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ABSTRACT: The accumulation of plastic debris is a global environmental
problem due to its durability, persistence, and abundance. Although eﬀects of
plastic debris on individual marine organisms, particularly mammals and birds,
have been extensively documented (e.g., entanglement and choking), very little
is known about eﬀects on assemblages and consequences for ecosystem
functioning. In Europe, around 40% of the plastic items produced are utilized
as single-use packaging, which rapidly accumulate in waste management
facilities and as litter in the environment. A range of biodegradable plastics
have been developed with the aspiration of reducing the persistence of litter;
however, their impacts on marine assemblages or ecosystem functioning have
never been evaluated. A ﬁeld experiment was conducted to assess the impact of
conventional and biodegradable plastic carrier bags as litter on benthic macroand meio-faunal assemblages and biogeochemical processes (primary
productivity, redox condition, organic matter content, and pore-water
nutrients) on an intertidal shore near Dublin, Ireland. After 9 weeks, the presence of either type of bag created anoxic
conditions within the sediment along with reduced primary productivity and organic matter and signiﬁcantly lower abundances
of infaunal invertebrates. This indicates that both conventional and biodegradable bags can rapidly alter marine assemblages and
the ecosystem services they provide.

1. INTRODUCTION
Plastic items have become an integral part of daily life in many
societies, and use is increasing, with an estimated annual global
production of 299 million tonnes in 2013.1 Of this, single-use
packaging items account for the majority, almost 40%, of total
production.1,2 It is estimated that almost 5% of the plastic
produced is transported via wastewater ﬂows, inland waterways,
wind, or tides and ends up in the marine environment as
litter.3−7 Indeed, plastic waste accounts for up to 80% of all
litter found in marine habitats.4 Of this litter, plastic bags are
one of the most common items8 especially on intertidal9,10 and
subtidal11 benthos.
Biodegradable plastics have been proposed as an alternative
to conventional plastics such as polyethylene. Biodegradable
plastic bags are intended to break down more rapidly than
conventional plastic bags and are, therefore, believed to be less
persistent as litter. Yet there have been few studies evaluating
their degradation in natural habitats, and the extent to which
any enhanced degradation might reduce marine litter is not
clear.12,13 Indeed some degradable polyethylene formulations
have been shown to persist in the environment for years after
their disposal.14 Given their relative recalcitrance to decom© XXXX American Chemical Society

position under natural conditions, conventional and biodegradable plastic bags pose a potential threat to organisms in coastal
ecosystems when present as litter.
Contamination of marine habitats by plastic litter can be
aesthetically detrimental, leading to negative socio-economic
consequences.15 There is also considerable evidence relating to
consequences for wildlife. Over 660 species are known to
encounter marine debris, and negative consequences including
physical damage from entanglement and choking and mortality
are reported for individuals from a wide range of species,4
including birds,16 mammals,4 and invertebrates.17 While
information on eﬀects at the individual level is of considerable
value, evidence of eﬀects at higher levels of biological
organization, i.e., species assemblages, communities, and
populations, is often of critical importance to decision makers
since it can be used to inform policy measures. Providing this
information is necessary, for example, to inform decisions about
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“bags for life” thickness. The biodegradable bags were labeled as
“biodegradable” and “compostable” and claimed to completely
disintegrate into carbon dioxide, water, and biomass within 10−
12 weeks in standard composting conditions and are certiﬁed
“OK COMPOST” by EU standard EN 13432 and International
standard ASTM D6400-99. The dimensions of both types of
bag were approximately 38 × 46 cm and 65 μm thick. On 13
March 2014, conventional and biodegradable plastic bags and
control plots without bags (n = 10 for each treatment) were
randomly interspersed on the surface in an area (10 m × 25 m)
of pristine mud-ﬂat, i.e., free of observable plastic debris on the
surface. Each plot was separated by at least 2 m to avoid
potential edge eﬀects crossing over between treatments and was
assumed to be similar at the beginning of the experiment. Each
bag was securely positioned ﬂat using metal pins inserted into
each corner to simulate the manner in which plastic bags had
been observed to become trapped at the surface of the
sediment elsewhere in the marsh (personal observation).
Control plots (n = 10) were also marked out with metal pegs
at the corners to identify dedicated plots of the same size as the
bags. Prior to deployment of the bags, each plot including the
controls received a custom-made, in situ proﬁler to allow for
pore water measurements (see section 2.3.1 for details).
Compared to the typical persistence of plastic debris in the
environment, our experiment was short-term and was
destructively sampled to assess impacts on infaunal assemblages
(section 2.2) and ecosystem functioning (section 2.3) after 9
weeks (i.e., after 75% of the time stated for complete
disintegration of biodegradable plastic bags under composting
conditions). Weather conditions (daily temperature and hours
of sunshine) during the experimental period are displayed in
the Supporting Information, Figure S1.
2.2. Assessing Infaunal Diversity. A 10 cm diameter
corer was inserted down to 5 cm depth as much to the center of
each plot as possible. The core sample (∼393 cm3) was
transferred to sealable bags, stored at 4 °C and upon arrival in
the laboratory immediately sieved through a 125 μm mesh sieve
pan to retain macrofauna and large meiofauna. All material
recovered from the sieves was preserved separately for each
sample in 70% methylated ethanol for enumeration and
identiﬁcation to the lowest discernible clade possible using a
dissecting microscope.
2.3. Assessing Ecosystem Functioning. 2.3.1. Redox
and Pore-Water Nutrient Concentrations. Prior to any other
measurements being taken, ﬁve plots from each treatment were
randomly selected to determine the redox potential of the
surface sediment (∼0.5 cm) using a redox electrode (Elit 31 C
ORP). Next, pore-water was sampled prior to any disturbance
created by the other sampling procedures. Pore-water samples
were collected using purpose-built in situ proﬁlers based on the
design in Seeberg-Elverfeldt et al.2 and as described in Rocha et
al.26 and Green et al.27 Brieﬂy, the proﬁlers, made of
poly(methyl methacrylate) sheets, had grooves cut at intervals
to attach Rhizon membranes (Rhizosphere Research Products
B.V., The Netherlands) on a vertical sequence, allowing
sampling at 0 (sediment−water interface), 2, and 4 cm depths.
The proﬁlers were inserted vertically into the sediment, secured
by metal pins, and a single biodegradable or conventional bag
was placed centered on top. Control plots had a proﬁler
inserted and secured with pins only. At the end of the
experiment, pore-water was sampled by attaching a needle to
each Rhizon membrane, and water was collected directly into
sterile vacuum tubes (according to Ibanhez and Rocha).28

legislation to reduce the quantity of single use, disposable items
including plastic bags and/or about the eﬃcacy of alternative
materials with enhanced degradability.
It has been estimated that up to 70% of all plastic debris
settles onto the benthos18 with considerable accumulations in
intertidal habitats worldwide;19 yet, to date, there have been
few studies assessing the eﬀect of plastic debris on these
habitats and no work on the ecosystem services they provide,
such as primary productivity and nutrient cycling. Coastal
ecosystems are extremely diverse and productive, supplying
vital ecosystem services such as the production of food,
stabilization of shorelines, removal of pollutants, and nutrient
turnover.20 Within these, sedimentary habitats are of particular
importance, recycling nutrients that support economically
important benthic and pelagic food-webs through a myriad of
biogeochemical processes.21 It is possible that plastic debris
might decrease the biomass of microphytobenthos (important
primary producers) in sedimentary habitats by blocking light.
Consequently this could alter biogeochemical processes such as
decomposition of organic matter, which is essential for the
release of inorganic nutrients (such as nitrogen as ammonium).
This, in turn, supports primary production and, therefore, foodwebs. To date, two studies have examined the eﬀects of plastic
debris at ecologically relevant scales; one mensurative study on
infauna22 and one manipulative subtidal experiment on epibiota
and infauna.23,24 It has been suggested that, when on the
surface, plastic debris might physically asphyxiate the underlying sediment, potentially impeding nutrient exchange
processes at the sediment−water interface, leading to anoxia
and decreasing the abundance of infaunal organisms,6 but
neither this nor the eﬀects of plastic debris on infaunal
assemblages in intertidal habitats have ever been experimentally
evaluated.
To assess the impact of plastic bags as litter within a coastal
habitat, a manipulative ﬁeld experiment was done to test the
following hypotheses: the addition of plastic carrier bags locally
alters (i) invertebrate assemblage structure and composition
and (ii) biogeochemical processes within the sediment and (iii)
carrier bags made of diﬀerent types of material (biodegradable
or conventional nonbiodegradable plastic) have diﬀerent eﬀects
on biological assemblages and biogeochemical processes within
the sediment.

2. MATERIALS AND METHODS
2.1. Site Description and Experimental Design. Booterstown Marsh (Booterstown, Co. Dublin, Ireland, 53°18.65′
N, 6°11.9′ W) is a nature reserve, sheltered from the open sea,
managed by An Taisce, the National Trust for Ireland (An
Taisce 2013) and has been proposed to be a Natural Heritage
Area. Permission to execute the experiment at this nature
reserve was granted by An Taisce. It is a designated bird
sanctuary with hydrologically low energy depositional areas
consisting of very ﬁne clay and silt forming mud-ﬂats overlain
with brackish water. As the marsh receives freshwater input
from a stream, salinity ﬂuctuates with the tidal cycle. At the
time of sampling, the salinity of the surface water was 20 ppt
during falling to low tide, and during rising to high tide it was
35 ppt. It is in close vicinity to a highly urbanised area and is
prone to accumulate waste litter, including plastic items.
White plastic carrier bags made of either conventional high
density polyethylene (HDPE) or biodegradable plastic
manufactured from corn starch were used. Both bags were of
a single-use disposable nature rather than of a more substantial
B

DOI: 10.1021/acs.est.5b00277
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

Article

Environmental Science & Technology
Within 24 h, ammonium (NH4+) and biogenic silicate
(Si(OH)4) were measured from the water samples using a
Lachat QuickChem 8000 ﬂow injection autoanalyser (Lachat
Instruments, USA) following Lachat methods 31-107-06-1-B
(NH4+) and 31-114-27-1-A (Si(OH)4). All concentrations of
pore-water were corrected for sediment porosity and were
standardized to dry bulk density following Eleftheriou and
McIntyre.29 NH4+ and Si(OH)4 inventories were calculated
within the depth proﬁle by integration of linear pore-water
concentration gradients, corrected for porosity, down to 4 cm
depth.
2.3.2. Chlorophyll Content and Light Measurements.
Chlorophyll measurements were done colorimetrically. The
oxic surface layer of sediment (approximately the top 0.5 cm)
was sampled using clean spatulas, immediately wrapped in tin
foil to protect from light, and stored at 4 °C. Within 24 h of
collection, 10 mL of 90% acetone was added to ∼1 g of ﬁeldmoist, homogenized sediment, left to extract total chlorophyll
for 1 h at room temperature under constant shaking in the dark,
and centrifuged at 3000g for 5 min to settle sediment.30
Chlorophyll-a, -b, and -c concentrations were measured from
the supernatant using a spectrophotometer (at λ = 430 and
664, 460 and 647, and 630 nm respectively) and concentrations
of chlorophyll were calculated according to equations by Jeﬀrey
and Humphrey31 and expressed as μg chlorophyll g−1 dry
sediment.
The plastic bags became colonised with algae during the
experiment; therefore, chlorophyll-a, -b, and -c were also
measured from the surfaces of the bags. Bags were kept in the
dark and stored at 4 °C for 24 h before being processed for
analysis in order to preserve chlorophyll at levels similar to ﬁeld
conditions. Total chlorophyll contents of microalgae that had
colonised the surfaces of the bags were estimated by cutting 4
cm2 squares from each corner (leaving 5 cm margins at all
sides) and one from the center, representing a surface area of
20 cm2. From each bag the ﬁve squares were placed together
into 10 mL of 90% acetone, left to extract for 1 h at room
temperature in the dark under constant shaking with
intermittent vortexing to thoroughly mix the plastic fragments.
After centrifuging at 3000g for 5 min to settle the plastic
fragments, 1 mL of supernatant was used for measuring on a
spectrophotometer in a similar fashion as was done with the
sediment samples.
In addition, the percentage of light blocked by the plastic
bags (transparency) was measured using a LI-COR LI-250A
light meter (LI-COR Inc., USA). On average, the conventional
bags blocked 51.1 (±0.6) and biodegradable bags blocked 50.3
(±1.6) % of photosynthetically active radiation.
2.3.3. Organic Matter Content of the Sediment and Grain
Size. Surface (top ∼0.5 cm) sediment samples were collected
by scraping using a clean spatula, while the underlying sediment
(approximately 4 cm depth) was sampled using a mini-corer
adapted from a 60 mL syringe (26.7 mm diameter). Two
samples were randomly taken from each plot to account for
within-plot heterogeneity. Organic matter content was
determined by loss on ignition (LoI) following Eleftheriou
and McIntyre.29 Brieﬂy, ∼2.5 g of oven-dried (80 °C, 12 h)
sediment was placed in a muﬄe furnace at 450 °C for 24 h. The
diﬀerence in weight is expressed as a percentage of ash-free dry
weight.
Grain size distribution of the sediment was estimated by laser
diﬀraction using a Mastersizer 2000 (Malvern Instruments)
from three plots randomly selected from each treatment.

Brieﬂy, 1 g of dry sediment was digested in hydrogen peroxide
to remove organics prior to analysis according to Gray et al.32
2.4. Statistical Analyses. All data were analyzed using R
v3.1.1.33 The data were checked for normality (normal quantile
plots and Shapiro-Wilk tests) and homogeneity of variance
(Levene’s tests), and no transformations were deemed
necessary. All response variables from the sediment samples
(total amount of individuals (N), number of species (S),
Shannon−Wiener index (H′), chlorophyll contents in sediments, loss-on ignition (LoI), nutrient concentrations at each
depth, and nutrient pools and ﬂuxes) were individually analyzed
using a one-way ANOVA with “Treatment” as a factor having
three levels (control, conventional, and biodegradable). Redox
potential was measured from only ﬁve randomly selected
replicates from each treatment in the ﬁeld due to time
restrictions posed by the tide. The redox data were analyzed
using the same model as before. When the main test was
signiﬁcant, a posthoc pairwise comparison of the means was
computed (Tukey HSD test, at α = 0.05) to ascertain the a
priori hypotheses. Chlorophyll-a, -b, and -c contents on the
bags (two levels: Conventional and Biodegradable) were
compared using separate two-tailed Welch’s t tests.
Multivariate data were analyzed using the vegan package v2.20.34 Assemblage structures were computed using species count
data (4th-root transformed abundance data to account for
highly dominant observations), whereas assemblage compositions were computed based on presence/absence of species.
Bray−Curtis similarity indices were calculated between
samples, and diﬀerences are shown using two-dimensional
nonmetric multidimensional scaling (nMDS) ordinations. The
nMDS were calculated using 250 iterations or until the lowest
2D stress was reached using the metaMDS function in vegan
employing the monoMDS engine. Before calculating permutational analyses of variance (PERMANOVA), multivariate
homogeneity of variances were checked (betadisp function in
the vegan package). Diﬀerences between assemblage structure
and composition within the sediment were analyzed with
“Treatment” as a single factor with three levels (control,
conventional, and biodegradable) by computing a one-way
PERMANOVA using the adonis function in vegan, with
probabilities calculated based on 9999 permutations of the
raw data. To assess which identiﬁed groups contributed most to
dissimilarities between treatments, similarity percentages were
computed using the simper routine in the vegan package.

3. RESULTS
3.1. Eﬀects of Plastic Bags on Infaunal Diversity,
Assemblage Composition, and Structure. All bags were
still in situ when collected, and no immediate signs of
degradation nor fragmentation were observed. A total of 14
diﬀerent groups of infaunal invertebrates were identiﬁed within
the top 5 cm sediment layer. The total numbers of individuals
(N) were signiﬁcantly lower beneath plastic bags compared to
in control plots (One-way ANOVA, F 2,27 = 48.97, P < 0.001),
but similar numbers of individuals were found under the
biodegradable and conventional bags (Table 1). Sediment
beneath biodegradable and conventional bags had on average
6.2 and 6.4 times fewer individuals compared to that of control
plots, but species richness (number of species, S) and
Shannon−Wiener diversity (H′) was not signiﬁcantly diﬀerent
from that found in control plots (Table 1). The most abundant
taxa were Nematoda (potworms), Capitella capitata (gallery
worm), Hydrobia ulvae (mudsnails), and Chironomidae
C
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Table 1. Total Number of Individuals (N per 0.25 m2),
Number of Diﬀerent Species (S), and Shannon-Wiener
Diversity Index (H′) of Invertebrates Found within the Top
5 cm Layer in Plain Sediment (control), Underneath
Conventional Bags (conv), and Underneath Biodegradable
Bags (bio)a
treatment
control
conv
bio
ANOVA
df1 = 2,
df2 = 27b

N
38.8 × 10 ± 5.4 ×
103 a
6.0 × 103 ± 1.4 ×
103 b
6.2 × 103 ± 7.9 ×
102 b
F = 48.97, P < 0.001
4

R2 = 0.71

S
7.4 ± 0.2

visualized by nMDS ordination (Figure 2a) and supported by
similarity percentage (simper) analysis. Lesser abundances of

H′
a

1.105 ± 0.085a

6.9 ± 0.4a

1.288 ± 0.087a

6.8 ± 0.4a

1.242 ± 0.050a

F = 0.85,
P = 0.439
R2 = 0.06

F = 1.56,
P = 0.229
R2 = 0.10

Values are means ± standard error of the mean, n = 10. Diﬀerent
superscript letters indicate signiﬁcant diﬀerences between treatments
at P < 0.05 based on separate Tukey tests. bdf1 and df2 are degrees of
freedom for the numerators and denominators of the F-statistic,
respectively.

a

(midge) larvae which, although numerically dominant in all
treatments, were less abundant beneath bags compared to
control plots (Figure 1). Furthermore, more individuals of
Carcinus maenas (green shore crab) were found under bags
compared to within control plots, but the abundances overall
were low (Figure 1).

Figure 2. Nonmetric multidimensional scaling ordination of
assemblage structure (a) and assemblage composition (b) of
invertebrate groups in the top 5 cm layer of plain sediment (control:
□), underneath conventional (●), and biodegradable (▲) plastic bags.
Included are Kruskal 2D stress values, multivariate dispersion, and
PerMANOVA, goodness of ﬁt (R2), pseudo-F and P values based on
9999 possible permutations.

Nematoda and C. capitata contributed the most to diﬀerences
in assemblage structure of invertebrates under the bags
compared to the controls (Supporting Information, Table
S1). However, when considering assemblage composition
(based on species presence/absence data alone), there were
no signiﬁcant diﬀerences between the controls and either type
of bag (Figure 2b).
3.2. Eﬀects of Plastic Bags on Ecosystem Functioning.
3.2.1. Chlorophyll Content in Sediment Surface and on
Plastic Bags. Chlorophyll-a, -b, and -c contents in the top ∼0.5
cm surface layer of the sediment were measured to approximate
potential primary production of the microphytobenthos. The
chlorophyll-a content (g−1 dry sediment) was signiﬁcantly less
(one-way ANOVA, F2,27 = 15.67, P < 0.001) beneath plastic
bags (Figure 3) compared to control plots, which had on
average 2.12 and 1.74 fold more chlorophyll-a than beneath
“biodegradable” and conventional bags, respectively. The
chlorophyll-b content, however, was signiﬁcantly greater
(one-way ANOVA, F2,27 = 11.69, P = <0.001) beneath both

Figure 1. Species abundance in the top 5 cm layer of plain sediment
(control), underneath conventional and biodegradable plastic bags.
Values are means ± sem, n = 10. Asterisks indicate signiﬁcant
diﬀerence between treatments, with *** P < 0.001, ** P < 0.01, and *
P < 0.05. N.B.: The right half of the data set is represented by the right
y axis.

There were signiﬁcant diﬀerences (one-way PERMANOVA,
F2,27 = 6.95, P < 0.001) between infaunal assemblage structures
(based on abundance data of each group identiﬁed).
Speciﬁcally, assemblages beneath the biodegradable and
conventional bags were similar to each other (F1,18 = 1.27, P
= 0.302.) but signiﬁcantly diﬀerent from that in the control
plots (control vs biodegradable: F1,18 = 15.78, P < 0.001;
control vs conventional: F1,18 = 13.26, P < 0.001). This is
D
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than the biodegradable bags (t test, t10.84 = 2.37, P = 0.036),
similarly the chlorophyll-b content was an average 43 fold
greater on the surface of the conventional bags compared to the
biodegradable bags (t test, t9.12 = 8.88, P < 0.001), and the
chlorophyll-c content was an average of 11 times greater on the
conventional than the biodegradable bags (t test, t9.11 = 7.65, P
< 0.001).
3.2.2. Redox Potential, Organic Matter Content, Grain
Size, and Nutrient Pools and Proﬁles in Sediment. The redox
potential (Eh) of the top sediment layer was negative under
both the biodegradable and conventional bags, while it was
positive in the control plots (Table 2). The amount of organic
matter in the top sediment layer as measured by loss on
ignition (LoI) was signiﬁcantly less for sediment under either
type of bag compared to the controls (One-way ANOVA, F2,27
= 12.31, P < 0.001), with approximately 13% less organic
matter beneath bags. At 4 cm beneath the surface of the
sediment the concentrations of organic matter was similar
under the two types of bags and the controls (Table 2). The
grain size distribution did not signiﬁcantly diﬀer among
treatments (One-way ANOVA, F2,6 = 1.62, P = 0.273), and
the average grain size was 44.98 (±3.93), 41.02 (±2.13), and
34.66 (±3.62) for control, biodegradable, and conventional
treatments, respectively. Ammonium (NH4+) and biogenic
silicate (Si(OH)4) pools within the ﬁrst 4 cm of sediment were
signiﬁcantly diﬀerent, with less NH4+ in the control pore-water
compared to that under the biodegradable bags. The
biodegradable and conventional bags had similar amounts of
NH4+ in the underlying pore-water. Similarly, the total amount
of Si(OH)4 under the biodegradable bags was greater compared
to sediment in the control plots and under conventional bags,
with the two types of bags having similar amounts of Si(OH)4
in the pore-water (Table 2). The concentration of NH4+ was
signiﬁcantly diﬀerent between the treatments (One-way
ANOVA, F2,27 = 11.96, P < 0.001) at 4 cm depth, with NH4+
being less in the control plots compared to beneath
biodegradable and conventional bags. Similarly, the concentrations of Si(OH)4 associated with the bags were greater in
surface waters (One-way ANOVA, F2,27 = 3.77, P = 0.036) and
at 4 cm depth (One-way ANOVA, F2,27 = 6.93, P = 0.004)
compared to the control, albeit only signiﬁcant for biodegradable bags (Figure 5).

Figure 3. Chlorophyll-a, -b, and-c contents in the surface sediment
without bags (control), underneath conventional and biodegradable
plastic bags. Values are means ± sem, n = 10. Included are ANOVA R2,
F, and P values with diﬀerent letters indicating signiﬁcant diﬀerences
between treatments at P < 0.05 based on separate Tukey tests.

types of bags compared to within control plots (Figure 3),
which had 5.15 and 4.78 fold less chlorophyll-b compared to
beneath biodegradable and conventional bags, respectively. The
content of chlorophyll-c was also signiﬁcantly diﬀerent (oneway ANOVA, F2,27 = 11.88, P = <0.001) between the
treatments (Figure 3) but with an average 1.88 and 1.56 fold
less chlorophyll-c present beneath biodegradable and conventional bags respectively than in the control plots. Chlorophyll
contents of the surface sediment did not signiﬁcantly diﬀer
between the two types of bags; chlorophyll-a (one-way
ANOVA, P = 0.571, TukeyHSD), chlorophyll-b (one-way
ANOVA, P = 0.926, TukeyHSD), and chlorophyll-c (one-way
ANOVA, P = 0.541, TukeyHSD).
The chlorophyll content on the surfaces of the bags did,
however, diﬀer. Conventional bags had more algal biomass on
the surface than the biodegradable bags (personal observation,
Supporting Information, Figure S2), which corresponded to
greater concentrations of chlorophyll (Figure 4). The surface of
conventional bags contained more (1.62 fold) chlorophyll-a

4. DISCUSSION
4.1. Impacts of Plastic Debris on Benthic Infauna and
Ecosystem Functioning. In the current study, within less
than 9 weeks, the presence of plastic debris in the intertidal
signiﬁcantly altered the community structure and abundance of
sediment infauna, reducing the number of individuals of
invertebrates living within the sediment. The presence of both
types of bags caused the assemblages to diﬀer from those in
control treatments. This was driven by diﬀerences in relative
abundances, rather than to changes to the types of taxa, the
number of species, or change in the relative dominance of
individual taxa. The nMDS ordination showing assemblage
composition suggests that the presence of plastic bags increased
multivariate variance, which was conﬁrmed by the beta-disp
routine testing for homogeneity of variance. This indicates that
variability in the infaunal composition among replicates from
the bag treatments was greater than in the control plots.
The addition of plastic bags, whether biodegradable or
conventional, created anoxic conditions in the sediment, as
indicated by reduced redox potentials and increased ammo-

Figure 4. Chlorophyll-a, -b, and-c contents on the surface of the
conventional and biodegradable plastic bags. Values are means ± sem,
n = 10. Included are separate results of two-tailed Welch’s t tests
between the bag types.
E
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Table 2. Loss on Ignition (LoI) in the Top and Bottom Sediment Layer, Redox Potential (Eh) in the Surface Sediment Layer
and Inventory (Inv. μmol dm−3) of Ammonium (NH4+) and Silica (Si(OH)4) in Plain Sediment (Control), Underneath
Conventional Bags (Conv) and Underneath Biodegradable Bags (Bio)a
treatment

LoItop (%)

LoIbottom (%)

Eh (mV)

Inv. NH4+

Inv. SiOH4

control
conv
bio
ANOVA

20.3 ± 0.2
19.1 ± 0.1b
19.1 ± 0.2b
F2,27 = 12.31,
P < 0.001
R2 = 0.48

19.5 ± 0.3
19.9 ± 0.5a
19.1 ± 0.3a
F2,27 = 1.33,
P = 0.281
R2 = 0.09

33.6 ± 6.7
−51.5 ± 21.5b
−48.5 ± 10.9b
F2,12 = 11.15,
P = 0.002b
R2 = 0.65

52.6 ± 5.7a
114.5 ± 30.7ab
149.7 ± 20.2b
F2,27 = 5.25,
P = 0.012
R2 = 0.28

58.3 ± 6.2a
75.4 ± 11.0ab
91.2 ± 6.7b
F2,27 = 4.01,
P = 0.030
R2 = 0.23

a

a

a

Values are means ± standard error of the means, n = 10. Diﬀerent superscript letters indicate signiﬁcant diﬀerences between treatments at α = 0.05
based on separate Tukey tests. bDegrees of freedom diﬀer from other tests because ﬁve replicates were measured instead of ten.
a

organic matter in the sediment beneath the bags indicates
that the bags acted as a barrier, preventing organic matter
deposition into the sediment. It is likely that mineralization
(i.e., the decomposition of organic matter resulting in the
release of inorganic nutrients) beneath bags depleted the preexisting stores of organic matter in the surface layer, and this is
reﬂected in the increase of ammonium beneath the bags.
Biogenic silicate, however, is not aﬀected by redox reactions
(e.g., mineralization). Given that the physical barrier created by
the presence of the bags impaired transport across the
sediment−water interface, a slight accumulation of silicate
within the sediment is not surprising. On the contrary, because
ammonium is the byproduct of organic matter mineralization,
both this and impaired transport are likely to have led to its
accumulation beneath the bags. Besides covering the sediment
and directly aﬀecting the benthic assemblages, indirect eﬀects
due to asphyxiation such as changes in redox potential may
have led to altered benthic assemblages.
Overall, most species that were found inhabiting the
sediment are tolerant to ﬂuctuations in environmental
conditions, as are many intertidal organisms. For example, C.
capitata is an opportunistic polychaete often used as an
indicator species for other types of pollution such as organic
enrichment and nitrogenous runoﬀ.36 Given that organisms in
the intertidal are usually very tolerant of ﬂuctuating environmental conditions,37 the results of this experiment may give a
conservative estimate of the eﬀects of plastic debris when
compared to other, less resilient, assemblages. For example, the
responses noted here in an intertidal marsh could be more
pronounced in subtidal coral reefs and deep sea sediments,
which are also known to accumulate litter.38,39 Despite being
resilient against environmental pollution, the abundance of C.
capitata and other organisms was substantially reduced under
both the biodegradable and conventional bags compared to
control plots of sediment. It is possible that other, more
sensitive groups of invertebrates would be even more
profoundly aﬀected by plastic debris. The most reduced taxa
were deposit feeders, including C. capitata, H. ulvae, and
individuals belonging to the Nematoda. Deposit feeders, and
indeed any organisms which feed or live within the sediment,
are more likely to be negatively aﬀected by plastic debris due to
the sealing of the sediment surface, reducing light, algal growth,
and oxygen penetration.
Evidence in the literature of assemblage level eﬀects of plastic
debris is very scarce, and to date, only two studies have
considered these impacts in benthic habitats22−24 and neither
evaluated the eﬀect of the debris on the physio-chemical
characteristics of the habitat. In Ambon Bay, Indonesia,
Uneputty and Evans22 compared areas where litter had already

Figure 5. . Concentrations of ammonium (a) and silica (b) of pore
and surface water in depth of plain sediment (control: □), underneath
conventional (●) and biodegradable (▲) plastic bags. Values are
means ± sem, n = 10. Included are ANOVA F (df1 =2, df2 = 27) and P
values for each depth.

nium pools. The physical eﬀect of sealing the surface and
eﬀectively blocking oxygen diﬀusion into the sediment probably
contributed to the reduction in redox potential, while the
reduced oxygen availability at the water−sediment interface
likely accounted for the decrease in infaunal abundances.
Similar results, including decreases in biomass/abundances of
infauna, have been found as a result of hypoxia and anoxia due
to eutrophication.35 Furthermore, decreased amounts of
F
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accounts for the reduction in organic matter content in the
surface sediment beneath bags. In fact, the ability of plastic
sheeting to smother the underlying sediment has been utilized
as a method, called “plasticulture”, to reduce weed growth by
blocking out light in terrestrial agricultural practices.44 Similarly,
the reduction in light penetration caused by the bags during our
experiment likely accounts for the reduction in chlorophyll-a
and -c beneath the bags compared to the control sediment.
Light attenuation is one of the principal limiting factors of
primary productivity of microphytobenthos in shallow and
intertidal estuarine habitats.45,46 Some microphytobenthic
species, however, show evidence of photoacclimation to lowlight environments and are not aﬀected by shading.45
Chlorophyll-b concentrations were greater beneath plastic
bags compared to bare sediment. Many green photosynthetic
organisms contain chlorophyll-b as an accessory pigment, but
there are microphytoplankton which have their light harvesting
complex based on chlorophyll-b, and in this way, chlorophyll-b
may indicate the presence of algae from the classes
Chlorophyceae and/or Euglenophyceae.47,48 Therefore, the
increase in chlorophyll-b may indicate a change in types of
microalgae dominating the sediment, but further work would
be required to conﬁrm this. Despite a lack of information on
speciﬁc photosynthetic species, these results suggest that the
algal community has been altered or, at least the amount of
photosynthetic pigment was altered, due to the presence of the
bags.
Interestingly, biodegradable plastic bags had substantially less
chlorophyll on their surfaces than the conventional bags did,
suggesting that the type of plastic inﬂuenced the recruitment
and/or persistence of algae on the surface. Over time, this may
result in diﬀerential eﬀects, but this hypothesis would require
further investigation. Aloy et al.49 found a reduction in grazing
by gastropods over conventional plastic bags compared to rock.
It is possible that grazing is diﬀerentially aﬀected by diﬀerent
types of plastic, thus accounting for the diﬀerences in algal
biomass on biodegradable and conventional bags found in the
current study.
Aside from the diﬀerences in chlorophyll concentrations, our
short-term study showed that the biodegradable and conventional bags caused almost identical changes to invertebrate
abundance and ecosystem functioning and that eﬀects on
assemblages occur much more rapidly than any meaningful
degradation of the plastic itself; indeed we also demonstrated
that, in the intertidal, breakdown of the biodegradable plastic
was slower than would be expected according to EN 13432.
Collectively, the potential for rapid eﬀects coupled with the
persistence of plastic debris, including plastics described as
“compostable” or ”biodegradable”,14 emphasizes the need to
focus on reducing and reusing plastic packaging and
subsequently recycling, rather than designing materials with
enhanced degradation which could lead to inappropriate,
indiscriminate disposal and further accumulation in marine
environments and/or compromise recycling streams.50 Moreover, it is possible that, when certain biodegradable plastics do
break down into smaller pieces, their eﬀects could still be
deleterious. For example, in a laboratory study by Doering et
al.,51 using powdered biodegradable plastics, including a
bacterially derived polyester and ethylene vinyl alcohol and
comparing to cornstarch as a control, it was found that normal
nutrient exchange patterns were altered by addition of the
plastic, including an increase of ammonia ﬂuxes. They
hypothesized that the high biological oxygen demand resulting

accumulated with areas free from litter. They found that,
underneath plastic debris, there was an increase in the
abundance of meiofauna, decreased diatom abundances but
no changes to macrofauna. However, it was not clear how long
the litter had been present, nor how similar the areas of seabed
were prior to its arrival. In a long-term (one-year), manipulative
experiment the addition of plastic and glass debris to a subtidal
sediment habitat resulted in an increase in the total abundance
and the number of species of megafauna compared to control
sediments. However, this was mainly as a consequence of
migration of mobile species, such as hermit crabs, or settlement
of invertebrates, such as ascidians and sponges on the hard
substratum oﬀered by the litter.23 Subsequent examination of
sediments from the same experiment found altered assemblage
compositions, driven by an increase in opportunistic macrofaunal species, associated with experimentally added plastic and
glass bottles.24 Contrary to this previous study, the current
short-term experiment found no changes in the number of
species but did ﬁnd a dramatic decrease in the abundances of
several macrofaunal species beneath plastic debris. The plastic
debris used by Katsaneakiset et al.23 and Akoumianaki et al.24
was mostly bottles and jars, whereas the current study used
plastic bags. Perhaps the eﬀect of ﬂat plastic sheeting is more
pronounced than three-dimensional debris, in that sheeting
smothers larger areas of the sediment, sealing oﬀ the sediment−
water interface from the water column above. This may have
prevented settlement of some infaunal species which depend on
a planktonic larval stage before settling and recruiting. In
addition, many of the changes described by Katsaneakiset et
al.23 related to colonisation of the plastic by epifauna and
migration of mobile species. Colonisation by epifauna is a
longer term process and was not considered in the present
study. C. maenas was, however, found under several of the bags
and not in the control plots. Similarly, other artiﬁcial structures
associated with ﬁsheries, such as tiles, have been found to
increase crab abundances due to the provision of refugia.40
Despite this, the majority of organisms found in the present
study were less abundant beneath plastic bags than in
uncovered control plots.
Apart from the physical sealing eﬀect of the plastic, our study
showed that several physicochemical characteristics were
altered beneath the plastic bags, and these may have indirectly
accounted for the reduction in the abundances of benthic
infauna. There was a reduction in organic matter and
chlorophyll-a and -c beneath the bags indicating that there
had been a decrease in the biomass of primary producers in the
sediment, such as microphytobenthos.30 A reduction in
microphytobenthos means that there is less food available to
higher trophic level organisms, and this could also account for
the decrease in the biomass of invertebrates in the sediment.
Microphytobenthos play an important role in system
metabolism within shallow coastal bays, and changes in
autotrophic community structure will ultimately aﬀect nutrient
turnover in the system and could have cascading eﬀects for the
food-web. It is likely, for example, that the reduction of
photosynthetic biomass beneath plastic bags led to reduced
inputs of organic matter that serve as food sources for the
deposit feeding detritivores, including surface and subsurface
feeding groups. Indeed, other studies found reductions in
macro-invertebrate infaunal abundances as a result of reduced
microphytobenthic algae due to shading.41,42
In addition, since microphytobenthos strongly inﬂuences
sediment organic matter quality and quantity,43 this likely
G
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from decomposition of such materials could lead to the
development of anoxia in the sediment. Similarly, the physical
presence of fragments of conventional plastics have been shown
to reduce the ability of marine worms to store energy,52 and
there are concerns about the potential for plastic fragments to
transport and release contaminants.53 It is possible that
fragments of biodegradable plastic could have similar eﬀects
to conventional types, accumulating organic and metal
pollutants, leaching additives, and causing physical harm upon
ingestion, but this is yet to be examined.
4.2. Wider Implications of Plastic Litter and Recommendations. The impacts of disturbance on ecosystems are
often context-dependent. Since the current study was set up in
a single habitat and measured once after 63 days, it is limited in
its ability to predict impacts on assemblages and ecosystem
functioning at larger spatial or temporal scales. Furthermore,
our model system was subject to very low wave energy, and in
other habitats, plastic debris may remain for shorter periods of
time in a single location. This study does emphasize, however,
that assemblage level eﬀects can occur rapidly, much faster than
the time scales of any meaningful degradation, even of materials
designed to quickly break down. This either indicates
considerable lack of relevance of EN 13432 to degradation
(i.e., composting) in the natural environment, or a failure of the
biodegradable bag to perform to EN 13432. Over the short
duration of this experiment, littering by plastic debris altered
important components of the sediment ecosystem, including
abundances of benthic infauna and physicochemical characteristics associated with nutrient cycling. The bags posed a
physical barrier to mass, and therefore energy, exchange across
the sediment−water interface. Since the functioning of the
benthic ecosystem is essentially regulated by the extent of
exchanges occurring across the sediment−water interface, the
plastic bags (either biodegradable or conventional) drove the
system to another balance point, leading to a depletion of
organic matter, whether living or dead. While biodegradable
plastics are promoted to have less negative impacts on the
environment because their persistence is shorter, the current
study suggests that the rate at which they break down is not
suﬃciently quick to have any meaningful advantage over
conventional bags in terms of consequences when considering
benthic habitats.
It is estimated that approximately 70% of the marine litter
that enters the sea ends up accumulating on the sea bed;18
indeed plastic debris accounts for the majority of litter recorded
on the benthos in many parts of the world including the
Mediterranean Sea,54 European coastal regions,55 and even
remote Alaskan56 and deep Arctic seaﬂoors.39 Therefore, if the
amount of plastic in the environment increases as predicted,57
the potential for wider scale impacts is considerable. Although it
had previously been suggested that plastic litter can alter
nutrient exchange between sediments and overlying water and
therefore aﬀect ecosystem services,5,6 this had not been tested
until now. Besides negative aesthetic eﬀects, it is apparent from
this study that littering of sedimentary habitats by plastic debris
can alter key components of ecosystems, including primary
productivity, invertebrate biomass, and benthic turnover rates
of important limiting nutrients. Plastic debris is increasingly
accumulating in coastal habitats worldwide, and the full extent
of impacts in diﬀerent habitats is not clear. While the eﬀects of
marine debris on individuals are well documented, this study
indicates the potential for rapid eﬀects on assemblages and
several important ecosystem services.
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