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1 | INTRODUCTION

Abstract

Microplastics (plastics <5 mm, including nanoplastics which are <0.1 pm) originate
from the fragmentation of large plastic litter or from direct environmental emission.
Their potential impacts in terrestrial ecosystems remain largely unexplored despite
numerous reported effects on marine organisms. Most plastics arriving in the oceans
were produced, used, and often disposed on land. Hence, it is within terrestrial sys-
tems that microplastics might first interact with biota eliciting ecologically relevant
impacts. This article introduces the pervasive microplastic contamination as a poten-
tial agent of global change in terrestrial systems, highlights the physical and chemical
nature of the respective observed effects, and discusses the broad toxicity of
nanoplastics derived from plastic breakdown. Making relevant links to the fate of
microplastics in aquatic continental systems, we here present new insights into the
mechanisms of impacts on terrestrial geochemistry, the biophysical environment, and
ecotoxicology. Broad changes in continental environments are possible even in parti-
cle-rich habitats such as soils. Furthermore, there is a growing body of evidence indi-
cating that microplastics interact with terrestrial organisms that mediate essential
ecosystem services and functions, such as soil dwelling invertebrates, terrestrial fungi,
and plant-pollinators. Therefore, research is needed to clarify the terrestrial fate and
effects of microplastics. We suggest that due to the widespread presence, environ-
mental persistence, and various interactions with continental biota, microplastic pollu-

tion might represent an emerging global change threat to terrestrial ecosystems.
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point of their manufacture. More than 80% of the plastics produced

are thermoplastics, which are obtained through polymerization of

Physical and chemical anthropogenic influences on the Earth System
has achieved a level comparable to that of natural geophysical pro-
cesses (Steffen, Grinevald, Crutzen, & Mcneill, 2011). Consequently,
human activities are among the most significant drivers of ecosystem
functions and biodiversity threats (Meybeck, 2004). A characteristic
marker of human enterprise is the widespread presence of plastics
(Galloway, Cole, & Lewis, 2017), a chemically diverse group of syn-
thetic polymer-based materials used for many purposes in every-day
life. All plastics are characterized by high plasticity (i.e. the capacity
to change in shape in response to applied forces) at least at one

monomers into high-molecular-weight chains known as a thermo-
plastic polymer (Yang, Yaniger, Jordan, Klein, & Bittner, 2011). This
polymer matrix is then subjected to subsequent modification of
physical (e.g. melting, extrusion, pelletization) and chemical (mixed
with additives such as antioxidants, plasticizers, clarifiers, bisphenol
A-based polycarbonate, copolymer, colorants, etc.) properties (Yang
et al., 2011). Therefore, plastic products embed within their physical
structure a complex chemical composition. The malleability, low
costs and durability of plastics have made them extremely versatile
and their usage increased about 25-fold over the last 40 years
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(Sutherland et al., 2010). Annual plastic production currently exceeds
380 million tons, summing up to 8300 million tons produced until
2015 (Geyer, Jambeck, & Law, 2017).

In 2014 the European demand of plastics was approximately
47.8 million tons, while only 25.8 million tons entered waste stream
management (PlasticsEurope, 2015). Global plastic recovery is even
lower, and it is estimated that roughly 32% of plastic waste might
find its first receptacle in soils or continental aquatic ecosystems
(Jambeck et al., 2015). In fact, a study considering production, usage
and waste management of plastic materials estimated that approxi-
mately 6300 million tons of plastic waste have been generated, of
which ~4977 million tons have accumulated in landfills and the natu-
ral environment (Geyer et al., 2017).

Environmental plastic litter can undergo aging processes (i.e.
degradation and disintegration) resulting from the action of physical,
chemical, and biological drivers (Barnes, Galgani, Thompson, & Bar-
laz, 2009; Whitacre, 2014). Recent reviews claim that most plastics,
including many reported as biodegradable, are actually more prone
to disintegration than degradation (Whitacre, 2014). Thus, macro-
scopic plastic pollution generates particles smaller than 5 mm, which
are commonly referred to as microplastics (Barnes et al., 2009).
Microplastics might also be released directly into the environment
through the manufacture of micro-sized particles designed for
diverse purposes (see section on microplastic fate). Further degrada-
tion and disintegration of microplastics generate particles with
dimensions eventually smaller than 0.1 pm, which are referred to as
nanoplastics ((CONTAM), 2016).

Microplastic pollution is perhaps one of the most widespread
and long-lasting anthropogenic changes to the surface of our planet
(Barnes et al., 2009). In fact, microplastic pollution was identified to
be among the most relevant topics for biodiversity conservation at
global scale (Sutherland et al., 2010). Scientific attention on this
topic has tremendously increased in recent years (Figure S1), which
resulted in overwhelming evidence of direct and indirect deleterious
effects of microplastic pollution on the coastal and oceanic marine
biota (Galloway et al., 2017; Lusher, Welden, Sobral, & Cole, 2017).
Similar mechanisms are reported to impact freshwater and estuarine
environments (Horton, Walton, Spurgeon, Lahive, & Svendsen,
2017). Therefore, microplastics are amongst the contaminants of
emerging concern for aquatic systems (Programme, 2014, Syberg
et al., 2015).

Most of the plastic litter arriving in the oceans has been pro-
duced, used, and often disposed on land (Jambeck et al., 2015;
Lebreton et al., 2017; Nizzetto, Bussi, Futter, Butterfield, & White-
head, 2016), where it undergoes environmental processes affecting
its fate (Lebreton et al, 2017) and effects. Therefore, it is likely
within terrestrial systems that microplastics first interact with the
biota, potentially altering geochemistry and biophysical environment
and causing environmental toxicity.

We here present new insights into microplastics as a global
change stressor in terrestrial systems, focusing on the geochemistry,
the biophysical environment, and ecotoxicology. To achieve this, we
first introduce the environmental fate of microplastics in terrestrial

habitats including relevant links to continental freshwater systems.
Then we highlight the theoretical and observed evidence of the
physical and chemical effects of micro-/nanoplastics with ecosystem
and organismal functioning. Finally, we conceptualize the potentially
broad-spectrum toxicity of nanoplastics on terrestrial organism and
its ecological implications. We suggest that microplastic presence is
ubiquitous in terrestrial environments, with several potential conse-
quences for biodiversity as well as for human and ecosystem health.
This highlights that research is urgently needed to clarify the envi-
ronmental fate and effects of such small plastic particles in terrestrial

systems.

2 | EMERGING CONCERNS ABOUT
MICROPLASTIC POLLUTION: DIFFERENCES
BETWEEN TERRESTRIAL AND AQUATIC
SYSTEMS

Terrestrial systems have received far less scientific attention than
their aquatic counterparts (Figure S1). Notwithstanding, microplastic
contamination on land might be 4-23-fold larger than in the ocean
(Horton, Walton, et al., 2017). Indeed, agricultural soils alone might
store more microplastics than oceanic basins (Nizzetto, Futter, &
Langaas, 2016). Microplastic threats to aquatic systems are often
related to the fact that, for organisms living in a liquid environment,
microplastics may represent particulate targets for ingestion (Rehse,
Kloas, & Zarfl, 2016), solid surfaces for transport of contaminants
(Zhan et al,, 2016), or the potential of physical damage (Barnes
et al., 2009). Focusing on these factors might have led to an under-
estimation of microplastic threats to terrestrial species, because nei-
ther particulate material nor solid surfaces are rare in continental
systems.

More careful analyses of the dangers of microplastic pollution to
terrestrial biodiversity are required. The abundance, composition,
and physico-chemical surface properties of particulate material fol-
low typical patterns in terrestrial and continental environments
(Dubovik et al., 2002), where particles play specific roles in ecosys-
tem functions (Mchale, Newton, & Shirtcliffe, 2005; Saxton & Rawls,
2006). Impacts on such systems cannot be ruled out since microplas-
tics are materials of anthropogenic origin, i.e. with xenobiotic com-
position and structural properties that are distinguishable from
natural matter (see section “Microplastic effects on continental sys-
tems”). Therefore, the protection of terrestrial biodiversity from this
emerging contaminant requires that further scientific focus is
devoted to understanding the effects of microplastics in continental

environments.

3 | MICROPLASTIC FATE IN CONTINENTAL
SYSTEMS

Diverse sources of microplastics in continental systems (i.e. terres-

trial, aquatic, and semiaquatic in land environments) have been



pe SOUZA MACHADO &t AL.

Giobal Change bioiopy IVVTRAGI R

1 Soil chemistry

2 Seston microbiome

pheric deposition

3 Biophysical environment

FIGURE 1 Microplastic fate in terrestrial environments and its link to freshwaters. Potential microplastic sources (nonexhaustive) are named
and represented by the red-colored objects while areas of microplastic concentration are highlighted with red-filled spheres (industrial zones
(Lechner & Ramler, 2015), atmosphere (Dris et al., 2016), sewage (Mahon et al., 2017; Mason et al., 2016), agricultural soils (Huerta Lwanga

et al., 2017; Nizzetto, Futter, et al., 2016), freshwater beaches (Ballent et al., 2016), harbors and dams (Zhang et al., 2017), cities and roads
(Horton, Svendsen, et al., 2017), and landfills (Rillig, 2012)). The three upper circular panels represent zoom on selected effects on soil chemistry
(Fuller & Gautam, 2016), microbiome (Mccormick et al., 2016) and the biophysical environment (Huerta Lwanga et al., 2017; Liebezeit &
Liebezeit, 2015; Maass et al., 2017; Rillig, Ziersch, et al., 2017; Zhu et al., 2018) [Colour figure can be viewed at wileyonlinelibrary.com]

reported (Figure 1). Environmental regulations allow arguably per-
missive levels of microplastics in effluents of industrial plants. For
instance, a single production plant in the Austrian portion of the
Danube River could emit 94.5 t/year of industrial microplastics con-
sidering an effluent production of 100 L/s (Lechner & Ramler,
2015). Consequently, a single production plant might contribute
with more than 6% of the total estimated export of the Danube
River to the Black Sea, which is about 4.2 t/day (Lechner et al.,
2014). Considering the total length of the Danube and its potential
for microplastic retention within its sediments, hyporheic zone (sur-
face-groundwater mixing zone), and marginal soils, the total anthro-
pogenic input of plastics to that river might be much higher than
4.2 t/day. Indeed, microplastic concentrations orders of magnitude
higher than in marine environments are reported for rivers in indus-
trialized areas (Basel, 2016; Mani, Hauk, Walter, & Burkhardt-Holm,
2015).

Sewage treatment plants might also be significant sources for
continental systems because the untreated domestic sewage is rich
in fibers from clothing and microplastic beads from personal care
products, among others (Mason et al., 2016). Between 80% and 90%
of the incoming microplastics are retained in the sludge (Talvitie,
Mikola, Setala, Heinonen, & Koistinen, 2017). Even after treatment,
sludge might contain significant amounts of microplastics with sur-
face properties varying according to plastic type and to the sewage
treatment used (Mahon et al., 2017). The resulting biosolids are
often applied as fertilizer to soils (Horton, Walton, et al., 2017; Niz-
zetto, Futter, et al., 2016) where microplastics may remain much
longer than the intended nutrients. Indeed, microplastic fibers have
been reported in agricultural fields up to 15 years after sludge was
amended, still maintaining their original properties (Zubris &
Richards, 2005). Microplastic arriving in agricultural systems might
enter the soil by diverse physical, biological, and anthropogenic
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mechanisms (Rillig, Ingraffia, & De Souza Machado, 2017). Between
1270 and 2130 tons of microplastics per million habitants were esti-
mated to be annually produced in European cities, which correspond
to a yearly addition via sludge of 63000-43000 tons of microplastics
to European farmlands per year (Nizzetto, Futter, et al., 2016). Other
hotspots of microplastic pollution have been reported in the proxim-
ity of cities (Ballent, Corcoran, Madden, Helm, & Longstaffe, 2016;
Horton, Svendsen, Williams, Spurgeon, & Lahive, 2017), freshwater
beaches (Horton, Walton, et al., 2017), and dams (Zhang et al.,
2017).

Landfills, urban and industrial centers might contribute to the
input of microplastics directly on land through the accidental loss of
particles, improper handling of waste and generation of contami-
nated soils and aerosols (Nizzetto, Bussi, et al., 2016). The latter is
of particular concern because atmospheric particles can be quickly
transported over considerable distances (Dris, Gasperi, Saad, Mir-
ande, & Tassin, 2016). Microplastic fall-out up to 355 particles

1 was observed for the Parisian metropolitan area, which

m~2 day~
corresponded to an environmental exposure of 2-10 tons/year of
fibers (Dris et al.,, 2016). Such contamination could be transported

far away from the source in that area.

4 | THE NEED FOR ACCURATE AND
PRECISE QUANTIFICATION OF
MICROPLASTICS

Despite the pervasive presence of microplastics in continental sys-
tems, very few (if any) long-term or large-scale monitoring data are
publicly available and most terrestrial sources of microplastics are
overlooked. This is partially due to the lack of standardized methods
for measuring and reporting environmental microplastics. Commonly
employed methods for analyzing microplastics often involve some of
the following procedures: filtering large volumes of fluids, separation
from other particles via flotation, degradation of natural organic mat-
ter in samples, and visual selection under optic microscope followed
by confirmation methods such as attenuated total reflection Fourier-
transform infrared (FT-IR) spectroscopy, focal plane array-based
transmission micro-FT-IR imaging or pyrolysis gas chromatography-
mass spectrometry ((CONTAM), 2016, Filella, 2015; Mintenig, Int-
Veen, Loder, Primpke, & Gerdts, 2017). Each of these steps has par-
ticular limitations for terrestrial and other continental environments.
Filtering often results in low retention and consequently under-
estimation of particles smaller than the mesh opening, e.g. in aquatic
systems plankton nets (usually ~300 pm mesh) are used for this pur-
pose (Filella, 2015; Hidalgo-Ruz, Gutow, Thompson, & Thiel, 2012).
As a result, environmental data about the distribution of microplas-
tics smaller than 300 um in freshwaters are rare, and the exact rele-
vance of their occurrence might be overlooked (Filella, 2015;
Lebreton et al., 2017). Soil particles are less prone to hydrodynamic
selection. Therefore, they might be characterized by a broader distri-
bution of particle size and density. Thus, the flotation method cur-
rently used for recovering microplastics from sediments might be

less efficient or more laborious for soil samples. Moreover, some of
the techniques for chemical degradation of organic matter might also
degrade small microplastics ((CONTAM), 2016). Visual detection is
subjected to human error and has the obvious limitation of precision
(Dekiff, Remy, Klasmeier, & Fries, 2014) and accuracy for small parti-
cles, i.e. the human eye equipped with optical microscopes would
not resolve particles smaller than 0.42 um (Filella, 2015). Confirma-
tion methods are equally insensitive and present technical particle
size detection limits range from 2 to 100 um (Filella, 2015). As ana-
lytical and statistical procedures are often adapted at various levels
in different studies, it is challenging to extrapolate and to compare
environmental concentrations of microplastics. Also, detection of
nanoplastic contamination is not possible with nearly all commonly
used approaches (Bouwmeester, Hollman, & Peters, 2015). Indeed,
no scientific report currently exists on nanoplastic concentrations in
terrestrial ecosystems.

Another limitation is that the particle size distributions are rarely
presented in either aquatic or terrestrial studies. Nevertheless, infor-
mation about microplastic particle distribution is important as it con-
veys information about the physical nature of the system, which in
turn has relevance for the inference of proximity to source, trans-
port, and fate (Filella, 2015). The lack of such information hampers
interpretation of potential fate and effects of microplastic contami-
nation especially in particle-rich environments.

The latest promising approaches seem to address some of the
issues mentioned above. Successful recovery and identification of
many plastic types in soils was recently achieved by using pressur-
ized fluid extraction (Fuller & Gautam, 2016), which provides precise
quantitative information on microplastic mass in various environmen-
tal samples. Another mass-related approach (Curie-Point pyrolysis-
gas chromatography-mass spectrometry combined with ther-
mochemolysis) was recently proposed (Fischer & Scholz-Bottcher,
2017) which, together with the established FT-IR and Raman meth-
ods, could provide qualitative and quantitative information for indi-
vidual polymers at the micro- and nanogram level. Guidance for the
description of particle size distributions already exists (Filella, 2015).
A model of the microplastic fate in the catchment of the Thames
River (UK) suggested that soils might retain between 16% and 38%
of these contaminants depending on soil type and management,
plastic size and density, and precipitation patterns (Nizzetto, Bussi,
et al., 2016). A similar study included hydrodynamic effects as well
as formation of biofilms, microplastic degradation, heteroaggregation
and other processes affecting the fate of microplastic beads (100 nm
to 10 mm) (Besseling, Quik, Sun, & Koelmans, 2017). Results showed
that retention was lowest (18-25%) for particles in the size rage of
~5 pum, which implies that microplastics at submicron size as well as
larger micro- and millimeter-sized plastic are preferentially retained
within a catchment (Besseling et al., 2017). Additionally, global fate
of inland plastics was shown to correlate with waste management,
catchment runoff, and population sizes (Lebreton et al., 2017). These
model exercises provide insight into the relevance of microplastic
fate within terrestrial and aquatic continental systems for a broad

environmental contamination assessment. Thus, the standardization
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of methods for measuring environmental microplastics, reporting of
particle size distributions of natural and plastic particles, and devel-
opment of fate models might constitute significant advances to over-
come the lack of quantification of microplastic fate in continental

environments.

5 | MICROPLASTIC EFFECTS IN
CONTINENTAL ECOSYSTEMS

The composition of plastics and their inherent association with
human activities can result in relevant impacts on ecosystem func-
tioning (Figure 1, Circles 1-3 therein). Within a wastewater treat-
ment plant, microplastic surfaces might be enriched with pathogenic
and opportunistic organisms (Kirstein et al., 2016). Microplastics not
retained by the sewage treatment plants might enter freshwater
courses (Talvitie et al,, 2017) and subsequently disperse microbes
within those systems. Therefore, microplastics released from sewage
treatment plants to the continental waters integrate seston with a
microbiome distinct (and potentially dangerous (Kirstein et al., 2016))
from the ones on natural particles. In this sense, continental
microplastics might play a role as a vector for recently observed dis-
ease emergence as in the marine environment (Kirstein et al., 2016).
The effects of microplastics on terrestrial microbiomes remain largely
unexplored and represent a relevant area for future research.

Impacts also might occur in environments dominated by particu-
late material. Fuller and Gautam (Fuller & Gautam, 2016) found that
topsoils near roads and industrial areas around Sydney (Australia)
might contain up to ~7% of microplastics by weight. At this pollution
level, the leaching of nonvolatile organochlorines (shown to be about
300-fold more than inorganic chloride in the studied area) from poly-
vinyl chloride (PVC) and other chlorinated microplastics caused geo-
chemical changes in soils (Fuller & Gautam, 2016). Some authors
argue that levels up to 60% of microplastics in weight of top soil of
contaminated areas might be environmentally realistic (Huerta
Lwanga et al., 2017). Within soils, microplastics might persist for
more than 100 years due to low light and oxygen conditions (Hor-
ton, Walton, et al., 2017). Thus, microplastics might also interact
with soil fauna by changing their biophysical environment, with
potential consequences for their fitness and soil function (Huerta
Lwanga et al, 2017; Lwanga et al., 2016; Zhu et al., 2018). For
instance, springtails and earthworms have been reported to transport
microplastics within soil in both horizontal and vertical directions
(Maass, Daphi, Lehmann, & Rillig, 2017; Rillig, Ziersch, & Hempel,
2017). In the case of earthworms, microplastic exposure was associ-
ated with structural changes in their burrows, an endpoint that is
directly linked to soil aggregation and function (Huerta Lwanga et al.,
2017). For springtails, the changes in the biophysical environment
affected their activity which triggered effects in their gut micro-
biomes (Zhu et al., 2018). Therefore, even without clear evidence of
ingestion, microplastic-exposed springtails had altered gut microflora,
affected isotopic signature (3*°N and 5*3C) and displayed deleterious
effects on growth and reproduction (Zhu et al., 2018).

. , 1409
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Other terrestrial organisms might also experience changes in
their biophysical environment triggered by microplastics. For
instance, commercially available (industrialized and locally produced)
honey might contain microplastics (Liebezeit & Liebezeit, 2013). An
attempt to track the sources of this contamination suggested that
microplastics might be broadly present in inflorescences of diverse
species (Liebezeit & Liebezeit, 2015). Therefore, interference of
microplastics with plant-pollinators interactions is likely. In this con-
text, when 6 pm polyester beads were introduced onto transmitting
tracts of styles of inflorescences of various species the particles
were actively translocated by the plants to the ovary (Sanders &
Lord, 1989). Thus, plastic beads of compatible pollen size might tra-
vel unidirectionally (and sometimes intercellularly) to the ovules as
do pollen tubes (Sanders & Lord, 1989). The potential for deleterious
environmental impacts of microplastics on important plant and polli-

nator ecological functions remains to be quantified, however.

6 | MECHANISMS OF POTENTIAL
IMPACTS OF MICROPLASTIC ON
TERRESTRIAL ORGANISMS

The non-natural and polymer-based structure of plastics together
with their composition rich in xenobiotics and poorly soluble bioper-
sistent hydrophobic particles confers to microplastic pollution the
fundamental nature of “combined physical and chemical effects” (Fig-
ure 2). Previous extrapolations of some mechanisms of physical
effects of microplastics from aquatic to terrestrial environments have
been discussed (Horton, Walton, et al, 2017; Rillig, 2012). For
instance, large plastics limit the exchange of gases and compounds
that might affect environmental health (Steinmetz et al., 2016) and
cause organism entanglement (Barnes et al., 2009). Smaller particles
can be ingested or inhaled causing pseudosatiation and blockage of
the digestive tract, or abrasion and irritation of mucosa (Barnes
et al.,, 2009; Rehse et al., 2016). Potential chemical effects are less
discussed and might have at least two components as outlined in
detail below.

The first component is the leaching of plastic additives, plasticiz-
ers, and components of the polymer matrix, which occurs during
use, in the environment, or within organisms ((CONTAM), 2016,
Whitacre, 2014). This leaching is problematic because many of these
additives such as phthalates and bisphenol A are known for their
estrogenic activity and further potential endocrine disruption in ver-
tebrates and some invertebrate species (Sohoni & Sumpter, 1998). In
fact, plastic additives are now reported amongst the most commonly
found anthropogenic substances in environmental samples (Whitacre,
2014). Phthalates, bisphenol, and many other plastic additives have
been found at moderately high levels in potentially microplastic-rich
sludge from water treatments used for agricultural purposes (Clarke
& Smith, 2011). Most plastic materials leach compounds with estro-
genic activity (Yang et al., 2011), which is problematic as ambient
estrogenicity and demasculinizing effects in laboratory populations
and in the wild have been shown to be linked (Manikkam, Tracey,
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FIGURE 2 : Microplastics as trigger of combined physical or chemical-like effects. Soil biogeochemistry related to agricultural mulching
(Steinmetz et al., 2016), ingestion by terrestrial and continental birds (Gil-Delgado et al., 2017; Holland et al., 2016; Zhao et al., 2016),
reduction in growth of earthworms (Lwanga et al., 2016), lethal toxicity to fungi (Miyazaki et al., 2014, 2015; Nomura et al., 2016), mammal
lung inflammation (Hamoir et al., 2003; Oberdorster, 2000; Schmid & Stoeger, 2016) and broad cytotoxicity (Forte et al., 2016; Kato et al.,
2003) of nanoplastics [Colour figure can be viewed at wileyonlinelibrary.com]

Guerrero-Bosagna, & Skinner, 2013; Marty et al.,, 2017; Tamschick
et al., 2016; Zikova et al., 2017). The broad use of plastics and
increasing environmental concentrations of endocrine active com-
pounds are of ecological concern: endocrine systems were reason-
ably well preserved during the evolution of vertebrates, and
therefore endocrine disruptors might trigger wide-ranging direct con-
sequences for animal health. It is not appropriate to assume that the
many plastic components with known potential for endocrine disrup-
tion will have no ecological impacts on exposed biota. When larger
plastic particles fragment into smaller pieces there is an exponential
increase in the surface/volume ratio. This increases the potential for
leaching estrogenically active compounds because many additives
are physically, but not chemically, bound to a polymeric structure
and hence can almost always leach from the polymer surface (Yang
et al,, 2011).

The second component of the chemical effect arises from prop-
erties of poorly soluble biopersistent small microplastics (<1 pm) that
enable them to interact with biological membranes, organelles, and
molecules. This can incite many effects commonly triggered by toxic
chemicals such as inflammation, changes in membrane permeability,
oxidative stress, among others ((Forte et al., 2016; Hamoir et al.,
2003; Jeong et al., 2016; Oberdorster, 2000), also see toxicity tar-
gets of nanoplastics). The nature of physico-chemical combined
effects of microplastics might be the cause of the lack of monotonic-
ity (i.e. lack of constant or increasing effects when increasing expo-
sure concentrations) often found in microplastic dose-response
curves ((CONTAM), 2016, Mahler et al., 2012; Rehse et al., 2016).
Indeed, the lack of monotonicity in acute toxicity of a particle-solute

complex mixture might be associated with the nonmonotonic

behavior of particles at nanoscale (Machado, Zarfl, Rehse, & Kloas,
2017). Taken altogether, future studies investigating the effects of
microplastic exposure should consider the idiosyncratic interactions
of plastic materials (leachable chemical components), their particle
size distribution, and the chemical behavior of their surfaces.

The nature of microplastic combined effects can affect soils
through physico-chemical changes on soil texture and structure,
which is consequential for water cycling and ecosystem functioning
in terrestrial systems and diverse plant-soil feedbacks (Bergmann
et al,, 2016; Zheng, Morris, Lehmann, & Rillig, 2016). In this context,
microplastic-driven changes in the hydrologic properties of soils
could influence soil microbial biodiversity, with potential impacts on
key symbiotic associations in terrestrial ecosystems, such as mycor-
rhizal (Hallett et al., 2009) and N-fixing (Conrad, 1996) associations.
Such potential physical impacts on soil structure and function are of
particular concern for the soil microbiome because the mechanistic
understanding of biodiversity loss and extinction in those ecosys-
tems are not fully understood (Machado, Valyi, & Rillig, 2017; Vere-
soglou, Halley, & Rillig, 2015). Moreover, the hydrophobic surfaces
of plastics and their eco-corona are known to interact with
hydrophobic compounds (Barnes et al., 2009; Galloway et al., 2017;
Zhan et al., 2016). Trophic effects and other ecological impacts were
observed when the chemicals adsorbed on microplastics were linked
to marine intra- or interspecies communication pathways (Galloway
et al., 2017). In soils many hydrophobic and amphiphilic compounds
also regulate species communication and ecosystem processes. For
instance, hydrophobins are amphiphilic proteins ubiquitous in soils
that are secreted by fungi (Rillig, 2005). These cysteine-rich polypep-
tides play important roles in soil hydrophobicity and soil aggregate
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stability, with direct potential consequences for soil erosion and bio-
geochemical cycles (Rillig, 2005). It was suggested that microplastics
might present distinct sorption properties for soil inorganic elements
(Hodson, Duffus-Hodson, Clark, Prendergast-Miller, & Thorpe, 2017),
and laboratory results suggest that hydrophobins play a role in the
protection against nanoplastic toxicity to filamentous fungi (Nomura
et al., 2016). Relevant biogeochemical changes might arise if the
hydrophobic surfaces of microplastics interact with hydrophobins or
other chemical drivers of soil structure in a manner significantly dif-
ferent from natural soil particles. Thus, further research is required
to clarify the extent to which microplastic pollution could affect soil
chemistry, texture, structure, and function.

Microplastics might accumulate in terrestrial and continental
food webs at levels similar to or higher than in marine counterparts,
although conclusive evidence is yet to be found. Zhao et al. found
microplastic present in the digestive tract of 94% of dead terrestrial
birds with diverse foraging behavior in China (Zhao, Zhu, & Li,
2016). Microplastics in the guts of freshwater continental birds have
also been reported (Gil-Delgado et al., 2017; Holland, Mallory, &
Shutler, 2016), and microplastic from agricultural activities seem to
be an important source (Gil-Delgado et al., 2017). In some cases,
microplastic was considerably smaller than the usual food of those
birds, which suggests microplastic ingestion to be either accidental
or via trophic transfer (Zhao et al., 2016). Moreover, a first quantita-
tive assessment of trophic transfer of microplastic found increasing
microplastic concentration in soils (~0.9 particles/g), earthworm
casts (~14 particles/g), and chicken feces (~129 particles/g) (Lwanga
et al., 2017). The translocation of particles via the intestinal lym-
phatic cells is the most widely documented portal for entry of parti-
cles (0.1 pm to 150 um, various compositions) into the body,
including humans, dogs, rabbits, and small rodents (Hussain, Jaitley,
& Florence, 2001). Accidental microplastic ingestion might indeed be
of concern to human health. Microplastics have been reported in
seafood, salt, sugar, and beers ((CONTAM), 2016, Liebezeit & Liebe-
zeit, 2014). Some of those measurements have been criticized
regarding their accuracy and possible laboratory contamination
(Lachenmeier, Kocareva, Noack, & Kuballa, 2015) as there is no
standardized method to assess microplastic in the food industry
((CONTAM), 2016, Filella, 2015). However, if laboratories following
good analytical practice might contaminate food samples with
microplastics, much higher exposures are to be expected for humans
consuming food from plastic packaging in a (plastic-rich) indoor
environment. In fact, microplastic bioaccumulation might be ubiqui-
tous within terrestrial species, even within organisms that do not
properly “ingest” their food. For instance, microplastics smaller than
0.5 pm accumulate in yeasts and filamentous fungi (Hamoir et al.,
2003; Oberdorster, 2000; Schmid & Stoeger, 2016). This indicates
potential microplastic accumulation or magnification along the soil
detrital food web, which might be amongst the longest food chains
on Earth.

Most large plastic particles present low lethal toxicity. Neverthe-
less, the exposure, intake and uptake of small microplastics might

cause toxicity and act as a new long-term environmental stressor
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and exert selective pressure on terrestrial organisms. Sublethal nega-
tive responses such as growth reduction were observed after the
exposure of earthworms to 150 pm microplastics in their food
(Lwanga et al., 2016). Such effects might be partially explained by
histological damage and changes in the gene expression associated
with microplastic exposure (Rodriguez-Seijo et al., 2017). Moreover,
microplastics could act as vector of toxic Zn to earthworms under
environmental conditions due to a higher adsorption of this metal to
high density polyethylene microplastic (Hodson et al., 2017). Lethal
effects (100% mortality) were observed after 1 h exposure of yeast
cells of Saccharomyces cerevisiae to polystyrene nanobeads (50 and
100 nm, 10-15 mg/L) in 5 mM NaCl culture media (Miyazaki et al.,
2014). For the filamentous fungi Aspergillus oryzae and Aspergillus
nidulans the nanoplastic toxicity was not uniform among species or
phenotypes, which was explained by the variability in one single
trait: the resistance and hydrophobicity of cell walls (Nomura et al.,
2016). The response and sensitivity to polystyrene nanobeads was
also compared in vertebrates, which was linked to immunological
traits of the respiratory system, i.e. the quantitative and qualitative
attributes of surface respiratory macrophages of the domestic duck
and rabbit (Mutua, Gicheru, Makanya, & Kiama, 2011). Given the
environmental persistence of microplastics and their selective toxic-
ity to organisms there is the potential for selective pressure of spe-
cies traits with consequences for phenotypic, genetic, and functional
biodiversity.

7 | THE BROAD-SPECTRUM TOXICITY
TARGETS OF NANOPLASTICS

It is generally accepted that the impacts of pollution on ecologically
relevant endpoints (such as migratory behavior, reproduction suc-
cess, and mortality) are triggered by a cascade of changes initiated
at subcellular level that propagates throughout the biological hierar-
chy. In this context, contaminants with broader toxicity targets can
affect potentially a larger number of species and ecological functions.
As plastic particles fragment they gain novel physical and chemical
properties that increase their potential interaction with organisms
causing direct and indirect toxicity. For instance, there is a growing
consensus that the Trojan effect of large microplastics transferring
contaminants to aquatic organisms might be unimportant (Koelmans,
Bakir, Burton, & Janssen, 2016) and, if relevant, related to indirect
adsorption of contaminants to the eco-corona (Galloway et al.,
2017). On the other hand, research interest is increasing in the
potential of nanoplastics to deliver drugs directly to intracellular
compartments ((CONTAM), 2016, Forte et al., 2016; Hamoir et al.,
2003). This highlights the potential of nanoplastics as an environ-
mental pollutant and a carrier for other contaminants (Nemmar, Hoy-
laerts, Hoet, Vermylen, & Nemery, 2003; Wick et al., 2010). The
technological limitations to quantify environmental nanoplastics (see
section on the need for quantification of microplastic abundance)
might explain why most of attention on nanoplastics as pollutant has
focused on laboratory evidence.



pe SOUZA MACHADO ET AL.

ﬂl—WI LEY- Elobal Change Biolog

Compared to larger microplastics, nanoplastics present high
surface curvature (roughly, a topographical measurement of how
locally curved surfaces are (Roach, Farrar, & Perry, 2006)) and par-
ticular surface chemistry. The surface curvature determines
whether molecules and membranes would perceive microplastic
surfaces as planar (Roach et al., 2006), and therefore influences
the loading capacity for chemicals and nanoplastic crossing of
membranes. The surface chemistry affects the charge and adsorp-
tion of compounds to nanoplastics, which in turn determines toxi-
city mechanisms (Figure 3). Nanoplastics externally adsorbed to
cells might still cause toxicity by disrupting several membrane pro-
cesses essential to the intracellular homeostasis of the exposed
organism. Amino terminated polystyrene beads (50 nm) could
strongly adhere to cells causing high toxicity at concentrations
around 10 mg/L (Miyazaki et al., 2014). Conversely, carboxyl ter-
minated polystyrene particles (50 nm) did not enter eukaryotic
cells (S. cerevisiae), which had little effects on the growth rate at
up to 80 mg/L after 1 h exposure (Miyazaki et al., 2014). The
acute toxicity of adhered positively charged nanoplastics during
exposure can be attributed to the electrostatic attraction between
particles and cell walls, which has the potential to strongly disrupt
membrane processes (Miyazaki et al., 2014). Positively charged
amine-modified (60 or 400 nm) polystyrene particles were also
more effective than their negatively charged counterparts in trig-
gering lung responses such as on bronchoalveolar lavage indices
and on peripheral thrombosis in hamster and rabbits (Hamoir
et al., 2003; Nemmar et al., 2003).
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In addition to acute toxicity by disrupting membrane processes,
nanoplastics can also be internalized by cells which might increase
their cytotoxicity targets (Syberg et al., 2015). Uptake allows direct
interaction between nanoplastics, genetic material, and cell orga-
nelles. Indeed, changes in gene expression, inflammatory and bio-
chemical responses, as well as carcinogenesis have been reported
after nanoplastic exposure in human and nonhuman toxicological
models (Forte et al., 2016; Kato et al., 2003). As with adhesion,
the uptake and toxicity mechanisms of such nanoparticles seem to
depend on their specific properties (surface area, size, electric
charge, and hydrophobic properties, and cell metabolism) (Miyazaki
et al, 2014; Schmid & Stoeger, 2016). For instance, in the lungs
of rats, lecithin-coated and uncoated polystyrene beads (240 nm)
were incorporated into alveolar macrophages, while alveolar
epithelial cells selectively incorporated only lecithin-coated beads
(Kato et al., 2003). Some of these ingested beads were seques-
tered within lysosomes while others were free in the cytoplasm,
potentially due to nanoplastic disruption of lysosomal membranes
(Kato et al., 2003). Polystyrene nanoparticles (44 nm and 100 nm)
were readily taken up by gastric adenocarcinoma cells likely via an
energy dependent mechanism of internalization and a clathrin-
mediated endocytosis (Forte et al., 2016). Uptake of nanoplastics
by fungi seems to be less related to endocytic processes and
more associated to metabolic rates (respiration), membrane charge
and differences between intra- and extracellular environments,
osmotic pressure, and the hydrophobicity of cell walls (Miyazaki,
Kuriyama, Tokumoto, Konishi, & Nomura, 2015; Miyazaki et al.,
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FIGURE 3 Potential toxicity and uptake mechanisms of nanoplastics. Carboxyl (COOH) and amino (NH,) terminated or lecithin coated
polystyrene beads yield nanoparticles with diverse cellular fate, which influences the toxicity mechanism. Reported processes (Kato et al.,
2003; Miyazaki et al., 2014, 2015; Syberg et al., 2015) do not fully explain toxicity and uptake. Further mechanisms await discovery [Colour

figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Priority research for a more robust quantitative
assessment of potential threats of microplastics to terrestrial
ecosystems

Critical Open Question
Explanation

What is the fate of microplastics in terrestrial and continental
systems?

Research is urgently needed to address the distribution of
microplastics in terrestrial environments, to investigate the natural
and anthropogenic processes affecting microplastic behavior
(transport, degradation, and disintegration), and to improve
methodological accuracy and precision for detection of microplastic
quality (polymer matrix, additives, etc.) and quantity (particle
numbers, size distributions, surface areas) for micro- and
nanoparticles.

Which are the potential effects of microplastics in terrestrial
ecosystems?

Additional research should investigate whether the sorption capacity
of microplastic surfaces, its physical structure, and leaching of
components cause significant biogeochemical effects in soil
ecosystems, and if so, for how long such effects are measurable.
Similarly, it is important to study how microplastic contamination
affects the biophysical environment in terrestrial ecosystems and its
effects on the microbiota.

Are there potential impacts of microplastics on terrestrial organisms?

Evidence suggests that most studied terrestrial animals can uptake
microplastics while particles smaller than 1 um are taken up by
nearly all studied organisms. Therefore, it is important to investigate
the potential of microplastics to physically and chemically disrupt
physiologically important functions. This should also include
communities from natural and urban ecosystems, including
ecotoxicological models that are rarely studied such as plants, and
natural microbial assemblages.

What are the uptake and toxicity mechanisms of nanoplastics in
terrestrial organisms?

Recent studies point to broad toxicity targets and uptake of nano-
sized plastics. Thus toxicological, ecotoxicological, and toxicokinetic
studies on organismal and suborganismal endpoints are required. The
internalization of nanoplastics via the digestive tract and respiratory
system, its transport to other parts of the body and the consequent
local effects must be analyzed. Additionally, the role of nanoplastics
to facilitate exposure to environmental hydrophobic pollutants
remains to be clarified.

2014; Nomura et al., 2016). The uptake of nanoplastics through
chitin-rich fungi cell walls highlights their capacity of crossing
important impermeable barriers for many other toxics. Nanoplastics
that were inhaled by rats were transported from the alveolar
space by monocytes to the capillary lumen, from where the parti-
cles could be distributed to the rest of the body (Kato et al.,
2003). In fact, there is substantial evidence that nanoplastics might
cross highly selective membranes such as the brain-blood barrier
and the human placenta ((CONTAM), 2016, Wick et al., 2010). At
least in fish, the arrival of nanoplastics to the brain was associ-
ated with behavioral changes (Mattsson et al., 2017). As nanoplas-
tics are eventually the final particle produced during the plastic
degradation and disintegration, more research on its uptake and
toxicity mechanisms in human and other terrestrial species is

required.
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8 | CONCLUSIONS

In isolation, microplastics might not be the single most toxic (lethal
or sublethal) environmental contaminant. However, there are consis-
tent past, present, and future trends of increasing a near-permanent
plastic contamination of natural environments at global scale (Geyer
et al., 2017). In light of the diverse and nonexhaustive possible inter-
actions of microplastics with biotic and abiotic aspects of terrestrial
ecosystem function hypothesized here, microplastics might well rep-
resent an important driver of global change across major terrestrial
and continental ecosystems of the planet.

It is possible that terrestrial species are already or will be
exposed to levels of plastic pollution capable of shifting baselines of
physiological and ecosystem processes. Some species, in particular
those with short generation times, may already be under evolution-
ary pressure from this new anthropogenic stressor. Therefore,
microplastic and nanoplastic pollution might have potentially impor-
tant, although almost completely neglected, impacts on biodiversity
of continental systems. There is an urgent need to prioritize research
dealing with this topic, and to provide sound information about envi-
ronmental behavior, as well as ecotoxicological data about diverse
microplastic contaminants in terrestrial ecosystems (Table 1). We
think that scientifically sound information on the fate and effects of
microplastics is essential for policy development as well as strategic
management of microplastic pollution and its threats to terrestrial

ecosystems.
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