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Growing concerns over the potential for unintended, adverse 
consequences of engineered nanoparticles (ENPs) in the 
environment have generated new research initiatives focused on 
understanding the ecological eff ects of ENPs. Almost nothing 
is currently known about the fate and transport of ENPs in 
environmental waters, soils, and sediments or about the 
biological impacts of ENPs in natural environments, and the 
bulk of modern nanotoxicogical research is focused on highly 
controlled laboratory studies with single species in simple 
media. In this paper, we provide an ecological perspective on the 
current state of knowledge regarding the likely environmental 
impacts of nanomaterials and propose a strategy for making 
rapid progress in new research in ecological nanoscience.
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Two Contrasting Views of Nanotechnology
Unconstrained Optimism: When we get to the very, very 

small world—say circuits of seven atoms—we have a lot 

of new things that would happen that represent completely 

new opportunities for design. Atoms on a small scale 

behave like nothing on a large scale, for they satisfy the 

laws of quantum mechanics. So, as we go down and fi ddle 

around with the atoms down there, we are working with 

diff erent laws, and we can expect to do diff erent things. We 

can manufacture in diff erent ways.

—Richard Feynman (1959), “Th ere’s Plenty of Room at 

the Bottom”

Ungrounded Fear: In the Nevada desert, an experiment has 

gone horribly wrong. A cloud of nanoparticles—micro-

robots—has escaped from the laboratory. Th is cloud is self-

sustaining and self-reproducing. It is intelligent and learns 

from experience. For all practical purposes, it is alive.

—Introduction to Michael Crichton’s 2002 novel Prey

In , physicist and visionary Richard Feynman called 

on his colleagues to explore the possibilities of storing librar-

ies of information on cards the size of a pinhead and of creating 

machines only tens to hundreds of atoms in size. Five decades 

later, Feynman’s visionary ideas are widely credited with stimu-

lating the birth and growth of nanotechnology. Massive amounts 

of information are stored on ever smaller chips, and the produc-

tion and diversifi cation of engineered nanomaterials is increasing 

exponentially. Nanotechnologies are creating a host of newfound 

capabilities in industry, manufacturing, and medicine—as precise 

confi gurations of “atoms on a small scale behave like nothing on a 

large scale” (Feynman, 1959). Th ese same capabilities are generat-

ing increasing concern about what impact these novel materials 

may have when they enter human bodies and natural ecosystems. 

In his novel Prey, Michael Crichton (2002) played on these fears 

in a scientifi c thriller in which engineered nanoparticles escaped 
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from a factory, gained the capacity to reproduce, and began 

to behave collectively as a predatory nanoswarm. Th e plot is 

exceedingly farfetched, but the sentiment, that nanomaterials 

are new and frightening, is increasingly prevalent in the popular 

press and blogosphere. Th ese nebulous concerns are not slow-

ing the growth of nanotechnology, which currently represents 

a greater than $100 billion dollar global industry, with some 

analysts predicting that global revenues from nanotechnology-

enabled products will be worth $2 to 3 trillion by 2015 (esti-

mates from Global Industry Analysts Inc. and Lux Research). 

More than 1000 products that contain nanomaterials are cur-

rently commercially available, with thousands more in devel-

opment (Project on Emerging Technologies 2009). Scientifi c 

discovery about nanomaterials is also increasing exponentially; 

over the last decade >100,000 peer-reviewed papers have been 

published on the topic of nanomaterials or nanoparticles. Yet 

our understanding of what nanomaterials do (outside of their 

original commercial or industrial purposes) to organisms or 

within natural environments lags far behind our ability to engi-

neer new nanomaterials (engineered nanoparticles [ENPs]).

Fortunately, there are not yet any known instances of ENP 

spills or ENP pollution in the environment, and thus it is not 

currently possible to document the ecological impacts of ENPs in 

the fi eld. At present, we are poorly equipped to answer questions 

about the potential environmental impacts of ENPs. Studies of 

the likely environmental consequences of nanoparticle exposures 

lag far behind reports of nanomaterial fabrication, characteriza-

tion, and usage. A rapidly growing body of toxicological studies 

suggest that a number of nanomaterials may be toxic (reviewed 

by Kahru and Dubourguier, 2009), yet there are currently no 

regulations that limit nanomaterial exposures (Powell et al., 

2008). It is widely recognized that the environmental impacts 

of nanomaterials need to be understood (an ISI Web of Science 

[http://apps.isiknowledge.com/; verifi ed 8 Sept. 2010] online 

search on [nanomaterial* OR nanoparticle*] + [environment] + 

[review] returns >20 articles published in the last 3 yr) and both 

the USEPA and the European Commission (reviewed in Sass et 

al., 2008 and in Kahru and Dubourguier, 2009) have called for 

empirical research and risk assessment to help guide rulemaking. 

In response, government funding is off ering the opportunity to 

develop a proactive, mechanistic understanding of how ENPs 

are likely to infl uence organisms and ecosystem processes before 

signifi cant exposures. Ideally, this information should contribute 

to regulatory and market-driven frameworks that will prevent or 

mitigate for harmful ENP impacts.

While new funding initiatives for ecological research repre-

sent a unique opportunity for ecologists to study these emerg-

ing technologies, it also presents signifi cant challenges to a fi eld 

of research that has little history of predicting the impact of 

contaminants on the environment. Typically, due to a lack of 

awareness or a lack of funding, ecologists have had the oppor-

tunity to study pollutants only after they have already caused 

signifi cant environmental degradation. We were invited to 

write a review of ecological eff ects of engineered nanomaterials, 

but given the scarcity of ecological research on this topic, such 

a paper would be both brief and premature. Instead, our goal 

in this paper is to (i) provide an ecological perspective on what 

we know so far about the environmental impacts of nanoparti-

cles, and (ii) propose guidelines and strategies for making rapid 

and strategic progress in gaining an ecological understanding 

of ENP impacts in the environment.

What Are Nanomaterials and What Do We 

Know about Their Environmental Impacts?
One of the underlying problems in determining the envi-

ronmental impact of nanomaterials is that there is nothing 

simple about them. In fact, essentially all of their fundamental 

properties and behaviors are challenging to assess and study, 

although a great deal of progress in the last decade or two has 

been achieved. Th is diffi  culty arises because nanomaterials can 

exist in many forms and sizes between the molecular state on 

the one hand, and the bulk state on the other, keeping in mind 

that both bounding states have been relatively well understood 

for a considerable period of time.

Nanomaterials are generally defi ned as materials that are 

<100 nm (0.1 μm) in at least one dimension. Th is means that 

nanomaterials can be three-dimensional particles of almost 

any shape, ultrathin fi lms (two-dimensional-like), or fi ne rods 

(essentially one-dimensional). Ecologists have good reason to 

believe that even this shape diff erence will play a big role in 

their environmental, and specifi cally, their biological infl uences. 

But most importantly, and far beyond this simple classifi cation 

with respect to size, nanomaterials are so fascinating because 

their properties, and therefore their environmental/biological 

behavior, depend on their size. Th is is to say that their chemi-

cal (reactivity, solubility, etc.), mechanical (elasticity, hardness, 

etc.), electronic (conductivity, redox behavior, etc.), and nuclear 

(magnetic) properties often change as a function of size. Th ese 

changes can be, and often are, dramatic. Th is is precisely what 

leads to their exceptional (some would say astronomical) com-

mercial value, and their anticipated enigmatic behavior in an 

already extraordinarily complex earth environment. Although 

the reasons for these changes are varied and often complex, one 

can simply keep in mind that the underlying cause is gener-

ally related to the rapid rise in surface-to-volume ratio as one 

descends down through this size range, keeping in mind that the 

atomic (and electronic) structure of the surface region is diff erent 

from the “bulk” material below. Th erefore, in the nanoworld, 

not only do the properties of a material depend on the chemical 

composition and atomic structure of that material, as is true for 

any biotic or abiotic material, but also on its size.

Naturally Occurring Nanoparticles 

Are Ubiquitous in Nature
Th e lack of ecological studies of nanomaterials in a typical litera-

ture search is misleading. Ecological research on ENPs can take 

advantage of the wealth of oceanic, terrestrial, and atmospheric 

earth science research involving naturally occurring nanoparticles. 

In particular, there are signifi cant physical and chemical similari-

ties between the most widely manufactured ENPs and naturally 

occurring nanoparticles, although in a number of cases the exact 

size, shape, and coatings/surface functional groups may be quite 

diff erent from ENPs. Also, while the term nanoparticle may not 

yet be widely used in ecology, earth scientists have been studying at 

least some major classes of natural nanoparticles for many decades. 

For example, it was realized years ago that the charged surfaces of 

clays in soil—an example of natural nanoparticles—were known 
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to form electrostatic bonds with ions (e.g., NH
4
+, Ca2+, K+, and 

Mg2+) that contribute substantially to soil fertility by prevent-

ing the loss of these vital nutrients to groundwater (Gieseking, 

1939; Eriksson, 1952). Now, modern nanoscience has become an 

integral part of soil science that goes far beyond the study of clay 

minerals (see reviews and perspectives by Maurice and Hochella, 

2008; Th eng and Yuan, 2008).

Th is and other aspects of nanogeoscience, as it is now called, 

have extensively developed relatively recently, particularly in 

the last decade (see reviews by Banfi eld and Navrotsky, 2001; 

Hochella, 2002; Hochella et al. 2008). Th is is because an excep-

tionally wide variety of nanoparticles exist on earth, and are in 

fact ubiquitous in both the biotic and abiotic compartments of 

earth (Gilbert and Banfi eld, 2005; Hochella et al., 2008). Th e 

most abundant of these particles include ash from volcanoes and 

forest fi res, sea salt aerosols, and the iron and other transition 

metal oxides in soils, rivers, and oceans (Hochella, 2008; Buseck 

and Adachi, 2008; Kulmala and Kerminen, 2008; Hassellöv and 

von der Kammer, 2008; and references therein). It has also been 

demonstrated that naturally occurring nanoparticles have impor-

tant local, regional, and even global consequences. For example, 

it has been shown that airborne nanoparticles (and larger dust 

particles) link the deserts of Africa with the productivity of the 

open ocean and help sustain the nutrient demands of terrestrial 

ecosystems worldwide (Chadwick et al., 1999; Jickells et al., 

2005; Prospero, 1999; Simonson, 1995). We now know that 

naturally occurring nanoparticles are even present in interplane-

tary and interstellar space (Hochella, 2008). Th ey have also been 

abundant on earth since its formation, were part of its formation 

(Becker et al., 2006), and life from the beginning has evolved in 

their presence. Emerging research is suggesting that many organ-

isms synthesize nanomaterials. Bacteria in sediments may syn-

thesize electrically conductive pilli, called nanowires, for sensing 

neighbors or for transferring electrons and energy (Blango and 

Mulvey, 2009; Gorby et al., 2006). Bacterial reduction of uranyl, 

U6+(aq), to U(IV) oxide (uraninite) is an important bioremedia-

tion strategy (Bargar et al., 2008). Manceau et al. (2008) found 

that wetland plants, or their symbionts, synthesize copper (Cu) 

nanoparticles in their rooting zone when grown in contaminated 

soils, thereby reducing Cu uptake. Dissimilatory metal-reducing 

bacteria even respire on iron oxide nanoparticles in anaerobic 

environments (Bose et al., 2009). As analytical tools for the 

detection of nanoparticles improve, we may fi nd that biogenic 

nanoparticles are ubiquitous and biogeochemically vital across 

the living planet.

Finally, through desertifi cation, biomass burning, industrial 

combustion, engine exhaust, mining, and other anthropogenic 

activities, humans have vastly increased the global supply and 

variety of incidental nanoparticles, that is, those nanoparticles 

unintentionally produced by humans. Like the engineered 

nanoparticles they inspired, many of these natural and inci-

dental nanomaterials possess unique properties that contribute 

disproportionately to environmental chemistry.

Increasing Quantities and Diversity 

of Engineered Nanoparticles
Engineered nanoparticles are defi ned simply as any intentionally 

produced particle that (i) has a characteristic dimension between 

1 and 100 nm, and (ii) possesses properties that are not shared 

by nonnanoscale particles with the same chemical composition 

(USNTC, 2004). Th e second part of this defi nition recognizes 

that as a result of their small size, nanomaterials possess unique 

properties. Th is is particularly true for nanoparticles <20 to 30 

nm in size, which are generally characterized as having an excess 

of energy at the particle surface that makes them highly reactive 

and thermodynamically unstable (Auff an et al., 2009). What’s 

new about ENPs is that, unlike their naturally occurring and 

incidentally formed counterparts, which are heterogeneously 

formed and diff usely dispersed in the environment, the emphasis 

in ENP production is to generate pure suspensions or powders 

consisting entirely of nanoparticles that are as homogeneous in 

size, shape, and structure as possible. Th ose nanomaterials that 

have the most unique characteristics (e.g., the fl uorescence prop-

erties of quantum dots, the tensile strength of carbon nanotubes 

[CNTs], the photocatalytic properties of TiO
2
) have proven to 

be the most economically profi table (Wiesner et al., 2009). Th e 

race for patents and new markets puts industry under pressure 

to select ENPs that are truly unique and that possess previously 

unknown chemical properties, and to produce these novel ENPs 

in large quantities. Th us, the characteristics that make many 

ENPs worthwhile to produce are the very same qualities that 

make it most diffi  cult to predict the fates and impacts of these 

materials in the environment (Wiesner et al., 2009). Engineered 

nanoparticles allow truly novel chemical reactions that are previ-

ously unknown in nature to occur (Owen and Handy, 2007); 

therefore, making predictions about their impacts requires sig-

nifi cant, multidisciplinary advances.

Historical Analogues?
Th ere is, at present, no evidence to suggest that any ENP is a 

signifi cant environmental hazard (Royal Commission, http://

www.rcep.org.uk/ [verifi ed 8 Sept. 2010], 2008), although a 

number of laboratory trials have measured acute toxicity and 

sublethal eff ects of ENPs on organisms (reviewed by Kahru and 

Dubourguier, 2009). Yet, the absence of evidence should not 

be taken as proof that environmental impacts will not occur. 

As a community, ecologists are primed to be concerned about 

the consequences of new technologies for the environment. 

One need only mention asbestos, tetraethyl lead, DDT and 

PCBs, or chlorofl uorocarbons to conjure up the lung disease, 

lead poisoning, bird population declines, contaminated fi sher-

ies, and Antarctic ozone hole environmental disasters caused 

by these technological innovations (Rattner, 2009; Rowland, 

1991). As we begin to imagine the potential ENP pollution 

scenarios associated with the anticipated nanotechnology revo-

lution, we might benefi t from asking ourselves: What historical 

analogs might allow us to best prepare for the emerging issue 

of ENP additions to the environment? Th is question is compli-

cated by the fact that there are a wide variety of commercially 

important ENPs that have diff erent levels of toxicity and which 

are predicted to enter the environment through a variety of 

alternative pathways (Fig. 1 and Table 1).

Some of the initially obvious analogies (e.g., pesticides) appear 

inappropriate on closer scrutiny because many historic contami-

nants were applied intentionally to large areas of the landscape in 

high, pure doses. Th is may be an appropriate analog for the small 

number of places where zero-valent iron is being injected into 
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heavy metal–contaminated sites (Yantasee 

et al., 2007), but is a poor analog for most 

currently manufactured ENPs, which are 

likely to enter the environment inadver-

tently. Th e exposure scenario for historic lead 

and modern cerium oxide (CeO
2
) ENP fuel 

additives are very similar, though a formal 

comparison of their chemical characteristics, 

transport, and toxicity is necessary to deter-

mine how far the analogy can be stretched. 

Carbon nanotubes appear to cause health 

eff ects similar to asbestos when they come 

into contact with lung epithelia (Poland et al., 

2009), but it is less clear what eff ect CNTs 

will have when they are present at low con-

centrations in soils, sediments, and natural 

waters. For CNTs and many other ENPs, the 

primary use of the nanoparticle is as a con-

stituent of a composite material (e.g., CNTs 

in vehicle tires) and these ENPs will enter 

the environment together with co-occurring 

chemicals only as the products containing 

them are degraded (in road runoff , landfi ll 

leachates, and wastewaters). For still other 

ENPs on the market, the constituent materi-

als are themselves expensive or the fabrication 

conditions require such extreme precision 

and highly specialized facilities, making them 

very expensive to produce and thus unlikely 

to enter the environment in large quantities (e.g., gold or plati-

num nanoparticles and quantum dots). Risk assessment scenarios 

(Table 1) suggest that the majority of ENPs are going to enter the 

environment as part of complex waste streams in which the ENPs 

are present in low concentrations. Th us, the likely environmental 

exposure scenarios for ENPs are more similar to other emerging 

contaminants such as pharmaceuticals, personal care products, or 

fl ame retardants, which enter the environment as constituents of 

complex solid and liquid waste streams.

Predicting the ecological impacts of ENPs is even more com-

plicated than predicting the impacts of other emerging organic 

contaminants. Th e quantitative structure–activity relationship 

(QSAR) methodology is typically used to predict the toxicity 

of new organic contaminants. With QSAR the similarity of a 

new contaminant to other known contaminants can be used 

to make initial predictions about its eff ects (Bender and Glen, 

2004). Such classic characterization approaches are ultimately 

limited by their inability to categorize the novel physical and 

chemical properties of ENPs. While we can develop analogies 

for modern ENPs from historic contaminants with respect to 

Table 1. Published risk assessment studies of engineered nanoparticle (ENP) exposure scenarios.

Focal ENP(s) Context Citation

Nanosilver (nano-Ag) Fate and risks for aquatic exposure associated with Ag in plastics and textiles Blaser et al., 2008

Nanosilver (nano-Ag) Comprehensive synthesis of Ag production and future likely scenarios of 
exposure

Luoma, 2008

Nano-TiO
2

Assessment of TiO
2
 production and exposure scenarios Ogilvie-Robichaud et al., 2009

Single-walled carbon nanotubes (CNTs) Measured the elemental, molecular, and stable carbon isotope compositions 
of commercially available single-walled CNTs to provide unique 
“fi ngerprints” to trace CNTs in the environment

Plata et al., 2008

Assorted ENPs, with emphasis on 
zero-valent Fe nanoparticles

Review of potential and risks associated with nanoremediation approaches Karn et al., 2009

Hypothetical ENPs possessing diff erent 
characteristics

Application of multicriteria decision analysis tools to four hypothetical ENPs Linkov et al., 2007

ENPs in nanocomponents and products Examination of industrial reporting Meyer et al., 2009

Nano-Ag, nano-TiO
2
, and CNTs Substance fl ow analysis from products to air, soil, and water in Switzerland Mueller and Nowack, 2008

Single-walled CNTs, buckyballs (C
60

), 
quantum dots, and alumoxane and 
TiO

2
 nanoparticles

Assessment of inputs, outputs, and waste streams in fabrication processes. 
Comparison of risk to other industrial manufacturing processes

Robichaud et al., 2005

TiO
2
, ZnO, Ag, and CNT and fullerenes Modeled predictions of ENP concentrations in sediment and sludge treated 

soil for the United States, Europe, and Switzerland. Risk assessment 
scenarios compared with toxicity to calculate risk quotients

Gottschalk et al., 2009

Fig. 1. We recognize that engineered nanoparticles (ENPs) can enter the environment directly 
through intentional environmental additions (e.g., zero-valent Fe for remediation [Yantasee et 
al., 2007]) or unintentional spills: 1as the waste byproducts of ENP manufacture; 2through the 
liquid waste stream as they are leached from industrial and consumer products; 3as constitu-
ents of solid wastes from biosolids; and 4through landfi ll leaching of disposed products or 
biosolids. Once ENPs enter the environment, their impact on organisms will be mediated by 
abiotic reactions that infl uence their solubility, shape, and chemistry. Engineered nanopar-
ticles that remain soluble or that are in high concentrations in the environment are more 
likely to have 7direct eff ects on the organisms they encounter. Engineered nanoparticles may 
also 5indirectly aff ect organisms by altering the chemical environment or by 6increasing or 
decreasing the solubility, transport, or membrane transfer of co-occurring contaminants. 
Regardless of whether any organism experiences lethal or sublethal eff ects, if the ENP is 
incorporated into tissues or into detritus it is susceptible to 8trophic transfer and bioaccumula-
tion into higher trophic levels. The vast majority of ecotoxicological studies of ENP eff ects to 
date have looked at model organism responses to pure solutions of manufactured ENPs. Such 
studies, though essential, are insuffi  cient to predict the ecological impacts of the much wider 
range of likely exposure scenarios.
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their QSAR characteristics and routes of exposure, we need to 

develop new ways to also categorize the novel functionalities 

of ENPs. In a 2009 report by the Woodrow Wilson Center, 

Davies stated the problem very succinctly:

Even fi rst-generation nanotechnologies challenge 

traditional risk assessment methods. Multiple 

characteristics contribute to the toxicity of many 

nanomaterials; they include not just mass or number 

of particles but also the shape of the particles, the 

electrical charge at the particle surface, the coating of 

the particle with another material and numerous other 

characteristics. Science has yet to determine which of 

these characteristics are most important under what 

circumstances, and determining this will not be easy. 

(Davies 2009, p. 17)

Because the diversity of ENPs is high and growing rapidly, 

we suggest that initial ecological research on ENP impacts 

should focus on ENPs that are likely to enter the environment 

in large quantities and that exhibit measurable toxicity in eco-

toxicological testing.

Known Biological Impacts
To date, research on the biological impacts of ENPs has primar-

ily consisted of controlled lab studies of cell cultures and model 

organisms exposed to high concentrations of nanomaterials in 

culture media (Fig. 2 and Supplemental Information). Because 

environmental exposures are likely to be at much lower con-

centrations in an ecosystem that is both physically and chemi-

cally more complex than a fl ask or petri dish, these studies 

are of only limited utility in predicting the impacts of ENPs 

under likely environmental exposure scenarios. An ISI Web of 

Science search reveals that of the ~98,000 published studies of 

nanomaterials or nanoparticles published over the last decade 

only ~3000 of these articles include information about nano-

material toxicity or toxicology (Table 2 and Fig. 2) and only 

~150 of those articles also include a reference to the “environ-

ment” or “ecology.” From a careful survey of this literature, and 

papers cited within, we conclude that there are fewer than 12 

published reports of the eff ects of an engineered nanomaterial 

that are ecological in design, in that they (i) include more than 

one species in the same experimental trial or (ii) they examined 

organismal responses in environmental media (i.e., natural soil, 

sediment, surface or groundwaters) (Table 2). Th e rare and 

notable studies to date that have examined the eff ects of ENP 

exposures on diverse ecological communities have not docu-

mented any signifi cant increases in mortality or alterations in 

community structure as a result of ENP exposures (Tong et al., 

2007 [C
60

]; Holbrook et al., 2008 [quantum dots]; Bradford et 

al., 2009 [nanosilver]; Ferry et al., 2009 [nanogold]).

Th e vast majority of nanomaterials impact research published 

to date has been conducted with model organisms, in experi-

ments in which ENPs are added in the suspended state to very 

simple media (Supplemental Information). From such studies of 

pure, recently manufactured ENP exposures on model organisms, 

we are gaining information about the bioavailability and toxic-

ity of ENPs to organisms growing in water or in simple growth 

media under highly controlled conditions (see reviews by Baun 

et al., 2008; Kahru and Dubourguier, 2009; Klaine et al., 2008; 

Navarro et al., 2008). A large number of laboratory trials have 

detected acute toxicity of many ENPs for diverse taxa (Fig. 3 and 

Supplemental Information). Yet these exposure scenarios bear little 

resemblance to realistic exposure scenarios—and are thus of only 

limited value in formulating ecological impact predictions. As fate 

and transport studies increasingly make it clear that most ENPs 

will enter the environment having undergone some degree of 

surface modifi cation, and as risk assessment eff orts provide more 

Table 2. Results of ISI Web of Science Search and Literature Scan for articles on nanomaterials. Search conducted on 28 Sept. 2009.

Search term ALL AND Silver
AND Carbon 

Nanotube
AND Titanium 

or TiO
2

AND Cerium 
OR CeO

2

AND Fullerenes 
OR C

60
 OR C

50

AND Zinc or 
ZnO

2

Nanomaterial* OR Nanoparticle* 98,462 9,158 7,479 7,702 1,056 1,089 3,201

(Nanomaterial* OR Nanoparticle*) + (Toxic 
OR Toxicity OR Toxicology)

3,076 179 482 338 32 165 133

(Nanomaterial* OR Nanoparticle*) + (Toxic 
OR Toxicity OR Toxicology) + (Ecosys* or 
Ecolog*)

147 19 41 46 3 39 10

Within Search 3: Interaction between 
organisms or between organisms and 
natural environment

<10 1 3 1 0 4 0

Fig. 2. Results of an ISI Web of Science search comparing the total 
growth in nanomaterial- and nanoparticles-related publications to 
publication records that also include information on toxicity or envi-
ronmental impacts.
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realistic scenarios of environmental exposures, 

we should begin to shift the emphasis of nano-

ecotoxicological research toward maximizing 

environmental relevance (Table 1 and Fig. 1). 

Th is means: (i) examining the eff ects of weath-

ered, aggregated, and complexed ENPs and 

ENP manufacturing byproducts on a diversity 

of organisms; (ii) building mechanistic models 

of the fate and transport of ENPs in real envi-

ronmental media (soils, sediments, and fresh 

and saline waters); and (iii) performing ENP 

exposure experiments in complex systems 

under fi eld-relevant conditions (approximate 

dosing scenarios that are consistent with the 

best available risk assessments).

Ecotoxicological studies need to expand 

to include a wider diversity of functional 

groups. At present we fi nd that there are 

several major taxonomic groups within eco-

logical systems that are underrepresented 

or unrepresented within nanotoxicology. Th ere are very few 

published studies of ENP eff ects on fungi and no studies to 

date on aquatic macrophytes, predatory organisms, or terres-

trial herbivores. All current published studies of ENP eff ects on 

vascular plants have been conducted under highly unrealistic 

hydroponic growth conditions. Th e most well studied taxo-

nomic group is bacteria; however, here nearly 50% of studies 

reporting ENP impacts on bacteria have been conducted with 

a single species (Escherichia coli).

Experimental Challenges

Dosing

As ENP research puts a greater emphasis on environmental rel-

evance, we need to create experimental exposure scenarios that 

are not just likely to occur, but that also use concentrations 

that are realistic. Most work to date has involved exposures 

at nanoparticle concentrations that greatly exceed the high-

est predicted exposure scenarios (Mueller and Nowack, 2008; 

Gottschalk et al., 2009). For example, the latest risk assessment 

for silver nanoparticles suggests that the maximum concentra-

tions we are likely to see in aquatic systems is 0.1 μg nano Ag 

L−1 (Luoma, 2008; Gottschalk et al., 2009), yet most aquatic 

ecotoxicology studies add nano Ag in doses measured in mg 

L−1. When dose–response curves are used in which the lowest 

concentrations are far above realistic exposure scenarios, these 

studies are of limited utility in predicting the impacts of ENP 

exposures in the fi eld because one must extrapolate the rela-

tionship between exposure and toxicity far outside of the range 

of available data (Fig. 4).

Th e use of unrealistically high concentrations for toxicity 

tests is a common criticism of ecotoxicological studies that is 

not unique to ENP research; however, because of the unique 

characteristics of ENPs such LC
50

 testing may introduce a 

larger number of artifacts. For instance, the toxicity of ENPs 

seems to be inversely related to their size (Auff an et al., 2009) 

and many ENPs form large aggregates when they are present 

at high concentrations (Baalousha, 2009; Phenrat et al., 2007). 

For ENPs with these dynamics, higher dosing could theoreti-

cally reduce the bioavailability and toxicity of ENPs (Fig. 4, 

Scenario C). Th is is a problem not just of dosing level, but also 

of dosing timing. Th e vast majority of studies to date have used 

a single pulsed input of ENPs, rather than chronic dosing expo-

sure scenarios, although most risk assessment scenarios suggest 

that nanomaterial exposures will involve chronic additions of 

low concentrations (Mueller and Nowack, 2008; Gottschalk 

et al., 2009). As ecological studies of ENPs commence, it is 

Fig. 4. Hypothetical dose–response relationships between engi-
neered nanoparticle (ENP) concentration and some measure of 
toxicity. The red dots represent actual hypothetical observations 
while the three grayscale lines represent possible dose responses fi t 
to the observations. Scenario A represents a case for a contaminant 
whose toxicity increases linearly with concentration. Scenario B 
represents a contaminant that is nontoxic or even benefi cial at low 
concentrations that becomes toxic above some threshold level (e.g., 
many trace metals). Scenario C represents a potential dose–response 
curve for an ENP that aggregates as particle density increases such 
that its toxicity is strongly ameliorated at high concentrations.

Fig. 3. Results of a comprehensive synthesis of reported engineered nanoparticles toxicity for 
a wide variety of taxonomic groups. See Supplemental Information for details and citations on 
all component studies.
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important that we design our experimental treatments based 

on available risk assessments (Table 1) or, when those are not 

available, on well-informed and well-documented estimates of 

nanoparticle waste production (Bystrzejewska-Piotrowska et 

al., 2009). While it may be necessary, useful, and expedient to 

perform initial trials at high ENP addition rates to understand 

the mechanisms of toxicity and to refi ne future tests, it is criti-

cally important that realistic dose scenarios be part of any study 

designed to predict ecological impacts.

Once dosing scenarios have been determined, critical deci-

sions must be made about how best to introduce ENPs into 

the experimental system and how to accurately measure the 

fate, transport, and physical and chemical transformations of 

ENPs over the course of experiments to adequately characterize 

exposure scenarios. Here, we are severely hampered by analyti-

cal limitations. For many ENPs it is not yet possible to detect 

nanoparticles in complex media except at exceedingly high 

concentrations–and thus it is often impossible to ascertain the 

fate of ENPs once they are added to an experimental system. 

In experiments where ecological impacts are measurable, an 

inability to ascertain the fate, transport, and transformation of 

the originally added ENPs may make it impossible to diff er-

entiate between direct eff ects of the nanoparticles and indirect 

eff ects caused by components released from the original ENP. 

When eff ects are not measured, it is impossible to ascertain 

which environmental mechanisms act to “protect” biota from 

ENP toxicity whether it be via simple aggregation of ENPs 

into less reactive large particles, sorption of ENPs onto organic 

matter or soil minerals, or dissolution of ENPs into constituent 

solutes. Th us, the ability to formulate mechanistic explanations 

about ENP eff ects during ecological experiments is seriously 

constrained at present by analytical limitations. Th ese prob-

lems are only exacerbated in realistic exposure scenarios where 

ENPs are added at low doses or as constituents in complex 

waste mixtures such as sewage sludge or wastewater effl  uents 

(Gottschalk et al., 2009).

Priorities for Research

What Do We Need to Know to Predict 

Environmental Impacts?
To predict the ecosystem impacts of any particular nanomate-

rial, it will be necessary to consider: (i) the form, the route, and 

the mass of nanomaterials entering the environment (charac-

terization and risk assessment); (ii) the fate and transport of 

nanomaterials in environmental media (bioavailability); (iii) 

organismal responses to nanomaterial exposure (ecotoxicol-

ogy); and (iv) the eff ects of nanomaterial inputs on ecological 

communities and biogeochemical processes. Making progress 

within the fi rst three areas requires signifi cant interdisciplinary 

collaboration among social scientists, chemists, engineers, and 

toxicologists, and is a necessary platform on which any eco-

logical research must be built. Ecologists can play an important 

role within these disciplines by providing ecological insights 

and expertise to ensure that our colleagues in other disciplines 

collect the kinds of data necessary to underpin ecological 

investigations. We need to push nanochemists and engineers 

to study the fate and transport of ENPs in real environmental 

media, and to refi ne existing visualization and measurement 

approaches to facilitate the detection of ENPs in complex 

media. We should be both conducting and promoting active 

laboratory research that supplements existing toxicological 

studies by measuring ENP impacts on nonmodel organisms 

and on mixed communities of organisms (e.g., complex micro-

bial communities). We should also initiate top-down experi-

ments in which ENPs are added to fi eld-relevant experimental 

systems that provide us with opportunities to observe unantici-

pated environmental impacts.

Field research is badly needed to help guide ENP research. 

In the extremely limited literature available at this time, the sig-

nifi cant ENP toxicity measured in pure culture studies has not 

been found in fi eld-relevant studies with mixed communities 

in natural media. For example, there are numerous published 

reports of silver nanoparticle and C
60

 toxicity to microbes from 

pure culture studies (Table 2 and reviewed by Klaine et al., 

2008; Neal, 2008). In the two published experiments to date 

in which high concentrations of both materials were added to 

sediment or soil containing natural microbial communities, 

the ENPs caused no detectable changes in microbial biomass, 

activity, or community structure (C
60

—Tong et al., 2007; nano 

Ag—Bradford et al., 2009). In both studies, researchers con-

cluded that the nanoparticles sorbed to soil/sediment particles 

and were consequently unavailable to bacteria. In toxicologi-

cal tests of nano Ag toxicity for the zooplankton Ceriodaphnia 
dubia in natural river water, toxicity was found to be strongly 

altered by both dissolved organic carbon concentrations and 

ionic strength (Gao et al., 2009). Even in pure culture experi-

ments, abiotic interactions with culture media play an impor-

tant role in infl uencing toxicity; for example, Th ill et al. (2006) 

reported that CeO
2
 nanoparticles were highly toxic to E. coli 

in pure water, but later found that they had no eff ect on E. coli 
in culture media because the CeO

2
 nanoparticles formed large 

aggregates (Th ill et al., 2009). For many of these highly reac-

tive ENPs, interactions with soil and organic matter surfaces 

may substantially mitigate their bioavailability. Similarly, most 

ENP toxicological studies on plants (reviewed by Monica and 

Cremonini, 2009; Navarro et al., 2008) have been conducted 

in hydroponic systems and thus are hard to relate to natural 

systems. Th us, fi eld experiments for some ENPs may substan-

tially temper our concerns about their impacts and generate 

important new questions about the biogeochemical mecha-

nisms that either reduce organismal exposure or reduce ENP 

toxicity.

Although there is no published evidence to date, it is also 

likely that we will discover that some ENPs exhibit enhanced 

bioavailability and/or toxicity in natural environments rela-

tive to what is measured in controlled laboratory settings. For 

example, Mahendra et al. (2008) found that quantum dots 

were nontoxic to Bacillus subtilis and E. coli at the near-neutral 

pH characteristic of culture media, but became highly toxic 

after exposure to environmentally relevant acid or alkaline 

solutions weathered off  the quantum dots’ organic coatings, 

exposing organisms directly to the cadmium and selenium 

atoms of the quantum dots. Still other ENPs may show no 

toxicity to primary consumers but generate toxicity through 

bioaccumulation into higher trophic levels. Li et al. (2008) 

showed that Medaka fi sh [Oryzias latipes (Temminck and 

Schlegel)] accumulated up to 6× more Se in their livers and 
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experienced greater oxidative stress in incubations with nano-

Se than in incubations with larger Se particles. For ENPs 

that become more toxic through environmental weathering, 

chemical reactions, or through consumption or alteration by 

organisms, empirical evidence from extended-duration, fi eld-

relevant trials will be critical for establishing the need for and 

guiding regulation of such ENPs.

Proceeding in the Face of Uncertainty—How Can We 

Build a Nano-Ecological Research Program Able to Keep 

Pace with the Exponential Growth in Nanotechnologies?
Although ENPs possess unique characteristics, many of the 

inherent challenges of understanding the impacts of a new 

stressor on organisms and ecosystems are in fact classic prob-

lems in ecology that have been debated extensively in the litera-

ture. Ecological experiments performed with ENPs will benefi t 

from some consideration of these debates.

Model Systems vs. Reality

In ecology, we often work across four scales of inquiry for 

experimental studies: highly simplifi ed bottle assays that iso-

late components of ecological communities; microcosms 

that incorporate some degree of environmental heterogeneity 

within closed systems; mesocosms intended to create “smaller 

working versions of ecosystems” in fi eld containers; and fi eld 

experiments, where intact ecosystems are manipulated and 

studied. Th ere has been extensive debate about the value of 

microcosms in ecological research due to their inherent sim-

plicity and small scales. At the same time, observational studies 

or whole-system manipulations are limited due to their lack 

of control, low replication, and general inability to explain 

mechanism. To understand the impacts of nanoparticles on 

ecosystems, we need studies that are specifi cally designed to be 

complementary across scales. We need the small, highly repli-

cated microcosm studies in which we can thoroughly under-

stand mechanisms and test basic theory. Small-scale laboratory 

experiments should be used not only for their tight control and 

resulting ability to detect mechanisms, but also for their util-

ity in screening a wide variety of ENPs to prioritize and stra-

tegically design longer and replication-limited mesocosm and 

fi eld-scale experiments. Mesocosm and fi eld-scale experiments 

are needed that incorporate multiple trophic levels, are open 

to colonization, and allow some degree of community adapta-

tion. Th ese larger, open systems also experience natural envi-

ronmental variability, which may generate ecosystem responses 

that would not be anticipated based on controlled laboratory 

studies. Because they are larger in size, so-called “cage artifacts” 

are less pronounced and experiments can be of longer dura-

tion, allowing for chronic addition studies and the potential for 

looking at longer-term dynamics.

Organism Evolution and Community Adaptation

We now know that evolution happens more rapidly than we ever 

thought possible, in some cases within a single season or even a 

single generation (Hairston et al., 2005). As a result, many eco-

logical phenomena are infl uenced by adaptation over very short 

time scales. Adaptation has the potential to modify how organ-

isms respond to, as well as infl uence, (i) the toxicity of ENPs, (ii) 

the potential for bioaccumulation, and possibly (iii) rates of bio-

magnifi cation. Th erefore, experiments—whether performed at 

the scale of microcosms or whole systems—would benefi t greatly 

by running suffi  ciently long to allow for and measure the adap-

tive responses of the focal organisms.

Food Web Complexity

To date only one published ENP exposure study has explicitly 

included more than two trophic levels within a study. Holbrook 

et al. (2008) found that quantum dots attached to the cell 

membranes of E. coli were consumed by ciliate bacterivores, 

which were subsequently consumed by rotifers. Although these 

short-duration assays confi rmed the potential for trophic trans-

fer observed in a limited number of prior studies, the authors 

found no measurable toxicity or evidence for bioaccumulation. 

More such studies are necessary to help resolve concerns about 

ENP bioaccumulation and biomagnifi cation through food 

webs. Th ese studies must examine not only whether transfer 

and bioaccumulation of ENPs occurs—but also pay close atten-

tion to whether ENPs are stored or processed within organism 

tissues in unique ways that may aff ect their toxicity or transfer 

effi  ciency. Th e diffi  culty of including trophic realism in experi-

ments is a perpetual problem. Th ere clearly is no prescribed level 

of complexity that should be advocated in nanoparticle studies, 

yet numerous ecological studies in the past have shown that (i) 

indirect interactions among species can be at least as important 

in moderating the response of a community to a stressor as direct 

interactions; (ii) rare, seemingly insignifi cant species frequently 

exhibit compensatory dynamics following a disturbance that 

lead to their becoming major players in a food web; and (iii) tro-

phic cascades have the potential to completely alter conclusions 

about how much and how rapidly ENPs accumulate within vari-

ous components of the food web. Ecologists will no doubt begin 

their studies of ENPs using trophically simple systems. While 

this is reasonable, conclusions should always be tempered with 

the above caveats in mind, and researchers should always strive 

to add the next level of trophic realism to their work.

Multiple Stressors

Most studies of disturbance, including much of ecotoxicology, 

are designed to test individual stressors one at a time. Yet, in 

the real world stressors rarely occur alone. Ecosystems are bom-

barded with numerous types of potential toxicants, many of 

which have the potential to interact in a nonadditive way. In 

addition, the response of ecosystems to potential toxicants is 

multivariate, with many correlated response variables changing 

simultaneously, and sometimes nonlinearly. Th erefore, we need 

to focus on the development and testing of multivariate models 

of causality from the beginning of ecological research on ENPs. 

While it may be initially useful to examine the simplest cases 

where ENP x, y, or z impacts response a, b, or c, what we ulti-

mately need to have is a model that predicts how ENPs x + y + 

z concurrently impact a + b + c. For ENPs this is particularly 

important. Th ere is growing recognition that most nanoparti-

cles will enter the environment through waste streams in which 

they will be mixed with a variety of co-occurring contaminants. 

Because of their high reactivity, the potential exists for ENPs 

to alter the transport or bioavailability of other compounds, 

an especial concern given their likely co-occurrence with other 

pollutants (e.g., Cai et al., 2005; Kersting et al., 1999). For 
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example, Zhang et al. (2007) found that TiO
2
 nanoparticles 

facilitated Cd accumulation in carp (Cyprinus carpio L.) during 

bioaccumulation studies as compared with natural sediment 

particles. Baun et al. (2008) found that the addition of C
60

 

fullerenes increased the toxicity of phenanthrene and decreased 

the toxicity of pentachlorophenol to algae. Both of these stud-

ies suggest that ENPs may have both antagonistic and synergis-

tic interactions with co-occurring contaminants in addition to 

any inherent toxicity. Th ese interactions can occur because of 

the unique chemistry or the unique shape of the ENPs.

Modeling Approaches Allow Detection 

of Sublethal Eff ects
An inherent challenge for ecologically relevant experiments 

(more than one species and/or “realistic” doses and environ-

ments) on toxic eff ects caused by ENPs is the likelihood of 

fi nding small eff ects with high variability. Also, the data 

obtained will involve diff erent organizational levels (molecules, 

cells, organisms, populations, ecosystems). Th us, design and 

interpretation of experiments must focus on identifying the 

key processes involved in toxicity and trophic transfer. Th is is a 

long-recognized challenge for ecotoxicology, one that has been 

approached through a broad range of pragmatic and/or model-

based methodologies. Reviewing these is beyond the scope of 

this paper; instead, we highlight one approach that is attracting 

growing interest, the use of Dynamic Energy Budget models.

Dynamic Energy Budget (DEB) theory is a powerful theo-

retical framework for relating suborganismal (biochemical, 

genetic, physiological) processes to organismal performance 

and, thereby, to populations, ecosystems, and their evolu-

tion (Kooijman, 2010; Nisbet et al., 2000). Central to DEB 

theory are assumptions regarding the regulation of the com-

position of living organisms (homeostasis assumptions). Th e 

approach initially focuses at the level of the individual organ-

ism. Dynamic models describe the rates at which the organism 

assimilates and uses energy and elemental matter from food 

for its maintenance, growth, reproduction, and development, 

the rates of which depend on the state of the organism (e.g., 

age, size, maturity) and its environment (e.g., food density, 

temperature). A population is then regarded as a collection of 

individuals each obeying the rules of the DEB model, with 

all individuals sharing a common environment. Given a DEB 

model that characterizes individual responses to the environ-

ment, there are well-established techniques for modeling 

simple lab populations (e.g., Tuljapurkar and Caswell, 1997).

Dynamic Energy Budget theory has been previously shown 

to be a powerful tool for ecotoxicology (Kooijman et al., 2009; 

Kooijman and Bedaux, 1996; Muller et al., 2010). Such applica-

tions require additional assumptions that describe the uptake, 

release, and metabolism of toxic compounds, and the eff ects of 

the toxicants on the organism’s physiology; specifi cally, toxicoki-

netic and toxic eff ect submodels are required (Kooijman et al., 

2009; Muller et al., 2010). Th e toxicokinetic submodels describe 

contaminant exchange with the environment and chemical trans-

formations within an organism. Th e toxic eff ect submodel speci-

fi es how the basic DEB model parameters change in response 

to the toxicant. Using DEB theory to predict the consequences 

of introducing nanoparticles follows similar principles, but with 

the additional requirement to take account of the impact of the 

ENPs on the “environment” experienced by the focal organisms 

and simultaneously to account for the “environmental fi lter” 

that modifi es the solubility, reactivity, and structure of ENPs.

Prepare from the Beginning for Synthesis
As ecologists begin individual experiments looking at how 

ENPs impact various systems, we believe it is in the best inter-

est of our discipline to prepare in advance for the syntheses of 

data that are likely to take place within the next decade. While 

many forms of data synthesis exist, meta-analysis has become 

one of, if not the most prominent form of statistical synthe-

sis (Osenberg et al., 1997). Gurevitch et al. (1992) introduced 

meta-analyses to ecologists as a statistical means of assessing the 

generality of pattern and process among studies. Meta-analyses 
was defi ned by Glass (1976, p. 3) as “the statistical analysis of 

a large collection of analysis results for the purpose of integrat-

ing the fi ndings” and typically involves converting quantitative 

responses to a treatment from component individual studies 

into response ratios or eff ect sizes that can be compared and 

compiled across studies (Hedges et al., 1999). Th e main advan-

tages of meta-analysis over other forms of synthesis are that (i) 

the method allows for quantifi cation of treatment eff ect sizes 

that can be readily compared across studies even when those 

studies have been performed using diff erent methods, and (ii) 

meta-analysis can explicitly account for key diff erences among 

studies in the statistical model, allowing us to ask questions 

about which factors cause eff ect sizes to vary.

Meta-analysis is a powerful tool that ignores the details of 

individual studies so that we can step back and quantify eff ect 

sizes after accounting for all the random variation among stud-

ies. Th is broader view is essential if we are to determine what 

generalities exist for the impacts of individual nanoparticles 

on ecosystems, or what generalities exist among nanoparticles. 

To facilitate the possibility of future meta-analyses we must 

prepare now—at the beginning of the proliferation of indi-

vidual studies—by: avoiding publication bias, making data sets 

available in repositories, and reporting all potentially relevant 

details of the experimental details.

Th e tendency to not publish studies simply if they found 

insignifi cant or negative results has been one of the single big-

gest factors limiting data syntheses. Although there are statis-

tical methods to detect such “publication bias,” there is little 

that can be done to correct it if found to exist. Researchers, 

reviewers, and editors need to be conscious that publication of 

negative results is just as vital to the future of data syntheses as 

publication of signifi cant results. Th is is particularly important 

in ecological research about contaminants. We sincerely hope 

that many ENPs will prove to be nontoxic in the natural envi-

ronment, and rigorous empirical evidence of no eff ects must 

be treated on par with the discovery of toxicity or unexpected 

environmental interactions.

Researchers inevitably have unique ways of summarizing and 

reporting their data in publications, and there is no practical way 

of standardizing reporting among journals. But unfortunately, 

our experience suggests that a large fraction of studies report 

results in such a way that the key pieces of data needed for a 

meta-analysis cannot be extracted from the paper itself (e.g., fi g-

ures do not report errors, analyses are performed on grouped 
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means, data-points on plots cannot be distinguished, etc.). Th e 

number of studies that can be included in future meta-analyses 

will be greatly increased if researchers make it commonplace to 

publish the data set associated with their paper, either as (i) a 

supplement to the paper itself (if supported by the journal), or 

(ii) in a public data repository, such as the Knowledge Network 

for Biocomplexity hosted by the National Center for Ecological 

Analysis and Synthesis. In the latter case, the authors can put a 

link to the site in their acknowledgments.

Although one goal of meta-analysis is to quantify eff ect sizes 

after accounting for random variation among studies, an often 

more powerful use of meta-analysis is to identify which factors 

are responsible for variation in eff ect sizes among studies. In 

this sense, meta-analysis has the potential to identify specifi c 

mechanisms that are linked to eff ect sizes. Unfortunately, the 

heterogeneity among studies in their reporting of experimental 

details is extreme. It can range from almost no detail whatsoever 

in journals with a short reporting format, to extensive details 

in journals that off er space. We would encourage researchers to 

make it a practice to always publish a supplement or appendix 

with their paper that details (i) the source, preparation, and 

measured physical properties of the ENP(s) used; (ii) the physi-

cal and chemical properties of the soil or water media used; (iii) 

the properties of the experimental units; and (iv) the properties 

of the focal organisms. We strongly recommend that ecologists 

devise a standardized list of required details that must accom-

pany the publication of all future ENP experimental results.

Play to Our Strengths
Ecologists need to take advantage of the opportunity provided 

by new funding investments in environmental nanomaterials 

research to demonstrate how adding ecological expertise and 

approaches can improve our ability to predict the eff ects of 

emerging contaminants. We can play an important role in sev-

eral ways. First, we can provide a critical reality check to our col-

leagues actively engaged in the study of ENP fate and transport 

and in classic toxicological studies. Together with experts in risk 

assessment, ecologists can and should be the voices calling for 

ever greater attention to realistic experimental scenarios. Second, 

ecologists should be deploying our unique expertise with con-

ducting experiments in complex systems and modeling complex 

interactions to develop robust ecological impact assessments for 

the most likely types of ENP exposures. Th ird, we should use our 

expertise in observational science to develop and refi ne monitor-

ing programs that will be capable of detecting ENP exposures in 

natural environments if and when they begin to occur.

Ultimately, there are going to be unexpected eff ects of ENPs 

in natural environments. We will not be able to provide a priori 

predictions of all environmental impacts from controlled labora-

tory studies, and we may fi nd that laboratory outcomes cannot 

predict ecological outcomes in the fi eld (as reported by Bradford 

et al., 2009; Tong et al., 2007). Th e impacts of ENPs, like those 

of many historic and emerging contaminants, are likely to be 

subtle and sublethal, to accumulate through time, or to be addi-

tive or synergistic with other contaminants. We can help guide 

nanomaterials science in asking the right mechanistic questions 

by conducting strategic, relevant ecological experiments that 

help us better prioritize among the many knowledge gaps about 

the impacts of ENPs in natural environments.

Concluding Remarks
As we work with chemists, engineers, and ecotoxicologists to 

provide proactive advice on the potential dangers of ENPs 

within the environment, we can look forward to many techno-

logical and intellectual benefi ts to ecological science from these 

collaborations. Nanotechnologies and nanoscience can provide 

new tools and capabilities to ecosystem science. Already, quan-

tum dot tracers have allowed ecologists to visualize and quantify 

organic nitrogen uptake from soils by plants and mycorrhizae 

(Whiteside et al., 2009). A whole host of nano-sensors are 

being developed that could revolutionize our understanding 

of our environment (e.g., Andreescu et al., 2009; Cho et al., 

2008; Chopra et al., 2002; Consales et al., 2009; Granqvist et 

al., 2007; Huang and Chang, 2006; Liu and Lin, 2005; Nelli 

et al., 1996; Park et al., 2009; Toal et al., 2005), allowing us to 

detect environmental conditions, gas concentrations, and con-

taminant loads at a temporal and spatial resolution never before 

possible. As the tools for nanomaterial measurement and char-

acterization are transferred into ecology, we are increasingly 

recognizing that many organisms produce nanoparticles, and 

that these natural nanoparticles may play important roles in 

biogeochemical cycling (e.g., Gorby et al., 2006; Manceau et 

al., 2008; Blango and Mulvey, 2009).

As we progress in the study of ENPs, we sincerely hope to 

fi nd that most ENPs will have no adverse eff ects in the envi-

ronment under realistic exposure scenarios. Th ere are real 

opportunities to harness the power of nanotechnology for 

environmental remediation and ecological research. A number 

of green nanotechnologies are under development. Cerium 

oxide nanomaterials are already being added to diesel fuels 

throughout Europe, and it is claimed that these combustion 

catalysts reduce greenhouse gas and aerosol pollution from 

diesel engines (SmallTimes, 2005). Zero-valent iron nanoma-

terials are being used around the world for the remediation of 

trace metal pollution in toxic waste sites (Karn et al., 2009; 

Li et al., 2006; Yantasee et al., 2007). Nanosilver-embedded 

membrane fi lters and disinfection through ultraviolet and 

TiO
2
 photocatalysis are proposed as more eff ective water and 

wastewater treatments for the removal of organic pollutants 

than current disinfection techniques (Paleologou et al., 2007; 

Sharma et al., 2009). Some of these nanotechnologies may 

help reverse environmental degradation or may replace the 

more toxic technologies currently in use. Others may end up 

substituting a new problem for an old one. It is important that 

we develop the scientifi c tests and models that can distinguish 

between these alternatives.
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