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• Accumulation of microplastic waste in
ecosystems is a key global concern.

• A significant proportion of plastic pollu-
tion is microfibres from textiles.

• Environmental impacts of apparel and
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sustainability assessment is recom-
mended.
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monitoring andmitigation are identified.
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Textiles release fibres to the environment during production, use, and at end-of-life disposal. Approximately two-
thirds of all textile items are now synthetic, dominated by petroleum-based organic polymers such as polyester,
polyamide and acrylic. Plastic microfibres (b5mm) and nanofibres (b100 nm) have been identified in ecosystems
in all regions of the globe and have been estimated to comprise up to 35% of primary microplastics in marine en-
vironments, a major proportion of microplastics on coastal shorelines and to persist for decades in soils treated
with sludge from waste water treatment plants. In this paper we present a critical review of factors affecting the
release from fabrics of microfibres, and of the risks for impacts on ecological systems and potentially on human
health. This review is used as a basis for exploring the potential to include a metric for microplastic pollution in
tools that have been developed to quantify the environmental performance of apparel and home textiles.We con-
clude that the simplemetric ofmass or number ofmicrofibres released combinedwith data on their persistence in
the environment, could provide a useful interimmid-point indicator in sustainability assessment tools to support
monitoring and mitigation strategies for microplastic pollution. Identified priority research areas include:
(1) Standardised analytical methods for textile microfibres and nanofibres; (2) Ecotoxicological studies using en-
vironmentally realistic concentrations; (3) Studies tracking the fate of microplastics in complex food webs; and
(4) Refined indicators for microfibre impacts in apparel and home textile sustainability assessment tools.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Mass production of synthetic organic polymers, generically known
as plastics, has seen remarkable growth from a modest annual output
of 1.7 million tonnes in the early 1950s to almost 400 million tonnes
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in 2015 (Geyer et al., 2017) estimated using data from PlasticsEurope
(2008), PlasticsEurope, 2016), Mills (2011) and The Fiber Year (2017).
As a cheap, durable and versatile material that can be moulded, ex-
truded, cast into shapes or films and drawn into filaments, plastic has
come to dominate many domestic and industrial applications. The
same properties that drive growth in consumption, however, underpin
environmental concerns. The estimated 8300 million tonnes of virgin
plastics manufactured from 1950 to 2015 have generated around
6300 million tonnes of plastic waste globally, with 79% of this amount
remaining on the planet either in landfill or in the combined terrestrial,
freshwater andmarine environments (Geyer et al., 2017). Continuation
of current production and waste management trends is projected to re-
sult in about 12 billion tonnes of plastic waste in landfill or across natu-
ral environments by 2050 (Geyer et al., 2017).

A significant use of plastic is in fibres to make the clothes we wear
and the textiles that enhance the beauty and functionality of our
homes. In 2016, 65 million tonnes of plastic was produced for textile fi-
bres (The Fiber Year, 2017). Natural fibres of plant or animal origin, tra-
ditionally dominated by cotton and wool respectively, retain a share of
total content, but production of synthetic fibres has led growth in tex-
tiles around the world (The Fiber Year, 2017). In recent decades, the
rapid turnover in the ‘fast fashion’ sector has been a dominant factor
in the growth in both production and waste (Cobbing and Vicaire,
2016).

The ever-increasing plastic waste in landfill and as litter visible on
shorelines, coastal waterways and in oceans has emerged as a key global
concern, particularly for the health of the marine environment
(Jambeck et al., 2015). However, recognition that visible pieces of plastic
represent only a small fraction, around 6%, of the total mass of plastic
entering the oceans, is now redefining the plastic pollution problem
(Eunomia, 2016); a problem that includes plastic particles and fibres
b5 mm in size, commonly referred to as microplastics (GESAMP,
2015). Microplastics b100 nm may be distinguished as ‘nanoplastics’,
with some research suggesting that this size class may be the most haz-
ardous form of plastic pollution in aquatic environments (Koelmans
et al., 2015). Asmuch as 0.19million tonnes ofmicrofibres from the pro-
duction and normal use of synthetic textiles, particularly domestic laun-
dry of clothing, has been estimated to enter the marine environment
alone annually (Eunomia, 2016), and as consumption continues to
grow that figure seems set to rise further.

Over the past decade, expansion of research beyond coastal andma-
rine habitats to include sampling of freshwater lakes and rivers
(McCormick et al., 2014; Horton et al., 2017), terrestrial systems
(Jambeck et al., 2015; Nizzetto et al., 2016;Machado et al., 2018) and at-
mospheric fallout (Dris et al., 2016; Dris et al., 2017; Gasperi et al., 2018)
indicates that microplastis are now ubiquitous in global ecosystems. Al-
though there remains limited understanding of the threat posed to eco-
systems and human health (Carbery et al., 2018;Waring et al., 2018; Yu
et al., 2018), reports on potential impacts are increasing.

In this paper, we review current understanding of emissions of
microfibres from apparel and home textiles and their effects in the en-
vironment. We note that the term ‘microfibre’ has also been used to
refer to fabrics of synthetic fibre finer than one denier or decitex, such
as fine polyester or polyamides, but in this review, microfibre is used
in the more contemporary context of b5 mm fibres. Used without a
qualifier, we apply the term to plastic microfibres from synthetic tex-
tiles, with ‘natural microfibres’ and ‘man-made microfibres’ referring
to fibres from textiles of, respectively, natural plant or animal origin
(e.g. cotton and wool), and derived cellulosic sources (e.g. viscose/
rayon1). The term ‘textile’ is applied generically for apparel, home
1 In Europe, fibres and fabrics produced from regenerated cellulose became known as
‘viscose’, whereas in the United States they are termed ‘rayon’ (Comnea-Stancu et al.,
2017). For consistencywe use the term ‘viscose’ throughout this paper. Other derived cel-
lulosic fibres include modal and lyocell.
textiles and other textile products (e.g. geotextiles, cloth automotive fit-
tings), but our focus is on apparel and home textiles. The latter are
important because of their global market share, contribution to
microplastic pollution, and the strong interest in sustainability
reporting by apparel and home textile industries and consumers
(Islam and Khan, 2014, Laitala et al., 2018).

The objective of this paper is to evaluate whether it is yet possible to
include a credible metric for microplastic pollution in tools used to as-
sess the environmental performance of apparel and home textiles. We
firstly review the methods used for identification and quantification of
microplastic particles and fibres in global ecosystems and summarise
current evidence for microplastic pollution. We then focus on issues
specific to microfibres from textiles, including available evidence for
their release and presence in aquatic and terrestrial habitats and in
the air, and their ecological and human health impacts. The paper con-
cludes by exploring an interim indicator to allowmicroplastic pollution
to be included as an impact category in apparel and home textile prod-
uct sustainability assessment, and identifying priority research areas to
support more comprehensive accounting for microplastics in environ-
mental management tools.

2. Microfibres in the environment

Microfibres enter the environment as both primary sources – fibres
b 5mm in size released during production and use of textiles – and sec-
ondary sources involving fragmentation of larger items such as
discarded clothing. Fragmentation through chemical and physical
forces, such as photodegradation and abrasion, reduces plastic polymer
materials to increasingly smaller particles that persist but are difficult to
detect and analyse (Bouwmeester et al., 2015). Plastics are generally re-
sistant to biodegradation (Szostak-Kotowa, 2004). Emerging research is
nowbeginning to engineer enzymeswith enhanced capacity to degrade
plastic polymers such as polyethylene terephthalate (PET), a form of
polyester (Austin et al., 2018). However, at this time the lack of
commercial-scale solutions means that plastics continue to accumulate
in ecosystems where they remain for periods from a few decades up to
thousands of years (Peng et al., 2017). In contrast, natural organic poly-
mers are compostable and biodegrade in the presence of microorgan-
isms (Pekhtasheva et al., 2011), with evidence of biodeterioration
seen within a few days under warm moist conditions (Arshad et al.,
2014). More research is needed to understand the rate of biodegrada-
tion of microfibres under various environmental conditions, including
in marine habitats.

2.1. Methods for quantifying and identifying microplastics

Progress has been made in analytical methods for sampling, extrac-
tion and identification of microplastics in complex environmental
media, but there are no standardised sampling or analytical protocols
agreed for international use (Lambert and Wagner, 2016; Hermsen
et al., 2018; Yu et al., 2018). Methods in use include optical microscopy
(Gorokhova, 2015), scanning electron microscopy (Fries et al., 2013),
Fourier transform infrared (FTIR) spectroscopy (Comnea-Stancu et al.,
2017) and Raman spectroscopy (Lenz et al., 2015). Reference standards
are often from artificially high laboratory libraries rather than samples
from relevant environments such as sea, soil or ocean floor sediments.

Improvedmethods for detection ofmicroplastics at environmentally
relevant levels in biological samples are providing improved estimates
of their prevalence (Hong et al., 2017) in a range of habitats and organ-
isms. Sampling and analysis techniques developed formarine and fresh-
water ecosystems havemore recently been applied to terrestrial and air
samples. For example, detection of microplastics in soils has been
adapted from marine sediment techniques, but the accuracy for soil
samples and ability to differentiate microplastics and microfibres from
different sources (plasticmulches, compost, irrigationwithwastewater,
and sewage sludge), has yet to be adequately tested (Bläsing and
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Amelung, 2018). In all analyses, the issue of post-sampling contamina-
tion by small microplastics, especially airborne microfibres, is now
widely recognised (Lachenmeier et al., 2015; Woodall et al., 2015;
Hermsen et al., 2018), casting doubt on some early results. For example,
studies identifying microplastics in beer (Liebezeit and Liebezeit, 2014)
and honey (Liebezeit and Liebezeit, 2013) appear likely to be incorrect
(Lachenmeier et al., 2015).

Progress in analytical techniques for characterisation of
microplastics is indicating the prevalence of plastic fibres of both small
micro (b100 μm) and nano (b100 nm) size classes (Mintenig et al.,
2017), but more reliable data is needed to understand the quantity,
sources, transfers and persistence of microfibres of different types.
There is little reliable informationon howchemical properties (e.g. plas-
tic additives, dyes, flame-retardants) and an increasing range of syn-
thetic and blended fibre types affect characterisation of microfibres.
Comnea-Stancu et al. (2017) systematically examined the feasibility of
using FTIRmethods to distinguishman-made cellulosics such as viscose
from natural cellulose fibres (e.g. cotton, hemp) to assess claims that
cellulosics were a major fraction of microplastics in the deep sea
(Woodall et al., 2014). Recommendations on how to unambiguously
differentiate types of fibres (Woodall et al., 2015; Comnea-Stancu
et al., 2017), and on avoiding contamination and achieving accurate
characterisation (Hermsen et al., 2018) highlight the need for
harmonised protocols for sampling, analysis and identification of
microfibres. Until standards are adopted, the risk of false characterisa-
tion or inaccurate quantification must be considered in interpreting re-
sults of studies with a view to understanding potential environmental
and human health impacts.

2.2. Microfibres in coastal and aquatic systems

Microfibres have been found in sediment samples from shorelines
across a range of global locations (Browne et al., 2011). The proportional
representation of the main synthetic fibres was polyester 56%, acrylic
23%, polypropylene 7%, polyethylene 6% and polyamide 3%. These pro-
portions broadly reflected those in Waste Water Treatment Plant
(WWTP) discharge, and reflected the relative amounts in textiles pro-
duced at the timeof sampling (Oerlikon, 2009) – 79%polyester, 9% poly-
amide, 7% polypropylene, 5% acrylic. Together with an observed
relationship between abundance and human population-density
(Browne et al., 2011), these data led to the conclusion that effluent
from thewashing of textiles was amajor source of microfibres in shore-
line habitats. Possible contributing factors in the divergence from a sim-
ple proportional relationship between shoreline samples and annual
productionmay includefibre and product properties, environmental in-
fluences such as rate of degradation or fragmentation, andmethodology
limitations. For example, higher representation of acrylic microfibres in
point-in-time sediment samples (Browne et al., 2011) may relate to
acrylic fibres generally having lower tenacity and breaking easier than
polyamide and polyester (Gupta and Afshari, 2018), to their dimensions
being less favourable to trapping in washing machine or WWTP filters
or to sampling and FTIR characterisation techniques. Some recent re-
views have questioned the effectiveness of microfibre identification, es-
pecially in the nanofibre size class as discussed in Section 2.1 (Comnea-
Stancu et al., 2017; Yu et al., 2018).

While Browneet al. (2011) and laterMurphy et al. (2016) found that
differences in abundance of microplasticswere correlatedwith regional
human population density and sewage disposal, other studies (e.g.
Mahon et al., 2016) did not find a comparable relationship. This possibly
reflects variations in the efficiency of capture in WWTPs (Mahon et al.,
2016). Across different countries, estimates of the efficiency of removal
of microfibres in effluent were in the order of 95 to 99% (Peng et al.,
2017). Despite high rates of capture, effluent discharge remains a signif-
icant source of microplastics due to the high volumes of discharge
(Setälä et al., 2016). For example, wastewater discharged into the Gulf
of Finland contained 4.9 ± 1.4 microfibres per litre, a concentration 25
times higher than in the receiving seawater (Talvitie et al., 2015). Simi-
larly, analysis of samples from the Baltic Sea (Setälä et al., 2016) impli-
cated fibres as the most abundant form of microlitter, with absolute
results depending on how fine a filter was used e.g. 100 μm vs 300
μm. Assuming capture of 98.4% (based on Murphy et al., 2016),
Hartline et al. (2016) extrapolated from fibre release rates from polyes-
ter fleece jackets to estimate that, for an indicative city population of
100,000, approximately 1.02 kg of microfibres per day is discharged in
WWTP effluent. Importantly, not all wastewater goes through treat-
ment plants and there is a dearth of data to quantify microfibre release
directly to the environment from washing clothes, especially in devel-
oping countries.

On a global scale, Boucher and Friot (2017) estimated that of all pri-
marymicroplastics in theworld's oceans, 35% arise from laundry of syn-
thetic textiles. Some estimates are lower, but even a value of 20% for
2014 as reported by Eunomia (2016) means that the equivalent to
0.19 million tonnes of textile microfibres enters the marine environ-
ment in a single year.

2.3. Microfibres in terrestrial habitats

Most studies on apparel and textile microfibres have focussed on
shedding of fibres during washing and transfer to coastal and aquatic
habitats. Sludge fromWWTPs represents a valuable source of nutrients
that is often applied to agricultural soils as a supplement to chemical
fertilisers. While monitoring of hazardous substances in urban sourced
sludge is regulated in most regions, microplastics are not currently in-
cluded under such controls for application in agriculture, so there is
less routine measurement. Nizzetto et al. (2016) conservatively esti-
mated that approximately 50% of sewage sludge is applied to agricul-
tural lands in Europe and North America. In European agricultural
soils alone, this represents 125 to 850 tonnes microplastic per million
inhabitants released annually, either directly or as added biosolids.
Microplastics in soil may also derive from fragmentation of agricultural
films and other materials (Zhang and Liu, 2018).

Plastic mulching is widely used in agriculture to gain higher yields
and economic and efficiency benefits, with an estimated area of
4270m2 of plastic mulching covered agricultural land in Europe alone
in 2016 (Bläsing and Amelung, 2018). The contribution of plastic
mulch tomicroplastics in soil globally is unknown. However, 100% agri-
cultural soil samples from south-western China where use of plastic
mulching is high (Espi, 2006), contained plastics particles mostly in
the 1–0.05 mm range. On average, 92% were microfibres (Zhang and
Liu, 2018). Sources of microfibres likely included use of water from
clothes washing directly for irrigation and use of string or twine in veg-
etable growing (Zhang and Liu, 2018).

In the United States, analysis of soil samples from field sites towhich
waste water treatment sludge had been applied showed that textile fi-
bres were present at higher concentrations than in untreated soils and
that, even 15 years after application, they retained the characteristics
of fibres in the applied sludge products (Zubris and Richards, 2005).
The presence of synthetic fibres at depth and in horizons below the
mixed layer suggested that there was potential for them to be
translocated in the soils. Few vectors have been studied, but Rillig
et al. (2017) demonstrated that earthworms have the capacity to signif-
icantly movemicroplastics from the soil surface to deeper layers. Trans-
port via casts, burrows, egestion or adherence to the worm external
surface would likely increase exposure of other soil biota and of organ-
isms in deeper layers and potentially in groundwater. Little research has
been conducted on possible harmful impacts due to release from plas-
tics of chemical additives into the soil. However, it has been estimated
that phthalate concentrations could be 74 to 208% higher in soils with
plastic mulching compared to non-mulched soils in China (Kong et al.,
2012).

In addition to sludge application and agricultural plastic use, poten-
tial sources of microplastics in terrestrial habitats include contaminated



486 B. Henry et al. / Science of the Total Environment 652 (2019) 483–494
compost application, use of wastewater in irrigation, and fragmentation
of garments discarded in landfill sites. Accurate statistics are not com-
piled globally, but the mass of discarded clothing is estimated to be in
the order of millions of tonnes (Cobbing and Vicaire, 2016). In waste
sites, synthetic textilesmay degrade slowly over long periods producing
smaller particles and eventually microfibres and nanofibres that are
able to become airborne or be carried to aquatic systems via leachate,
potentially depositing microfibres on land sites (Barnes et al., 2009).

2.4. Atmospheric transfer of microfibres

Microplastics have been detected in both indoor and outdoor air
samples. In open environments, wind-blown debris from landfill sites
may be a source of entrained microplastics, including microfibres from
discarded textiles (Barnes et al., 2009) with deposition of airborne
microplastics common because the density of plastic is greater than
that of air (e.g. for polyester, approximately 1.39 g cm−3 at sea level
and 15 °C).

Measurements indicate that microfibre concentrations are higher in
air indoors than outdoors (Dris et al., 2017). Indoor and outdoor sam-
ples taken in Paris, showed 10 to 60 fibres m−3 and 0.3 to
1.5 fibres m−3, respectively, with synthetic and natural textiles impli-
cated as a major source (Dris et al., 2017). Similarly, Sundt et al.
(2014) identified airborne textile microfibres in dust settling on house-
hold surfaces in Norwegian homes, and a review of geographically rele-
vant studies indicated that the mass of textile fibres deposited on
household surfaces was of the same order of magnitude as that emitted
in laundry effluent. Compared to 0.12 kg per capita per year fibres in
laundry effluent, there was 0.08 kg per capita per year in surface depo-
sition. While Sundt et al. (2014) did not quantify the relative contribu-
tion of natural and synthetic fibres, Dris et al. (2017) reported that of
the 190 to 670fibres estimated in eachmgof dust settling on household
surfaces in a Paris apartment, 67% were of non-synthetic materials, pri-
marily cellulosic, with the remaining 33% being petrochemical in origin.
Using the term ‘cellulosic’, they did not distinguish natural vs derived
man-made fibres. The dominant synthetic fibre was polypropylene,
which is commonly used in carpet and other furnishings.

The presence of microplastics in drinking water has emerged as a
human health concern for consumers (Kosuth et al., 2017). Of 159 sam-
ples of tap water from five continents, 83% contained plastic particles,
while 93% of 259 samples of bottled water tested positive for
microplastics (Kosuth et al., 2017; Mason et al., 2018). Whereas the
microplastics in bottled water were predominantly particulate and
matched materials in the bottle or its lid, 99.7% of the microplastics in
tapwater weremicrofibres. Fallout of airbornemicrofibres is a potential
source of post-sampling contamination (Woodall et al., 2015). The pos-
sible contribution in published studies can be difficult to assess, but
post-sampling contamination has been implicated as a possible factor
in some reported data (e.g. for beer) by subsequent forensic analyses
(Lachenmeier et al., 2015, Woodall et al., 2015, Rist et al., 2018). Based
on analysis showingwool and cellulose fibres in laboratory control sam-
ples, Halstead et al. (2018) concluded that the presence of similar fibres
in gut samples from Australian fish species caught in Sydney Harbour
could be attributed to contamination during sample processing rather
than ingestion during feeding. More detailed forensic studies using ad-
vanced analytical methods such as ATR-FTIR are needed to confirm
this assumption.

2.5. Factors affecting release, accumulation and detection of textile
microfibres

Experimental washing has been used to collect data on the number
or mass of microfibres released from garments of different types and
fibre content (Hartline et al., 2016; Napper and Thompson, 2016). Relat-
ing experimental test results to the wide range of real-life domestic or
commercial laundry practices is difficult, and variations in conduct of
the testing and in measurement techniques and protocols makes com-
paring outcomes of different experiments extremely complex (Laitala
et al., 2017; Laitala et al., 2018). However, these tests do reveal some de-
terminants of fibre shedding:

• Fibre loss is greater in top-loading (vertical axis) or industrialwashing
machines than front-loaders, assumed due to a more abrasive action
(Hartline et al., 2016, De Falco et al., 2018).

• Fibre dimensions depend on the type of fibre and fabric characteristics
(e.g. tightness of the weave). Fibres shed during washing varied from
11.9 to 17.7 μm in diameter and 5.0 to 7.8mm in length across polyes-
ter, polyester/cotton blend and acrylic (Napper and Thompson, 2016).

• Release of fibres during tumble drying can be higher (up to 3.5 times)
than during washing (Pirc et al., 2016). This practice very likely con-
tributes to high indoor air concentrations of microfibres (Dris et al.,
2017), but consumer behaviourwill determine the fate of the remain-
ing collected lint.

Hernandez et al. (2017) identified the main improvements needed
in experiments to quantify microfibre pollution as:

• Use of standardised materials and equipment rather than commer-
cially available textiles and household washing machines;

• Assessment of the size of fibres released across a statistically relevant
sample size;

• Application of accuratemeasurement techniques to the large volumes
of dischrged effluent to improve the precision of calculations of
microfibre mass release; and

• Research on mechanistic properties of microfibre release.

Standardised testing demonstrated that use of detergent was a
major determinant of the mass of fibres released from polyester fabric
during machine washing regardless of detergent composition or dose
(Hernandez et al., 2017). In this study fabric structure and wash cycle
did not showa significant effect on sheddingbutwider testing is needed
to evaluate whether these findings are more generally applicable to
other fabric structures and wash cycles.

Sampling and monitoring of ecosystems to investigate broader fac-
tors that affect loss of microfibres has not provided clear evidence for
causes of change or observed spatial and temporal variations. Contribu-
tions to differences in results may include:

• Variable assumptions on the efficiency of WWTP capture in different
locations;

• Limited habitat sampling, with most reports examining marine eco-
systems and fewer results available for freshwater rivers and lakes,
terrestrial habitats and the atmosphere;

• Extrapolation of results to new locations or ecosystems forwhich they
are not representative of microplastic sources and effects;

• Unknown transfer and dispersion characteristics in aquatic environ-
ments especially within oceans, including the ocean floor and sedi-
ments; and

• Lack of standardised environmental sampling and analysis protocols,
including for detection of nano-sized particles and fibres. While indi-
vidual measurement errors for concentration of microfibres or
microplastics in a samplemay be small, they can compound in extrap-
olating to larger areas and sites of high accumulation.

3. Environmental impacts of microfibres

The increase in public concern regarding the risks of microplastic
pollution has outstripped the rate of growth in scientifically robust in-
formation on the extent and severity of potential effects, despite the
rapid growth in scientific literature. do Sul and Costa (2014) estimated
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that N60% of found peer-reviewed papers on microplastic pollution had
been published in the previous 5 years. Exposure to microplastics has
escalated relatively recently (predominantly in the past 50 to
70 years) and, together with the enormous range of variables in magni-
tude and organism exposure parameters, this presents an enormous
technical barrier to understanding and verifying long-term effects.

3.1. Exposure in different environments

Plastics continue to accumulate in the environment (Geyer et al.,
2017). Rates of change and limited monitoring over extended time pe-
riods makes realistic dose-response studies on textile microfibres chal-
lenging. However, evidence ofwidespread exposure is growing even for
remote locations. Sampling at depths of N2000 m shows that at least
threemajor deep-sea floor dwelling phyla,which have different feeding
mechanisms, are ingesting microfibres of polypropylene, viscose, poly-
ester, and acrylic materials (Taylor et al., 2016).

As discussed in Section 2, exposure to microfibres is not limited to
marine environments. Fig. 1 illustrates that release of microfibres can
occur at multiple sites in the textile supply chain, and that transfers
can occur between habitats, including through fallout of airborne
microfibres and trophic transfers. Impacts on ecosystems and effects
on human health are shown to be possible via a range of pathways in
marine, freshwater and terrestrial environments. Understanding these
pathways is relevant to the development of ametric in sustainability as-
sessment tools that would be effective in monitoring and managing the
risks of microfibre pollution from apparel and home textiles.

The mechanisms for ecological and human health effects of
microplastics are generally poorly understood but are likely multiface-
ted. There is evidence for physical, chemical and biologicalmechanisms,
acting individually or in combination. For example, in an experimental
study of exposure of Eurasian perch larvae to polystyrenemicroplastics,
Lönnstedt and Eklöv (2016) concluded that combined chemical and
physical mechanisms were operating in the observed effects of
inhibited hatching, decreased growth rates and altered feeding
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preferences. Changes were also observed in responses of the perch lar-
vae to olfactory threat cues, which could translate to increasedmortality
from predator attacks in the wild. While recognising the complexity of
mechanisms and their interactions it may be useful to initially consider
the possible impacts separately.

3.2. Physical impacts

The major physical impact in organisms occurs through ingestion of
microplastics. Ingestion has been observed in a wide range of filter
feeders (Wright et al., 2013b) including marine megafauna
(Germanov et al., 2018), and in a range of other species from zooplank-
ton (Desforges et al., 2015; Jemec et al., 2016; Commonwealth of
Australia, 2016) to vertebrates (Wright et al., 2013b; Mathalon and
Hill, 2014; Vandermeersch et al., 2015). Transfer of ingested
microplastics across trophic levels affects aquatic species such as salmon
and other fish valued as human food, and birds such as shearwaters
(Wright et al., 2013b; Carbery et al., 2018; Nelms et al., 2018). In gen-
eral, intake of microplastics in place of feed has been reported to lead
to false satiation and gastrointestinal blockages (Wright et al., 2013a,
2013b; Desforges et al., 2015). For example, exposure to environmen-
tally relevant concentrations of microplastics resulted in up to 50% re-
duction in energy reserves, increased gut residence time of ingested
material, and inflammation in the polychaete worm, Arenicola marina
(Wright et al., 2013a).

Regular shaped microplastic particles may be easily egested (Nelms
et al., 2018; Waring et al., 2018), but the smaller nanoplastics appear to
be more readily absorbed, retained and accumulate in vital organs and
other tissues of aquatic species and other organisms (Mattsson et al.,
2017, Bhargava et al., 2018,Waring et al., 2018). Nanoplasticsmay affect
the central nervous system and reproductive capacity resulting in be-
havioural disorders (Mattsson et al., 2017), potentially impacting
whole ecosystem function (Waring et al., 2018). Foley et al. (2018) con-
ducted a systematic meta-analysis of microplastic effects across a range
of marine and freshwater taxa, and found the impacts of exposure to be
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variable across taxa, with a large number of neutral outcomes. Themost
consistent effect was a reduction in consumption of natural prey when
microplastics were present and, in some cases, negative effects on
growth, reproduction and even survival. Other studies, however,
found that egestion of microplastic particles occurred more readily in
some species and that, as a result of identified growth effects in sensitive
species, more research is needed to understand the potential for
changes in biodiversity (Redondo-Hasselerharm et al., 2018). The re-
view by Foley et al. (2018) found that observed effects were stronger
for lower trophic level organisms. These species are critical in food
chains. Foley et al. concluded that there is sufficient basis for public con-
cern regarding plastic pollution in aquatic ecosystems to warrant in-
vestment in research.

Better understanding is needed of differences in response due to the
shape of microplastics and especially whether entanglement of fibre-
shaped microplastics could exacerbate negative effects (Wright et al.,
2013a; Jemec et al., 2016). In marine and freshwater systems, synthetic
fibres appear to have a higher potential than other forms of
microplastics to enter the food chain because their size and form
allow them to be readily consumed by aquatic organisms and to be
more prone to entanglement and gut retention. Jemec et al. (2016)
found that while the majority of ingested fibres in Daphnia magna ex-
perimentally exposed to polyethylene terephthalate textile fibres
were around 300 μm, some very large twisted microfibres around
1400 μmwere present inside the gut. Even less is known about impacts
in terrestrial situations, but microplastics introduced into agricultural
soils, e.g. through application of sewage sludge, may interact with soil
fauna and soil properties, altering soil microbial activity and potentially
plant growth. Other possible effects such as altered soil bulk density and
carbon content are poorly understood (Rillig, 2018).

3.3. Chemical impacts

Mechanisms potentially contributing to chemical impacts of
microfibres in the environment include leaching of plastic additives
such as antioxidants, dyes or fire retardants (Machado et al., 2018),
and transfer of compounds such as persistent organic pollutants
(POPs) and metals sorbed from aquatic environments (Rochman et al.,
2014a). The capacity for microfibres with a high surface to volume
ratio, to sorb a wide range of pollutants in solution (Besseling et al.,
2013) raises the risk of enhanced bioavailability of toxic compounds.
The effect on organisms of chemical contamination depends on the
amount and nature of hydrophobic pollutants, extent of bioaccumula-
tion, chemical release and onset of potential health effects in ingesting
species.

The use of variable and high concentrations in experimental expo-
sures may contribute to the inconsistency in results in published litera-
ture, but there is evidence for effects at environmentally relevant
concentrations. Rochman et al. (2014b) demonstrated that the inges-
tion by adult fish of plastic debris at environmentally relevant concen-
trations in sea water is capable of altering endocrine system function.
Under experimental exposure to polyethylene microplastics (b 1 mm)
and associated chemicals, altered gene expression was observed in
both male and female Japanese medaka (Oryzias latipes), and in female
fish when exposed to virgin polyethylene or polyethylene deployed in
sea water. However, a critical review of published studies and empirical
evidence byKoelmans et al. (2016) concluded that the increase in expo-
sure to hydrophobic organic chemicals due to ingestion of contami-
nated microplastics was not likely to significantly increase overall
exposure and risk of harm in marine organisms, highlighting current
uncertainty in impacts.

In terrestrial ecosystems, the risk to soil biota exposed to chemicals
associated with microplastics as additives or through adsorption will
likely depend on concentration-transport and size-selection mecha-
nisms. In experimental exposures to microplastics at levels representa-
tive of those in agricultural soils receiving sewage sludge applications,
survival and fitness of the earthworm, Lumbricus terrestris (Oligochaeta,
Lumbricidae)were negatively affected (Huerta Lwanga et al., 2016). Re-
search is needed to assess potential chemical impacts for food produc-
tion of exposure for a wider range of soil biota and compounds carried
in sludge or applied in agriculture.

3.4. Biological impacts

Microplastics provide new habitats for organisms and new sites for
microbial colonisation. Microfibres and other microplastic particles
passing through WWTPs may become enriched with pathogens
(Kirstein et al., 2016) and subsequently dispersemicrobes in freshwater
systems or, via sludge amendments, in soils. Sequencing of biofilms on
microplastics in marine environments revealed the presence of poten-
tially pathogenic organisms such as Vibrio spp. (Kirstein et al., 2016),
implicating themaspossible vectors for the dispersal of these pathogens
(Reisser et al., 2014; Oberbeckmann et al., 2015).

Characterisation of organisms on the surface of small floating plas-
tics (median length 3.2 mm) from Australia-wide coastal and oceanic
sites recorded a biodiverse range of plastic colonisers (Reisser et al.,
2014). Diatoms were the most diverse group (14 genera), but the
study putatively identified bacteria, cyanobacteria, and fungi. Assess-
ment of the risk of disease in 124,000 corals from 159 reefs in the
Asia-Pacific region (Lamb et al., 2018) indicated an increase ranging
from 4% to 89% in the likelihood of disease when corals were in contact
with plastics. However, there is insufficient evidence at this time to de-
termine whether microplastics pose an increased disease-risk more
generally in ecologically and economically valuable marine ecosystems
such as fisheries and coral reefs. Research is also needed to confirm
whether colonisation of microfibres accelerates breakdown and to doc-
ument the rates of biodeterioration for differentfibre types since, from a
variety of plastic surface microtextures in Australian marine samples,
Reisser et al. (2014) inferred that colonising biota may play a role in
plastic degradation at the sea surface. In summary, questions remain
on the role of textile microfibres as pelagic microhabitats and as
vectors in biofilm-associated disease risk, and additional research is
needed on the scale of impacts, ecological impacts and potential impli-
cations for human health.

3.5. Impacts on human health

Research on potential impacts of exposure to microplastics on or-
ganisms has largely been confined to localised encounters over short
time periods predominantly in aquatic habitats. Human effects are
more likely to be a function of cumulative exposure from diffuse terres-
trial sources (see Fig. 1). Microplastics have been reported in a wide
range of human food and beverages, including seafood (Rochman
et al., 2015), drinking water (Kosuth et al., 2017; Mason et al., 2018),
beer (Liebezeit and Liebezeit, 2014), salt and sugar (Rist et al., 2018)
and in the air (Dris et al., 2017), raising concerns about the threat to
human health through ingestion and inhalation (Waring et al., 2018).
Recognition of the risk of contamination of food and beverage samples
(Rist et al., 2018) and uncertainty in analytical techniques have cast
doubt on some earlier assessments of microplastic ingestion with food
(Catarino et al., 2018). However, there is little doubt that a degree of
chronic exposure is now an integral part of human life (Wright and
Kelly, 2017). Nevertheless, a recent review of the available evidence
by Waring et al. (2018) concluded that microplastic contamination of
the food chain is unlikely to cause serious toxicity at current exposure
levels and rates of uptake and translocation of microfibres and
nanofibres via the gastrointestinal tract and/or in the lung. Waring
et al. noted, however, that effects of accumulated high levels of contam-
ination in human tissues and health conditions, such as a leaky gut, per-
meable blood-brain barrier or long-term ingestion of contaminated
foodstuffs, require further research.
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Research on humans is difficult, firstly because experimental studies
are ethically controversial. In addition it is difficult, if not impossible, to
find a control group that has not been exposed to microfibres, and
distinguishing the impacts of individual elements in large population
based studies is complex and costly. However, observational studies
are beginning to examine evidence for potential effects of exposure to
microplastics on human health. Impacts, as for other organisms, will
likely reflect a combination of physical, chemical, and biological (e.g.
transfer of pathogens) mechanisms. Major knowledge gaps include
characterising the longer-term risk of exposure and understanding im-
pacts of ingestion and inhalation of nanoplastics (Gasperi et al., 2018;
Waring et al., 2018). Chronic exposure of humans to microfibres and
nanofibres from textiles may result in a level of bioaccumulation
(Revel et al., 2018;Waring et al., 2018). As for other organisms, these fi-
bres may expose humans to chemicals such as unreacted monomers,
additives, dyes, or finishes such as polybrominated diphenyl ethers
(PBDE) that have been associatedwith toxicity, carcinogenicity andmu-
tagenicity (Gasperi et al., 2018). This is in spite of most ingested
microfibres likely passing harmlessly out of the body (Rist et al., 2018).

Airborne textile fibres are likely to be generally too large to be in-
haled and smaller fibres, if inhaled, may be readily cleared (Dris et al.,
2017). Nevertheless, both cellulosic and plastic microfibres have been
observed in human pulmonary tissues (Pauly et al., 1998) indicating
that some smaller fibres may enter respiratory passages and the lungs
(Gasperi et al., 2018). In vitro tests (Gasperi et al., 2018) found evidence
for the durability and biopersistence of plastic fibres in physiological
fluid, with polypropylene, polyethylene and polycarbonate fibres hav-
ing almost no dissolution or changes to surface area and characteristics
in a synthetic extracellular lung fluid after 180 days (Gasperi et al.,
2018). The nature and mechanism of possible toxicity impacts from
chronic inhalation are uncertain, and care is needed in interpreting re-
ports on effects of textile micro- and nanofibres that extrapolate from
experience with inorganic or mineral fibre inhalation, such as asbestos.

In summary, limited research and observational evidence suggests
that current levels of human exposure to microfibres from synthetic
textiles are unlikely to cause serious toxicity. However, potential im-
pacts of long-term chronic ingestion and inhalation of nanofibres, are
unknown. Gaps in knowledge and public concern make these high pri-
ority research questions and indicate a case for limiting exposure to per-
sistent plastic microfibres and nanofibres, as far as possible, especially
for vulnerable groups. Reliable and consistent analytical standards are
a priority to monitor exposure.

4. Natural and man-made textile microfibres

Potential environmental impacts of microfibres have been discussed
as they relate to physical, chemical and biological aspects of exposure in
aquatic and terrestrial habitats. Exposure is a function of the prevalence
of microfibres, and their accumulation depends on their level of persis-
tence in the environment. Few studies have described the prevalence
and impacts of non-plastic fibres, and of these most have detected
man-made cellulosics in microlitter (Halstead et al., 2018; Setälä et al.,
2016; Remy et al., 2015; Dris et al., 2017). However, more comprehen-
sive measurements are needed to confirm whether the apparent ab-
sence of natural fibres relates to use of analytical techniques targeting
plastic polymers or to natural microfibres not being present in samples.

In summary, there are only limited data on the presence and persis-
tence of natural and man-made cellulosic fibres and blends across a
range of environmental systems. As described in Section 2.1, care is
needed in interpreting results of studies quantifying presence of
microfibre types because of the risk of post-sampling contamination.
However, studies that took rigorous steps to avoid contamination pro-
vide more reliable indicative results. In marine samples handled so as
to avoid post sampling contamination, Remy et al. (2015) found 27.6%
of macrofauna had ingested viscose fibres, and Woodall et al. (2014),
using a rigorous forensic approach described in Woodall et al. (2015),
reported that viscose contributed 56.9% of total microfibres in deep
sea sediments from the Atlantic Ocean floor, being more than twice as
abundant as polyester, which was the dominant plastic fibre. Viscose
is used in cigarette filters and personal hygiene products as well as
clothing, and is introduced to marine habitats through a range of path-
ways, including sewage and litter. Microfibres of viscose have been re-
ported in fish (57.8% of detected particles ingested) (Lusher et al.,
2013) and in ice cores (54%) (Obbard et al., 2014), in similar proportions
to those reported in Woodall et al. (2014). These studies took steps to
avoid contamination.

Limited evidence on the fate of natural animal and plant fibres such
as wool and cotton in the environment comes from studies showing
that biodegradation occurs in soils in weeks to months (Arshad et al.,
2014; Li et al., 2010; McNeil et al., 2007; Szostak-Kotowa, 2004). Labo-
ratory and in-situ experiments from New Zealand concluded that
wool fibre is also biodegradable in marine environments (Brown,
1994) under the action of the wool degrading bacteria of the genera
Alteromonas andOceanospirillum. Observations of textile-relatedmarine
debris in the United States (Ocean Conservancy, 2013) indicate that
whereas a cotton T-shirt disappears in 2–5 months and a wool sock in
1–5 years, plastic fibres take decades (30–40 years for polyamide fabric)
to hundreds of years (450 years for disposable diapers). Even if ingested,
there is evidence that, unlike synthetics, natural fibres from textiles are
brokendownwithin organisms. Zhao et al. (2016) providedpreliminary
data that natural fibres accounted for 37.4% of the total microscopic lit-
ter in the digestive tract of terrestrial birds but that the proportion de-
clined from the oesophagus to stomach to intestine suggesting that
they are likely being digested. More robust data on the rate of biodegra-
dation of textile fibres of different types in various climatic, environ-
mental and biological conditions is a critical need.

Maximising the use of textilesmade from biodegradable and renew-
able natural fibres has been proposed as a strategy to reduce the risks of
textile microfibres (e.g. Henry et al., 2018). Research is needed to quan-
tify resultant reductions in harmful impacts. Scientifically robust data
on the fate and persistence of fibres of different origins and structure
are required to support recommendations on minimising environmen-
tal threats. For example, durability will affect long-term exposure and
the cumulative response of organisms inmarine, freshwater and terres-
trial habitats. Despite some uncertainty, the weight of evidence at pres-
ent suggests that physical impacts of naturalfibres are less likely to be of
concern than those of more persistent man-made cellulosic or plastic
synthetic fibres. However, Zhao et al. (2016) speculate that relatively
rapid biodegradation of natural fibres may increase the bioavailability
of chemical additives, e.g. dyes, if these microfibres are metabolized
quickly once ingested. They urge more research in order to evaluate
this potential risk of adverse effects.
5. Microfibres in sustainability assessment of textiles

The objective of product sustainability assessment is to provide a
metric formanaging and reporting environmental impacts of that prod-
uct. These tools ideally include quantifiable indicators for all the impor-
tant environmental impacts in order to avoid perverse outcomes arising
fromdecisions or choices that reduce the impact for one category but in-
advertently increase harm in an excluded category. With recent aware-
ness of the potential environmental threat from microplastics, there is
growing interest in including microplastic pollution as a new impact
category in sustainability tools for assessing apparel and textiles
(Laitala et al., 2018). However, the science and requisite data to under-
pin development of indicators is still evolving, and our literature search
revealed no publications describing tools that included a quantifiable
indicator formicrofibre pollution from textiles.We examine this knowl-
edge gap, and explore the potential for including an interimmetric that
will be effective in guiding sustainability decisions and monitoring
progress towards lower risks, while allowing for refinement as scientific



Table 1
Preliminary indicative factors for microfibre shedding from garments during washing, showing relativity with fabric type, wash treatment and garment aging (Henry et al., 2018).

Study and treatment Multiplier factor (No. of
persistent/plastic fibres
shed)

Multiplier factor (Mass of
persistent/plastic fibres
shed)

% mass shed
per
wash

Napper and Thompson (2016)
Reference: Polyester garment in front-loading washer (# Fibres or mass fibres per 6 kg
wash)

1 (496,030) 1 (1.04 mg) 0.02%

Acrylic garment 1.5 0.92 0.02%
Polyester-cotton (65%:35%) garment 0.3 0.39 0.01%

Hartline et al. (2016)
Reference: New polyester jacket in top-loading washer (mass fibres/jacket/wash) 1 (1.8 g) 0.37%
New garment in front-loading washer 0.15 0.03%
Aged garment in top-loading washer 1.09 0.34%
Aged garment in front-loading washer 0.2 0.08%

Natural fibres (inclu. wool, cotton)a 0 0 0%
Cellulosic polymer (e.g. viscose)a No data No data No data

a Data on persistence of natural fibres and man-made fibres are included based on assumptions and evidence for their biodegradability. The study by Napper and Thompson (2016)
focussed on synthetic fibres.
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methods and data develop to enable impacts to be more accurately
quantified.

5.1. Quantifying microfibre shedding from clothing

Analysis of domestic effluent fromwashingmachines provides clear
evidence that all common household textiles shed fibres and that syn-
thetic fabrics contribute to microplastic pollution. However, the lack of
consistent test protocols leads to enormous variability in results and
to the way they are reported (Jönsson et al., 2018). As illustrated for
two example datasets, it also hampers comparisons and the develop-
ment of representative results from different studies (Table 1). Consis-
tent protocols are needed for quantifiable indicators of microfibre
shedding that can reflect fibre type and wash conditions (See
Section 2.5).

Henry et al. (2018) discuss issues for inclusion of microfibre pollu-
tion in textile product life cycle assessment (LCA) studies and indicate
Fig. 2. Stages and factors affecting the release a
Adapted from Cesa et al. (2017) and Henry et a
prospects for future refinement of an indicator for the effects of im-
proved practices on impacts (Fig. 2).

5.2. Prospects for a meaningful indicator?

While research on the prevalence, fate and environmental and
human health impacts of microplastics is evolving, knowledge gaps re-
main. Inclusion of preliminary indicators in management systems, such
as LCA, would support industry sustainability objectives and reporting.
LCA is the most common and most robust tool used to quantify and
compare the environmental impact of apparel and textiles (e.g. Islam
and Khan, 2014). With microplastics globally recognised as an environ-
mental threat, omitting microfibres from apparel and textile sustain-
ability assessments using LCA or equivalent tools means scores will
have low credibility and fail tomeet industry needs and community ex-
pectations. On the other hand, defining meaningful indicators for
microfibre impacts within the existing LCA mid-point framework is
nd emissions of microfibres from textiles.
l. (2018).

Image of Fig. 2


Table 2
Summary of research and information requirements to address key gaps in knowledge on
textile microfibre loss.

Knowledge gap Information or research need

Terminology − Clarification of key terms to aid data sharing
and communication, including consensus def-
initions for

− Microfibre and nanofibre
− ‘primary’ and ‘secondary’ microplastics
− ‘synthetic’, ‘man-made’, ‘natural’ fibres

Units for microfibre
prevalence

− Comparison of research results requires com-
mon units e.g. mass per garment or per kg
clothing [in wash] vs number of fibres per
garment/kg clothing; kg/number per volume
water/soil or per surface area

Measurement and sampling
protocols

− Agreed and constantly updated protocols for
sampling, analysis, characterisation of
microfibres and nanofibres

− Protocols for expressing confidence in detec-
tion (fibre size limits, instrument/technique
uncertainty)

− Protocols for experimental testing of fibre loss
during wash cycles

Scale of loss of microfibres at
all stages of textile life

− Relative loss to atmosphere during
production, use, disposal

− Relative exposure from airborne fallout vs
WWTP effluent discharge to aquatic systems
(freshwater, marine, coastal)

− Discharge to aquatic systems that do not pass
through a WWTP

− Relative abundance from sewage sludge
application to soils (natural or agricultural)

− Contribution of fragmentation of textiles in
landfill to atmospheric, water-borne or soil
stocks of microfibres

Fate of microfibres once in the
environment

− Rate of deposition from atmosphere
− Transfer from river systems or land to coastal

or marine habitats
− Transfer from sea surface to deeper waters or

to ocean floor
− Trophic transfers in marine and land ecosys-

tems
− Rates of degradation and fragmentation of

microfibres to nano-fibres
− Rates of biodegradation in all environments

(marine, freshwater, soil) by fibre type
Physical impacts of
microfibres

− Occurrence and amount of ingested
microfibres in organisms at all trophic levels

− Rates of human intake of textile microfibres in
food and beverage vs exposure to
microplastics from general sources including
packaging

− Rates of human inhalation of textile fibres and
potential health effects for micro- and
nanofibres by fibre type

− Presence and physiological location of
microfibres in human systems

− Rates of egestion of microfibres from organ-
isms and humans

− Impacts of ingested microfibres on growth,
health, reproduction and survival of organ-
isms by fibre type

Chemical impacts of
microfibres

− Rates of leaching of harmful additives from
textile microfibres

− Rates of microfibre sorption of hydrophobic
compounds and metals

− Increase in exposure of aquatic organisms to
harmful chemicals through microfibre inges-
tion over dissolved or floating sources

− Evidence for impacts of sorbed chemicals on
growth, health, reproduction and survival of
organisms

Biological impacts of
microfibres

− Extent of biocolonisation of microfibre sur-
faces in aquatic systems

− Evidence of microfibre ‘rafting’ of harmful
microorganisms to new habitats

− Evidence for impacts of sorbed chemicals on
growth, health, reproduction and survival of
organisms

Table 2 (continued)

Knowledge gap Information or research need

Mitigation strategies − Sharing of information and technologies for
best practice to minimise microfibre pollution
throughout the apparel and textile supply
chain

− Protocols for monitoring prevalence and
impacts to document effectiveness of prac-
tices and initiatives to manage microfibre loss
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challenging due to the lack of consensus on methods and incomplete
understanding of impacts.

It is not yet clear what properties of microfibres (and nanofibres)
more closely determine ecological and human health impacts. Proper-
ties such as mass, number, dimensions, surface properties and persis-
tence of microfibres could appropriately be included in a more
credible indicator. However, exposure will strongly influence impacts
and the accumulation of durable and persistent syntheticfibres are a de-
terminant of exposure likely related to higher risk of environmental
harm. Persistence is also a factor that distinguishes synthetic from bio-
degradable natural fibres, making it a credible interim modifier for an
indicator of environmental impact assessment. Future improvement
for more comprehensive and causal assessment of the impacts of textile
microfibres from synthetic, man-made cellulosic and natural materials
will require research on potential harm to the environment and
human health through physical, chemical and biological mechanisms.

Research is also needed on factors affecting textile microfibre loss in
less-developed countries. Large volumes of new and used textiles are
transferred to these regions where laundry is more often done by
hand-washing and waste water is not treated (Laitala et al., 2018). Ef-
forts to develop better and more inclusive indicators and metrics for
monitoring and managing microfibre pollution across apparel and
home textile value chains can continue in parallel with education and
implementation of practices that minimise risk based on an interim in-
dicator such as mass or number of microfibres released.

In summary, a simple measure of microfibre shedding provides an
interim indicator with some relevance to the range of potential areas
of impact shown in Fig. 1. While limitations are acknowledged,
standardised analytical methods and broader data collection will pro-
gressively improve understanding of impacts across global ecosystems.
For example, in future a simple mass or number based indicator of per-
sistent microfibre shedding could be combined with information such
as the efficiency of washing machine and WWTP fibre capture and
data on chemical additives and surface properties for different fibre
types to quantify exposure and estimate physical and chemical threats.
Data from research on factors that influence the rate of shedding (Fig. 2)
may be applied to adjust the indicator to be responsive to practice
change to reward mitigation options in the ‘sustainability score’ of
products.

6. Knowledge gaps and conclusions

6.1. Summary of knowledge gaps

Table 2 summarises recommendations for research to address gaps
in information and scientific knowledge to better understand the scale
and nature of the threat of microfibre pollution.

6.1.1. Gaps specific to exposure
Research on the prevalence, fate and impacts ofmicroplastics gener-

ally, andmicrofibres in particular, is a new area of science. Inconsistency
in approach and variable results on exposure and impacts (e.g. see Foley
et al., 2018) in published studies are, therefore, not unexpected. A high
priority should be systematic trials to develop standardised analytical
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methods (e.g. FTIR with appropriate libraries) that reliably distinguish
microfibres from synthetic, man-made cellulosic and natural fabrics.
Another key knowledge gap is rates of biodegradation of different
microfibres (including blends) in a range of climatic and environmental
conditions and possible rates of breakdown following ingestion.

6.1.2. Gaps specific to impacts
Many laboratory ecotoxicological studies have used high concentra-

tions of microplastics and these should be interpreted only as ‘proof of
concept’ trials (Huvet et al., 2016). Studies seeking to understand the en-
vironmental threat of microfibres and impacts on organisms should en-
sure exposure trials use realistic concentrations and consider the
statistical probabilities of organisms encountering or ingestingmicrofibres
(Lenz et al., 2016). Another high priority is understanding the fate of
microfibres and mixed contaminants through a complex marine food
web using environmentally relevant concentrations. This knowledge
would inform estimation of bioaccumulation through trophic transfers
and assist in understanding chemical exposure in biota (Hong et al.,
2017). Despite considerable speculation, robust evidence on any adverse
effect on human health due to the consumption ofmarine organisms con-
taining microplastics is limited, difficult to assess and still controversial.

6.1.3. Gaps specific to human health impacts
Priorities for resolving current conflicting evidence on the human

health risks from exposure to microfibres include research on potential
physiological impacts of nanofibres and investigation of whether
chronic exposure may result in harmful cumulative levels of
microplastics in the longer term (Waring et al., 2018). This research re-
quires standardised sampling and analysis methods that minimise the
risk of post-sampling contamination.

6.2. Conclusions

There is a poorly defined but potentially large and growing risk for
ecological and human health problems associated with microplastics.
We asked at the start of this article whether it is yet possible to include
a credible metric for microplastic pollution in tools used to assess the
environmental performance of apparel and home textiles. The answer
to this question is a qualified yes. A preliminary mid-point indicator in
sustainability assessment tools could be based on mass or number of
textile microfibre loss, focussing initially on shedding during consumer
care of microfibres that are not readily biodegraded. An indicator of this
type, although uncertain, would potentially affect the ranking of textile
fibres and consequently decisions that influence ongoing microplastic
pollution. Accelerating investment in the research needed to develop
more robust metrics is recommended. Progress towards managing the
threat posed by microfibre emissions from textile supply chains,
would be facilitated by periodic critical review of the rapidly expanding
scientific literature on microplastic pollution and microfibre loss to the
environment. Synthesis of experimental and observational results into
a database to further develop and refine comprehensive indicators for
sustainability assessment is also recommended. This will provide
more confidence in mitigation options, e.g. the extent to which a strat-
egy of increasing the share of biodegradable natural fibres in clothing
may contribute to the solution to microplastic pollution. Taking a
more strategic view, addressing fundamental questions on howwe pro-
duce, use and dispose of clothing and other textiles in a more environ-
mentally sustainable way may be more effective in reducing exposure
to microfibres in the long-term.
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