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Abstract

Microplastic research started at the turn of the millennium
and is of growing interest, as microplastics have the
potential to affect a whole range of organisms, from the
base of the food web to top predators, including humans.
To date, most studies are initial assessments of microplas-
tic abundances for a certain area, thereby generally distin-
guishing three different sampling matrices: water,
sediment and biota samples. Those descriptive studies are
important to get a first impression of the extent of the
problem, but for a proper risk assessment of ecosystems
and their inhabitants, analytical studies of microplastic
fluxes, sources, sinks, and transportation pathways are of
utmost importance. Moreover, to gain insight into the
effects microplastics might have on biota, it is crucial to
identify realistic environmental concentrations of micro-
plastics. Thus, profound knowledge about the effects of
microplastics on biota is still scarce. Effects can vary
regarding habitat, functional group of the organism, and
polymer type for example, making it difficult to find quick
answers to the many open questions. In addition, micro-
plastic research is accompanied by many methodological
challenges that need to be overcome first to assess the
impact of microplastics on aquatic systems. Thereby, a
development of standardized operational protocols
(SOPs) is a pre-requisite for comparability among stud-
ies. Since SOPs are still lacking and new methods are
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developed or optimized very frequently, the aim of this
chapter is to point out the most crucial challenges in
microplastic research and to gather the most recent prom-
ising methods used to quantify environmental concentra-
tions of microplastics and effect studies.

Introduction

Literature on microplastic (MP) abundance in aquatic envi-
ronments and observed effects on biota has exponentially
increased over the last 7 years (Connors et al. 2017). Within
the current literature, MP sampling is imbalanced and stud-
ies are most often conducted on sandy beaches and the sea
surface, followed by bottom sediment samples and water
column samples (Duis and Coors 2016; Bergmann et al.
2017). Individual studies examining MP abundance, i.e.,
deep sea sediments (Van Cauwenberghe et al. 2013b;
Woodall et al. 2014), sea ice (Obbard et al. 2014) or marine
snow (Zhao et al. 2017) exist. Thereby, attempts to compare
data taken from similar sampling matrices have been made in
almost every study (Filella 2015), whereas for most studies
this is often hampered by the various sampling methods
applied (Hidalgo-Ruz et al. 2012; Filella 2015; Loder and
Gerdts 2015; Costa and Duarte 2017). Hidalgo-Ruz et al.
(2012) was the first article that showed the huge variety of
different methods used for MP data collection and suggested
the need for standardized operational protocols (SOPs). In
the “Guidelines for Monitoring of marine litter” published
by Hanke et al. (2013) the authors suggested methods based
on the most often used techniques but also stressed that fur-
ther standardization is needed. The NOAA made initial
attempts of standardization in laboratory methods (Masura
et al. 2015). Moreover, Loder and Gerdts (2015), as well as
more recently Costa and Duarte (2017), took up the issue and
critically assessed the different methods used for MP analy-
sis. However, different environments can only be compared
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to a certain extent, as the different sample matrices require
different sampling methods. Moreover, as replication of
samples is limited within a project, the high spatial and tem-
poral variability of MPs in the various environments poses
another major challenge in MP research (Goldstein et al.
2013; Moreira et al. 2016; Imhof et al. 2017). Whereas some
recommendations for spatial replication have been made, no
general consensus exists about temporal replication (Hanke
et al. 2013). As a next step, the impact of the determined
environmental concentrations of MP on biota is interesting.
Parallel to monitoring studies, the toxicological implications
for biota have been addressed in many studies. So far, we
know that MPs are ingested by a wide range of organisms
from the base of the food web up to top predators. As the
environmental concentrations have not yet been sufficiently
analyzed, exposure to MPs in laboratory studies are applying
high concentrations to get first insights into possible effects
following ingestion. This chapter aims to summarize the
main results of the latest 3 years of research on sampling and
monitoring methods as well as to give an overview about
observed effects of MP exposure on biota.

Sampling Design

Previous research already addressed the problem of an
appropriate sampling design (Browne et al. 2015; Loder and
Gerdts 2015; Costa and Duarte 2017). A detailed review on
the topic is given by Underwood et al. (2017). Over the last

years, some studies focused on improving sampling design
(Chae et al. 2015; Kang et al. 2015; Barrows et al. 2017) and
aimed to investigate spatial and temporal patterns of MPs
(Goldstein et al. 2013; Heo et al. 2013; Besley et al. 2017,
Fisner et al. 2017; Imhof et al. 2017). Moreover, a few rec-
ommendations and protocols for sampling exist (Hanke et al.
2013; GESAMP 2016; Kovac Virsek et al. 2016). Potential
factors which need to be considered when sampling beach
sediments are summarized in Fig. 1. Some of the main issues
are discussed in the following for both, water and sediment
samples.

In each study, scientists should first determine the appropri-
ate study area suitable for their research question. Thereby,
factors such as, for example, proximity to potential sources
(i.e., cities, harbors, industry), ocean currents and sampled
sediment type need to be considered, as they can influence
composition of MPs as well as the abundances (Hanvey et al.
2017). As a next step, a sampling design needs to be chosen,
which suits the study question and is representative of the
study area. Although most studies are initial assessments of
MP concentrations, most often potential accumulation sites
have been sampled (e.g., high tide line on beaches or ocean
surface) (Filella 2015; Bergmann et al. 2017; Hanvey et al.
2017). Therefore, results cannot be extrapolated to the whole
study area, as this kind of sampling is designed to find MP
contamination. If the objective of the study is to assess the
contamination level of the whole area, the sampling design
could be improved by expanding the sampling to spots, which
are not expected to have high amounts of MPs. Thus, random
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sampling, e.g., of a section of a beach, including the whole
vertical and horizontal dimension, could be an option, although
not yet conducted for MPs. In any case, care should be taken
when formulating research questions, as this will set the
framework for considerations regarding the sampling design.

Spatial and Temporal Replication

To get a representative sample, care needs to be taken with
respect to appropriate replication as well as the amount of
sample, which will be taken. If study areas of various sizes
are compared, it needs to be considered, whether the number
of replicates is kept the same or whether they are adjusted to
the area (balanced vs. unbalanced sampling design). For
beach sediment, Kim et al. (2015) adjusted sampling effort
to beach size, whereas the majority of studies kept replicate
numbers the same. In the current literature, replicate samples
for one beach can range from one to 88 (Besley et al. 2017),
whereas recommendations suggest a replication of at least
five (Hanke et al. 2013). For beach sediments, Dekiff et al.
(2014) found no significant variability in MP abundance
within a 100 m transect, taking six replicate samples. Low
spatial variability on a small scale (within tens of m) was
further found in a recent study from Fisner et al. (2017) on
plastic pellets (~ 1-6 mm; (Hidalgo-Ruz et al. 2012), whereas
this study further found a high spatial variability on a large
scale (within km). Contrary, Besley et al. (2017), including
smaller MPs (300-5000 pm), found a high spatial variability
among ten samples on a transect of 100 m. Confidence inter-
vals around the mean in this study decreased rapidly after a
replication of five, and 11 replicates would be needed to
reach a 0.5 standard deviation at a confidence level of 90%
(Besley et al. 2017). Those results are supported by a further
study concentrating on large MPs (1-5 mm) on a 100 m tran-
sect on a tropical beach (six replicates; (Imhof et al. 2017).
For surface water samples there is one study investigating
spatial variability within the eastern North Pacific, off
California (~ 20°-40°N, 120°-155°W; (Goldstein et al.
2013). They found that MP concentrations were highly vari-
able over relatively small scales (tens of km) as well as for
large scales (hundreds to thousands of km).

It is also stated that MP abundance varies over numerous
temporal scales and detection of temporal trends are often
hampered by the sampling design (Browne et al. 2015).
Recent studies conducted on beaches found high daily vari-
ability due to tidal dynamics (Moreira et al. 2016; Imhof
et al. 2017). One possibility to improve knowledge about
temporal patterns could be through ice or sediment cores
(Costa and Duarte 2017), by analyzing different layers sepa-
rately. For the water surface, high inter-annual variability
was found (Law et al. 2010; Doyle et al. 2011; Law et al.
2014), whereas Law et al. (2010), investigating a 22-year

dataset of surface plankton net tows, found no strong tempo-
ral trends in MP concentrations within this data set.
Nevertheless, the time span needed for a sampling campaign
should be considered beforehand. For example for beach
sediment sampling, sampling periods range over several
hours to years (Browne et al. 2015).Whereas for some study
questions, sampling over a certain period of time may not be
a problem, for others it could lead to biased results. This
might, for instance, apply to the sampling of various river
mouths at a delta over several days. Strongly changing pre-
cipitation between sampling days could hamper comparabil-
ity, as MP runoff could be enhanced during days of heavy
rainfall, similar to what was hypothesized in a recent study
comparing MP load of waste water treatment plants effluents
on two different dates with differing participation events
(Primpke et al. 2017a).

Sampling Depth

For both, sediments and water column, the optimal sampling
depth remains another open question. Sediment sampling is
recommended to a depth of at least 5 cm (Hanke et al. 2013;
Besley et al. 2017), whereas studies report that a potential
proportion can be lost if deeper sediment layers are not sam-
pled (Carson et al. 2011; Claessens et al. 2011). Thus, it has
already been stated that samples should be taken at a depth to
1 m, to get a more precise picture of MP abundances (Turra
et al. 2014; Fisner et al. 2017). For the water column, only
few studies exist where different depths were concurrently
sampled (Lattin et al. 2004; Reisser et al. 2015). In one study,
no significant differences were found between the sea sur-
face, the water column (5 m depth), and above the bottom
(Lattin et al. 2004), whereas the other found that MP concen-
trations decreased exponentially, with highest amounts
within the first 0.5 m of the water column (Reisser et al.
(2015). This is confirmed by Goldstein et al. (2013), detect-
ing the highest concentrations of MPs during low wind con-
ditions, when minimal mixing occurs between shallow and
deeper water layers. The optimal sampling depth will finally
be a compromise between increasing sampling surface and
sampling depth and thus will also be determined by the
research question.

Reporting of Data

Though different methods are necessary depending on the
research question, researchers should aim for standardiza-
tion, the most important one being size classes and reporting
units. Regarding size classes the upper limit for MPs is
5 mm, whereas the lower limit will be defined by the
sampling device, as well as the analytical method. Initial
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studies investigating size distribution found generally
increasing abundances with decreasing size classes (Imhof
et al. 2016). Even though the applied methodology will
define the lower size limit, the post-sampling procedures will
allow for classification into different size classes. Thereby,
Hanke et al. (2013) recommended to allocate MP particles
into size bins of 100 pm. Although this recommendation
would provide high resolution datasets, in practice this is
almost not feasible, as the preparation of microplastic sam-
ples is already very time consuming and, for instance, addi-
tional sieving steps would further increase analysis time.
Further, depending on the research question different size
categories are of importance. If, for example, pictures of the
microplastic particles are taken during analysis, it is possible
to obtain data on the size at a later time point in case the data
would be requested for comparative analysis.

Standardization of reporting units is a further necessity to
increase comparability among data sets. So far, different
sampling strategies have led to various reporting units (e.g.,
m?, m3, ml, 1, g, kg) (Hidalgo-Ruz et al. 2012; Loder and
Gerdts 2015; Costa and Duarte 2017). For MPs in the envi-
ronment (excluding biota samples) either bulk or volume
reduced samples are taken. Thus, a volume measurement can
always be obtained and should be the minimum information
reported. Additional reporting of sampling depth as well as
weight measurements for sediment samples will further
increase data quality.

Finally, reporting of meta data like prevailing wind direc-
tion, sea state, beach morphology, rainfall, and so on would
improve the interpretation of the data collected (Barrows
et al. 2017). In the current literature, missing information
range from unreported size ranges, replication, detected
numbers of particles to sampling locations (Filella 2015;
Besley et al. 2017). Comprehensive reporting of the applied
methods is a crucial part and not only a requirement for
reproducibility, but further gives the reader the ability to
judge about the representativeness of the study, as well as the
conclusions drawn from the results.

Sampling Equipment

Further considerations should be made on the sampling
equipment, as this will define the size range of MPs in the
study, as well as reporting units. For beach sediments, sam-
pling equipment is well established (Hidalgo-Ruz et al.
2012; Hanvey et al. 2017), it only remains important to con-
sider, whether to collect a bulk or a volume reduced sample.
For the latter, a lower size limit is defined. For bottom sedi-
ments corers, Van Veen or Ekman grabs can be used, how-
ever, grabs disturb the surface layer of the sediment and

corers do not only take the sediment but also the water layer
above the sediment (Loder and Gerdts 2015).

For water samples, nets of various types have been used
(Table 1 gives an overview of the used equipment found in
the current literature). Most commonly, manta nets are the
device of choice (Costa and Duarte 2017), where the reduced
sample volume limits the lowest size class of investigated
MPs mostly to 300-350 pm (Filella 2015). Thus, some
researchers used bottles to take bulk samples of the water
surface (Dubaish and Liebezeit 2013; Barrows et al. 2017),
which, however, results in small sample volumes.
Nevertheless, sampling lower size ranges, Barrows et al.
(2017) found MP concentrations were several orders of mag-
nitude higher in bottle samples than manta samples. To
obtain larger sample volumes, others took several bottles or
buckets of surface water and concentrated the material on
filters with smaller mesh sizes on board (hand-nets; Chae
et al. 2015; Kang et al. 2015). Moreover, contamination
issues through high air exposure times during a manta trawl,
as well as filtering samples on board, motivated researchers
to further develop pumping systems (Desforges et al. 2014;
Lusher et al. 2014; Enders et al. 2015). One of the first stud-
ies comparing different methodologies for the same size
class (300-5000 pm) was conducted by Setild et al. (2016)
comparing their custom-made pump to manta trawls.
Preliminary results from the pump (collecting surface water
in a depth of 0-0.5 m) did not significantly differ from the
results obtained by the manta net. Another interesting solu-
tion to decrease sampling effort has been published by Edson
and Patterson (2015). They designed an automated sampling
device (MantaRay), which automatically pumps sea surface
water at a depth of 30 cm, while drifting through the water.
Thereby, particles are concentrated on a filter and 28 succes-
sive samples can be taken. For the prototype, 500 pm stain-
less steel sieves were used. Such an instrument can decrease
sampling effort and airborne contamination, which is often a
challenge when conducting trawls. One drawback could be
the autonomous operation of the MantaRay, which limits the
control over the area sampled. Moreover, an optical sensor is
implemented to ensure that only water containing particulate
matter is filtered. Thereby, especially small MP particles
could be overlooked so the influence on the obtained results
must be further evaluated.

Independent of the applied method, decreasing mesh
sizes will increase the content of organic and inorganic mate-
rial, which could lead to smaller sample sizes as meshes will
become clogged faster, but also to increased sample prepara-
tion time in the laboratory. In any case, negative controls
should be run, as most of the used methods may contain
polymer materials which are a further source for
contamination.



Table 1 Comparison of various methods used to collect water samples for the analysis of microplastics (MP) in different compartments. Pro and
contra are always relative with regard to the sampling devices used for the specific compartment

Sampled Most common

compartment | used equipment | General description Pro Contra References
Sea surface Rotating drum | Drum is towed over the water | reduced contamination only a small part of Ng and Obbard
microlayer sampler surface and SML is sampled issues SML is sampled (50-60 | (2006)

(SML) under capillary force by the large sample volume pm)*

rotating drum and collected in
glass containers

water adhering to the
drum may dilute the
sample

device materials need to
be considered

Screen sampler

Water surface is gently
touched with a metal sieve
with specific pore size; MP
particles and SML water is
trapped within the metal sieve
mesh by surface tension

easy handling and
transport

larger part of SML is
covered compared to
rotating drum sampler

only a part of SML is
sampled (150-400 pm)*
variation can be caused
by different operators
contamination through
higher air exposure times

Song et al. (2014)

Water surface

Manta or Net is towed over the water large sample sizes investigated size class Barrows et al.
plankton/ surface to a certain depth exact for the water limited (mesh size often | (2017) and Costa
neuston nets (depending on mouth opening) | surface layer ~300 pm) and Duarte (2017)
with flowmeter | and volume recorded with a integrates a high area of | contamination through
flowmeter sea surface higher air exposure

times and material of

equipment

plankton/neuston nets:

opening obstructed by

ropes for towing
Bulk sampling | Water samples are taken whole size range of MPs | small sample sizes may | Dubaish and
with bottles directly from water surface can be sampled result in a high Liebezeit (2013)

and bottles closed below
surface to reduce
contamination

reduced contamination
issues

variability
varying sampling depth

and Barrows et al.
(2017)

Bulk sampling
with hand-net

Water sample is taken with a
container and poured over
stainless steel meshes on board

whole size range of MPs
can be sampled
pre-separation of size
classes possible

large sample sizes can
be obtained

varying sampling depth
contamination through
higher air exposure
times

device materials need to
be considered

Chae et al. (2015)
and Kang et al.
(2015)

Pumping Seawater is either collected via | whole size range of MPs | varying sampling depth | Desforges et al.
systems the intake of a ship, a hose or a | can be sampledpre- smaller mesh sizes lead | (2014), Enders
submersible pump separation of size to faster blocking of the | et al. (2015),
classes possible filters Lusher et al.
large sample sizes can device materials need to | (2014) and Setild
be obtained be considered et al. (2016)
reduced contamination
issues
Water Bongo nets Paired zooplankton nets joined | large sample sizes investigated size class is | Lattin et al. (2004)
column by a central axle integrates a high area of | limited through mesh
water column size
unobstructed by towing | contamination through
ropes material of equipment
Continuous A box for filtering particles at | low operation effort smaller MP particles, Reid et al. (2003)
plankton a depth between 5-10 m; archived data records which cannot be and Thompson
recorder (CPR) | material is concentrated on available hand-picked can probably | et al. (2004)

continuously moving bands of
filter silk

not be recovered from the
silk material

Epibenthic sled

A sled which is towed over the
sea bottom with a net placed at
a certain distance (20 cm) over
the bottom such that no
resuspended sediment is
collected

large sample
volumesintegrates a high
area of water column

high operation effort
obstacles on the ground
could block the net or
make the sample useless
due to resuspended
material

investigated size class is
limited through mesh size
contamination through
material of equipment

Lattin et al. (2004)
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Sample Preparation

The environmental samples taken for MP analysis usually
contain a high amount of biogenic material (biota and detri-
tus) and inorganic material (clay, silicates). Therefore,
extraction of MPs from the environmental matrix is crucial
to facilitate the subsequent identification of MPs. Sometimes,
sieving is used to remove larger particles (> 5 mm) from the
samples as well as to divide them into distinct size fractions
that might be further analyzed differently (Loder and Gerdts
2015). Especially for bulk sediment samples, MPs have to be
extracted from the inorganic sediment matrix first while for
water and biota samples the removal of the biogenic matrix
is put first.

Extraction Techniques

Removing inorganic material from environmental samples is
based on the fact that most MPs possess a considerably lower
density (0.90-1.55 g cm=3; Table 2) than the inorganic com-
ponents of sediments like quartz sand or other silicates
(2.65 g cm™?) (Hidalgo-Ruz et al. 2012). The most prominent
extraction techniques are density separation or fluidization/
elutriation. According to Hanvey et al. (2017) density separa-
tion is by far the most prevalent one and is defined by the
liquid used, the mixing time, the time for settling and the
limits of subsequent size fractionation (Hanvey et al. 2017).
The most common salt solution for separation is sodium
chloride (NaCl) with a density of 1.2 g/cm? (Thompson et al.

2004; Hidalgo-Ruz et al. 2012; Hanvey et al. 2017). Due to
being inexpensive and non-hazardous, the use of NaCl is
also recommended by Hanke et al. (2013), despite its
relatively low density. By raising the density of the separa-
tion fluid, mainly by using other salt solutions, a better den-
sity gradient can be obtained (Filella 2015). These solutions
include zinc chloride (ZnCl,) with a density of 1.5-1.7 gcm™
(Imhof et al. 2012; Imhof et al. 2013; Imhof et al. 2016;
Mintenig et al. 2017), sodium iodide (Nal) with a density of
1.6 g cm™ (Van Cauwenberghe et al. 2013a; Van
Cauwenberghe et al. 2013b; Dekiff et al. 2014; Nuelle et al.
2014; Fischer and Scholz-Boéttcher 2017), sodium polytung-
state with a density of 1.4-1.5 g cm~ (Corcoran et al. 2009;
Corcoran 2015), zinc bromide (ZnBr,) with a density of
1.71 g cm™ (Quinn et al. 2017) and calcium chloride (CaCl,)
with a density of 1.30-1.46 g cm™ (Stolte et al. 2015;
Courtene-Jones et al. 2017). Samples are added to the sepa-
ration fluid and either stirred or shaken for a defined time to
separate MPs from the sediment matrix (Hanvey et al. 2017).
These periods vary considerably between studies if indicated
at all (Hidalgo-Ruz et al. 2012; Filella 2015; Hanvey et al.
2017). This is also true for settling times after mixing (Besley
et al. 2017; Hanvey et al. 2017) which vary between several
minutes (Nuelle et al. 2014; Corcoran 2015) and hours
(Stolte et al. 2015; Imhof et al. 2016; Mintenig et al. 2017).
Since the aim is to allow for all the sediment particles to sink
and all MPs to rise through the whole fluid column according
to their respective density, Besley et al. (2017) suggested a
minimum settling time of 5-8 hours. Especially for small
sample amounts, density separation can be done simply in a

Table 2 Density, heat deflection temperature (HDT), and chemical resistance of common plastic types (Osswald et al. 2006; Biirkle GmbH 2015;

Qiu et al. 2016)

Plastic type Densityp ~ HDT Chemical resistance
HCI H,SO, HNO; NaOH KOH H,0, NaClO
gem™ °C 5% 35%  40% 5% 66% 4% 30% 10%  30% 12.5%
2M 11 M IM 10 M Cl
Acrylonitrile butadiene styrene (ABS)  1.04-1.06 95-105 — — — — — — —

0.94-0.96 ~50
0.91-0.92 ~35

High-density polyethylene (HDPE)
Low-density polyethylene (LDPE)

2/3
2/3

2/4
3/4

Polyamide (PA) 1.02-1.14 55-120

Polybutylene terephthalate (PBT) 1.31 60 — — - — — — — — — -
Polycarbonate (PC) 1.20 125-135 “ 3/4 _ 2/3
Polyethylene terephthalate (PET) 1.37 80 2 2 3 3
Polymethyl methacrylate (PMMA) 1.17-1.20 75-105 — — — — — — — — — —
Polyoxymethylene (POM) 1.41-1.42 100-160

Polypropylene (PP) 0.90-0.91 55-70

Polystyrene (PS) 1.05 65-85 mw- -

Polysulfone (PSU) 1.24 170-175

Polytetrafluoroethylene (PTFE) 2.15-2.20 50-60

Polyurethane (PUR) 1.05 - — — — — — — — -

Polyvinyl chloride (PVC) 1.16-1.55  65-75 2/3 RIZ S VA D V< R

Styrene acrylonitrile (SAN) 1.08 95-100 — — — —

Chemical resistances are listed for temperatures of +20 °C (left digit and color code) and + 50 °C (right digit): — = no data available, 1/green = resis-
tant, 2/yellow = practically resistant, 3/orange = partially resistant, 4/red = not resistant
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beaker or flask where the supernatant is decanted or removed
with a pipette or in a separatory funnel, where the inorganic
material is removed via the bottom valve (Maes et al. 2017b;
Mintenig et al. 2017; Zobkov and Esiukova 2017).
Constructed devices like the Munich/MicroPlastic Sediment
Separator (MPSS) by Imhof et al. (2012), designed for the
extraction of MPs from large quantities of sediment (up to
6 kg), and the small-scale Sediment-Microplastic Isolation
(SMI) unit by Coppock et al. (2017) usually achieve very
good recovery rates (96%) even for small MPs (< 1 mm;
(Imhof et al. 2012), when applied with ZnCl,. According to
Kedzierski et al. (2017), it is possible to extract 54% of the
plastics produced in Europe with NaCl of 1.18 g cm~3 den-
sity while with a 1.8 g cm™ solution (achievable with, e.g.,
Nal, polytungstate, ZnCl,) the extraction of 93-98% is fea-
sible. Therefore, achieved recovery rates are not only depen-
dent on the device but mainly on the separation liquid used.

Another density based technique to separate MPs from
sediment matrix is elutriation/fluidization, where water or air
is pumped through the fluid column containing the sample
and water or a salt solution (Claessens et al. 2013; Nuelle
et al. 2014; Zhu 2015; Kedzierski et al. 2016). Recently, a
non-density based extraction approach with canola oil has
been developed by Crichton et al. (2017). The approach
makes use of the oleophilic properties of MPs. So far it has
only been tested with MPs larger than 500 pm, but showed
high recovery rates of 96% (Crichton et al. 2017). When
choosing one of the available methods, factors like sample
volume or mass, time needed, costs, safety, toxicity, and
extraction efficiency have to be considered.

For small amounts of sediment, approaches in flasks or
funnels can be used or the novel developed SMI unit
(Coppock et al. 2017; Maes et al. 2017b). If larger sediment
volumes (1-6 L) are processed, elutriation systems or the
MPSS would be a better choice (Imhof et al. 2012; Nuelle
et al. 2014).

The time necessary for shaking should be adjusted to the
sediment amount. The more sediment, the longer the mixing
interval should be to assure that all MP particles are sepa-
rated from the sediment particles. For settling, the span
depends on the density gradient between MPs and liquid as
well as the length of the fluidization column. Furthermore,
the settling times have to be adjusted to the solutions used
since particles rise and settle more slowly in more viscous
solutions like CaCl, or ZnCl, (Crichton et al. 2017).

The most inexpensive approaches are simple setups with
flasks and NaCl or oil. Zinc chloride is more expensive in
relation to NaCl, especially when adjusted to higher densi-
ties but by far less expensive than Nal and polytungstate
(Coppock et al. 2017). At best, an effective and cost efficient
setup is used with a high density solution that can be refur-
bished and that allows for a proper mixing of the sediment as
well as a proper settling time.

Concentrated NaCl solutions as well as canola oil do not
pose any hazard to the environment. Other salt solutions are
more hazardous to health and the environment in ascending
order: Nal, CaCl,, polytungstate, ZnCl,. These solutions
should therefore be recycled as far as possible due to finan-
cial and environmental reasons (Loder and Gerdts 2015).
Kedzierski et al. (2017) showed that Nal can effectively be
recycled without major density loss. Zinc chloride can be
refurbished in large quantities quite easily via pressure filtra-
tion (Loder and Gerdts 2015). Miller et al. (2017) did an
extensive comparison of different separation techniques on
the basis of current literature and listed advantages and dis-
advantages. Based on this list, the authors recommended the
use of ZnBr, (Miller et al. 2017). Nevertheless, ZnBr, has to
date just been used by one study (Quinn et al. 2017) and
ZnCl, is not included in the list although it is suitable for the
same density range, less expensive (ZnBr,: 165 € kg™,
ZnCl,: 92.50 € kg~!, Merck Millipore, December 2017) and
more widely used. Therefore, other authors have recom-
mended the use of ZnCl, as well (Loder and Gerdts 2015;
Ivleva et al. 2016; Primpke et al. 2017a).

Independent of the extraction method chosen the next
step is to filter the residual fluid or the supernatant of the
(density) separation containing MPs to remove the respec-
tive salt solution and to concentrate the sample to certain size
fractions.

Sample Purification

Before the samples can be analyzed the biogenic matter has
to be removed. Sediment samples after density separation
contain usually a relatively low amount of biogenic matter
(benthic diatoms, copepods, polychaetes, bivalves, etc.). In
contrast, samples from the sea surface, mostly taken with
plankton nets, are normally very rich in biogenic matter
(phyto- and zooplankton) as well as biota samples. The main
digesting agents used for the removal of biogenic matter are
acids like hydrochloric acid (HCI), nitric acid (HNO3) and
sulphuric acid (H,SO,) (Claessens et al. 2013; De Witte et al.
2014; Klein et al. 2015), bases like sodium hydroxide
(NaOH) and potassium hydroxide (KOH) (Foekema et al.
2013; Dehaut et al. 2016; Karami et al. 2017; Wagner et al.
2017), oxidative agents like sodium hypochlorite (NaClO)
and hydrogen peroxide (H,0O,) (Nuelle et al. 2014; Avio et al.
2015; Collard et al. 2015; Tagg et al. 2017) and enzymes
(Cole et al. 2014; Loder and Gerdts 2015; Courtene-Jones
et al. 2017; Fischer and Scholz-Bottcher 2017; Mintenig
et al. 2017). Several studies showed the destructive effects,
i.e., discoloration, embrittlement or a loss in surface area, of
acids (e.g., HNOj;) and bases (e.g., NaOH) on MPs especially
at high temperatures (Cole et al. 2014; Nuelle et al. 2014;
Biirkle GmbH 2015; Karami et al. 2017). Heat deflection
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temperatures of some plastics are around 50-80 °C or even
below for PE (Osswald et al. 2006; Qiu et al. 2016).
Therefore, it is generally recommended to use temperatures
of less than 50 °C.

For H,0,, negative effects on synthetic polymers have
been shown by Nuelle et al. (2014), but just after a week-
long treatment. The needed incubation time and effective-
ness can be further improved by a new approach from Tagg
et al. (2017) who used Fenton’s reagent, a mixture of iron
sulphate (FeSO,) and H,0,. The digestion with enzymes is
regarded to be non-destructive to MPs, targeting specifically
proteins, polysaccharides and lipids. Cole et al. (2014) pre-
sented an approach with Proteinase-K and an up to 97.7%
effective removal of biogenic matter. Courtene-Jones et al.
(2017) digested mussel tissue with trypsin with an efficiency
of 88%. The biggest disadvantage of these treatments is the
high cost of these specific enzymes. The succession of sev-
eral technical enzymes in combination with sodium dodecyl
sulphate (SDS) and an oxidative agent (i.e., H,O,) seems to
be an effective, inexpensive, and non-hazardous alternative
(Loder and Gerdts 2015; Loder et al. 2015; Fischer and
Scholz-Béttcher 2017; Mintenig et al. 2017; Primpke et al.
2017b).

When choosing the most suitable digestion method sev-
eral factors have to be considered: time, cost, destructive-
ness, and effectiveness.

Purification can take several minutes (Tagg et al. 2017),
several hours (Cole et al. 2014; Dehaut et al. 2016) or several
days (Foekema et al. 2013; Loder and Gerdts 2015; Karami
et al. 2017). Generally, longer incubation times improve the
effectiveness but might also negatively impact MPs. For
example, Nuelle et al. (2014) showed a negative effect of a
week-long treatment with H,O, while no significant effect
has been shown for shorter application periods (Nuelle et al.
2014; Tagg et al. 2017). Application time should be reduced
to the maximum time before causing negative effects and to
the minimum time necessary to cause the highest possible
effectiveness.

Specific enzymes like Proteinase-K and trypsin are very
expensive. Technical enzymes, on the other hand, can be
used as an inexpensive alternative (Loder and Gerdts 2015;
Loder et al. 2017; Mintenig et al. 2017).

It is noticeable that methods using acids are more destruc-
tive, especially at higher temperatures, than other methods.
Only at low concentrations and low temperatures (5%,
25 °C) HCl and HNO; are less destructive than non-acid
based methods, although they are also less effective at low
temperatures and concentrations. For the alkaline treatments,
KOH is more effective than NaOH with the same level of
destructiveness. When comparing two oxidative treatments
most frequently used, H,O, is more effective than NaClO
and less destructive.

Next to the potential destructiveness, the effectiveness of
the treatment has to be taken into account when considering

the most suitable digesting agent (Fig. 2). For most treat-
ments, an increase in temperature provokes an increase in
effectiveness but often also an increase in destructiveness.
Some treatments might be very effective but also relatively
destructive to MPs like HNO; (69%) and HCI (37%) and
other treatments are less destructive but also less effective
like NaOH and NaClO (Karami et al. 2017). Enzymatic
treatments represent the best choice in terms of being non-
destructive to MPs. Several working groups have shown the
high effectiveness of enzymatic digestion with different
enzymes (Cole et al. 2014; Courtene-Jones et al. 2017;
Karlsson et al. 2017; Loder et al. 2017; Mintenig et al.
2017).

Microplastics Identification

Once the environmental samples have been purified and con-
centrated by removing the biogenic and inorganic matter the
MPs within the samples have to be identified. This identifica-
tion is most easily performed by visual inspection either with
the naked eye or with the use of a (stereo) microscope (Shim
et al. 2017). The sorting is based on several criteria defined
in a pilot-study by Norén (2007), which include having no
visible cell-structure, homogenous coloration, and equal
thickness for fibers (Enders et al. 2015). Nonetheless,
Hidalgo-Ruz et al. (2012) stated that up to 70% of particles
that potentially resembled MPs based on merely visual
inspection could not be confirmed to be of synthetic origin.
These limits of visual identification, even by experienced
operators, have been shown by several studies (Eriksen et al.
2013; Dekiff et al. 2014; Lenz et al. 2015; Loder and Gerdts
2015; Song et al. 2015). Despite this high proneness to
errors, many studies still rely on the visual identification of
MPs. An overestimation can be avoided when a chemical
characterization is subsequently performed to confirm plas-
tics. If the chemical characterization is based on a prior
visual sorting of potential MPs, an underestimation, espe-
cially of very small particles is still very likely (Song et al.
2015). Stains can be used to facilitate visual analysis, like
Nile Red (Desforges et al. 2014; Shim et al. 2016; Erni-
Cassola et al. 2017; Maes et al. 2017a) or rose bengal (Ivleva
et al. 2016). Maes et al. (2017a) presented an approach using
Nile Red that enabled for a reliable identification of MPs
(96.6% recovery for MPs of a 100-500 pm size range).
Nevertheless, this approach does not allow for a differentia-
tion of distinct polymer types (Maes et al. 2017a), and may
only be suitable for identification of MPs used in organism
studies, where the specific polymer type is known. For envi-
ronmental samples, chemical characterization is needed and
can be achieved by spectroscopic analyses like Fourier trans-
form infrared (FTIR), Raman and energy dispersive X-ray
(EDX) spectroscopy or thermal analysis (Ivleva et al. 2016;
Shim et al. 2017).
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NaOH (30%; 50 °C)
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Fig. 2 Effectiveness of different digestion treatments (black symbols,
in %) and maximum percentage of microplastics negatively affected by
the treatments (white symbols, based on 12 polymers). Different col-

When combining EDX with scanning electron micros-
copy (SEM), this technique can provide information on the
elemental composition of a particle and therefore distinguish
plastics from inorganic materials (Eriksen et al. 2013;
Vianello et al. 2013; Ivleva et al. 2016; Wagner et al. 2017;
Wang et al. 2017). The identification of different plastic
types is limited and therefore this method is recommended to
be used for surface characterization and visualization addi-
tional to previous FTIR analysis (Vianello et al. 2013; Shim
et al. 2017). FTIR analysis is a vibrational spectroscopic
technique based on infrared radiation that excites molecular
bonds resulting in vibrations that can be detected and trans-
ferred into characteristic absorbance spectra. These spectra
can further be compared to a database of reference spectra
allowing for the reliable identification of different polymer
types. FTIR spectroscopy can be used in different modes,
namely transmission (Loder et al. 2015; Kippler et al. 2016;
Mintenig et al. 2017; Primpke et al. 2017b), reflection
(Harrison et al. 2012; Vianello et al. 2013; Tagg et al. 2015)
and attenuated total-reflectance (ATR) (Song et al. 2015;
Kippler et al. 2016; Crichton et al. 2017; Imhof et al. 2017;
Wagner et al. 2017). To measure very small particles FTIR
spectroscopy can be coupled to microscopy (LFTIR) and be
used in all three modes as well (Ivleva et al. 2016; Shim et al.
2017). All these modes have several advantages and limita-

HCI (5%; 25 °C)

HCI (5%; 50 °C)

HCI (35%; 25 °C)

HCI (35%; 50 °C)

HNO; (5%; 25 °C)

HNO; (5%; 50 °C)

HNO; (66%; 25 °C)

HNO; (66%; 50 °C)

NaOH (4%; 25 °C)
NaOH (4%; 50 °C)

ored sectors highlight the different treatments = red: acid, blue = alka-
line, violet = oxidative, green = enzymatic (based on Cole et al. 2014;
Biirkle GmbH 2015; Karami et al. 2017)

tions. While the transmission mode provides high quality
spectra it is restricted to a certain thickness of material to
allow infrared radiation to pass through the sample without
being fully absorbed (Loder and Gerdts 2015; Ivleva et al.
2016). Reflectance mode on the other hand provides spectra
of thick and opaque particles but does depend on the surface
properties since uneven surfaces can cause scattering effects
which cause refractive errors (Loder and Gerdts 2015; Shim
et al. 2017). High quality spectra can be achieved by pATR-
FTIR with the disadvantage of potentially damaging parti-
cles since a crystal has to be pressed on the sample (Ivleva
et al. 2016; Shim et al. 2017). Another vibrational spectros-
copy, that is complementary to FTIR, is Raman spectroscopy
(Képpler et al. 2016). Monochromatic light, usually provided
by a laser, irradiates the sample and vibrations are resulting
in a Raman shift, which can be presented as substance char-
acteristic spectra (Ivleva et al. 2016; Shim et al. 2017).
Raman micro-spectrometry has successfully been used to
identify MPs in environmental samples (Enders et al. 2015;
Fischer et al. 2015; Frere et al. 2016; Imhof et al. 2016;
Wagner et al. 2017). For thermal analysis, pyrolysis-gas
chromatography-mass spectrometry (Pyr-GC-MS) and ther-
moextraction and desorption (TED) coupled with GC-MS
are the most prevalent and promising ones (Fries et al. 2013;
Diimichen et al. 2015; Fischer and Scholz-Bottcher 2017).
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Both methods provide the chemical composition based on
heating the sample and analyzing the decomposition prod-
ucts (Ivleva et al. 2016). Pyrograms or ion chromatograms
are obtained that can be compared to references, equivalent
to spectra of spectroscopic techniques (Loder and Gerdts
2015; Diimichen et al. 2017; Shim et al. 2017).

Most studies use these methods to analyze preselected
particles. Recently Fischer and Scholz-Boéttcher (2017) pre-
sented also for Pyr-GC-MS an approach independent of a
prior visual sorting by analysing whole filters on which pre-
viously purified samples had been concentrated. That also
TED-GC-MS can be used to analyze subsamples of environ-
mental samples without pre-selection to identify MPs has
been shown by Diimichen et al. (2017). An advantage of
TED-GC-MS presented by Diimichen et al. (2017) is that a
relatively high sample amount of up to 100 mg can be pro-
cessed, which, depending on the condition of the environ-
mental sample, obviates the need for sample purification.

Chemical imaging approaches developed for pFTIR and
Raman spectroscopy eliminate the need for a visual pre-
selection. Therefore, the purified samples are concentrated
on filters that are directly scanned. The filter chosen for the
analysis has to be compatible to the method by not interfer-
ing with the sample analysis (Képpler et al. 2015; Loder
et al. 2015). For pFTIR the use of Focal plane array (FPA)
detectors have substantially improved the time needed for
the analysis of whole filter areas (Loder et al. 2015; Tagg
etal. 2015; Kippler et al. 2016; Mintenig et al. 2017; Primpke
et al. 2017b). Although the imaging using FPA is indepen-
dent of a prior visual selection of potential MPs, the approach
presented by Loder et al. (2015) still involves an operator-
based selection of MPs based on their spectral signature.
Therefore, advances are automated approaches independent
of human bias like it has been recently presented by Primpke
et al. (2017b).

Shim et al. (2017) recently reviewed the advantages and
disadvantages of currently used methods for identification of
MPs. Furthermore, Elert et al. (2017) added to the compari-
son a classification of the different techniques in terms of
restrictions, requirements and the analytical information
received.

The major advantage of thermal analysis is the simultane-
ous analysis of polymer and containing additives, while the
major disadvantage is the destruction of the sample by com-
bustion. While thermal analyses provide mass-related results
only, spectroscopic analyses are normally non-destructive
and provide particle-related results (Shim et al. 2017). The
lower size limit for pFTIR is at 10 pm due to the diffraction
limit (Loder and Gerdts 2015; Shim et al. 2017), whereas for
Raman spectroscopy particles down to 1 pm size can be ana-
lyzed (Ivleva et al. 2016). Residual water hampers FTIR

analysis while for Raman spectroscopy fluorescence of resi-
dues of the environmental matrix is a problem as well as the
interference from pigments (Imhof et al. 2016; Képpler et al.
2016; Shim et al. 2017). Képpler et al. (2016) showed that
Raman imaging provides a better identification of
MPs < 20 pm when compared to using FPA-pFTIR in trans-
mission mode but with the major drawback for Raman imag-
ing that the measurement time was more than 100-times
higher than the pFTIR analysis. Currently, pFTIR imaging of
large filter areas is considerably faster than Raman imaging,
even when reducing the resolution for Raman imaging,
resulting in a comparable quality to FTIR imaging (Képpler
et al. 2016).

All above mentioned methods share the commonality that
to avoid misinterpretation of spectra and programs alike as
well as identifying dyed MPs, efficient sample purification is
of utmost importance (Loder and Gerdts 2015; Crichton et al.
2017, Fischer and Scholz-Bottcher 2017; Maes et al. 2017b).
When choosing the most appropriate method: time demand,
size range, and sample preparation have to be considered.
Furthermore, thermal analysis should be used when a fast
assessment of mass-related data is required, while spectro-
scopic analysis provides particle-related data but might take
considerably longer. A holistic approach would involve FTIR-
analysis of MPs down to 10 pm, Raman-analysis for MPs
below 10 pm and a subsequent thermal analysis.

Biological Effects of Microplastics on Biota

Although research on MPs in aquatic systems regarding
monitoring and abundance in animals has dramatically
increased in the last years, profound knowledge about the
effects of MPs on biota is still scarce (Ribeiro et al. 2017).
Here, we give a short overview about investigated conse-
quences of MP exposure, methods, and their effects on
organisms.

Images circulating the media of sea turtles, dolphins or
seals entangled in plastic bags and other macroplastics are
well known, but what about the plastic we do not see?
Microplastics can pose a danger to organisms, when they are
ingested (Avio et al. 2017). Reasons for ingestion in the first
place are either MPs being mistaken for food or prey due to
similarities in size, shape or color (Wright et al. 2013) or
because the organism is not selective with food particles,
which is, for example, the case for most filter and deposit
feeders (Van Cauwenberghe et al. 2015). Although filter
feeders often possess some mechanisms to avoid particles
that are too big or inedible, MPs are very similar to actually
nutritious food and thus sorting mechanisms might not work
(Ward and Shumway 2004).
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The Risk of Exposure to Microplastics

When trying to assess the danger of MPs in the marine envi-
ronment, various things have to be taken into consideration.
The risk to be exposed to MPs varies a lot with compart-
ments, usually divided into water surface, water column and
sediments. Sediments are thought of as being the most
affected compartment, because they function as a sink for
MPs (Hidalgo-Ruz et al. 2012; Duis and Coors 2016). All
compartments considerably vary spatially and temporally
and distribution of MPs is, therefore, difficult to assess
(Chubarenko et al. 2016).

Risk of exposure is different for the different types of
polymers (buoyancy, fragmentation rate) and the habitat of
the organism (surface layer, water column, sediment)
(Andrady 2017). Polymers with low density tend to stay lon-
ger in the surface layer, possibly aggregating with phyto-
plankton in the euphotic zone (Long et al. 2017). They can
also be overgrown by microbes and other fouling organisms
and sink down in the water column together with MPs of
neutral buoyancy. Higher density polymers such as polyvinyl
chloride sink quickly and are readily available for benthic
filter feeders or deposit feeders such as bivalves and poly-
chaetes (Avio et al. 2017).

The hazard that MP poses for organisms also varies
depending on the functional group such as the trophic level
of the organism. So far, mainly low trophic levels such as
filter feeders, deposit feeders and planktivorous fish have
been found to be contaminated with MPs, but recently MP
particles have also been detected in predatory pelagic fish
such as tuna (Romeo et al. 2015) and even filter feeding
mammals such as humpback whales (Besseling et al. 2015).

Studies have accumulated on examining fish guts for MPs
and have found evidence of MPs among multiple species and
life stages across different functional groups (Vendel et al.
2017). Transfer to higher trophic levels, such as fish preying
on zooplankton that has ingested MPs, has been hypothe-
sized but no clear evidence has been found yet (Santana et al.
2017). So far, studies give contradictory results with some
claiming that MPs cascade to higher trophic levels (Setild
et al. 2014) while others disagree or argue that they travel to
predators but do not persist in the gut (Santana et al. 2017).

Effects Due to the Specific Properties
of Microplastic Particles

All types of MPs are hypothesized to cause gut blockage or
a false sense of fullness, if not excreted within reasonable
time span (Gall and Thompson 2015). Most MPs are so-
called secondary MPs resulting from fragmentation of larger
particles. Therefore, the shape of MPs can cause internal
ruptures and injuries. Most studies have been conducted with

primary MPs: spherical, highly defined microbeads not
reflecting the situation in the environment, as the most com-
monly found types are fragments and fibers. This calls for
the use of fragments or fibers in laboratory studies to enhance
significance of the obtained results.

The effects of MPs on an organism depend a lot on its
size. Seabirds often take up colorful plastic particles that fill
up their stomach and can be too large for gut passage (van
Franeker et al. 2011). Contrarily, very small particles
(1-400 nm) (GESAMP 2015), called nanoplastics if <100 nm
(Loder and Gerdts 2015), can potentially be implemented in
body cells after ingestion as they are small enough to pass
pores in membranes. Inside the cell, the particles can poten-
tially disturb other tissues than the digestive system such as
the liver or lymph system (von Moos et al. 2012).

Impacts on biota can vary depending on the polymer type
of the encountered MPs. Some polymers such as silicone are
sturdier and break down slower under the influence of tem-
perature and wave action than others due to their chemical
composition. They fragment slower and are also less likely to
leach pollutants as leaching of additives is dependent on sur-
face area which increases with decreasing particle size
(Suhrhoff and Scholz-Béttcher 2016). Other polymers, how-
ever, are already toxic in themselves by leaching monomers
or oligomers such as polyvinyl chloride (PVC) or polysty-
rene (PS). These monomers have been shown to act as endo-
crine disruptors (Espinosa et al. 2016).

When MPs are introduced into the environment they are
free of microorganisms and have not yet been impacted by
waves or UV light. With time, MPs weather, pollutants
adsorb and leach, and microorganisms start growing on the
particles. These processes lead to changed characteristics of
the MPs. With growing or adhering organisms the buoyancy
changes and low density polymers start to sink and become
available for a different range of organisms. Furthermore,
biofilm-coated particles might not be recognizable anymore
as MPs or seem more palatable due to chemical cues emitted
from the microorganisms and are ingested with higher prob-
ability. Bacterial assemblages on MPs have also been found
to be different from other surfaces with yet unknown conse-
quences (Kesy et al. 2016).

Considering all of the above, there are various things to be
accounted for when working with MP in the laboratory.
Glass containers or glass material should be used as much as
possible to reduce contamination sources. As this is only
possible to a certain extent, negative controls should also
account for plastic materials used within the experimental
set-up. To assess the effects of MPs in experiments, the con-
centrations have to be determined, to which the organisms
are exposed. Using spherical beads, this can be calculated
via diameter, density and mass of the spheres. Irregular beads
are more difficult to handle. Simple methods usually involve
counting chambers (Syberg et al. 2015), light microscopy
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(Nobre et al. 2015) and quantitative filtering of the water
samples. Other common methods are flow cytometer
(Sussarellu et al. 2016) and the use of a coulter counter
(Syberg et al. 2015). For characterization of the beads, FTIR
(Lusher et al. 2017), Raman spectroscopy and electron
microscopy (Murray and Cowie 2011) are the preferred
methods. The next step is to determine the presence of MPs
in the organism. This is usually achieved by dissecting to
check for presence in gut systems or histological analysis of
tissue samples (Farrell and Nelson 2013). Effects on the
organism can be directly determined via deformations of lar-
vae. Potentially, MPs can induce epigenetic effects, e.g., in
copepods (Heindler et al. 2017). Epigenetics are usually
viewed as a quick and advantageous mechanism for an F1
generation to adapt to a stressor to which the FO generation
was exposed. Microplastics can also cause a decrease in
reproduction (Heindler et al. 2017) and are therefore directly
affecting fitness. Sussarellu et al. (2016) also reported reduc-
tions in feeding activity, accumulation and inhibition of ace-
tylcholinesterase activity in bivalves.

Microplastics as Vector for Pollutants

The effects of the combination of MPs with pollutants are
ambivalently discussed. First, it is important to differentiate
between pollutants adhering to plastics, which belong to the
group of persistent organic pollutants (POPs), originating
from the water, and between additives leaching from the MP
particles or emittance of monomers or oligomers from the
MPs themselves. The difference here is that pollutants that
adhere to plastics are usually already widespread in the envi-
ronment, while pollutants associated with plastic have only
been around since the production of plastics, so roughly the
1950s (Hammer et al. 2012). Both groups of chemicals sug-
gest a role of MPs as a vector to organisms. This is very
debatable for pollutants already present in the environment
as some argue that other pathways such as food and water are
several magnitudes higher than the intake via MPs, simply
due to the fact that MPs are still not that abundant in the
ocean and, therefore, bioaccumulation of this POPs is not
increased by MPs yet. Additionally, it is also discussed if
leaching additives from MPs are of major concern. Here, it is
important to differentiate between primary MPs and second-
ary MPs. Primary MPs are introduced already in the size
range of MPs whereas secondary MPs are often introduced
into the environment as macroplastics that fragment over
time into MPs. They weather over time and it remains an
open question how much additives are still present within
those fragments.

Heindler et al. (2017) revealed in a study on the toxicity
effects of polyethylene terephthalate (PET) and the common
plasticizer diethylhexyl phthalate (DEHP) that copepod nau-

plii are far more sensitive to exposure than adults. This
stresses the need for assessing the toxicity of MPs at differ-
ent life stages and focusing on juveniles or larvae, which are
usually more sensitive to stressors than adults. Effects of
MPs on younger life-stages can have knock-on effects on
populations if for example mortality is significantly higher
and fewer individuals reach sexual maturity and reproduce.

Regarding laboratory methods, again, glassware should
be used where appropriate to make sure that no pollutant is
adhered to the experimental container and, therefore,
removed from the experiment. Toxin burdens can for exam-
ple be assessed in different compartments (water, plastic, and
biota) via high throughput liquid chromatography (HPLC)
(Brennecke et al. 2015).

Conclusion

Although intensive research activities have already resolved
some methodological issues in MP research, there are still
some challenges, which need to be overcome before stan-
dardized operational protocols (SOPs) can be defined.
Sampling effort (spatial and temporal replication, as well as
sample volume) within a project is still limited by the high
demand for personnel and physical resources as well as the
long analysis time for MP samples. Thereby, an adequate
sampling design should be chosen to answer pre-defined
research questions as precisely as possible. It is obvious that
different research questions require the use of different meth-
ods, which in turn will hamper complete standardization of
methods. Nevertheless, a comprehensive and proper data
recording, as well as gathering additional information, e.g.,
environmental data, will contribute to high quality datasets.

In addition, the extraction of MPs from environmental
matrices is a crucial step, as inorganic and organic substances
concurrently sampled with the potential MPs, can interfere
with the subsequent analysis. Lately, many protocols have
been proposed to remove inorganic or organic materials from
samples. Thereby, developments were made to improve
extraction efficiency, while not affecting fragile MPs, i.e.,
applying high density solutions for density separation of
inorganic material or enzymatic purification of organic mate-
rial. Finally, for a reliable identification of MPs a solely vis-
ible analysis is insufficient, and a chemical characterization
is highly recommended. Spectroscopic methods like Raman-
or FTIR-spectroscopy are state-of-the-art, providing particle
related data (e.g., numbers, sizes) as well as thermal extrac-
tion methods like Pyr-GC-MS and TED-GC-MS, which pro-
vide mass related data and information about absorbed
pollutants or contained additives.

Both methods will provide relevant information for fur-
ther studies on the effects of MPs on organisms. There is still
a huge lack of knowledge and besides evidence that MPs are
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ingested, either by mistake or because the organism is not
selective in feeding, information about the effects is limited.
The exposure to MPs will largely depend on the habitat of
the organism (water surface, water column, sediment) and
the feeding type (predatory, herbivory, planktivory). How the
MPs affect the organism after ingestion is largely unknown
but depends most likely very much on specific properties of
the MPs (polymer type, size, shape) as well as life stage of
the organism. The interaction of MPs with adsorbed pollut-
ants seems to be negligible compared to already existing
pathways (food, water), however, the effect of leaching addi-
tives is not yet determined. Thus, the effects of MPs on
organisms still need intense research activities to come up
with proper risk assessments for different life stages of dif-
ferent species to determine, who is most at risk and how to
protect them.

Appendix

This article is related to the YOUMARES 8 conference ses-
sionno. 13: “Microplastics in Aquatic Habitats— Environmental
Concentrations and Consequences”. The original Call for
Abstracts and the abstracts of the presentations within this ses-
sion can be found in the appendix “Conference Sessions and
Abstracts”, chapter “12 Microplastics in Aquatic Habitats —
Environmental Concentrations and Consequences”, of this
book.
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