises questions regarding 
potential environmental effects on marine organisms 
either directly or along the food chain across trophic lev-
els [8]. In laboratory experiments, Deborde et al. demon-
strated a significant increase of suspended and dissolved 
metal fractions in the water phase. The total concentra-
tions reached up to 7280 µg/l Al and 360 µg/l Zn during 
the activation period of the galvanic anode [9]. A field 
study in a French harbor reported elevated Al concen-
trations up to 32.5  g/kg in sediments sampled close to 
galvanic anodes. Furthermore, up to 380  mg/kg acid-
soluble Al was detected [10]. This increased proportion 
of a labile Al fraction might indicate a higher bioavail-
ability of Al released by galvanic anodes. Leleyter et  al. 
observed a total Al concentration of 29  g/kg in natu-
ral sediments contaminated by aluminum anodes [11]. 
Moreover, galvanic anodes caused local elevations of Zn 
concentrations, both in sediment and dissolved in seawa-
ter. Up to 23 µg/l dissolved and 300 µg/g sediment associ-
ated Zn was measured in enclosed marinas on the south 
coast of England [12]. During a monitoring campaign 
at the Port of Calais, Caplat et  al. found elevated levels 
of Zn, Cu, Al and In due to the use of galvanic anodes. 
At undisturbed—e.g. no dredging activities—sampling 
points near the anodes up to 371  mg/kg Zn, 56  mg/kg 
Cu, 49501 mg/kg Al and 12.6 mg/kg In were detected in 
the sediment [8].

Despite the ubiquitous application of galvanic anodes 
and the subsequent release of metals, little is known 
about the consequences for benthic organisms in marine 
environments. Adverse effects of aluminum anodes were 
first observed in sea urchin Paracentrotus lividus causing 
changed fertilization rates and the induction of mitotic 
abnormalities at concentrations of 3  µM and 0.1  µM 
anode-derived Al3+, respectively [13]. In the digestive 
glands of the mussel Mytilus edulis, an accumulation of 
up to 1706 mg/kg Al released from galvanic anodes was 
observed that was reversible after the transfer of organ-
isms to uncontaminated water [14]. A number of eco-
toxicological studies on Al characterize the impact of 
acidification on the solubility and release of Al from e.g. 

insoluble hydroxides, which might lead to a deterioration 
of soil and freshwater quality. In this context, a variety 
of plants and freshwater organisms were examined and 
showed a broad range of sensitivities depending on pH 
and Al speciation [15, 16]. In this context, compared to 
invertebrates, fish have been proven to be particularly 
sensitive to Al exposition, in neutral to basic water a 
no effect concentration of 100  µg/l Al was reported for 
trouts. In contrast, marine studies on the ecotoxicologi-
cal impact of galvanic anodes are scarce [17]. So far, very 
little attention has been paid to studying the toxicity and 
accumulation of Al in benthic organisms. Insoluble and 
particle-reactive hydroxide (Al(OH)3) and aluminate 
([Al(OH)4]−) species dominate in natural seawater at its 
common pH around 8 [18] and could particularly cause 
a threat to marine sediments and sediment-dwelling 
organisms. The partitioning of Al in sediments is domi-
nated by mineral-bound species such as aluminosilicates 
in feldspars, mica or clays. Leleyter et al. reported a min-
eral associated content of Al of 91 to 96% in various natu-
ral sediments and suggested that the labile fraction in 
turn mainly consists of Al oxides (95%) [11, 19].

Unlike Al, Zn–as the second main component of gal-
vanic anodes–serves as an essential micronutrient, which 
could become toxic at higher concentrations. Several 
studies observed toxic effects of Zn to a variety of organ-
isms such as plants, fish and microorganisms [20–22]. 
Most recent research pays attention to the toxicity of 
nanoscale zinc oxide. In this context Wong et al. showed 
that marine crustaceans were more affected than diatoms 
and the majority of effects was related to dissolved Zn2+ 
ions. For the amphipod Elasmopus rapax a half maxi-
mal effect concentration of 0.80  mg/l was determined, 
whereas the growth of the marine diatom Thalassiosia 
pseudonana was inhibited to 50% at 3.48 mg/l dissolved 
Zn [23]. At pH values around 8, the free ion (Zn2+) and 
the mononuclear hydroxide ([ZnOH]+) are prevalent in 
the aqueous phase [24]. If the maximum soluble concen-
tration is exceeded, Zn can also precipitate as Zn(OH)2 
[25]. However, adverse effects of Zn released from alu-
minum anodes in the marine environment are mainly 
expected due to its dissolved species, as Zn is a minor 
component in these anodes and local saturation is most 
likely not reached.

More research is needed to adequately assess the envi-
ronmental impact of galvanic anodes on the marine envi-
ronment, in particular with regard to sediment-dwelling 
marine organisms. Therefore, the main objective of 
this study was to investigate the acute toxicity of met-
als released from galvanic aluminum anodes on various 
trophic levels in the marine environment using the fol-
lowing marine standard test organisms: the sediment-
dwelling mud shrimp Corophium volutator, the marine 
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diatom Phaeodactylum tricornutum and the luminescent 
bacterium Aliivibrio fischeri. Besides the acute toxicity 
testing, a basic uptake experiment using dissolved mate-
rial from a galvanic anode was carried out at laboratory 
scale to mimic worst case exposure conditions of sedi-
ment-dwelling organisms near offshore installations. Due 
to the pH-dependent precipitation of aluminum hydrox-
ide after the release of Al from anodes in seawater, this 
batch experiment focused on sediment toxicity and a 
potential uptake of Al, Zn and In by C. volutator.

Methods
Rationale of exposure scenarios
Different exposure scenarios for bacteria, algae and 
amphipods were used because of the following rationale. 
Bacteria and algae belong to the marine plankton and are 
most likely exposed to released metal ions that are pre-
sent in dissolved form under natural conditions. There-
fore, only the soluble fraction of the dissolved anode 
material was used for the exposure of bacteria and algae. 
Similarly, only the soluble fractions of the ionic Al and 
Zn standards were used for these tests. In case of the dis-
solved anode material and Al, the assays were performed 
as limit tests, i.e. exposure at saturation concentration, 
due to the low solubility of Al at the pH of natural sea 
water. In case of C. volutator, the testing was done with 
the total amount of metal ions, because the sediment 
dwelling C. volutator is likely to be exposed to both, the 
dissolved and the precipitated fraction of the metal ions 
that sediment on the seabed.

Preparation of test solutions
The natural seawater used in all experiments origi-
nated from the amphipod collecting site mentioned 
in Sect.  “Amphipoda”. For the testing a stock solu-
tion (10  g/l) of a commercial galvanic aluminum anode 
(Al-Zn-In alloy, casted in terms to VG 81257:2009 
by Raguse + Voss Metallgießerei GmbH, Germany; 
95 ± 1·104 mg/kg Al; 5 ± 1·104 mg/kg Zn, 203 ± 1 mg/kg 
In) was prepared by dissolving filings of the anode in 30% 
NaOH (w/v) (Merck Suprapur). Al3+ and Zn2+ were used 
as single element standards (Alfa Aesar Plasma Standard 
Specpure, 10 g/l Al in HCl; SCP Science PlasmaCAL Cus-
tom Standard, 1 g/l Zn in 5% HCl) in the various bioas-
says for the testing of single elements. Prior to the start of 
each bioassay, aliquots of the respective metal stock solu-
tions were adjusted to pH 8 with either 30% NaOH (w/v) 
(Merck Suprapur) or 30% HCl (w/v) (Merck Suprapur, 
subboiled), resulting in the formation of precipitates. 
For experiments with the sediment-dwelling amphipods, 
the saturated solutions with the precipitate were dosed 
to filtered (Pall VacuCap 90 Filter Unit, 0.45  µm) natu-
ral seawater at the desired total bioassay concentration. 

In contrast, toxicity testing of Al and the anode material 
to algae and luminescent bacteria was designed as a limit 
test using the maximal seawater soluble metal concen-
trations at natural pH. For this purpose, the pH adjusted 
stock solutions were added to natural seawater in the 
ratio of 1 to 1000 and stirred for 24  h until an equilib-
rium of Al in the medium was reached (Additional file 1: 
Fig SI1 and Table SI1). Subsequently, the filtered solution 
(Nalgene Rapid-Flow Bottle Top Filter with SFCA Mem-
brane, 0.45  µm) was used for the respective limit test. 
ZnCl2 (Merck Emsure) with a maximal concentration 
of 100 mg/l Zn2+ in natural seawater was used to char-
acterize the dose–response relationship of Zn for algae 
toxicity. For the testing of bacteria and algae, Al and Zn 
concentrations were measured before the addition of test 
organisms as well as at the beginning and the end of tox-
icity testing by ICP-MS.

Bioassays
Luminescent bacteria
The bioluminescence inhibition assay was performed 
according to DIN EN ISO 11348-2 [26] with liquid-dried 
bacteria (LCK 482, Hach Lange). This standardized test 
was conducted in glass cuvettes after the reconstitution 
of the bacteria and measured using a LUMIStox 300 
instrument (Hach Lange, Germany). The assay utilizes 
the bioluminescence of the marine bacterium Aliivibrio 
fischeri and quantifies the inhibition of the bacterial light 
emission after exposure to the test sample as a measure 
for the acute bacterial toxicity. The addition of bacteria 
to the filtered test solutions reduced the maximal soluble 
metal concentration in the assay to 80% of the previously 
dissolved concentration due to dilution. The initial Al and 
Zn concentrations were analyzed by inductively coupled 
plasma-mass spectrometry (ICP-MS) as described in 
Sect. “Chemical Analyses”. Each limit test was performed 
with four replicates for the dissolved aluminum anode 
as well as the aluminum standard. Every experiment was 
repeated three times in total. Natural seawater was used 
as negative control and 3,5-dichlorophenol (4.5  mg/l) 
served as the positive control.

Algae
The growth inhibition test using the marine algae P. tri-
cornutum (SAG1090-1a) was based on DIN EN ISO 
10253 [27]. The incubation was performed in an incuba-
tion shaker (Infors Multitron Pro) at 20 °C and 120 rpm 
in polycarbonate Erlenmeyer flasks with a testing volume 
of 50 ml. Test vessels were continuously illuminated with 
60–120  µmol photons/(m2·s). To simulate the natural 
speciation and bioavailability of the investigated met-
als, tests were conducted in natural seawater at pH 8.1 
without the addition of chelating agents or trace metals. 
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Merely 15  mg NO3
−/l and 1.5  mg PO4

3−/l were added 
to the growth medium to prevent nutrient limitation of 
algae growth. An exponentially growing pre-culture (up 
to 104 cells/ml) was measured with a fluorescence spec-
trophotometer (Hitachi F-2500) and adjusted to 5 × 103 
cells/ml. The inoculation of the test solutions diluted the 
metal concentration in the assay to 80% of the previously 
dissolved concentration. Al and Zn concentrations were 
measured at the beginning and the end of the exposure 
by ICP-MS. Single concentrations of the dissolved alu-
minum anode and aluminum standard or dilution series 
of Zn (test concentration 10 to 1 mg/l) were investigated 
as triplicates. Every experiment was repeated three times 
in total. Natural seawater was used as negative control 
and 3,5-dichlorophenol (2.5  mg/l) served as the posi-
tive control. The chlorophyll fluorescence of each sam-
ple was determined daily (excitation wavelength 435 nm; 
emission wavelength 685 nm, plate reader Tecan Infinite 
M200 Pro). The evaluation of the growth inhibition was 
performed after 72 h.

Amphipoda
The DIN EN ISO 16712 standard [28] for the determi-
nation of acute toxicity of sediment to amphipods was 
adapted to study the selected metals. In addition to the 
classic exposure for 10 days in the presence of sedi-
ment, this test was performed according to procedures 
used for positive controls, i.e. water-only exposures for 
3 days, as a worst case scenario reflecting a direct con-
tact of the organisms to the precipitated Al. This expo-
sure was performed under identical conditions and 
with the same procedural steps except that no sediment 
was added to the test vessels so that the organisms 
cannot avoid the exposure to the precipitated metals 
by digging into the sediment. The test species Coro-
phium volutator had been collected from uncontami-
nated reference sites at Sylt and Norderney, Germany, 
respectively. Corresponding sediment and seawater 
for exposure and control experiments originated from 
the same collection site (physicochemical characteri-
zation ensured consistent sediment and water quality, 
Additional file  1: Table SI2). The background concen-
trations in the sediment fractions < 20 µm ranged from 
48,900 to 60,500 mg/kg Al and from 150 to 221 mg/kg 
Zn. The dissolved amount of Al and Zn in seawater was 
always below the limit of quantification (0.02  mg/l Al 
and 0.11  mg/l Zn). The sediment was sieved through 
a 1 mm screen prior usage to remove native macroor-
ganisms. Accordingly, the seawater was filtered to 
0.45  µm (Pall VacuCap 90 Filter Unit). After acclima-
tization to laboratory conditions, 20 individuals were 
added to 1 l beakers filled with 300 g sediment (approx. 

2 cm depth) and 700 g test solution or 900 g test solu-
tion without sediment. The incubation was performed 
under constant aeration and lighting at 15  °C. At the 
end of respective testing periods, the content of test 
vessels was sieved and living organisms were counted. 
Al and the dissolved aluminum anode were investi-
gated at nominal concentrations of 1, 10 and 100  mg/
kg seawater. The toxicity of Zn was characterized at 
nominal concentrations of 0.1, 1 and 10 mg/kg seawa-
ter. Nominally dosed concentrations in this bioassay 
were not accompanied by chemical analyses of seawa-
ter. Two to six independent replicates were tested for 
each concentration level and exposure type (with and 
without sediment). Each experiment accompanied by 
negative controls with only seawater (with and without 
sediment). To assess the sensitivity of the test popula-
tions, ammonium chloride (30–150 mg/l NH4

+) served 
as reference toxicant (without sediment).

Uptake of metals by Corophium volutator
The possible uptake of metals from galvanic anodes was 
investigated using C. volutator. As toxicity tests with 
C. volutator according to DIN EN ISO 16712 [28] pro-
vided not enough sample material for chemical analysis, 
the experimental set up was scaled up from 1  l beakers 
to 5  l aquariums with about 200 individuals per tested 
exposure concentration. All other test parameters, such 
as concentration levels and exposure time, remained the 
same. More specifically, the investigations were carried 
out in presence and absence of sediment and at nominal 
concentrations of 1, 10 and 100 mg dissolved aluminum 
anode per kg seawater. Due to the high amount of mud 
shrimp required for analysis in this basic uptake experi-
ment, exposure was not carried out in replicate. At the 
end of the testing period, test organisms were kept for 
at least 1  h in fresh seawater for gut purging and were 
subsequently anaesthetized by aeration with CO2. The 
gut passage time of sediment for C. volutator was previ-
ously verified on multiple individuals by the observation 
under a stereomicroscope. Preliminary tests showed that 
precipitates adhere to plumose setae (i.e., the hair-like 
structures of the pereiopods and the pleopods of the test 
organisms). Thus, attached particles had to be removed 
prior to the determination of metal accumulation by 
ICP-MS to prevent an overestimation of metal contents. 
After wash conditions had been optimized (Additional 
file  1: Fig SI2 and Table SI3), exposed organisms were 
washed with 0.5% HNO3 under agitation at 250 rpm for 
30  min to ensure sufficient removal of attached mate-
rial. Subsequently, organisms were rinsed with ultra-
pure water, shock frozen in liquid nitrogen, freeze-dried 
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and homogenized for 1  min at 20  Hz with a mixer mill 
(Retsch M400).

Statistical analysis
The statistical analysis of bioassay data was performed 
with the open source software R using the core distribu-
tion, version 3.4.3 and R-Studio, version 1.1.383.

After checking for normal distribution with Shap-
iro–Wilk’s test and homoscedasticity with F-test, an 
unpaired, two-sided t-test (normally distributed, homo-
scedastic data), Welch’s t-test (normally distributed, not 
homoscedastic data) or Mann–Whitney U test (data not 
normally distributed) was used to determine statistical 
differences in ecotoxicological effects. In case of statisti-
cally significant differences in t-test, the strength was cal-
culated. All tests were performed at the significance level 
α = 0.05.

The fit of concentration–response relationships and 
the estimate of the half maximal effective concentration 
(EC50) were calculated by a five-parameter log-logistic 
function (Eq.  1) by means of the extension package drc 
(version 3.0.1) [29].

The response is evaluated as a function of the concen-
tration x with the parameters c and d as lower and upper 
response limits, respectively. The parameter e is defined 
as inflection point, parameter b denotes the relative 
slope and the parameter f describes the asymmetry of the 
curve.

Chemical analyses
Al, Zn and In concentrations in seawater samples were 
analyzed by ICP-MS (7700 ICP-MS, Agilent Technolo-
gies, Inc., USA) according to Düster et al. [30]. Samples 
were diluted at least 1:10 to reduce salt concentrations 
and thus matrix load. If analyte concentrations exceeded 
the linear range of the calibrated system (i.e., > 200 µg/l), 
samples were diluted. All samples were analyzed as trip-
licates and mean values were provided for statistical 
analysis. The following reference materials were used for 
method validation: SPS-SW1, SPS-SW2 (Spectrapure 
Standards, Norway) and SRM 1640a (NIST, USA).

Prior to the analysis of Al, Zn and In in the bulk of C. 
volutator by ICP-MS, amphipods were dissolved using 
microwave pressure digestion (turboWave, MLS GmbH, 
Germany) as summarized in Additional file 1: Table SI4. 
For the digestion 50  mg of freeze-dried, ground and 
homogenized amphipods, 0.6 ml HNO3 (65%, Suprapur, 

(1)

f (x) = c +
d − c

(

1+ exp
(

b×
(

log (x)− log (e)
)))f

.

subboiled, Merck KGaA, Germany) and 0.4  ml HCl 
(30%, Suprapur, subboiled, Merck KGaA, Germany) 
were used. All samples were digested in triplicate and 
analyzed as described above. In addition, NCS ZC73034 
(China National Analysis Center for Iron & Steel, China), 
a prawn standard, and SRM 2976 (NIST, USA), a mussel 
tissue standard, were digested and measured as refer-
ence materials. All procedures were optimized to obtain 
a recovery of 100 ± 10% for the analytes in the reference 
material.

Results
Acute toxicity
In case of testing with A. fischeri, no significant effects 
were detected for any of the tested materials (Additional 
file 1: Table SI5). In case of P. tricornutum, the dissolved 
anode and Al at saturation concentration at pH = 8.1 
caused a comparable and statistically significant decrease 
of the growth rate (Fig.  1 and Additional file  1: Table 
SI6) with an average growth inhibition of 28.3 ± 6.3% 
and 26.0 ± 2.6%, respectively. The mean exposure con-
centration of Al from the dissolved anode material was 
818 ± 19 µg/l (824 µg/l at the beginning and 817 µg/l at 
the end of exposure), while the determined concentra-
tions of zinc and indium were below their respective 
detection limits of 32 µg/l and 29 µg/l in seawater. When 
tested as a single element, the mean exposure concen-
tration of Al was 880 ± 24  µg/l (899  µg/l at the begin-
ning and 874 µg/l at the end of exposure). Additionally, 
the effect of Zn on algal growth was characterized as a 
concentration–response curve at dissolved concentra-
tions from 0.9 up to 8 mg/l (Fig. 2 and Additional file 1: 

Fig. 1  Average growth rate of P. tricornutum during limit testing of 
aluminum and the aluminum anode. Diatoms were exposed for 72 h 
to maximum soluble metal concentrations (n = 3, error bars indicate 
SE) under natural seawater pH conditions. Significantly different 
means are marked with different letters (two-tailed unpaired t-test, 
p < 0.05)
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Table SI8). Applied metal concentrations quantified by 
ICP-MS are summarized in Additional file  1: Tables 
SI7 and SI9. Higher concentrations could not be tested 
without decreasing the pH value of the medium. Under 
pH conditions of the investigated natural seawater, the 
EC50 of Zn2+ for P. tricornutum was determined as 
5.70 ± 0.33  mg/l (with a fixed maximum growth inhibi-
tion of 100%).

In case of C. volutator, the investigated anode material 
caused no acute toxicity. However, the single elements 

Al and Zn showed significant effects at the highest 
tested concentrations (100  mg/kg aluminum, 10  mg/kg 
zinc) as illustrated in Fig.  3 and Additional file  1: Table 
SI10. In case of Al, experiments in the absence of sedi-
ments exhibited higher effects on C. volutator mortality 
(max. mortality of 17.5 ± 4.2%) compared to exposure 
in the presence of sediment. On the contrary, Zn caused 
the highest mortality of C. volutator (52.5 ± 7.5%) in the 
presence of sediment. In the absence of sediment, the 
mortality was 30 ± 5.4%. Statistically significant differ-
ences between exposures with and without sediments 
were only detected in case of the exposition with 100 mg/
kg aluminum (two-tailed, unpaired Mann–Whitney U 
test, p = 0.017).

Uptake of metals
To study the potential uptake of the three components 
Al, Zn and In of galvanic aluminum anodes, concentra-
tions of these metals were determined in C. volutator 
after exposure to dissolved galvanic anode material in 
the presence and absence of sediment, respectively. The 
results are shown in Figs. 4, 5 and Additional file 1: Table 
SI12 and Table SI13. No increase of residual metal con-
tent compared to the control group was observed in C. 
volutator in the experiments with sediment. In contrast, 
all investigated elements revealed increased concentra-
tions in C. volutator after exposure without sediment. 
The extent of accumulation indicated differences among 
the studied metals. As expected, given its prevalence in 
the dissolved galvanic anode solution, Al showed the 

Fig. 2  Concentration-dependent growth inhibition of P. tricornutum 
during zinc exposure for 72 h (mean ± SE, n = 3). The dashed line 
indicates 20% effect level and dotted line shows 5-parametric 
log-logistic fit of data (b = −10.3, c = 6.8, d = 100, e = 7.99, f = 0.20; 
Eq. 1)

Fig. 3  Average toxicity (± SE) caused by the dissolved galvanic anode and its main components aluminum and zinc to C. volutator. Test organisms 
were exposed to the different metal concentrations for ten days with (w/) sediment and 3 days without (w/o) sediment. The numbers below the 
bars represent the number of replicates of each experiment. Experiments with statistically significant differences to the corresponding negative 
control are marked with an asterisk (two-tailed unpaired t-test, p < 0.01). See Additional file 1: Table SI11 for complete data of statistical evaluation
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highest concentrations in the mud shrimp after exposure. 
Concentration increased up to 2,200  mg/kg dry weight, 
which resulted in Al levels five times above those in the 
unexposed control group.

Although In represents a minor constituent of the 
tested galvanic anode, it showed the highest relative 
enrichment in mud shrimp. At the highest exposure level, 
the measured In concentration in C. volutator increased 
136-fold compared to the negative control. The lowest 
enrichment was found for Zn. The Zn concentration in 
the test organisms was elevated by approximately 28% 
at the highest exposure level compared to the negative 

control. In summary, dissolved galvanic anode concen-
trations in seawater showed a positive correlation with 
residual metal concentration in biota. However, enrich-
ment expressed no linear relationship in terms of applied 
test concentration of the dissolved galvanic anode. Nev-
ertheless, the highest enrichment was observed at the 
highest exposure concentration (Fig. 5).

Discussion
In order to assess potential ecotoxicological risks, a worst 
case exposure of three marine organisms from differ-
ent trophic levels, i.e. the marine algae P. tricornutum, 
the bacterium A. fischeri and the amphipod C. volutator 
was performed for aluminum, zinc and the dissolved gal-
vanic anode. For P. tricornutum, an EC50 value for zinc 
of about 42  mg/l for exponentially growing algae in f/2 
medium was reported [31]. The respective EC50 value 
of 5.34 mg/l determined in the present study is eightfold 
lower. In contrast to the EC50 previously published, no 
further compounds such as vitamins and other trace met-
als that are present in the f/2 medium were added to the 
current experiments to achieve effect data under most 
realistic conditions. These differences might explain the 
higher Zn sensitivity for P. tricornutum reported here in 
comparison to previous studies. Deborde et al. reported 
a maximum increase of dissolved Zn content to around 
200  µg/l during the anode activation period in a tank 
experiment [9]. Based on the 20% effect concentration 
(EC20, around 3  mg/l) as an estimate for the boundary 
between the lowest and no observed effect concentra-
tion (LOEC and NOEC), the resulting risk quotient is 
about 0.07, which indicates that there is no acute risk for 
P. tricornutum from the use of galvanic anodes in marine 
environments. In comparison to the freshwater green 

Fig. 4  Average Al, Zn and In concentrations (± SE of technical triplicates) in C. volutator. The exposure with the dissolved aluminum anode 
proceeded for 10 days with sediment and three days without sediment. At the end of the testing period, the organisms were washed with 0.5% 
HNO3 for 30 min to remove adherent metal precipitates from exoskeleton, freeze-dried, homogenized, digested and subsequently analyzed by 
ICP-MS

Fig. 5  Enrichment factor in C. volutator after exposure to dissolved 
aluminum anode material. Results are shown for the exposure 
with three different concentrations for 3 days in the absence of 
sediment. Analyte residue concentrations are based on dry weight 
of organisms. The enrichment factor represents the ratio of analyte 
residues detected in exposed compared to non-exposed organisms
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algae Pseudokirchneriella subcapitata, the marine algae 
P. tricornutum seems to be more tolerant for Zn2+. The 
reported EC50 for growth inhibition of the freshwater 
algae at pH = 7.5 is 16.3 µg/l [32].

The observed growth inhibition of P. tricornutum at Al 
concentrations around 850 µg/l is in agreement with Gill-
more et al., who reported an EC10 of 920 µg/l for growth 
inhibition of the same algae under similar conditions 
[33]. During the anodic dissolution in a tank experiment, 
Deborde et  al. measured dissolved aluminum concen-
trations of 0.2 to 0.5 µg/l, which was in the range of the 
natural background concentration [9]. Thus, effects on 
growth of marine algae caused by Al seem unlikely. The 
same conclusion was drawn by Zhou et al., who reviewed 
the aluminum toxicity to marine phytoplankton [17]. 
However, Gillmore et al. showed that diatoms with higher 
silicon content in cell walls are more sensitive [33]. For 
Ceratoneis closterium and Minutocellus polymorphus a 
10% inhibition of the growth rate was observed already at 
Al concentrations of 69 and 440 µg/l, respectively. Based 
on these numbers, a growth inhibition of C. closterium 
might occur in close proximity to the galvanic anodes 
when the released aluminum is not yet further diluted 
by the surrounding water. The presented results indicate 
furthermore that the inhibition of algae growth by the 
dissolved galvanic anode reported in the current study is 
mainly caused by aluminum, as the observed effects do 
not differ significantly between the exposure to the dis-
solved galvanic anode and aluminum alone. Thus, pos-
sible mixture effects of metals released from a galvanic 
anode on the growth of P. tricornutum are unlikely.

No acute toxicity for any of the tested materials was 
observed for A. fischeri, indicating a lower toxicity of 
metals released from galvanic anodes for marine bacte-
ria compared to algae. However, due to the scarcity of 
literature about Al toxicity on bacteria, it is challenging 
to extrapolate this finding to the field. A varying sensi-
tivity for other marine bacteria is to be expected. In this 
respect, it is interesting that recent studies have shown 
that aluminum can even have a stimulative effect on the 
growth of different cyanobacteria [34, 35]. Nevertheless, 
it can be concluded that bacterial toxicity is unlikely to be 
the main driver for an environmental risk assessment of 
galvanic anodes because species from other trophic levels 
showed higher sensitivities.

Corophium volutator showed only a significantly 
increased mortality at nominal Al concentrations of 
100  mg/l in the exposure without sediment. Although 
not directly indicated by a comparison of the mortality 
in the controls with and without sediment, the toxicity 
observed in the absence of sediment might be caused 
by a higher general stress level of the organisms when 
exposed solely in water. A further explanation might be 

the possibility for the organisms to avoid the exposure to 
the precipitated Al(OH)3 after digging into the sediment 
or absorption of the element to the sediment. This obser-
vation suggests a protective function of the sediment for 
benthic organisms. Furthermore, toxic Al3+ ions might 
be sequestered by the sediment lowering the bioavailabil-
ity of Al for the exposed organisms. On the other hand 
a saturated Al concentration might be expected because 
of the precipitated Al(OH)3 that can replenish the Al 
aquo complexes in solution. The formation of colloidal 
Al(OH)3 and various polymeric Al(III) cations in depend-
ence of the surrounding pH is challenging for the assess-
ment of the bioavailability of Al species. The chronic 
toxicity of aluminum to freshwater organisms was suc-
cessfully predicted by multiple linear regression [36] and 
a biotic ligand model [37]. However, a valid model is cur-
rently not available for marine ecosystems.

In case of Zn, a reduction of toxicity due to the pres-
ence of sediment was reported by Bat et  al., the EC50 
values for Zn-induced mortality of C. volutator was 
14.12 mg/l in the presence and 9.79 mg/l in the absence of 
sediment [38]. Although exposure times differed between 
the published (four days for both setups) and the current 
experiments, the values for the observed mortality are in 
good agreement with the previous study (about 50% mor-
tality at 10 mg/l zinc). The comparatively higher toxicity 
for exposure in the presence of sediment in the current 
work might be explained by the longer exposure times for 
this setup compared to the earlier report. Concentrations 
of total Zn during the anode activation period in a tank 
experiment ranged from 28.3 to 360.0  µg/l [9]. Under 
consideration of this maximum release and a roughly 
estimated NOEC of 1  mg/l, the risk quotient for zinc 
ranges from 0.03 to 0.36. Conradi & Depledge reported 
values for chronic Zn exposure in sediment over up to 
107 days [39]. They found a significantly decreased sur-
vival at Zn concentrations of 800 µg/l, which is more than 
two times above the highest Zn concentration deter-
mined during the tank experiments of Deborde et al. [9].

To assess the potential uptake of the metals by C. 
volutator, the metal composition with respect to alu-
minum, zinc and indium of this organism was analyzed 
before and after exposure to the three different concen-
trations of the dissolved galvanic anode. Interestingly, 
the maximum enrichment factor of the three metals in 
biota reflects the ratio between the metal content in the 
galvanic anode and the natural biota-level of the metals 
in the mud shrimp. If normalized to Zn = 1, the ratio 
between metal concentrations in the galvanic anode 
and the non-exposed shrimp was 3.4 for aluminum 
and 170 for indium. This corresponds well to the nor-
malized maximum enrichment factor of 3.8 for alu-
minum and about 105 for indium. In other words, the 
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metal composition in biota after the exposure reflects 
the metal composition of the galvanic anode indicat-
ing that there is no specific mechanism in C. volutator 
that would favor the uptake of one of the investigated 
elements over the other. The uptake of potentially toxic 
metals by aquatic organisms can take place in general 
across the integument, through the respiratory surfaces 
(e.g. gills), or the gut after ingestion of contaminated 
food [40]. The mud shrimp C. volutator, due to its filter 
and deposit feeding activity, is exposed to the particular 
risk of particle-associated contaminants and therefore 
the uptake of metals from precipitates in the current 
experiments. Analysis of the exposed organisms pro-
vided valuable additional information but raised the 
question, where the enriched elements are located, i.e., 
in or at the organism. As Rainbow & Luoma described, 
metal toxicity is not necessarily related to the total 
accumulated amount in the organism, because the met-
als are frequently stored in detoxified forms [41]. The 
removal of metals from cytoplasm by complexation and 
accumulation in spherical precipitates in membrane 
bound vesicles or vacuoles is a well-known detoxifi-
cation strategy of crustaceans [40]. The same applies 
to C. volutator, where e.g. zinc-rich granules could 
be observed in hepatopancreas [42]. Alternatively, 
the elements released by the galvanic anode might 
be absorbed at the shell of the crustacea. In fact, the 
biosorption of various metal ions to chitin is used as an 
approach to purify water from e.g. mining sites [43, 44]. 
It has been demonstrated that chitin can remove metal 
ions from aqueous solutions by adsorption to func-
tional groups such as hydroxyl- and amino-residues [45, 
46]. Based on modeling results, Tarpani et al. proposed 
chemisorption of Al3+ to chitin [44]. A strong binding 
of metal ions to chitin might explain why the elements 
were detected in elevated levels despite the acidic 
washing step. However, the bulk analysis of exposed 
organisms alone provides no further information. To 
elucidate the localization of the accumulated metals, 
methods allowing a special analysis such as laser abla-
tion ICP-MS [47–49] should be applied. The reported 
enrichment of metal ions by C. volutator—either due to 
uptake or adsorption—might promote a trophic trans-
fer in the marine environment. Benthic invertebrates 
usually serve as food for larger invertebrates, fish and 
also birds. As previously reported, aluminum in fresh-
water can be transferred from a primary to a second-
ary consumer [50]. In particular with respect to the 
potential use of areas surrounding offshore wind farms 
for aquaculture [51, 52], further studies are required 
to investigate the direct and indirect uptake of metals 

released from galvanic anodes by marine organisms for 
a risk assessment on environment and human health.

Conclusion
Based on the assessment of the acute toxicity to three 
organisms of different trophic levels, a direct environ-
mental threat by the use of galvanic anodes for cathodic 
protection of wind turbine support structures in the 
marine environment was not indicated. Toxicity thresh-
olds for C. volutator, A. fischeri and P. tricornutum 
determined in worst case exposure scenarios were in 
most cases at least one order of magnitude higher com-
pared to the concentrations of aluminum and zinc that 
are expected to be released during cathodic protection. 
However, a growth inhibition of marine algae in close 
proximity to an operating galvanic anode might occur 
if the dilution of the released metal ions occurs by dif-
fusion only. The observed accumulation of aluminum 
and indium in crustacea might facilitate their enhanced 
entry into the food chain. To develop a broader picture of 
the environmental impact of galvanic anodes in marine 
environments, future investigations should be extended 
to higher trophic levels, the potential trophic transfer of 
respective metals and possibly more sensitive chronic 
endpoints. If sublethal or developmental assays resulted 
in more significant effects, also the investigation of mix-
ture toxicity could be useful extension of the presented 
work.
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