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Abstract

There is high demand for comparative analyses of macrolitter in estuarine and riverine
waters. This study attempts to fill this need and analyzed three estuaries discharging into the
southeastern North Sea, namely the estuaries of the Ems, Weser and Elbe Rivers, for
suspended macrolitter. Consistent sampling was conducted using stow nets at three to five
locations along each estuary in spring and autumn 2013 and 2014, respectively.
Compositions of material categories and litter items were similar in all estuaries with
portions of plastic/polystyrene of more than 94%. Abundances of total suspended litter (TSL)
ranged from zero to 19.7 pieces of litter per 10° m>. Mean TSL significantly differed between
the Ems and Elbe Estuaries and amounted to 1.08+1.25, 1.98+1.66 and 2.49+3.75 pieces of
litter per 10° m? in the Ems, Weser and Elbe Estuaries, respectively. This study provides
considerably lower abundances of TSL in estuaries than previous studies und thus underpins

the need for standardized monitoring procedures of estuarine and riverine litter.



Introduction

Within the last decade, a number of scientific studies investigated the amount and fate of
litter in the marine environment (Browne et al., 2010; Howell et al., 2012; Ribic et al., 2010).
Several authors dealt with spatial and temporal trends of marine litter (Dameron et al.,
2007; do Sul and Costa, 2007; Ribic et al., 2010, 2012). Other authors focused on the
ingestion of micro- and mesoplastics (Browne et al., 2008; van Franeker et al., 2011) or the
entanglement of marine vertebrates in filamentous macrolitter (Gregory, 2009; Pichel et al.,
2012; Votier et al., 2011), both representing potential environmental harms for marine
ecosystems. Further potential risks arise from floating debris as a vector for invasive species
(Barnes and Milner, 2005; Majer et al., 2012).

Increasing amounts of marine litter, mostly consisting of plastic, inspired further studies on
its sources (Tudor et al., 2002; Williams et al., 2003). The sources of marine litter, such as
fishing, shipping and tourism, are easily termed. However in the past, input of litter to the
marine environment via rivers acquired little attention and only few studies examined
riverine and estuarine abundances and loads of macrolitter (Lechner et al., 2014; Moore et
al., 2011; Morritt et al., 2014). In addition, to fill the needs of the Marine Strategy
Framework Directive 2008/56/EC (EU, 2008) it is necessary to increase knowledge on the
occurrence of litter and the role of riverine input as a source for marine litter.

In some of the estuarine studies, shorelines were surveyed (Guneroglu, 2010; Rech et al.,
2014), while other studies conducted tracer experiments to get information on the transport
and retention of floating litter (Jang et al., in press). Further investigations employed trawl
equipment to quantify litter transported downstream in suspension (Possatto et al., in
press). Several authors described the composition of suspended riverine litter (Gasperi et al.,
2014; Sadri and Thompson, 2014) and attempted to relate spatial and temporal trends to
source locations (Morritt et al., 2014), rainfall events and thus to erosion events and the
hydrological regime of fluvial waters (Moore et al., 2011; Possatto et al., in press).

However, most studies were restricted in space and time and not designed to detect
systematic behavioral characteristics of suspended litter, or to compare litter abundances in
different estuaries. Therefore, there is high demand for analyses of macrolitter in estuaries
and investigations of factors influencing riverine transport patterns. This study intends to fill
these needs. Three estuaries bordering on the southeastern North Sea, namely the estuaries

of the Ems, Weser and Elbe Rivers, were investigated for suspended litter employing stow
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nets at three to five locations along each estuary and at four sampling dates each.
Abundance and composition of collected litter were recorded and subsequently analyzed for
spatial and seasonal differences. Thus, the design of this study allowed for comparisons of

characteristics of suspended litter between the three estuaries.



Methods

Study sites

The study sites comprise the estuaries of the Ems, Weser and Elbe Rivers, all of which
discharge into the southeastern North Sea (Figure 1). The morphometry of the estuaries was
mainly formed by Holocene erosion events, as well as hydraulic construction and flood
prevention works since medieval times (Schuchardt & Scholle, 2009). From a weir to their
mouth in the German Bight, the estuaries of the Ems, Weser, and Elbe Rivers are tidal for
about 48 km, 65 km, and 142 km, respectively. Due to the nival to pluvial hydrological

regime freshwater discharges from upstream waters regularly peak in winter and spring.
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Figure 1: Location of study area and sampling sites at the southeastern coast of the North Sea
including estuaries. Allocated names of the sites refer to towns/Vvillages in the vicinity (source: A.

Schréder, NLWKN).

Hamburg and Bremen are large harbor towns located upstream close to the weirs at the
estuaries of the Elbe and Weser Rivers, respectively. Intense ship traffic within the three
estuaries and recreational activities on their shores persist over the entire annual cycle,

while riverine and estuarine fisheries have declined during the last decades.



Monitoring of suspended litter

Sampling of suspended litter took place at three (Ems Estuary) to four locations (Weser and
Elbe Estuaries) along the freshwater to polyhaline zones (Figure 1). In each estuary, sampling
was conducted in four campaigns in spring and autumn 2013 and 2014. Litter sampling was
performed within a regular monitoring programme for fish in estuarine waters according to
the Water Framework Directive of the European Union using commercial stow nets,
deployed by a commercial fishing vessel. The method applied is described in detail in Scholle
& Schuchardt (2012). Per sampling occasion, the flood and ebb period were sampled
separately during about three hours per tidal phase.

Table 1 gives an overview of sampling dates, locations and parameters. Different mesh sizes
of stow nets were assumed to have no influence on measured abundances of litter, because
only macrolitter (> 2.5 cm) was considered in this study. A flowmeter was attached to each
net to measure the volume of filtered water and thus to standardize abundances of
suspended litter.

The catches were sorted and classified on board at the item level applying the OSPAR 100m-
beach litter categorization (OSPAR, 2010). Each piece of litter was assigned to one of 112
different items. Categorization was amended by the more precise and extended master list
of items provided by the Technical Group Marine Litter of the European Union (MSFD GES
TSG-ML, 2013). ltems were assigned to different general categories according to the
material they are made of (e.g. plastic/polystyrene, rubber, cloth/textile, paper/cardboard,

wood, metal, glass, and ceramic/pottery) or their use (sanitary and medical waste).



Table 1: Overview of sampling locations and campaigns, including information on trawl equipment (stow nets).

Estuary Location Latitude Longitude Salinity Sampling dates Mesh  Opening  Number
size. width[m  of hauls
[mm] x m] [-]
Ems Terborg 53°17.320 7°23.741 oligohaline 31.05.2013 05.09.2013 21.05.2014 12.09.2014 10 13.0x 8
10.0
Oterdum 53°19.527 7°00.087 mesohaline 29.05.2013 03.09.2013 19.05.2014 10.09.2014 10 13.0x 8
10.0
Spijk 53°28.109 6°54.775 polyhaline  30.05.2013 04.09.2013 20.05.2014 11.09.2014 10 13.0x 8
10.0
Weser Farge 53°13.452 8°29.126 limnetic 15.05.2013 24.09.2013 - - 6 17.0x9.0 4
Sandstedt 53°21.954 8°29.861 oligohaline 16.05.2013 25.09.2013 - - 6 17.0x9.0 4
Bremerhaven 53°32.254 8°33.861 mesohaline 21.05.2013 26.09.2013 - - 6 17.0x9.0 4
Wremen 53°36.886 8°28.752 polyhaline  17.05.2013 27.09.2013 - - 6 17.0x9.0 4
Oberhammelwarden limnetic - - 10- 22- 10 13.0x 16
13.06.2014 25.09.2014 10.0
Elbe Kollmar 53°42.969 9°27.892 oligohaline 29.04.2013 23.09.2013 25.04.2014 11.10.2014 8 10.0x9.0 8
Gluckstadt/Krautsand 53°46.404 9°22.879 oligohaline 30.04.2013 24.09.2013 28.04.2014 10.10.2014 8 10.0x9.0 8
Brunsbuttel 53°53.278 9°11.442 mesohaline 01.05.2013 25.09.2013 27.04.2014 12.10.2014 8 10.0x9.0 8
Medem 53°52.321 8°53.160 polyhaline  02.05.2013 26.09.2013 26.04.2014 13.10.2014 8 10.0x9.0 8




Data analysis

Data were standardized to numbers of litter items per 10° m? filtered water volume. For
each estuary, means and standard deviations of abundances of total suspended litter (TSL)
were calculated. Calculations of litter compositions relied on the entity of hauls of each
estuary. Abundance of TSL per haul were used as input data for statistical analyses.
According to the results of Kolmogorov-Smirnov-tests for normality, not all data were
normally distributed. Therefore, non-parametric one-way analyses of variance (Kruskal-
Wallis-tests) were used to test for significant differences in TSL between tidal states, seasons
and locations. First for each estuary, data pooled from both years were analyzed for
significant tidal differences. Subsequently for each estuary, ANOVAs were applied to data
pooled from both tides, because there were no tidal differences and in order to increase the
power of subsequent tests by increased number of replicates. Subsequently, ANOVAs were
carried out for each estuary and factor, namely season and sampling location, separately. In
order to identify significant differences between estuaries, one additional test based on all
TSL data was calculated with estuaries as factor so that there were a total of ten ANOVA:s.
The ANOVA for significant differences between estuaries was amended by post-hoc tests
(Least significant difference-tests). All statistical tests were calculated applying a statistical

software (Systat 12.0, Systat Software, USA, http://www.systat.com/SystatProducts.aspx).
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Results and Discussion

In the three investigated estuaries, compositions of suspended litter were very similar (Table
2). Plastic/polystyrene was the dominant general category with portions of TSL of more than
94%. Except for sanitary waste, all other general categories mostly showed percentages
smaller than 1%. For the beaches bordering on the North Sea, OSPAR (2009) and Schulz et al.
(2013) reported portions of plastic/polystyrene ranging between 50% and 70%. The
discrepancy to the results of the present study is probably due to the low physical density of
artificial polymers, which therefore are enriched in the suspended rather than in the

sedimentary fraction.

Table 2: Composition of suspended litter given in percentages [%] of standardized total suspended

litter (TSL) [1/100,000 m®]. The material categories used rely on the OSPAR categorization (OSPAR,

2010).
Material Ems Estuary Weser Estuary Elbe Estuary
Cloth 0.7 0.2 0
Medical waste 0 1 0.2
Metal 0.4 0.4 0.3
Paper, Cardboard 1.1 0 0.4
Plastic/polystyrene 94.1 95.0 97.4
Other pollutant 0.4 0 0
Rubber 2.1 0.1 0.1
Sanitary waste 1 3.7 1.6
Wood (machined) 0.3 0 0

Compositions of litter items were also similar in all investigated estuaries. In the Ems
Estuary, the most abundant items were plastic/Styrofoam pieces 2.5-50 cm, other plastic,
plastic string, small plastic bags, crisp and sweet packages, plastic cups and fast food
containers. In the Weser Estuary, suspended litter mostly consisted of plastic/Styrofoam
pieces 2.5-50 cm, other plastic, plastic string, small plastic bags, crisp and sweet packages,
plastic cups, fast food containers, sanitary towels and fishing line. In the Elbe Estuary,
suspended litter was dominated by plastic/Styrofoam pieces 2.5-50 cm, other plastic, small
plastic bags, crisp and sweet packages, plastic cups, fast food containers, sanitary towels,
tangled nets, as well as caps and lids. Similar compositions of litter items hint at similar
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source compositions of macrolitter in the three estuaries investigated. However in addition
to fishing-related items, such as tangled nets and fishing lines, only sanitary waste, such as
sanitary towels, can be attributed to a given source with certainty, namely to insufficient
waste water treatment (OSPAR, 2009).

TSL ranged from zero to 19.7 pieces of litter per 10° m?>. TSL significantly differed between
the three estuaries (p = 0.027, n = 88) and amounted to 1.08+1.25, 1.98+1.66 and 2.49+3.75
pieces of litter per 10° m? in the Ems, Weser and Elbe Estuaries, respectively. Post-hoc tests
gave one significant difference between the Ems and Elbe Estuaries (p = 0.047, n = 56).
Differences in TSL are likely due to different discharges of litter input into the estuaries.
However, identifications of sources are highly uncertain und therefore remain subject to
speculation.

As in the Weser Estuary in the Ems Estuary, no significant seasonal pattern could be
detected (Figure 2 and Table 3). In the Ems and Weser Estuaries, TSL tended to be higher in
upstream regions than in downstream regions (Figures 3 and 4). These spatial differences

were significant (Table 3).

Table 3: Results of non-parametric analyses of variance (Kruskal-Wallis-tests). n give the number of
replicates, p-values give levels of significance. Significant p-values are marked with asterisks (*: p <

0.05, **: p <0.01, ***: p <0.001).

Grouping variable Parameter Ems Estuary Weser Estuary Elbe Estuary

Tide n 24 32 32
p-value 0.453 0.821 0.638
Location n 24 32 32
p-value 0.011* < 0.001*** 0.186
Season n 24 32 32
p-value 0.564 0.91 0.001**
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Figure 2: Boxplots of standardized total suspended litter (TSL) in the Ems, Weser and Elbe Estuaries
for different seasons (Au = autumn, Sp = spring). Horizontal lines in the boxes give the three

quartiles. Error bars give ranges.
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Figure 3: Boxplots of standardized total suspended litter (TSL) in the Ems Estuary for different
sampling locations (AEms: Terborg, BEms: Oterdum, CEms: Spijk). Horizontal lines in the boxes give

the three quartiles. Error bars give ranges.
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Figure 4: Boxplots of standardized total suspended litter (TSL) in the Weser Estuary for different
sampling location (AWeser: Farge, BWeser: Oberhammelwarden, CWeser: Sandstedt, DWeser:

Bremerhaven, EWeser: Wremen). Horizontal lines in the boxes give the three quartiles. Error bars

give ranges.
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Figure 5: Boxplots of standardized total suspended litter (TSL) in the Elbe Estuary for different
sampling location (AElbe: Kollmar, BElbe: Krautsand, CElbe: Brunsbiittel, DElbe: Medem).

Horizontal lines in the boxes give the three quartiles. Error bars give ranges. A blue dot gives an

outlying value.
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In the Elbe Estuary, there was no definite spatial pattern (Figure 5), but TSL tended to be
higher in spring than in autumn (Figure 2), and seasonal differences were significant (Table
3). This seasonal pattern in the Elbe Estuary coincides with the seasonal hydrological regime
of the upstream freshwater system of the Elbe River, but this agreement was not confirmed
for the Ems and Weser Estuaries. Positive correlations between temporal trends of TSL and
the upstream hydrological regime would hint at freshwater inflow as a major determinant of
temporal patterns of TSL. However generally, there was a lack of consistent temporal and
spatial patterns in the three estuaries studied, which makes the identification of driving
forces of temporal and spatial distributions of TSL difficult.

Previous studies on suspended litter in rivers and estuaries found values of TSL much higher
than in this study (Gasperi et al., 2014; Lechner et al., 2014; Morritt et al., 2014). However,
these studies deployed different sampling techniques and mostly focused on rivers rather
than on estuarine waters. Similar to the present study, Morritt et al. (2014) measured
consistent compositions of suspended litter employing stationary eel fyke nets, but in their
study average portions of sanitary waste in the Thames River amounted to approximately
20%, a value much higher than in the German estuaries. Morritt et al. (2014) attributed
spatial peaks of suspended sanitary waste to the proximity of sampling positions to waste
water treatment plants.

Sadri and Thompson (2014) investigated tidal differences of floating litter in the Tamar
Estuary employing manta trawls. Despite significant differences between spring and neap
tides, these authors could not decide whether the Tamar Estuary was a net source or sink of
floating litter to the marine environment. In contrary, Rech et al. (2014) identified estuaries
as significant sources of beach litter in the south-eastern Pacific. The discrepancy between
both above-mentioned studies might partly be due to different monitoring methods applied.
Overall, this is the first comparative study on suspended macrolitter in estuarine waters
applying a standardized categorization of litter items and consistent sampling techniques.
Significant differences in mean TSL between estuaries could potentially be attributed to
different litter discharges into the estuaries, while the scarcity and inconsistency of
significant temporal and spatial patterns does not allow for answering questions for the
source, sink or filter functions of estuaries. Therefore, future studies should practice source
and event-based (see Moore et al., 2011) monitoring of suspended litter, in order to identify

the sources, as well as the driving forces of temporal and spatial trends of estuarine litter.
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Furthermore, the present study underpins the need for standardized monitoring procedures
of estuarine litter because the results presented here considerably differ from those of

previous studies.
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