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Ocean plastic pollution is a problem of increasing magnitude; yet, the amount of plastic at the sea surface is much
lower than expected. Solar ultraviolet (UV) radiation can induce photodegradation, but its importance in
determining the longevity of floating plastic remains unconstrained. Here, we measured photodegradation rates
of different plastic types slightly larger than microplastics (virgin polymers and floating plastic debris) under

simulated marine conditions. UV irradiation caused all plastic types to leach dissolved organic carbon, and to a
lesser degree carbon dioxide, carbon monoxide, methane, and other hydrocarbon gases. The release of photo-
degradation products translates to degradation rates of 1.7-2.3 % yr~" of the tested plastic particles normalized
to conditions as found in the subtropical surface ocean. Modelling the accumulation of floating plastic debris, our
results show that solar UV radiation could already have degraded 7 to 22 % of all floating plastic that has ever

been released to the sea.

1. Introduction

The amount of plastic entering the ocean is tightly coupled to the
exponentially growing production of plastic (Jambeck et al., 2015;
Wayman and Niemann, 2021) and corresponding indications for a
growing ocean plastic budget were hence found (Lebreton et al., 2018;
Ostle et al., 2019). However, the observed/inferred total amount of
plastic marine debris (PMD) at the ocean surface is seemingly more than
one order of magnitude lower compared to the expected mass of posi-
tively buoyant plastic released to the ocean since the 1950s, the onset of
plastic mass production (Thompson et al., 2004; Wayman and Niemann,
2021). Several explanations were brought forward to explain the
missing plastic paradox, which can be grouped in two categories: (i)
Plastic transport from land to the sea is overestimated and (ii) processes
removing plastic from the ocean surface are underestimated. (i) Rivers
are considered as the main source of PMD, but riverine transport

(Lebreton et al., 2017; Meijer et al., 2021) might be overestimated
(Weiss et al., 2021). Yet, atmospheric deposition of plastic is unac-
counted for in current PMD budget estimates though this could be of a
similar magnitude than all other land-sea plastic transport processes put
together (Jambeck et al., 2015; Liss, 2020). (ii) Initially floating PMD
can sink exporting plastic from the sea surface towards the ocean’s
interior (Woodall et al., 2014; Egger et al., 2020; Kane et al., 2020).
Nevertheless, the composition of submerged and sedimented PMD is
dominated by negatively buoyant plastic types, while PMD at the ocean
surface is mostly comprised of polyethylene (PE) and polypropylene
(PP) (Erni-Cassola et al., 2019; Egger et al., 2022). These plastic types
are positively buoyant and thus more likely to remain at the ocean
surface. PE and PP account for 250 % of the global plastic production
(Geyer et al., 2017); selective removal of negatively buoyant plastic
types alone can thus not explain the ocean plastic paradox. A more
important factor in removing plastic from the ocean system appears to
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be shore re-deposition (Lebreton et al., 2019; Onink et al., 2021). Models
suggest that ~77 % of floating plastic remains in coastal areas and that a
substantial fraction of this may beach within a few years after release
(Onink et al., 2021). Floating PMD that has not beached is then trans-
ported offshore and accumulates in subtropical gyres and enclosed ba-
sins (Law et al., 2010; Cézar et al., 2014; van Sebille et al., 2015;
Wayman and Niemann, 2021). There, additional degradation processes
may further reduce the amount of floating PMD. This can be facilitated
by microbes, heat and hydrolysis or photooxidation. The importance of
microbial PMD degradation is discussed controversially (Vaksmaa et al.,
2021; Wayman and Niemann, 2021) and the rates of thermal degrada-
tion and hydrolyses are probably slow (Hakkarainen and Albertsson,
2004; Gardette et al., 2013; Gewert et al., 2015). In contrast, solar UV
radiation is particularly strong in subtropical and tropical regions where
floating PMD accumulates. The principals of photodegradation are
reasonably well understood (Gewert et al., 2015; Andrady et al., 2022).
UV radiation of plastics at the ocean surface initiates radical reactions
that can lead to chain scission of the polymer and the release of organic
and inorganic daughter products (Wayman and Niemann, 2021). This
comprises compounds that remain as dissolved organic carbon (DOC) or
dissolved inorganic carbon (DIC) in the aqueous phase as well as volatile
molecules (e.g. short chain hydrocarbons) that typically escape to the
gas phase. The velocity of photodegradation in the marine environment
is not well constrained (Wayman and Niemann, 2021). Parametrisation
of sinks for PMD is important to assess the fate and risks of plastic in the
ocean, and to provide a baseline for well constrained policy strategies.

We investigated the release of photodegradation products of various
plastic types during laboratory irradiation experiments simulating ma-
rine conditions. We quantified rates of photodegradation with the goal
to estimate its importance for the longevity of floating PMD and the
ocean plastic budget.

2. Materials and methods
2.1. Plastic types

Photodegradation experiments were conducted with the most
important plastic types that are typically found at the ocean surface
(Erni-Cassola et al., 2019): PE, PP, polystyrene (PS) and polyethylene-
terephthalate (PET). We punched out discs of 6 mm diameter from 1
mm thick sheets of virgin polymers; low density PE, PP, PS, and PET
(Goodfellow, UK: order Nrs. ET313010, PP303100, ST313120 and
ES303010, respectively). Similarly, we also used 6 mm discs punched
out of thinner (0.5 mm) sheets of PE (Goodfellow order Nr. ET311452)
to compare photodegradation of standardized samples with different
surface area to volume ratios. Finally, we also investigate photo-
degradation of PE and PP plastic marine debris (PMD) collected with a
Manta trawl in the North Pacific subtropical gyre in November 2018
(Egger et al., 2020). The polymer identity was determined using Raman
spectroscopy (Agiltron, INC.; PeakSeeker PEK-785). To ease compara-
bility with the virgin plastics, we used polygon shaped, sheet-like pieces
of ocean plastic that already featured similar surface area to volume
ratios as the discs (Feret diameter: ~10 mm, thickness: 1 mm). Using
pliers, we additionally broke down larger sheet-like 1 mm thick PMD
fragments to pieces with a Feret diameter of ~10 mm. Particle geome-
tries were determined through image analysis using the ImageJ software
package. Prior to the experiment, all plastic pieces (virgin and PMD)
were thoroughly rinsed with de-ionized water.

2.2. Irradiation experiments

To imitate solar radiation, we built a UV chamber comprising a
housing made of stainless steel placed over a shaker table (Microplate
Shaker TiMix control; Edmund Biihler, Germany; Goudriaan et al.,
2023). Two fans facilitated constant convection to cool the system; the
temperature inside the quartz bottles (see below) was maintained at
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~45 °C throughout the duration of the irradiation experiment (the
design of the UV chamber, i.e. power of light source and capacity of fans,
did not allow to cool the system below this temperature). UV light was
provided by a 460 W halogen metal-halide lamp (Supratec HTC 400241;
Osram, Germany), that produces a UV spectrum similar to solar UV-A/B
light with an intensity of 250 W m 2 at the height of the plastic samples.
Accounting for natural variations in solar radiation (day/night cycles,
seasonal and meteorological variations), the average UV-A/B irradiance
at the sea surface in temperate regions (~50°N/S), the subtropical
(~30°N/S) and the tropical ocean (~equator) is ~10, ~25 and ~28 W
m~2, respectively (Li et al., 2015). 24 h exposure in the UV chamber was
hence equivalent to ~25 average days of UV irradiance at the sea surface
in temperate regions, ~10 days in subtropical regions, and ~ 9 days in
the tropical ocean. We corrected photodegradation rates for tempera-
ture effects and production of degradation products in blank controls.
We then normalized all photodegradation rates to subtropical ocean
conditions.

For each type of virgin plastic, 47 discs with a total surface area of
35.4 cm? (6 mm diameter, 1 mm thickness) or 31 cm? (6 mm diameter,
0.5 mm thickness) were filled into 100 ml quartz bottles (Glasatelier
Saillart; Belgium). Similarly, 1 g of polygon shaped PMD pieces (26 + 5
ocean PE pieces, 33 + 8 ocean PP pieces) with a total surface area of
30.8 + 3.7 cm? (ocean PE) or 30.7 + 1.4 cm? (ocean PP) were filled into
the same type of bottle. To every bottle, 50 ml of filtered (0.2 pm) and
sterilized seawater (autoclaved at 121 °C for 20 min) was added and the
bottles were sealed with butyl rubber stoppers (RubberBv, The
Netherlands). The bottles were irradiated upside down for the floating
plastic types PE and PP, while bottles were kept in a tilted position for
the non-buoyant plastic types PS and PET. All necks and bottle caps were
wrapped with aluminium foil to prevent illumination of the butyl
stoppers. To bottles/incubations with floating plastics, we additionally
added 3 g of borosilicate glass beads (1 mm diameter; Glasgeratebau
Ochs, Germany). These settled in the bottle neck and further shielded
the butyl stoppers from UV light. We also incubated dark controls in the
same way as light controls, but dark control bottles were fully wrapped
in aluminium foil. Because the heat in the light controls was to a large
degree the result of light absorbance by the sample water, we incubated
dark controls in a heating cabinet at 45 °C. We also incubated blank
controls only containing filtered sea water and glass beads in the same
fashion as light controls.

Generally, each experiment lasted for a total of five days and was
subsampled every ~24 h. Only the experiment with 0.5 mm thick PE
discs was shorter (4 days) because of logistic reasons. At each time point,
we removed 3 replicates of light and dark controls and one blank control
form the UV chamber or heating cabinet, and measured headspace gases
as well as DOC and DIC in the aqueous phase. Accumulation of carbon in
the incubation vials of the light controls was corrected for blank and
dark controls. Half-lifes (t;,2) were calculated for each plastic particle
type assuming first order reaction kinetics (Ward et al., 2019; Zhu et al.,
2020; Wayman and Niemann, 2021), i.e. plastic particle degradation
follows exponential decay:

N, = N()ei}'[ (€8]
and
N = Ny —Co 2)

where N, is the amount of carbon remaining after time t, Ny is the initial
amount of carbon, 1 is the degradation constant and C,, is total carbon
excess production, i.e., the sum of DOC, HC, CO, and DIC + CO5 excess
production. t;,/z is then:

t12 = Ln(0.5) /2 3)
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2.3. Analysis of head space gases and dissolved carbon

With an injection needle and gas-tight syringe, 1 ml of head space
gases were sampled through the rubber stopper that seals the incubation
bottles. The gases were then further analysed by gas chromatography
(GC) with a methanizer and flame ionization detection (FID) and
quadrupole mass spectrometry (MS). The GC unit consisted of an Agilent
7890B GC and gases were separated over an array of columns (HayeSep
q80/100 55 3 ft. 1/8 2 mm, Porapack q 6 ft. 1/8 2 mm, MolSieve 5A 60/
88 55 8 ft. 2 mm). Concentrations of hydrocarbon gases, CO5 and CO
were determined by FID, which was calibrated with certified reference
gases (Scott specialty gases, Air Liquide, Eindhoven, The Netherlands).
The identity of gases was determined from their corresponding mass
spectra (collected with an Agilent 5975C MS) and/or the retention
times. The MS unit was also used to monitor O to ensure that all
photooxidation reactions proceeded at fully oxic conditions.

For dissolved phase analysis, the bottles were opened, and 5 ml of
sample was taken immediately with a syringe for DIC analysis. This was
filtered over GF/F inline filters (nominal mesh size = 0.7 pm; pre-
combusted at 450 °C for 4 h) mounted in steel cartridges, and the
effluent was collected headspace free in glass vials and analysed ac-
cording to a method described previously (Stoll et al., 2001). For DOC
analyses, an aliquot of 30 ml was filtered using pre-combusted (450 °C)
GF/F inline filters and the effluent was collected in pre-combusted glass
vials (EPA), acidified with concentrated HCl to pH <2 and stored at 4 °C
until analysis. DOC was measured with a Shimadzu TOC-V VCSH with
ASI-V auto sampler after removal of inorganic carbon by vigorous
sparging with oxygen. The water was then injected onto a combustion
column packed with platinum-coated alumina beads at 720 °C. Non-
purgeable organic carbon compounds were combusted and converted
to CO9, which was then detected by a nondispersive infrared detector.

2.4. Accumulation of plastic in the ocean and importance of
photodegradation

The amount of plastic entering the ocean is proportional to the global
plastic production (Jambeck et al., 2015). For 2010, it has been esti-
mated that 4.8 to 12.7 Mt of plastic waste entered the ocean (Jambeck
et al., 2015), which is equivalent to 1.8-4.7 % of the annual plastic
production of 2010 (PlasticsEurope, 2019). We modelled global plastic
production for the years 1950 to 2018 by fitting market data (Plas-
ticsEurope, 2019) polynomial (Fig. 2A). However, not all plastic types
will remain afloat in the sea. PE and PP have densities lower than sea
water and thus float at the ocean surface. PS, PET and most other plastic
types have densities higher than sea water and thus only float if
expanded or built to enclose larger volumes such as bottles. Conse-
quently, floating PMD primarily comprises PE and PP, and only minor
admixtures of PS, PET, and other plastic types (Erni-Cassola et al.,

Table 1
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2019). As a simplification of floating PMD, we thus only considered PE
and PP, which account for 36 % (PE) and 21 % (PP) of the global plastic
production (Geyer et al., 2017).

A likely important process removing plastic from the ocean is
beaching, i.e. deposition of plastic at the shore line (Lebreton et al.,
2019; Onink et al., 2021). Recent model estimations show that plastic
input to the ocean mostly occurs in subtropical/tropical regions, that
possibly ~77 % of floating plastic initially released to the sea remain in
coastal zones and that >30 % probably beaches within a time span of ~5
years after release (Onink et al., 2021). As a simplification for beaching,
we calculated that (a) 30 % of the initially released floating PMD is
immediately redeposited at the shore and thus removed from the ocean.
In a second scenario, (b) we considered that all floating plastic
remaining in coastal zones (77 % of the initially released floating plastic)
beaches instantaneously.

We calculated photodegradation of the remaining floating PMD for
UV conditions as are found in the subtropical ocean (Li et al., 2015),
because floating PMD seemingly accumulates in the subtropical ocean
gyres or remains in the subtropical/tropical coastal seas (van Sebille
et al., 2015; Onink et al., 2021). For this, we considered an average
degradation rate for PE (1.8 % yr’l; t1/2 = 38.4 yrs) in accordance with
our measurements for virgin (1.81 + 0.14 % yr%; t; /5 = 37.95 yrs) and
PMD particles (1.78 & 0.56 % yr!; t;/7 = 38.6 yrs) and a degradation
rate for PP based on our measurements for virgin PP (4.18 % yr ; t7/2 =
16.2 yrs). We did not consider ocean PP because of the non-linear
degradation of PP PMD in our experiments. The total amount of either
PE or PP after a given year (PE;, PP,) can then be calculated as:

(PE,,PP,) = (PE,_;PP,_;) " + (PE,, PP;,) (©))

where 1 is the degradation constant (see Eq. (1), (PE.j, PP.j) is the re-
sidual amount of PE or PP (i.e. the accumulated mass of PMD that has
remained after beaching and photodegradation in the previous year)
and (PE;, , PP;,) is the input of new PE or PP (i.e. PE and PP transported
from land to the sea, and remaining in the ocean after beaching during a
given year). Because the time interval for each model step was one year,
t was set to 1. (PE;, , PPi;) was determined as:

(PEiy, PP;;) = GPP, X (PEys, PPys) X fr X (1 —f3) 5)

where GPP; is the global plastic production during a given year (deter-
mined from our model fit for global production figures), (PEys, PPys) is
the market share of PE or PP (0.36 and 0.21 respectively), fr is the
fraction of the global plastic production that is released to the ocean
(0.018 and 0.047) and f3p is the fraction of PMD that beaches (0.3 and
0.77). For the first time interval, 1950-1951, (PE,, PP, was (PE;,, PPy;)
for the year 1950.

Tested plastic types and photodegradation rates under simulated marine conditions. Photodegradation rates (for virgin polymers and plastics collected from the North
Pacific subtropical gyre - NPSG) are normalized to subtropical marine conditions. Values are presented per plastic piece (circular disc of virgin plastic, polygon flake of
plastic marine debris - PMD). Standard errors are indicated for average values of mass and degradation rates (mg-C cm™2 yr~, % yr~'). Degradation metrics are
normalized to subtropical ocean surface conditions. Degradation rates of ocean PP could not be determined from linear regression analysis. Abbreviations: SA = surface

area, Z = thickness, nd = not determined.

Degradation
polymer origin shape SA(cmz) Z (mm) Mass (mg) mg-C em 2 yr’l % yr’1 t1/2 (yr)
PE virgin disc 0.75 1.0 27.41 £ 0.0 0.66 + 0.05 1.81 £ 0.14 37.9 (35.2-41.2)
virgin disc 0.66 0.5 14.21 +£ 0.1 0.50 + 0.03 2.31 +£0.16 29.7 (27.7-31.9)
NPSG polygon 1.22 +0.12 ~1 38.46 £ 7.5 0.63 +£0.13 1.78 + 0.56 38.6 (29.3-56.5)
PP virgin disc 0.75 1.0 25.41 £ 0.0 1.41 £ 0.16 4.18 £ 0.47 16.2 (14.6-18.3)
NPSG polygon 0.97 + 0.23 ~1 30.06 +£ 7.2 nd nd nd
PS virgin disc 0.75 1.0 38.33 £ 0.0 0.97 £ 0.10 1.99 + 0.20 34.5 (31.3-38.4)
PET virgin disc 0.75 1.0 38.55 +£ 0.0 0.85 +0.11 1.65 +0.21 44.4 (36.9-47.8)
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3. Results and discussion

3.1. Release of photodegradation products under simulated marine
conditions

In this work, different types of plastic were irradiated with UV light
under simulated marine conditions. The plastic types were commercially
available virgin PE and PP as representatives for floating plastics, PS and
PET as non-floating plastics, as well as PE and PP fragments recovered as
floating PMD from the North Pacific subtropical gyre (Table 1). In the
ocean, floating PMD is predominantly composed of PE (>50 %) and PP
(>30 %) (Erni-Cassola et al., 2019). All plastic types tested here released
a variety of degradation products upon exposure to UV radiation
(Fig. 1). Organic carbon compounds accounted for the majority, i.e.
47-84 % of all carbon in the pool of photodegradation products. These
comprised small molecules and fragments (<0.7 pm) that we measured
collectively as DOC in the water, and hydrocarbon gases such as
methane, which accumulated in the head space air of the quartz vials in
which the plastic fragments were irradiated (Fig. 1). Other degradation
products were CO, accounting for <13 %, and the terminal oxidation
products CO, and DIC accounting for 13-47 % of all carbon compounds.

We found that thermal degradation alone (45 °C dark incubations)
caused high rates of DOC release from PMD (collected from the marine
environment) accounting for 35 (ocean PE) to 66 % (ocean PP) of total
DOC production, while this was <8 % for all virgin polymers (supple-
mentary Fig. 1, supplementary table 1). We attribute the higher DOC
release from PMD to the advanced state of (photo)degradation of the
PMD polymer matrix, probably comprising already fragmented carbon
chains, which are more likely to release degradation products (Gewert
et al., 2018; Romera-Castillo et al., 2022a). Also, potential additives in

virgin PS
virgin PET

virgin PP
ocean PP

W w
a Ao
£ <
2y
> O

virgin PS
virgin PET

the PMD might have caused the higher release rates of DOC (Walsh
et al., 2021). For quantification of photodegradation, we corrected
degradation rates for the temperature effect. For the ocean PP particles,
this was higher than the UV effect, leading to a seemingly decreasing
accumulation of photodegradation products (Fig. 1E, supplementary fig.
1). We did thus not consider results from our experiments with ocean PP
for the further evaluation of the quantitative importance of photo-
degradation in removing floating PMD from the ocean surface. Never-
theless, our results indicate that thermal degradation of weathered and
partially degraded floating PMD might be important in the subtropical/
tropical ocean where sea surface temperatures can be high (>30 °C;
Good et al., 2020).

3.2. Photodegradation rates

Accumulation of photodegradation products from polymer types
tested here (not considering ocean PP) followed linear trends and
amounted to >0.2 % of the initial polymer-bound carbon within the
time of the experiment (Fig. 1). Previous studies measuring single types
of photodegradation products, DOC from PE (Zhu et al., 2020), PS (Ward
et al., 2019) and mixed PMD (Zhu et al., 2020), and hydrocarbon gases
released from PE (Royer et al., 2018), found linear release rates, too.
Exceptionally, increasing rates of DOC release from PE, PP and PS were
also reported (Zhu et al., 2020). Normalized to environmental condi-
tions as encountered at the subtropical ocean surface, accumulation of
photodegradation products in our experiments translates to photo-
degradation rates of the tested plastic pieces of >1.65 % yr! (Fig. 1).
This is equivalent to half-lifes of <41.7 yrs (Table 1). Photodegradation-
induced DOC release from different plastic types normalized to sub-
tropical UV levels in other studies (Ward et al., 2019; Zhu et al., 2020;
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Wayman and Niemann, 2021; Romera-Castillo et al., 2022a) were
similar to our results. Romera-Castillo et al. (2022a) found, however, an
even higher offset in DOC release when comparing virgin plastic and
PMD.

We found that the percent-degradation of the smaller PE disks was
higher when compared to the larger counterparts, while rates of pho-
todegradation normalized to surface area was similar (Table 1, Fig. 1A,
B). Photodegradation is mostly confined to the particle surface where
UV photons are absorbed (Gewert et al., 2015; ter Halle et al., 2016;
Andrady et al., 2022). Consequently, small particles with a high surface
area to volume ratio degrade faster than larger particles with a lower
surface area to volume ratio. The commercial plastic types used here
were circular discs (6 mm diameter) and the PMD fragments were
polygon shaped (~10 mm Feret diameter); both fragment shapes are
thus slightly larger than microplastic (<5 mm). The majority of floating
PMD particles in the ocean is <<5 mm (Poulain et al., 2019; Lindeque
et al., 2020), thus smaller and characterised by a higher surface area to
volume ratio than the particles investigated here. This suggests that the
photodegradation rates presented in this study are a conservative esti-
mate for photodegradation of PMD microplastic pieces floating in the
subtropical/tropical ocean.

To assess the possible contribution of photodegradation to the ma-
rine missing plastics paradox, we constructed a discrete-time model of
floating PMD accumulation at the ocean surface. The model in-
corporates rates of plastic input to the ocean (Jambeck et al., 2015)
(Fig. 2A) - and as processes removing PMD from the ocean surface,
beaching (Onink et al., 2021) and photodegradation (Table 1, Fig. 1).
Note that this model is simplified in considering that beaching occurs
immediately after plastic release and permanently removes plastic from
the ocean system. The model does also not account for sinking and mi-
crobial degradation, which also remove at least some PMD from the
ocean surface (Wayman and Niemann, 2021). We also simplified
floating PMD to PE and PP as these constitute the most important
fractions of floating PMD (Erni-Cassola et al., 2019). The model shows
that plastic accumulates exponentially in the ocean though at differen-
tial rates depending on the strength of the removal processes (Fig. 2B,
C). It also shows that ongoing photodegradation of the residual floating
PMD in the range of a few % yr~! (in accordance with our measurement

A B C
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77% beaching
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Fig. 2. (A) Market data of global plastic production and polynomial fit (y =
—0.000003 x * + 0.001161 x -0.003380 x 2+ 1.182973x + 1.562761, r* =
0.99). Modelled accumulation of floating PMD (simplified to PE and PP)
considering that 1.8 % (B) to 4.7 % (C) of the global plastic production is
released to the ocean. Different accumulation scenarios, without and with sink
mechanisms (beaching, beaching and photodegradation), are highlighted.
Without any sink mechanism, floating PMD amounts to 81-211 Mt in 2018
(solid black line). Subsequently to the release of plastic to the ocean, beaching
reduces the mass of floating PMD by 30-77 % (dashed and dotted grey lines).
Ongoing photodegradation further reduces the mass of floating PMD remaining
after beaching by 31 % (dashed and dotted orange lines). Depending on the
initial beaching rate, this is equivalent to 7-22 % of the mass of floating plastic
that has ever been released to the sea.
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results; Table. 1) can substantially reduce accumulation of floating PMD.
Depending on the initial removal rate due to beaching (77 and 30 %,
respectively), photodegradation in our model runs accounted for ~7 %
to up to 22 % removal of all floating plastic that has been released to the
ocean since the 1950s when plastic mass production started.

3.3. Potential impact and fate of photodegradation products in the ocean

Photodegradation induced by solar UV light can apparently remove a
substantial fraction of floating PMD, converting it to DOC (typically
>50 %), DIC (typically <50 %) as well as hydrocarbon gases and CO
(typically <10 %) (see above). This begs the question: what are the
potential impacts of daughter products from PMD photodegradation on
the marine environment?

For the year 2018 alone, our model predicts that solar UV light
degraded 0.54 to 1.64 Mt PMD (when considering a beaching rate of 77
and 30 %, respectively). The release of hydrocarbon gases and CO would
hence amount to <0.1 Mt yr'}, mostly being liberated to the atmosphere.
There, hydrocarbon gases and CO contribute to the greenhouse effect
(IPCC, 2021). Nevertheless, the additional input of these gases from
photodegradation of floating PMD seems small when considering the
global inputs methane (one of the most important greenhouse gases,
576-737 Mt yr'l; Saunois et al., 2019) and CO to the atmosphere (~2600
Mt yr’l; Zheng et al., 2019). The mass of DOC and DIC released from
PMD would amount to <1 Mt yr'}, but just as for hydrocarbon gases and
CO, this seems small when compared to the total DOC and DIC budgets
of the surface ocean (25,000 Mt and 700,000 Mt, respectively;
Houghton, 2014). Nevertheless, locally, PMD photodegradation might
lead to transiently elevated DOC and DIC levels in waters directly
adjacent to the PMD fragments. DIC and some DOC compounds (e.g.
carboxylic acids) can increase the acidity of ocean water (Romera-Cas-
tillo et al., 2022b), which has potentially negative consequences for
marine life in habitats adjacent to floating PMD fragments. Plastic-
derived DOC will, at least in parts, be utilized by marine microorgan-
isms (Romera-Castillo et al., 2018, 2022a, 2022c; Zhu et al., 2020;
Vaksmaa et al., 2021). Nevertheless, DOC released upon photo-
degradation and fragmentation of PMD comprises a broad variety of
compounds ranging from more bioavailable smaller organic molecules
to complex and potentially more recalcitrant fragments including
nanoplastics (Gewert et al., 2015, 2018; Lambert and Wagner, 2016;
Ward et al., 2019; Enfrin et al., 2020; Menzel et al., 2022). Nanoplastics
were found in the coastal and the open ocean (ter Halle et al., 2017;
Materic et al., 2022). They likely have adverse effects on aquatic or-
ganisms (Mattsson et al., 2017; Jeong et al., 2018; Baudrimont et al.,
2020; Wayman and Niemann, 2021) and it is unclear if nanoplastics can
be degraded by microorganism (Sharma et al., 2022).

4. Summary and conclusions

This study investigated kinetics of photodegradation of common
plastic types found afloat at the ocean surface. Normalized to conditions
as encountered at the sea surface in subtropical latitudes, our results
show that UV light degrades larger microplastic particles by >1.7 % yr !
(equivalent to half lifes <44.4 yrs). In a simplified model, this suggest
that up to 22 % of all floating plastic ever released to the ocean could
have been degraded by solar UV radiation. Photodegradation is thus an
apparent key sink mechanism for floating PMD and could explain a
substantial part of the missing plastic paradox. Nevertheless, our study
also shows that photodegradation mostly transforms plastic polymers to
smaller organic carbon compounds (DOC and hydrocarbons) rather than
fully mineralizing plastic to DIC and CO,. The impacts of
photodegradation-induced release of DOC and DIC from PMD to the
marine environment are not well constrained. Photodegradation-
derived DOC comprises a broad range of compounds including nano-
plastics. Photodegradation could thus lead to elevated concentrations of
nanoplastics in the subtropical and tropical ocean where plastics
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accumulate, which has unforeseeable consequences for marine life in
these ecosystems.
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