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Abstract
Chronic toxicity of silver nanoparticles (AgNP) to Daphnia magna
has received increasing attention in research, also with regard to
influencing factors such as coating or feeding regime. With regard to
the later, only the effect of increasing food quantities has been tested
up to now. In the present study, we investigated whether a decrease
in food quantity causes increasing toxicity; as suggested by the
results in the above-mentioned study. For this purpose, a chronic test
using the reference material NM-300K at increasing concentrations
up to 6.6 µg Ag L-1 and three different food levels was conducted.
The moderate decrease in food quantity (75% of standard food
level) caused comparable toxicity results compared to the standard
food level, while the intense decrease (50% of standard food) caused
a clear increase in toxicity. However, the extent of this increase
varied with the investigated endpoint of the chronic test and some
endpoints did not vary between food levels at all. Number of clutches
and onset of reproduction showed the clearest response in terms of
decreasing Lowest-Observed-Effect-Concentrations (from > 6.6 to
4.6 µg Ag L-1, and from 6.6 to 5.6 µg Ag L-1, respectively). Mortality
showed the highest change in terms of relative increase: at the
highest AgNP concentration, mortality increased from 40% in the
standard food treatment to 90% at 50% food level. Even though this
may raise concern about risk assessment of AgNP using standard
food conditions, the high similarity in concentration dependence
between most endpoints indicates that the chronic Daphnia test is
protective despite the use of unnaturally high food supply.

the range of “nano“(= smaller than 100 nm) [2,3]. The amounts
and sizes of the released AgNP as well as their fate are highly
influenced by the identity of the washed product and the washing
conditions chosen [2,6]. However, a constant release of low doses
of AgNP can be assumed for a simplified experimental design.

Despite these results, most experimental studies on AgNP
ecotoxicity have used acute tests with high doses compared to
estimated environmental conditions [7], and results of chronic
toxicity studies or mesocosm experiments are just emerging [8].
For the commonly used aquatic test organism Daphnia magna,
concentrations causing negative effects during chronic exposure
range from about one to more than one hundred µg Ag L-1 [916]. Predicted environmental concentrations are mainly in the
range of ng L-1 [4]. Thus, long-term exposure of AgNP may only
be critical in case of additional factors which increase effects of
AgNP.
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For short-term experiments with AgNP, it has been shown
that exposure conditions strongly affect AgNP behavior and
toxicity [8,12,17]. An important difference between acute and
chronic toxicity tests with D. magna is the presence of food. Food
in terms of algae has been shown to reduce acute toxicity of AgNP
[9,12,13], but also to represent one of the main uptake routes
of AgNP [16]. In addition, Lam, et al. [18] showed that dietary
assimilation of silver was much higher at low than at high food
concentrations, which may be also the case for AgNP.

Silver nanoparticles (AgNP) are used in various consumer
products which are mostly related to sports and health uses [1].
For many of those products, for example textiles, washing are an
inevitable task during the product life cycle and may cause the
release of silver nanoparticles as well as silver ions. Some studies
have addressed the amount and type of the released silver from
textiles into the wastewater system, as well as their fate during
the wastewater treatment process [2-5]. In most cases, releases
have been reported to be at very low levels under standard
washing conditions and include varying amounts of particles in

Algae in tests with D. magna may thus have two different
functions: serving as energy resource (food) and as “carrier“of
AgNP into the test organism. To our knowledge, only one study
addressed the effect of food availability on AgNP toxicity [11].
In this study, 3-fold elevation of food quantity reduced the
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Besides affecting the toxicity of AgNP, algae as food directly
affect the population growth of daphnids; a relation which has
been intensely studied and modeled [19-25]. Increasing food
quantity was well-related to increased individual size as well as
population growth in the laboratory [26-28], and in the field [2931]. This relation has also been confirmed by modeling of data
[32-34].
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toxicity of citrate coated AgNP in terms of mortality, growth and
reproduction compared to the standard food level. In the present
study, we addressed whether we can find a similar pattern for
the relation between food quantity and AgNP toxicity using
decreasing food levels and a differently stabilized AgNP. The later
is also of interest in the context of environmental hazard of AgNP:
if the decreasing food levels increases AgNP toxicity, it may be
possible that Lowest-Observed-Effect-Concentrations (LOECs)
reach estimated environmental concentrations.
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(DLS) and (Delsa Nano C, Beckmann Coulter Inc., Brea, USA)
with 10 repetitions in case of DLS and 6 in case of zeta-potential
measurements. Results of both beakers were pooled after
measurement to reduce scatter between samples. One sample of
the stock dispersion was measured again prior to the start of the
test to assure similar starting conditions.

Test organisms

The green algae Pseudokirchneriella subcapitata (strain
no. 61.81, from the Culture Collection of Algae SAG, Göttingen,
Germany) was used for feeding. Algae were cultured using a
green algae medium (see Supporting Information, SI Table 1) and
permanent light at 20°C. Based on the assumption that one algae
corresponds to an average of 1.59 * 10-8 mg C, D. magna cultures
were fed 0.15 mg C Daphnia-1 d-1 with every media exchange
twice a week.

To investigate the relation between AgNP exposure and food
decrease, a full-factorial design with three different food levels
and five AgNP concentrations was used. Based on the assumption
of food being an important energy resource and a reduced uptake
of silver at higher food quantities, we expected higher growth, as
well as reproduction when more food is provided. In addition,
we expected the lowest mortality to occur at standard food
conditions. And based on other chronic results [9-11,13,14] we
expected growth and mortality to be the most sensitive endpoints
at all food conditions.

D. magna originated from Bayer GmbH (Monheim, Germany)
and were cultured in our laboratory for several years after
obtaining them from the Center for Environmental Research
(UFZ; Leipzig, Germany). D. magna were cultured at 20 ± 1 °C
using a 16:8 h light-dark cycle and a density of 20 animals L-1.
Cultures were considered suitable for testing after their third
brood when reproduction was high and no mortality occurred in
the cultures.

Materials and Methods
Test chemicals

Silver Nanoparticles were purchased from ras materials
GmbH (Regensburg, Germany; reference material NM-300K).
AgNP were of spherical shape and a mean size of 20 nm according
to the producer information. They were delivered as 10.16% wt
silver in a dispersion containing 4% polyoxyethylene sorbitan
monolaurate, (TWEEN 20) and polyoxyethylene glycerole
trioleate (trade name TAGAT® TO [35]) each. Prior to use, the
delivered dispersion was diluted to a silver content of 2% wt with
Milli-Q-water (Millipore, Merck KgaA, Darmstadt, Germany),
sonicated for 15 min in a water bath (Sonorex, RE100H, Bandelin
electronic GmbH & Co KG, Berlin, Germany), and used to prepare
a stock dispersion in the test medium, Elendt M7, with a nominal
silver concentration of 10 mg Ag L-1. The medium stock dispersion
was stored in the dark at 4°C for 7 d prior to the start of the
experiment and used throughout the experiment to prepare the
test dispersions.

Chronic Daphnia Test

The chronic Daphnia test was conducted according to OECD
guideline 211 [36], using 10 replicates per concentration, 20 ± 1
°C, and a 16:8 h light-dark cycle. A linear equation was used to
calculate the optimal amount of food throughout the test (mg C
= 0.0057 * d + 0.008; with d = median day of the media exchange
period). Food was added with every media exchange, every 2
to 3 days. To assess the effect of food reduction, three quarters
and half of the calculated optimal amount of food were used. The
three different food regimes (100 %, 75 %, 50%) were applied in
a full-factorial design with four concentrations (5, 9, 11, 13 µg Ag
L-1) and a control. Survival and reproduction was controlled daily,
number of molts with every media exchange. At the end of the test,
animals were fixed with formaldehyde at a final concentration of
1.5 % (v/ v). Body length was measured using picture analysis
and a stereomicroscope (Olympus SZX-ILLB200, Optical Co. LTD,
Ritto, Japan) connected camera (MCA-1000, Müller Optronic
GmbH, Erfurt, Germany). Analyzed endpoints were reproduction
(including cumulative number of neonates, day and number of
neonates at first reproduction, cumulative number of clutches,

Stability and mean particle size during the chronic test were
measured in a pilot test with two beakers of stock dispersion
and the same temperature, test volume and illumination, but
without algae or Daphnia. Measurements were done every 24 h
by absorption analysis (Cadas200 Spektral photometer, HACH
LANGE GmbH, Berlin, Germany) and Dynamic Light Scattering

Table 1: Results of the particle characterization during the pilot test and before the start of the chronic test in Elendt M7 medium at a concentration
of 10 mg Ag L-1, All values are given as mean values with standard errors (an = 20, bn = 9, cn = 12, dn = 3).
Cumulative HDD
Peak HDD
Polydispersity Index Zeta-potential
Conductivity
Experiment
Day
[nm]
[nm]
(PDI)
[mV]
[mS cm-1]

Pilot test
Chronic test

0

150 ± 27a

55 ± 2a

0.21 ± 0.02a

-11.1 ± 0.6c

0.737 ± 0.002c

3

469 ± 27

69 ± 3

0.22 ± 0.01

-12.4 ± 0.4

0.852 ± 0.002c

1
0

HDD: Hydrodynamic Peak Diameter

301 ± 35a
a

381 ± 66b

64 ± 4a
a

44 ± 2b

0.16 ± 0.01a
NA

a

-16.1 ± 0.6c
c

-16.4 ± 0.4d

0.784 ± 0.001c
0.718 ± 0.001d
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and mean number of neonates per clutch), cumulative number of
molts, body length and survival.

To obtain actual values for carbon content of the algae used
for feeding during the chronic test, carbon content was measured
prior to feeding with every media exchange: First, the algae were
centrifuged for 10 min at 4480 rpm (3-18K, Sigma, Osterode,
Germany) and re-suspended in carbon-free algae medium (SI
Table 1). The re-suspended algae were counted with a cell
counting chamber (Neubauer, Marienfeld GmbH & Co KG, LaudaKönigshofen, Germany) and their carbon content was analyzed
by laser driven CO2 detection (C-mat 5500, Ströhlein Instruments,
Germany) after combustion (I-05/ RP and D-03GTE, Ströhlein
Instruments, Germany). The corresponding carbon content per
alga was then calculated and the algae culture stored in the dark
at 4°C for use the following day.
Actual silver concentrations in the test dispersions were
measured at the beginning and the end of every media exchange.
For this, 100 µL of test dispersion were acidified with 1% HNO3
and stored in the dark. The highest concentration of each food
regime was measured using graphite furnace atomic adsorption
spectrometry (GF 90 and Solaar 989QZ, Unicam, Cambridge, UK).
After measurement, time weighted mean was calculated for each
food level in the measured concentration as described in the
guideline (OECD, 1998). The proportional relation between time
weighted mean and nominal concentration was used to calculate
actual concentrations of all other concentrations.

For estimating differences in silver uptake, 3 animals of
each food level were also measured by graphite furnace atomic
adsorption spectrometry and silver body burden in relation to
weight after fixation was calculated. This analysis was only done
at 11 µg Ag L-1 due to the detection limit of the device (about
0.03µg Ag g-1) and the limited number of surviving animals at
higher concentrations. Prior to silver body burden measurements,
fixed animals were digested first in 0.1M NaOH for 2 h, then in
a mixture of HClconc and HNO3 conc. (3:1) for additional 2 h. Both
digestion steps were made in a water bath at 65°C.

Data Analysis

Each endpoint of the chronic test was analyzed separately
using R version 3.1.2 [37], In no case homogeneity of variance
could be observed or reached after transformation when both
silver concentration and food level were used, so the data
were split according to food levels and to silver concentration
and analyzed separately. Details on transformations and used
models are listed in the Supporting Information (SI, Tables S1S7). For all endpoints and all datasets, Levene’s test was used to
analyze homogeneity of variance and if this criterion was met,
linear models were applied to datasets using silver concentration
or food level as only explanatory variable, and one-factorial
ANOVAs with post-hoc analysis (Tukey’s test) were used to
determine of Lowest-Observed-Effect-Concentration (LOEC)
and No-Observed-Effect-Concentration (NOEC) values or reveal
significant differences between food levels. In case homogeneity
of variance was not given, transformations were applied to the
data (square-root or boxcox) and the test was repeated. If the
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data did still not show homogeneity of variance, Kruskal-Wallis
tests with post-hoc analysis (multiple comparisons of means for
Kruskal-Wallis tests, package pgirmess) were made. All linear
models and ANOVAs were checked for normality of errors using
a Shapiro-Wilk test.

Results

Food influences
The reduction of food did not cause significant effects when
the food level was reduced to 75 % (Supporting Information (SI),
Table S8). When it was reduced to 50 % of the standard food,
the reproduction in terms of cumulative number of neonates and
mean number of neonates per clutch decreased significantly (p
< 0.001, Kruskal-Wallis test; for both endpoints, SI, Table S8).
Number of clutches and onset of reproduction did not respond to
changes in the food regime (p = 0.352 and p = 0.945, respectively;
Kruskal-Wallis tests for both endpoints). The body length at the
end of the test was also significantly smaller in the 50 % food
treatment compared to the other two food regimes (6.0 ± 0.1 mm
vs. 6.7 ± 0.1 mm at 75 % food and 6.8 ± 0.1 mm at 100 % food).
Mortality was zero in all control treatments (Table 3).

Particle characterization

Results of the particle characterization of all measurements
are summarized in Table 1. Cumulative Hydrodynamic Diameter
(cumulative HDD) and peak HDD increased throughout the pilot
test (150 ± 27 nm to 469 ± 27 nm and: 55 ± 2 nm to 69 ± 3 nm,
respectively), while the polydispersity index was similar in all
three measurements (about 0.2). The surface potential ranged
between -16 and -11 mV with a conductivity of 0.74 and 0.85 mS
cm-1.

The results for the stock dispersion used for the chronic test
were similar to the results of the pilot test: The peak HDD was
slightly lower in the chronic test stock dispersion than in the pilot
test on day 0 while the cumulative HDD was higher than in the
pilot test, but in the range of all later measurements of cumulative
HDD values in the pilot test (Table 1). The surface potential and
the conductivity were also similar to the range measured during
the pilot test (16.4 ± 0.4 mV at 0.718 ± 0.001 mS cm-1).

Analytical results

The measurement of actual silver concentrations in the
highest nominal silver concentration resulted in similar timeweighted mean values for all food treatments, with differences
in the range of calculation and measurement uncertainty. For
reasons of simplicity, one pooled time-weighted mean value
was used (6.6 µg Ag L-1 at the nominal concentration of 13 µg Ag
L-1). The relative decrease between nominal concentration and
time-weighted mean was about 51 %. This value was used for
the calculation of all other time-weighted mean concentrations,
resulting in 2.5; 4.6; 5.6; 6.6 µg Ag L-1 as actual concentrations,
corresponding to nominal concentrations of 5; 9; 11; 13 µg Ag L-1,
respectively. These calculated actual concentrations were used
for all data analyses in the current study.
The measurement of silver body burden of a subsample of
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fixed animals at 5.6 µg Ag L-1 showed a decreasing trend with
increasing food quantities, but differences between mean silver
body burden in all food treatments were not significant (p =
0.088, ANOVA). The mean silver body burdens were as follows:
100 % food = 0.8 ± 0.2 µg Ag g-1wetweight; 75 % food = 2.7 ± 0.2 µg Ag
g-1 wetweight; 50 % = 2.3 ± 0.9 µg Ag g-1 wetweight.

Chronic AgNP toxicity

In the standard food level treatment, AgNP significantly
reduced the reproduction in terms of cumulative number of
neonates (p = 0.025, linear model) total number of clutches (p =
0.025, Kruskal-Wallis test), and onset of reproduction (p < 0.001,
Kruskal-Wallis test, Figure 1). However, a LOEC could only be
determined for onset of reproduction (Table 2).

Molting was also significantly reduced by AgNP exposure (p =
0.007, linear model; Figure 2b), but no significant difference could
be detected between single concentrations. Mortality increased
with increasing AgNP concentration up to 40 % in the highest
AgNP concentration (Tables 2 + 3). Body length was not reduced,
but was significantly higher in the lowest AgNP concentration
(2.5 µg Ag L-1) than in all higher concentrations (p < 0.05, KruskalWallis post-hoc analysis; Table 2, Figure 2a).
Summarized, the most sensitive endpoints according to LOEC
values were onset of reproduction and mortality. The relative
decrease was 40% for mortality and about 17% for onset of
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Table 2: Overview of AgNP effects for all investigated endpoints in the
chronic test, Food effects are presented in the supporting information
(SI, Table S8). AgNP effects are given as NOEC and LOEC compared to
control as well as compared to 2.5 µg Ag L-1. All concentrations are given
as µg Ag L-1. The level used for significance was p < 0.05 and all results
rose from post-hoc analysis of ANOVA or Kruskal-Wallis tests (SI, Table
S1-S6).
Food
Endpoint
NOEC
LOEC
NOEC
LOEC
regime
compared to 2.5 µg
compared to control
Ag L-1
100%
6.6
> cmax
Cumulative
Number of
75%
6.6
> cmax
4.6
5.6
Neonates
50%
6.6
> cmax
100%
6.6
> cmax
Cumulative
75%
6.6
> cmax
5.6
6.6
Number of
Clutches
50%
2.5
4.6
100%
Mean
Neonates per 75%
Clutch
50%

6.6
6.6
6.6

> cmax
> cmax
> cmax

100%
5.6
6.6
Onset of
Reproduction 75%
4.6
5.6
[days]
50%
4.6
5.6
100%
6.6
> cmax
4.6
5.6
Size [mm]
75%
6.6
> cmax
50%
6.6
> cmax
100%
6.6
> cmax
Cumulative
Number of
75%
6.6
> cmax
Molts
50%
6.6
> cmax
100%
5.6
6.6
Mortality
75%
NA
NA
50%
5.6
6.6
NA indicates treatments where no suitable model could be found.
cmax: Highest test concentration

Table 3: Mortality at the end of the chronic Daphnia test in relation to
AgNP concentration and food level (n = 10).
Silver Concentration
Food Level
Mortality [%]
[µg Ag L-1]
100%

Figure 1: Reproductive effects of AgNP exposure in relation to silver
concentration and food level. a) cumulative number of neonates in the
standard food treatment, b) cumulative number of neonates in the 75%
food treatment, c) cumulative number of neonates in the 50% food
treatment, d) cumulative number of clutches in the standard food treatment, e) cumulative number of clutches in the 75% food treatment, f)
cumulative number of clutches in the 50% food treatment, g) onset of
reproduction in the standard food treatment, h) onset of reproduction
in the 75% food treatment, i) onset of reproduction in the 50% food
treatment. All values are given as mean values and standard errors (n:
according to survival, Table 3).

75%v

50%

Control

0

5.6

10

2.5
4.6
6.6

Control
2.5
4.6
5.6
6.6

Control
2.5
4.6
5.6
6.6

0
0

40
0

10
0

20
40
0
0

40
40
90
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reproduction rendering mortality the most sensitive endpoint
under standard conditions. The highest relative decrease of
reproductive endpoints was observed for cumulative number of
neonates (about 21%).

Influence of food reduction on AgNP toxicity

Overall, the results of the 75% food level were comparable
to the results of the standard food treatment, but the observed
effects were less clear: only onset of reproduction had a true
LOEC value, and cumulative number of neonates and number of
clutches showed significant decreases compared to 2.5 µg Ag L-1
(Table 2, Figure 1).
Still, the LOEC for onset of reproduction was lower than
the one observed in the standard food treatment, rendering
this endpoint the most sensitive one at this food level instead
of mortality. Still, mortality had the highest relative change
compared to the corresponding control (44 %).
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Table 4: Overview on reproductive and lethal chronic toxicity of AgNP
to D. magna in the literature. Only studies assessing the summarized
endpoints were considered.
Test
AgNP
Concentration LOEC [µg
Endpoint
Reference
coating
range [µg Ag Ag L-1]
-1
L ]
Cumulative
Mackevica, et al.
number of citrate
0 - 50
40
[11]
offspring
PVP

carbonate
alkane

detergent
stabilized

30

Sakka, et al. [14]

0 - 10

2.5

Völker, et al. [15]

1

Ribeiro, et al. [12]

0 - 87

0 - 500
0 – 2.5
0 – 60

50

> 60

Sakka, et al. [14]
Mackevica, et al.
[11]

As could be expected, food reduction caused a decrease in
growth and reproduction in terms of numbers of neonates. These

results are in line with published literature on food quantity
effects in several Daphnia species [20,22,28,30,31] that we
did not observe a delay in reproduction, as has been reported
elsewhere [26,22,38] also for comparable amounts of food (0.1
mg C L-1) and the same test species [20]. However, five animals
had been placed into the same test vessel in the cited study, so
it is possible that the carbon quantity available for each single
animal was further reduced. This would render the carbon
concentration in our study higher than the reported threshold
for a delay in reproduction for D. magna.

Figure 2: Body length at the end of the test and cumulative number of
molts in relation to silver concentration and food level. a) body length
in the standard food treatment, b) body length in the 75% treatment, c)
body length in the 50% food treatment, d) cumulative number of molts
in the standard food treatment, e) cumulative number of molts in the
75% food treatment, f) cumulative number of molts in the 50% food
treatment. All values are given as mean values and standard variation
(n: according to survival, Table 3).

uncoated
carbonate

0 - 60
0 - 87
0 -10

0 – 10 000
0 – 17.44
0 - 500

> 50

Zhao, et al. [16]

Mortality

PVP

0 - 50

29/ > 87* Blinova, et al. [9]

When the food level was further reduced to 50 %, number
of clutches and the onset of reproduction had decreasing LOECs
compared to the standard food level (Table 2). This decrease was
more pronounced for cumulative number of clutches (Figure 1b,
Table 2), but the observed toxicity decreased slightly at AgNP
concentrations above the LOEC. Mortality increased to 90%
(Tables 2+3), while the LOEC values did not differ between food
treatments (Table 2). This is making number of clutches the
most sensitive endpoint according to LOECs, but the endpoint
mortality having the highest impact on the test organisms. Onset
of reproduction and cumulative number of clutches had only low
relative decreases compared to the control (about 17%).

Discussion

citrate

0 - 60

30

Sakka, et al. [14]

50/ > 87* Blinova, et al. [9]
> 10

Völker, et al. [15]

> 10 000 Gaiser, et al. [10]
EC10: 3.77
500

Sakamoto, et al.
[13]
Zhao, et al. [16]

detergent
0 – 60
> 60
Sakka, et al. [14]
stabilized
*differences in results are related to the use of different natural waters
for each set of chronic tests

Using standard food conditions, chronic AgNP exposure
caused an increase in mortality, a delay in reproduction and
reduction of number of neonates. The endpoints affected by AgNP
vary between studies, but reduction of cumulative numbers of
offspring is the endpoint most often affected by chronic AgNP
exposure and also the one having the lowest LOEC from all
studies (Table 4). However, in our study, only a general decrease
was observed and a LOEC could not be determined.
A delay in reproduction has only been reported in one
other study using citrate-coated AgNP [11], while chronic AgNP
exposure had no such effect in two other experiments [14,16].

Increased mortality due to chronic AgNP exposure has been
reported for several kinds of AgNP (Table 4). The LOEC for

Citation: Sakka Y, Völkel A, Filser J (2016) Food Reduction Adds Stress to Chronic Silver Nanoparticle Toxicity for Daphnia magna. Int
J Marine Biol Res 1(1): 1-7. DOI: http://dx.doi.org/10.15226/24754706/1/1/00105

Page 5 of 7

Food Reduction Adds Stress to Chronic Silver Nanoparticle Toxicity for Daphnia magna

mortality in our study is comparable to the result reported for
uncoated AgNP [13] and lower than those of the other studies
[9,11,14,16].
While several studies report reduction of growth and/or
molting as response to chronic AgNP exposure [10,11,16], no
such effect has been observed in our study. Overall, the used
AgNP had a rather low reproductive effect, while the effect on
survival was comparatively high.

In this context, it is important to note that the same AgNP
was also used in another chronic test with D. Magna [14] where
it did not cause significant negative effects to the test organisms
compared to the controls. The main differences between these
two experiments were the use of two different clones and caused
by this different pH values. The later is most likely related to a
change in AgNP behavior: while AgNP in the previous study were
of stable agglomerate size for two days [14], the size of AgNP
agglomerates increased to about 500 nm in the present study. To
explain To explain these and the overall differences in chronic
AgNP toxicity, systematic investigations on chronic toxicity and
AgNP properties are needed to explain these differences between
studies.
When the amount of food was reduced, mortality remained
one of the most sensitive endpoints while the effect on number
of neonates became less pronounced. However, the number of
clutches became increasingly sensitive and showed the highest
sensitivity (lowest LOEC) of all endpoints at the 50% food level. In
the other study addressing the effect of food on AgNP toxicity, an
increase in food quantity reduced the effect on reproduction and
survival [11], supporting an interaction between AgNP effects
and food supply. This is of special interest, as uptake by ingestion
is an important pathway in AgNP accumulation [39] and may be
important for the intensity of toxic effects [14]. The observed
reduction of AgNP toxicity at higher food concentrations can
thus be explained either by reduction of AgNP uptake due to a
“dilution effect“ of the additional algae present in the medium or
by the additional energy provided by higher food quantities that
allow higher levels of self-maintenance.
The measurement of silver body burdens in the present study
suggests a reduced uptake of silver at higher food quantities,
but the values measured at both reduced food quantities were
similar while the toxicity was clearly different. This indicates that
despite a possible dilution effect by additional algae not attached
to AgNP at the standard food level, the toxicity of AgNP is affected
by the available energy in terms of carbon.

The increase of AgNP toxicity at low food levels shows that
natural D. magna populations are most sensitive to AgNP when
algae concentrations in lakes are low. A strong reduction in
phytoplankton numbers is mainly observed during the spring
clear water phase when zooplankton density is high [23].
Introduction of AgNP during this phase of the year may increase
zooplankton mortality to a large extent and elongate time to
recover. However, the relation between algae and zooplankton
populations is affected by numerous other factors such as

Copyright:
© 2016 Sakka et al.

temperature and presence/absence of predators, and even
species-related differences in growth parameters [25,40]. Thus,
modeling the obtained results using a number of environmental
parameters is required to get a clear picture on the environmental
effects of AgNP. To our knowledge, only one model addresses the
effect of AgNP in a freshwater environment [41], In this study,
however, AgNP toxcity affected only the first trophic level (algae),
so that effects on zooplankton were based on algal abundances
only. Due to the comparably high sensitivity of Daphnia towards
AgNP [7] and their important role in limnic zooplankton grazer
communities [23], the direct effects of AgNP on zooplankton are
likely to affect natural populations in a similar manner as AgNP
effects on algae.

Conclusion

Toxicity in the present study was detectable at comparably
low levels and further increased when food was provided in low
quantities. Even though endpoints differed in their response
to food reduction, reproduction was further reduced by AgNP
exposure at low food levels. In addition, mortality increased
strongly at low food levels further adding to overall toxicity.
Beside the higher levels of toxicity, NOEC and LOEC values did
only decrease for two endpoints (start of reproduction and
number of clutches). Thus, for risk assessment, standard food
levels can be considered to be protective, while fate models may
require more information on the relation between food level,
uptake and toxic effect to assess the consequence of increased
toxic levels.
In addition, our study supports the conclusion that
environmental concentrations slightly above the expected
range of ng L-1 can pose a risk to Daphnia populations in the
environment.
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