




controls (P < 0.001, Fig. 7). The highest concentration of
Au was observed in Egeria densa stems on Days 90 and 193
with concentrations ranging from 137 to 298 mg/kg on

average (Fig. 7a), while the Cu concentrations averaged
between 37 and 61 mg/kg during the experiment (Fig. 7b).
The Au concentrations decreased significantly over time in

FIG. 4. Dissolved oxygen (DO) saturation (sat) at the surface water before dawn over the 9 months of the experiment. The different
treatments are displayed in different panels along with their respective control treatment: (a) AuNP-ambient nutrient, (b) AuNP-nutrient
enriched, (c) CuNP-ambient nutrient, (d) CuNP-nutrient enriched. Asterisks denote significant (P ≤ 0.05) difference between NP treatment
and control of each sampling date. Values are mean � 95% confidence intervals.

·
·

FIG. 5. Ecosystem metabolism: gross primary productivity (GPP, top) and ecosystem respiration (ER, bottom) in the AuNP and con-
trol-nutrient enriched treatments measured at discrete times between Day 86 and the end of the experiment. Asterisks denote significant
(*P ≤ 0.05; **P ≤ 0.01) difference between NP treatment and control of each sampling date. Values are mean � 95% confidence intervals.
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Egeria densa stems, especially between day 193 and 269. In
both Ambient Nutrient and Nutrient Enriched conditions,
Cu concentrations increased between Day 90 and 193 and
then remained stable to Day 269.
During the same months, Egeria densa growth rates were

measured in mesh columns placed in the water column and
the highest growth rates in the controls were observed dur-
ing the summer (Day 193, Fig. 8). The nutrient enrichment
treatment did not significantly alter Egeria growth rates
(P = 0.82). The only significant treatment effect observed
was a 52% decline in Egeria growth rates in the AuNP-nutri-
ent enriched on Day 193 (Fig. 8).

DISCUSSION

We found that when added together with nutrients,
AuNPs enhanced the frequency and duration of algal
blooms and this was accompanied by a reduction in macro-
phyte growth and photosynthesis, leading to extended peri-
ods of water column hypoxia and reduced ecosystem
productivity. Adding CuNPs in combination with nutrient
enrichment caused similar increases in algal blooms and
reductions in dissolved oxygen, but these changes were not
accompanied by a decline in ecosystem productivity. In the
absence of nutrient enrichment, there were no consistent
effects of AuNPs or CuNPs on primary producers and
whole ecosystem behavior.

Larger impacts of gold nanoparticles than copper-based
nanopesticide

We were surprised to discover that our “nanoparticle-tra-
cers,” AuNPs, caused larger and more frequent ecosystem

responses than the Cu-based nanopesticide. The macrophyte
response to AuNPs could result from a direct effect of the
rapid Au accumulation into Egeria densa in the first
6 months of the experiment, while CuNPs showed both less
bioaccumulation and non-significant effects on leaf-level Ege-
ria densa physiology. These patterns in bioaccumulation and
impact may be related to the contrasting behavior of CuNPs
and AuNPs in the water column. The CuNPs used in this
experiment had a larger initial size than the AuNPs, showed
evidence of aggregation, but also rapidly dissolved in situ in
mesocosm water (dissolution half-life time, t1/2 ~ 8 h) and
dissolved Cu2+ was likely complexed by dissolved organic
matter (Vencalek et al. 2016). In contrast, AuNPs were less
aggregated in the water column (~10 nm) and are assumed to
have low solubility under environmental conditions (Lee and
Ranville 2012). The two metal NPs were dosed at different
concentrations in the mesocosms, but our results still suggest
that under these environmentally realistic conditions, the
metal bioaccumulation rate in an aquatic plant was higher
when exposed to the small and stable AuNPs than the much
more soluble CuNPs.
We expected Egeria tissue metal concentrations to be simi-

lar at each harvest since the stems collected were about the
same age (new growth) and were exposed to a similar water
column NP concentrations. This expectation was met for
CuNPs but not for AuNPs. Tissue Cu concentrations in Ege-
ria was stable across the three harvest dates. However, in the
AuNP treated mesocosms, the highest Au accumulation was
measured on Day 90 and then tissue Au concentration in
Egeria densa stems declined over the remaining six months of
the experiment. This result raises a number of questions
about the environmental variables that mediate AuNP uptake
in plants. It is unlikely that these large decreases were

FIG. 6. Egeria densa stem photosynthesis (top) and respiration (bottom) rates in the ambient nutrient treatments (right) and in the nutri-
ent enriched treatments (left). Asterisks denote significant (*P ≤ 0.05; ***P ≤ 0.001) difference between NP treatment and control at the
same nutrient level of each sampling date. Values are mean � 95% confidence intervals.
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explained by higher plant turnover or regulation of Au con-
centrations in tissue but they may have been controlled by an
external factor sensitive to seasonal variations and/or NP
dosing. We speculate that changes in the composition and
capacity of the periphyton growing on Egeria stems could be
responsible for the differences in bioaccumulation over time
that we observed. Periphyton can act as a barrier to prevent
contaminant uptake by the macrophytes (e.g., NPs strongly
adsorbed to the biofilm) or could be involved in the facilita-
tion of the uptake of NPs by mediating their dissolution or
modifying NP aggregation and surface properties (Schwab
et al. 2016). It is also possible that E. densa exudes a sulfhy-
dryl rich metal binding protein, which could modulate the
bioavailability of Au as it has been previously shown for
AgNPs (Bone et al. 2012, Unrine et al. 2012).
We cannot resolve whether the higher tissue concentra-

tions or a higher toxicity of AuNPs led to more severe effects
of AuNPs than CuNPs in this experiment. In previous lab

based assays, metal NPs have been reported to reduce both
algal and macrophyte growth and photosynthesis (Hoecke
et al. 2013, Thwala et al. 2016). In these studies, researchers
typically attribute these negative impacts on increases in
oxidative stress or membrane damage caused by the NPs
but the literature is scarce on the specific toxicity mecha-
nisms of AuNPs in plants and algae. However, one study in
Caenorhabditis elegans demonstrated that citrate coated
AuNPs can cause unfolded protein response and endoplas-
mic reticulum stress by denaturing proteins that they come
into contact with (Tsyusko et al. 2012).
Despite the known toxicity of Cu to aquatic organisms,

Cu from CuNPs was less bioavailable and had less impact
on autotrophs than AuNPs. The study of the toxicity and
ecological impacts of AuNP has received less attention than
other NPs, such as Ag-NPs and TiO2-NPs, because of their
lower industrial production rates. The use of AuNPs in
pharmaceuticals is growing (bioimaging, gene/drug delivery,

FIG. 7. Gold (a) and copper (b) concentrations (mg of metal per kg of plant, dry weight) in Egeria densa stems. Note that the y-axis scales are
different between the two graphs. Different letters indicate significantly different dates in the same treatment. Within each nutrient level, treatment
means of the three sampling dates annotated by the same letters are not discernible at a = 0.05. Values are mean� 95% confidence intervals.
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phototherapy, home diagnostics; Ghosh et al. 2008, Rossi
et al. 2016) but widespread environmental exposure to this
contaminant is unlikely. The important implications of this
study for future ecological research on contaminant impacts
are the recognition that lab based toxicity studies can have
limited power to predict ecological impact. What is needed
is research that uncovers the mechanisms through which
AuNPs can disrupt and alter ecosystem processes so that we
can prevent environmental exposures of contaminants pos-
sessing similar traits.

Metal nanoparticle contaminants can intensify eutrophication
in wetland ecosystems

We hypothesized that nutrient enrichment would alter the
ecological impact of NPs and we indeed found multiple lines
of evidence showing interactive effects between nutrient
enrichment and NPs. We observed very limited effects of both
AuNPs and CuNPs in the absence of nutrient enrichment,
but when added together with nutrients, both NPs exacer-
bated the adverse effects of eutrophication in wetlands (algal
blooms, hypoxia, and decreased productivity). This experi-
ment suggests that nutrient status can greatly influence the
ecosystem-scale impact of emerging contaminants, and that
metal-based synthetic chemicals may be playing an under-
appreciated role in the global trends of increasing eutrophica-
tion (Heisler et al. 2008, Smith and Schindler 2009).
We found little evidence that nutrient enrichment directly

affect NP properties, with neither NP aggregation nor surface
charge being affected by nutrient enrichment. The rate of
AuNP and CuNP assimilation into macrophyte tissues was
unaffected by nutrient enrichment, suggesting that other
unmeasured properties of the NPs (e.g., organic coatings,

surficial chemistry) were not significantly altered by the nutri-
ent regime. Together these results suggest that there are lim-
ited direct interactions between nutrient status and the
bioavailability or surficial reactivity of these NPs. However,
our results demonstrate that nutrient enrichment can alter
organismal responses to NPs. Photosynthetic rates of individ-
ual Egeria plants were more suppressed by AuNPs in the
absence of nutrient enrichment than under high nutrient con-
ditions. Under low nutrient conditions, the energetic costs to
take up nutrients might be more important and thus limiting
the energy available to be invested to offset the effects of
external stressors. This result supports the nutrient rescue
hypothesis, that high nutrient availability allows individuals
to invest in detoxification responses or compensate for the
energetic costs of contaminant stress more easily (Leflaive
et al. 2015, Aristi et al. 2016). Despite this finding at the
individual plant scale, this “rescue” did not propagate to
ecosystem scales where we consistently observed ecologi-
cal responses to NP exposure only in the nutrient enriched
treatments.
Under nutrient enriched conditions, AuNPs and CuNPs

were associated with an increased frequency and magnitude
of algal blooms in these experimental systems. These algal
blooms led to decreases in dissolved oxygen in the water col-
umn and lowered primary productivity after 5 and 6 months
of AuNP exposures (late spring–summer season). The
extended algal bloom in the AuNPs-nutrient enriched treat-
ment lead to 91%–94% declines in ecosystem GPP. We
hypothesize that this pronounced response arises from rela-
tively small disparities in the effects of our contaminant stres-
sor on algae vs. macrophytes (Fig. 9). In the presence of the
NPs, floating algae were better able to capitalize on the nutri-
ents added in our nutrient enrichment treatments and thus

·
·

FIG. 8. Egeria densa growth rates in the Ambient Nutrient treatments (right) and in the Nutrient Enriched treatments (left). Asterisk
denotes significant (P ≤ 0.05) difference between NP treatment and control at the same nutrient level of each sampling date. Values are
mean � 95% confidence intervals.
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could shade out their benthic competitors. We hypothesize
that the 52% of the reduction we observed in macrophyte
growth rates in the AuNPs-enriched nutrient treatment
resulted from altered competitive interactions (in particular
shading) rather than from direct AuNP toxicity.
There are many direct and indirect mechanisms that may

explain how NPs and nutrients together caused the observed
increased magnitude and duration of bloom conditions in
the summer months of the experiment. In the first three
months of the experiment, total N and DOC concentrations
increased by 30–60% in the water columns of mesocosms in
the NPs-nutrient enriched treatments compared to the nutri-
ent only controls. These increases could be explained by
mortality of the algae and macrophytes immediately after
we initiated the contaminant exposure (previously observed
by Roussel et al. 2007, Colman et al. 2014) or by an increase
in consumer excretion rates in response to contaminant
exposure (Taylor et al. 2016). Either mechanism could
explain the internal eutrophication we observed in the pres-
ence of NPs, and could explain the observed intensification
of the effects of our nutrient enrichment treatment. This
compounding of internal mineralization with nutrient
enrichment likely generated the appropriate conditions for
the cyclical algal blooms observed in the NPs-nutrient
enriched treatments.
An alternative explanation for the observed algal blooms

is that the NP exposures selected for tolerant or resistant
algal taxa that were then competitively superior to macro-
phytes under NP exposure scenarios. Since our mesocosms
contained only a single macrophyte species, such community
adaptation was not possible for these benthic plants. We
speculate that the slower growth and recovery rates of
macrophytes relative to algae would disadvantage these ben-
thic autotrophs. Adding to the complexity of this competi-
tive interaction, previous studies have documented that
increased nutrient availability or NP stress can decrease the
production of allelopathic secondary compounds (e.g., phe-
nolics, flavonoids) by macrophytes (Richardson et al. 1999,
Gross et al. 2007, Wang et al. 2011a). Such a shift in

resource allocation by macrophytes would further advantage
their planktonic competitors. Altogether, these results sug-
gest that early in the experiment, mesocosms exposed to
nutrient enrichment and AuNPs saw a combination of an
initial increase in nutrient availability and modifications in
competitive interactions between algae and macrophytes
(Fig. 9). This combination of direct and indirect effects of
NPs likely contributed to the cascading effects that caused a
suppression of ecosystem productivity four to five months
later during algal blooms.
Our results provide an example of emerging contaminants

having large ecosystem-level impacts on aquatic ecosystems,
with both AuNPs and CuNPs causing higher frequency and
magnitude of algal blooms. Our experiment also demon-
strated that such impacts are highly context dependent, as
we only observed these ecosystem impacts when NPs were
superimposed with nutrient enrichment. Studying the inter-
active effects of multiple stressors in realistic biological sys-
tems is crucial, as this work again confirms that their
consequences on ecosystem structure and function are very
difficult to predict. While many questions about the mecha-
nisms responsible for these effects remain unanswered, our
findings provide evidence that synthetic chemicals such as
metal NPs can exacerbate aquatic ecosystem eutrophication.

CONCLUSIONS

Perhaps the most fascinating outcome of this experiment
was the discovery that the addition of small amounts of a
single synthetic nanoparticle could in fact catalyze the trans-
formation of our wetland ecosystems from clear waters to
turbid waters with large floating algal mats. The increasing
frequency and magnitude of algal blooms is expected to
increase with climate change but the role of synthetic chemi-
cals, like metal pollutants or pharmaceuticals in these events
is not currently considered (Heisler et al. 2008, O’Neil et al.
2012). The effects observed here might be specific to these
metal NP contaminants but we postulate that any chemical
contaminant that causes differential stress for algae relative

FIG. 9. Conceptual diagram representing our hypothesis of how nutrient availability in the water column and the competitive interac-
tions between macrophytes and algae are modified under (a) nutrient enrichment alone compared to (b) nutrient enrichment combined with
NPs additions.
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to macrophytes or modifies nutrient availability has the
potential to intensify eutrophication (Fig. 9). This experi-
ment shows that large declines in the rates of ecosystem pro-
ductivity and changes in the relative dominance of different
autotrophs can result from sub-lethal effects at very low
concentrations. We cannot determine from the current
experiment whether AuNPs reduced the ability of macro-
phytes to compete for nutrients and produce allelochemicals
or if AuNPs selected for bloom-forming algal species. Fur-
ther work should explore how each of these competitive
interactions may be affected by contaminant exposure.
This study also shows that the ability to detect these

ecosystem level effects is highly sensitive to the timing of
experimentation and sampling. The most marked treatment
responses were observed during the warmest months of the
year and dissipated in the subsequent autumn, even as we
continued to add both nutrients and NPs to the mesocosms.
This suggests that the effect of these materials, and perhaps
many conventional contaminants, may be most pronounced
and most measurable during periods of intense competition,
which in many aquatic ecosystems are characterized by
warm temperatures, high rates of grazing pressure, and high
productivity by both macrophytes and algae.
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