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Abstract

Microplastics degrade slowly over time, leaching carbon (C) that could be subsequently incorporated into aquatic food webs.
Current estimates of microplastic degradation vary, and little is known about microplastic-derived C fate under natural envi-
ronmental conditions. To investigate whether microplastics leach C that is subsequently incorporated into aquatic food webs,
we added isotopically enriched microplastics to Lake 378 at the Experimental Lakes Area in Ontario, Canada. In an ~1100 L lim-
nocorral (in situ open-bottom enclosure), we added 99% 'C-labelled polystyrene (8-216 um in longest dimension) at a nominal
concentration of 3268 particles/L. A second limnocorral without microplastics served as a negative control. Monthly measure-
ments of §'3C-DIC and §'3*C-DOC in filtered water revealed no detectable leaching of 3C from the plastic. Compound-specific
isotope analysis of §13C in amino acids of bulk plankton and periphyton revealed a slight (0.5%c) enrichment in '3C, within the
range of natural variability for these organisms. Under the natural conditions of temperate oligotrophic lakes, degradation of
microplastics is likely a very slow process that was not possible to detect in this 4-month experiment. Future studies should
focus on assessing degradation of microplastics under realistic field scenarios to improve estimates of degradation pathways
and associated time scales.
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In ion
troductio are more susceptible to further biodegradation by microbes

(Chamas et al. 2020; Zhu et al. 2020; Dees et al. 2021; Priya et
al. 2022). During these processes, degradation of microplas-
tics can result in the release (termed “leaching”) of small dis-
solved organic carbon (DOC) compounds from microplastics

There is growing concern about the fate and effects of mi-
croplastics (plastics < 5 mm in size) in aquatic ecosystems due
to their abundance and persistence in the environment, and
their potential toxic effects on aquatic organisms (Horton et

al. 2017; Wang et al. 2019; Bucci et al. 2020). Plastic polymers
are synthesized primarily from fossil fuels like petroleum or
natural gases, and thus are carbon (C)-based products. Due
to the large amount of plastic entering aquatic ecosystems,
plastic-derived C could be considered a significant C pool in
the environment (Dees et al. 2021).

Slowly, macroplastics are fragmented through abiotic
degradation (i.e., photo- and mechanical degradation) in sur-
face water, leading to the generation of microplastics, which
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into water. Further, microbial utilization of microplastics can
lead to mineralization to CO, and CH4 (Curran and Strli¢
2015; Zhu et al. 2020; Lee et al. 2021; Priya et al. 2022). In
addition to the fragmentation and mineralization of macro
and microplastics in the environment, microplastics can fos-
ter microbial growth more than natural DOC, suggesting
that microplastics could increase microbial activity and en-
hance the mineralization of microplastics in the environ-
ment (Sheridan et al. 2022).
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Previously, compound-specific isotope analysis (CSIA) re-
vealed that in laboratory experiments, microbial degrada-
tion of microplastics resulted in mineralization to respired
CO; and incorporation of plastic C in cell membrane com-
ponents of microbes (Taipale et al. 2019, 2023). Further, this
plastic-derived C was then trophically transferred and uti-
lized by algae and zooplankton (Taipale et al. 2019, 2023).
These studies suggest that MP-derived C can be effectively
used by mixotrophic algae in the formation of biomolecules.
However, the degradation and subsequent incorporation of
plastic-derived C into aquatic food webs has not been stud-
ied in the natural environment and a better understanding
of these processes under such conditions is needed (Sander
et al. 2019).

The objective of this experiment was to measure the leach-
ing of C from microplastics over time in a boreal lake ecosys-
tem and determine if we could detect the leached C within
the aquatic food web. We employed isotopically labelled '3C-
polystyrene (13C-PS) as a novel approach to trace MP-derived
C in an aquatic food web (Liu et al. 2024). We added 3C-PS
to a 1100 L limnocorral (in-lake enclosure, open to sediment
and enclosing natural water and biota of the lake environ-
ment). Potential plastic leaching and incorporation into the
food web was measured over time using stable isotope analy-
sis of §13C-DIC (dissolved inorganic carbon), §'3C-DOC, and
813C in amino acids (§'*CAA) of periphyton and plankton.
We hypothesized that (1) microplastics in a lake lose C over
time due to both abiotic (photo-oxidative) and biotic (micro-
bial) degradation, and (2) that DOC and DIC derived from mi-
croplastics is bioavailable and incorporated into the food web
through utilization by microbes. From these hypotheses, we
predicted that (1) DIC and DOC would be 3C-enriched (rel-
ative to a control; measured as §'*C-DIC and §'*C-DOC) fol-
lowing addition of '3C labelled microplastics, and (2) amino
acids in plankton and periphyton would be '*C-enriched (rel-
ative to a control; measured as §13C in amino acids) following
addition of '3C labelled microplastics.

Materials and methods

Experimental design and set-up

This experiment took place in two limnocorrals (i.e., in-
lake enclosures) in a natural boreal lake at the Interna-
tional Institute for Sustainable Development Experimental
Lakes Area (ELA; Ontario, Canada). Our study lake, Lake 378
(49°42'38"N, 93°46'32"W), is an oligotrophic temperate lake
with a surface area of 251579 m? and maximum depth
of 16.6 m and has low background levels of microplastics
(McIlwraith et al. 2024). This study is one of a series of experi-
ments being conducted under the “pELAstic Project” over sev-
eral years to understand the fate and effects of microplastics
in lake ecosystems (https://[thepelasticproject.com/). Because
this is the first time, to our knowledge, that 3*C-plastic was
intentionally added to a natural aquatic ecosystem, the study
was intended to be exploratory in nature.

In May 2021, two 1 m wide open-bottomed limnocorrals
were set up in the littoral zone at a depth of 1 m in ELA
Lake 378 (Supporting Information, Part A: Fig. S1). The lim-

nocorrals were constructed with a polyvinylchloride floata-
tion ring attached to a food-grade polyethylene curtain (Curry
Industries, Winnipeg, Manitoba, Canada) that was sealed to
the sediment using a double ring of sandbags. The food-
grade polyethylene curtain was used to limit the potential
for plastic C to leach from the curtains into the limnocor-
ral water. These limnocorrals were open to the lake sedi-
ments and the atmosphere so that they enclosed the natu-
ral sediment, water, and biota from the lake. The food-grade
polyethylene “walls” of the limnocorrals were impermeable
such that there was no exchange between water in the lake
and the limnocorrals once sealed to the lake bottom. The es-
timated volume of each limnocorral was 1100 L. A tracer was
not used in the present study to monitor leakage from the
limnocorral or exchange of water between the limnocorral
and the lake through sediment. However, based on previous
studies using the same design and set up techniques, leakage
through these mechanisms was anticipated to be negligible
and we do not expect diffusion through sediment to be a rel-
evant route of exchange that would significantly dilute our
13C-labelled plastic signature in the current study (Orihel et
al. 2006; Graves et al. 2021).

For this experiment, we used 99% 'C-labelled PS that was
synthesized and ground to a powder of microplastic frag-
ments (Supporting Information, Part A: Fig. S2) by Millipore-
Sigma (Burlington, Massachusetts, USA). We used carbon-13
labelled PS because it allows us to clearly differentiate be-
tween plastic-derived C and natural C that is composed of
98.9% carbon-12. Prior to addition, we counted and charac-
terized the *C-PS fragments in the laboratory. Briefly, the
size range and concentration of 3C-PS was characterized by
first transferring the weighed and ground 3*C-PS into a clean
1 L nalgene bottle with 100 mL of multi-Q ultrapure water.
Two small scoops of Sparkleen™ low foam lab detergent were
added to prevent clumping of microplastics. A 0.5 mL aliquot
of 13C-PS solution was pipetted onto a 0.2 um polycarbon-
ate filter paper. Particles were counted under a microscope
at 80x magnification with an eye piece at 10x magnification.
The subsampling and counting procedure was done for a to-
tal of five replicates, and the counts per replicate were <10%
different from the mean. Following counting, photographs of
the field of view with microplastics were taken for each repli-
cate and later loaded in Image] to measure the length of each
particle. Since the fragments were irregularly shaped, mea-
surements were standardized by measuring only the longest
side of each particle. Over 200 particles were measured across
the five replicates counted and particles ranged in size from
8 to 216 pm (mean: 53.4 pm; median: 50.9 um) (Supporting
Information, Part A: Fig. S3).

To one limnocorral, we added 50 mg (3268 000 particles or
3268 particles/L) of 13C-PS. The 3C-PS was first mixed into 1 L
of lake water in a high-density polyethylene (HDPE) Nalgene
container in the laboratory. This solution was then added
to the mesocosm by uncapping the 1 L bottle underwater
and gently shaking the bottle, held horizontally, to release
the plastic into the mesocosm. The bottle was rinsed with
mesocosm water and the process repeated twice more. The
other limnocorral served as a control where no plastic was
added. To ensure that enough '®C-labelled PS was being added
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to the limnocorral to detect degradation of microplastics,
prior to beginning the field experiment, we used background
C information from the lake and previously calculated rates
of microplastic degradation from a previous laboratory study
by Zhu et al. (2020) to estimate the projected rate of C leach-
ing from plastic. From this, we estimated the anticipated en-
richment of '3C in water column dissolved C (see calculations
in Supporting Information, Part B). For these calculations, we
assumed that microplastics would mix approximately evenly
within the water column of the 1 m wide by 2 m deep lim-
nocorral. Polystyrene is a neutrally buoyant microplastic and
we assumed, based on this feature, that most PS would re-
main in the water column. Elagami et al. (2022) estimated
the residence time of PS under typical lake conditions and
found that particle size had great influence on water resi-
dence time. Based on their models, our range of *C-PS parti-
cles was expected to remain in the water column up to 10 000
days (Elagami et al. 2022). As such, our sampling efforts fo-
cused on collecting water and biota from this compartment
within the limnocorrals.

Sample collection and processing

Since the degradation of microplastic is a very slow process
(Taipale et al. 2019, 2022, and 2023), we aimed to conduct a
long-term (4 month) study to detect the leaching of C from
microplastics under natural conditions. The frequency and
timing of sampling collection were based on previous work
by Taipale et al. (2019) showing that the mineralization of
microplastic is a slow process and that in a closed system,
the total amount of plastic-derived C, and associated changes
in §'3C, should increase over time, such that conducting a
long experiment is necessary to detect C leaching from plas-
tic. Sampling times throughout the experimental period are
referred to as weeks pre- or post-additions, with week 0 being
the week of the '3C-PS addition. Starting on 17 May (week —1,
e.g., 1 week prior to additions), one integrated water sample
was taken from the middle of the water column (0.5 m) in
each limnocorral using a peristaltic pump for §3C analysis
of DOC, DIC, and for water chemistry. These water samples
were collected on weeks —1, 1, 4, 8, 12, and 17 of the exper-
imental period. For §'®C-DOC and §'*C-DIC, an inline filter
with stacked 0.7 pm GF/F and 0.2 um polycarbonate filters
were used to minimize biological activity, and to exclude mi-
croplastics from water samples. Water (60 mL) was collected
into acid-cleaned HDPE bottles with no head space and trans-
ported to the laboratory on ice. Water samples were imme-
diately preserved in ZnCl; (0.6 mL of 50% w/v) and stored at
4 °Cuntil further analysis. Additional water samples were col-
lected to measure DIC, DOC, alkalinity, and conductivity. For
these samples, water was again collected from 0.5 m depth
in the limnocorral using a peristaltic pump. For DIC, water
was collected into a 150 mL HDPE septum cap bottle with no
headspace. For DOC, samples were collected in a 1 L HDPE
bottle and transported to the laboratory where they were
filtered through 0.7 um GF/F filter. The DIC and DOC were
analyzed in-house following Stainton et al. (1977). Waters for
alkalinity and conductivity were collected into 150 mL sep-
tum cap HDPE bottles and measured in-house at the IISD-ELA.
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In addition to water, one composite sample of plankton
and one of periphyton were collected for isotopic analyses at
the end of the experiment (i.e., week 17) so that biota had the
entire 4 month experimental period to incorporate plastic-
derived C. We collected bulk plankton by towing horizontally
in each mesocosm with a 53 um mesh tow net. We also sus-
pended strips (made of the same polyethylene material as the
walls; 10 cm wide x 1 m deep) vertically in each limnocorral
to collect periphyton, which were subsequently recovered at
the end of the experiment. Biota samples were flash-frozen in
liquid nitrogen and then stored at —80 °C until further pro-
cessing for CSIA. To investigate enrichment of 13C in biota as
evidence of MP-derived C incorporation, we employed amino
acid CSIA rather than bulk isotope analysis because organ-
isms could inevitably contain *C labelled microplastics. Bulk
isotope analysis would not be able to differentiate microplas-
tic particles and from biota tissue and could inflate our 3C
value.

Experiment quality assurance/quality control

measures

To minimize contamination of the *C-labelled PS in the
control limnocorral during sampling, limnocorrals were al-
ways sampled in the order of control followed by treatment.
Separate equipment including different sets of tubing, filter
holders, forceps were used for each limnocorral and were
kept in separate storage containers. Gloves were worn at all
times during sampling and a clean hands/dirty hands ap-
proach was used to minimize contamination of equipment
with water from the 3C-PS limnocorral.

Compound-specific isotope analysis

Carbon stable isotope ratios in DIC and DOC were mea-
sured at the Environmental Isotope Laboratory at Univer-
sity of Waterloo (UW-EIL) using continuous flow-isotope ratio
mass spectrometry (CF-IRMS) according to methods described
by St. Jean (2003) and Stainton et al. (1977). Carbon stable iso-
topes are reported as parts per thousand (per mille or %) rela-
tive to Vienna PeeDee Belemnite and are expressed using the
notation §!3C. Quality assurance/quality control measures in-
cluded duplicate runs of every fourth sample with an average
percent difference (+standard deviation) of 1.6% (+1.8%) and
an analytical accuracy of £0.2%o.

Carbon stable isotopes of amino acids (§'*CAA) were ana-
lyzed at the Dalhousie University Stable Isotope Biogeochem-
istry Laboratory using methods from Silfer et al. (1991) and
modified in Chen et al. (2022). Briefly, ~5 mg aliquots of the
plankton and periphyton samples were hydrolyzed in 2 mL
of 6 NHCl at 110 °C for 20 h. Hydrolysates were spiked with a
norleucine (Nle) internal standard and purified using cation
exchange chromatography (Dowex 50WX8 200-400 H). Amino
acids were converted to isopropyl-trifluoroacetyl derivatives
and further purified using solvent phase extraction (chlo-
roform and buffered phosphate). Samples were injected
in triplicate on a Thermo Trace 1310 gas chromatograph
coupled via GCIsolink IT and Conflo IV interfaces to a Thermo
Delta V isotope ratio mass spectrometer. Sample injections
were bracketed by triplicate injections of an external stan-
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dard consisting of a synthetic mix of 13 amino acids prepared
in the same way as the sample hydrolysates. Measured §'>CAA
values were corrected for instrument drift and linearity ef-
fects and calibrated to the external amino acid standard us-
ing equations in Silfer et al. (1991) to correct for additional
C atoms introduced during derivatization. Analytical repro-
ducibility, as measured from the standard deviation of sam-
ple triplicate injections, averaged 0.5%. across all amino acids.
As a check on data accuracy, the calibrated §12C values of Nle,
as well as all 13 amino acids in laboratory running standards
(chlorella powder and fish muscle) co-prepared with the sam-
ples, averaged within 0.5%, of known values.

Statistical analyses

The R software environment (version 4.3.2; Posit team,
2024) was used for all statistical analyses and alpha was set a
0.05 for all statistical tests. Normal distribution of data was
confirmed using Shapiro-Wilks normality tests. We highlight
that the present study was designed to explore the use of 12C-
labelled microplastic to investigate fate under realistic envi-
ronmental conditions and that the interpretation of our re-
sults is limited given the lack of replication in this experi-
ment. As such, we focused on the enrichment of 3C in the
treatment limnocorral as an indicator that MP-derived C was
present in DIC, DOC, or amino acids. Analysis of covariance
was used to determine if there were differences in §'*C-DIC
or §13C-DOC over time between the control and *C-PS limno-
corrals. For amino acids, one-tailed, paired t tests were used
to determine whether treatment values were significantly 13C
enriched relative to controls. Further, the available literature
was used to determine the ranges of values measured for
these samples in boreal lakes to estimate ranges of natural
variability for these endpoints (Supporting Information, Part
A: Tables S1 and S2; Bade et al. 2004; Zigah et al. 2011; Larsen
et al. 2013). Enrichment of 3C beyond natural variability in
DOC, DIC, and amino acids was used as an additional indica-
tor of MP-derived C incorporation. Following the completion
of our experiment, we used a more recently published degra-
dation rate (Vesamaki et al. 2022) to re-calculate the projected
rate of C leaching from plastic in our limnocorral (see calcu-
lations in Supporting Information, Part C) to obtain a second
projected rate for comparison to our field study. Finally, we
estimated the degradation rate of microplastics in the cur-
rent study using the relative difference in §'*C-DOC in the
control versus treatment limnocorral after 4 months (see cal-
culations in Supporting Information, Part D).

Results

Physicochemical conditions in limnocorrals
Physicochemical parameters varied over the experimental
period and the conditions were similar across the control and
treatment limnocorrals. Temperature in the water column
of the limnocorrals ranged from 13.7 to 28.0 °C in the con-
trol and 13.9 to 28.1 °C in the '3C-PS treatment over the ex-
perimental period (Supporting Information, Part A: Fig. S4).
Dissolved inorganic carbon ranged from 127 to 211 umol/L
in the control and 129-182 pumol/L in the treatment limno-

corral over time (Table 1; Supporting Information, Part A:
Fig. S5). DIC increased over time in both the control and
treatment limnocorrals; although DIC appeared to increase
more rapidly in the control, the pattern was only marginally
nonsignificant (test for homogeneity of slopes, F33 = 6.41,
p = 0.06, R? = 0.52, Table 1; Supporting Information, Part A:
Fig. S5). DOC ranged from 606 to 762 pmol/L in the control
and 593 to 978 umol/L in the treatment limnocorral (test for
homogeneity of slopes, F3 g = 33.2, p = 0.005, R? = 0.87, Ta-
ble 1; Supporting Information, Part A: Fig. S5); DOC increased
over time in the control and treatment limnocorrals, but
the increase was greater in the treatment limnocorral (Table
1). Alkalinity also increased over time in both limnocorrals
(Table 1; Supporting Information, Part A: Fig. S5).

§13C-DIC and DOC in limnocorrals over time

Carbon stable isotope ratios of DIC ranged from -13.4%, to
-8.2%0 in the control and -15.5% to —10.2%o in the treatment
limnocorral over the 17-week experiment (Table 1). Similarly,
§13C-DOC values changed little over the experimental period,
ranging from -28.1%o to —26.9%, in the control and -29.3%
to —25.9% in the 3C-PS treated limnocorral (Table 1). Within
individual collection times, the greatest difference in both
§13C-DIC and §'3C-DOC between the treatment and control
values was 2.1%o (Fig. 1). There were no statistically significant
differences in the slope or intercept of the relationship be-
tween §'3C and time for DIC (test for homogeneity of slopes,
F35 = 0.823, p = 0.517, Fig. 1) or DOC (test for homogeneity
of slopes, F3 3 = 0.491, p = 0.699, Fig. 1).

Based on the amount of *C added to the limnocorral as
microplastics, and the measured amount of C in the limno-
corrals present as DOC, we estimated that DOC leached from
microplastics at a rate of approximately 0.69% year—! and,
based on this leaching rate, the total mass of DOC leached
from plastic over the 4-month experiment was 0.11 mg (see
calculations in Supporting Information, Part D).

Compound specific §'C in amino acids

We confirmed that §'*CAA values of plankton (Fig. 2) and
periphyton (Fig. 3) were most similar to that of bacteria and
microalgae by comparison with Larsen et al. (2013; Table S2).
We observed no changes in §'2C of amino acids that were
greater than the range in natural variability expected for
these biota (Figs. 2 and 3; see Larsen et al. 2013 for compar-
ison of biota §'3CAA values). The largest difference between
the 13C-PS treated limnocorral and the control was 1.7%, for
Threonine in plankton (Fig. 2), and 1.66%. for Glutamic acid
in periphyton (Fig. 3). Although the differences in §12CAA be-
tween control and treatment samples were small (~0.2 to 2%.;
Figs. 2 and 3), the §'3CAA values were significantly greater
in the 3C-PS treated limnocorral relative to the control for
both plankton (t test, t = 2.036, p = 0.031, Fig. 2) and pe-
riphyton (t test, t = 1.810, p = 0.047, Fig. 3). For plankton,
11 out of the 14 measured amino acids were enriched in
13C and the mean difference between control and treatment
§13CAA was 0.50 % 0.91%c. Similarly, for periphyton, 10 out
of the 14 measured amino acids were enriched in '*C and the
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Table 1. Water chemistry parameters and carbon stable isotope values in the control and treatment (*C-PS) limnocorrals

throughout the 17-week experimental period.
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s18CDIC  §'3C-DOC DIC DOC Particulate C  Particulate N Alkalinity Conductivity

Limnocorral Week (%o0) (%o0) (umol/L) (umol/L) (ng/L) (ng/L) (uEq/L) (uS/cm)
Control -1 -10.2 —27.5 127 606 761 97 138 -
Control 1 -95 —26.9 139 622 832 122 134 21
Control 4 —8.2 —28.1 170 611 1259 128 189 27
Control 8 —13.40 —26.9 159 729 489 48 203 25.5
Control 12 -11.1 —28.1 217 632 512 54 217 25.5
Control 17 -10.4 —27.4 211 762 579 59 197 23.5
13C-PS -1 -10.2 —26.5 129 609 724 95 143 -
13C-PS 1 -10.5 —26.2 150 593 736 107 152 22
13C-PS 4 -10.2 —29.4 161 638 851 111 218 24.5
13C-PS 8 —15.5 —26.8 139 764 562 67 225 30.5
13C-PS 12 -10.7 —26.0 157 750 1876 158 238 28.8
13C-PS 17 -12.5 —26.3 182 978 442 34 209 24.4

Fig. 1. §13C-DIC and §3C-DOC from surface water collected
from a treatment limnocorral (yellow circles; contained 3000
particles/L of 99% 3C-polystyrene) compared to a control lim-
nocorral (green circles) over a 17-week experimental period.
No statistically significant differences in the slopes or inter-
cepts of §13C and weeks post-MP additions were detected be-
tween the control and treatment limnocorrals.
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mean difference between control and treatment §'3CAA was
0.49 + 1.01%, (Fig. 3).

Discussion

We investigated the degradation of microplastics under
natural conditions using 3C-PS in a limnocorral experiment.
The results of this small study highlight that microplastic
degradation is a slow process under natural conditions, and
more work is needed to understand the timescale of degra-
dation in the environment. We found minimal evidence of
microplastic degradation and C leaching as DIC, DOC, and in
periphyton and plankton. The value of this work, as well as
its limitations and opportunities for future research, are dis-
cussed below.
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Based on the relative difference in §*C-DOC between the
control and treatment limnocorral, we estimated that the
leaching rate of plastic C herein was 0.69% year~!. Due to this
slow rate of microplastic degradation, we were unable to de-
tect any significant DOC production using §'*C-DOC in the
present experiment outside the range of natural variability.
Since this experiment was completed, two laboratory stud-
ies measuring degradation rates of 1*C-labelled microplastics
(polyethylene (PE) and PS) in humic and clear lake water have
been conducted. In closed bottle experiments with organic
C-depleted natural lake water, '3C-labelled PS was added and
813C was measured in gas and microbial fatty acids over 6
weeks (Vesamaki et al. 2022). Polystyrene degraded at a rate
0f 0.22% year—! in humic lake water and 0.17% year~! in clear
water (Vesamaki et al. 2022). Estimated degradation rates of
PE in similar bottle experiments, again conducted with hu-
mic and clear lake water, were 0.45% year~! in humic lakes
and 0.07% year~! in clear lakes (Taipale et al. 2022). Despite
the use of different polymers (PE vs. PS), with different chemi-
cal and physical properties (PE is an aliphatic, positively buoy-
ant polymer vs. PS is an aromatic, neutrally buoyant poly-
mer), their calculated rates of degradation in humic lakes
were similar to that measured herein (0.69% year—1).

Potential differences in environmental conditions between
these laboratory studies versus the field (i.e., differences in
UV radiation, temperature, microbial community composi-
tion) did not appear to largely influence the degradation rate
of PS, but both studies highlighted that microbial commu-
nity composition will strongly influence the biodegradation
rates of microplastics because certain species are capable of
decomposing plastic polymers (Taipale et al. 2022; Vesamaki
et al. 2022). In particular, species in humic lakes may be
more adept at decomposing strongly recalcitrant materials
like plastic, although this appeared to be more important for
PE than for PS. The lake studied herein was not particularly
humic (DOC = 7.27-9.15 mg/L), although we did not study
microbial community composition in the limnocorrals and
cannot confirm whether any known species capable of biode-
grading microplastics were present.
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Fig. 2. Amino acid §!3C values in plankton from control and treatment limnocorrals 17 weeks after the addition of 99% 13C
labelled polystyrene. A paired, one-tailed t test was used to determine that overall, §!3C values were significantly greater in
plankton from the treatment limnocorral (mean difference 0.50 £ 0.91%q).
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Fig. 3. Amino acid §'3C values in periphyton from control and treatment limnocorrals 17 weeks after the addition of 99% 3C
labelled polystyrene. A paired, one-tailed t test was used to determine that overall, §'3C values were significantly greater in
periphyton from the treatment limnocorral (mean difference 0.49 + 1.01%).
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Using the degradation rate of PS calculated by Vesamaki
et al. (2022), we re-evaluated the changes in §3C we would
expect to see over our experimental period. At a degradation
rate of 0.22% year~! we estimated that §'*C-DOC herein would
increase 0.4%, relative to the control value (see calculations
in Supporting Information, Part C). Indeed, we did observe
a change of this magnitude for PS in the 3C-microplastic
limnocorral and calculated a similar degradation rate of
0.69% year~! using our §'>C-DOC data (see calculations in Sup-
porting Information, Part D), but this rate was not statisti-

cally significant based on our experimental design. Based on
the low variability in control values throughout the experi-
ment, and these low degradation rates estimated previously,
our inability to detect changes in §3C of DOC and DIC were
likely related to low degradation rates and low mineraliza-
tion of DOC and DIC in the water column rather than limited
statistical power.

At the time this experiment was conducted, only one previ-
ous study, to our knowledge, had reported rates of microplas-
tic degradation in terms of C loss. When plastic C loss and
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DOC production of expanded PS (EPS) was measured during a
2-month photochemical degradation experiments, total plas-
tic C loss was 7% over the 2 months, and total DOC produc-
tion was 6.8% of initial plastic C (Zhu et al. 2020). We initially
used this laboratory-derived rate of EPS degradation to esti-
mate the amount of C that could be expected to leach from
the '3C-PS following addition to the limnocorral in Lake 378.
Based on their findings, we calculated that if 7% of added '3C-
PS leached as DOC over 2 months, measured §'3C-DOC in the
experimental limnocorral would be 7.4%, a value well out-
side the range of control §'3C-DOC values herein and the nat-
ural range of -29 to —19% (see Supporting Information, Part
A: Table S1 and Zigah et al. 2011). However, degradation of
C from microplastics in the natural environment we inves-
tigated herein was much slower than this previous labora-
tory experiment would suggest, and §'3C-DOC in our exper-
imental limnocorral never exceeded -25.9%, indicating that
degradation of plastic could not be detected under the ex-
perimental conditions. While a slower degradation rate of PS
herein could be expected given that PS has since been shown
to leach C at a slower rate than EPS (Romera-Castillo et al.
2022), comparisons of our current experiment to Zhu et al.
(2020) are largely limited because of differences in UV radi-
ation, which often initiates the breakdown of microplastic
polymers (Emad and Raghad 2013; Chamas et al. 2020). The
present study was conducted outdoors under natural UV con-
ditions in a lake, while Zhu et al. (2020) irradiated microplas-
tics under a solar simulator, which could have a substantial
influence on the measured degradation rate of microplastic
and result in the contrasting degradation rates observed. An-
other difference between our study and Zhu et al. (2020) was
the use of freshwater versus seawater, but this apparently
does not have an effect on C leaching from microplastics
(Egea et al. 2024).

Our study of the incorporation of plastic-derived C into the
food web is comparable to another laboratory experiment by
Taipale et al. (2023), wherein microplastic PS degradation and
C incorporation was measured and compared to terrestrial
leaves and lignin, similarly small amounts of '3C labelled PS
were measured in zooplankton. Considerably larger amounts
of 3C-PS (30 mg) were added to smaller volumes of lake water
(2.6 L), but still, only small amounts of 1>C-PS were detected in
amino acids (up to 3%) and fatty acids (up to 2.5%; Taipale et al.
2023). Similarly, herein, most amino acids were significantly
(albeit only slightly) enriched in '3C in the treatment limno-
corral relative to the control (0.2-1.7%o in 11 out of 14 AAs for
plankton, 10 out of 14 AAs for periphyton). Collectively, these
results may suggest evidence of degradation of microplastics
at a similar rate. Unfortunately, we cannot definitively state
whether our small increases in §'*C-DOC and most of the
S13CAA values were a result of a small amount of leached 3C-
microplastic or simply natural variability in these endpoints
due to limitations in the design of this pilot-scale in situ ex-
periment.

In the present study, if we had anticipated a much slower
degradation rate and added a greater amount of *C-PS, we
may have been able to detect greater 3C enrichment. For
instance, we estimated based on our observed leaching rate
(0.69% year—') we would need to add 430 mg of >C-PS to de-
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tect §13C-DOC outside the range of natural variability (i.e.,
>-19%0). We also estimated that based on this leaching rate,
in the current study it would have taken 2.9 y to detect §13C-
DOC outside the range of natural variability (i.e., >—19%o).
In addition, a longer experimental period may have helped
to detect 3C enrichment; however, we ran the experiment
as long as possible during the full open-water season (May-
September) and were limited by destruction of the meso-
cosms by ice-off in the spring. Further, due to the logistical
difficulty of recollecting and counting these small microplas-
tic particles, we cannot confirm the physical fate of the mi-
croplastics. We designed the experiment anticipating that the
majority of PS fragments of this size range would remain in
suspension for the 4-month experiment, in agreement with
residence time calculations for PS done by Elagami et al.
(2022). However, in contrast to previous literature and the
known properties of virgin PS (Driedger et al. 2015; Rochman
et al. 2019), companion studies in Lake 378 revealed that neu-
trally buoyant polystyrene either collected in a microlayer
on the water surface or sank rapidly from water to sediment
in limnocorrals in this lake (Rochman et al. 2024; Graves et
al. Pers. Comm.). Therefore, any MP-derived C would more
likely be water-surface or sediment-associated than in the wa-
ter column. In retrospect and in future studies, given this
new information, sampling could focus on the water surface
and/or sediment and pore-water to understand the fate of MP-
derived C.

In combination with slow degradation rates, one possi-
ble reason that we could not detect any significant plastic-
derived C in the water column is that these leached com-
pounds are expected to be highly biolabile and may be readily
assimilated or utilized by microbial communities (Romera-
Castillo et al. 2018; Zhu et al. 2020). Further, Taipale et al.
(2019) also observed that C from plastic was more likely
respired than utilized in macromolecules, suggesting that
it may be more difficult to detect leached C incorporated
into amino acids. Our experiment took place outdoors in
the natural environment using 1 m wide in-lake enclosures
that were open to the sediment and atmosphere, whereas
previous studies have been conducted using bottle experi-
ments in the laboratory (Taipale et al. 2019, 2022; Zhu et al.
2020). We likely encountered greater background noise and
more difficulty detecting significant changes in '3C. For in-
stance, we were not able to detect even a slight enrichment of
13C in DIC in the present experiment, suggesting that either
respired DIC derived from microplastics was present only in
a low/nondetectable amount, or potentially this produced gas
quickly evaded to the atmosphere and was not accurately cap-
tured in our aqueous DIC samples.

Conclusion

This experiment was, to our knowledge, the first to study
the ultimate fate of MP-derived C in a natural aquatic envi-
ronment using '*C-labelled plastic. Over the 4-month experi-
ment, only slight enrichments of 13C in DOC and some amino
acids were observed relative to the control, and all measured
stable isotope values were within the range of natural values
for §13C-DIC, §'*C-DOC, and §'3C-AAs, making it difficult to
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discern between natural variability and the slow degradation
of microplastics. These results indicate very small amounts
of C derived from added microplastics was found in the wa-
ter column as DIC, DOC, and amino acids, suggesting that
microplastic degradation is a slow process that could not be
detected using '3C labelled plastic at this concentration (3268
particles/L) in the natural environment.

Ultimately, we observed minimal evidence of MP-derived C
being incorporated into the aquatic food web in a boreal lake
at the time scale we were able to examine these processes.
We observed only small enrichments of *C in DOC and some
amino acids relative to the control, but these measurements
were all within the range of natural variability for these end-
points and therefore cannot be attributed to microplastic
degradation. Our results highlight that while microplastics
can break down and components taken up by organisms in
the lab, these processes are likely significantly slower in natu-
ral settings. This highlights the persistence of these plastics—
even very small microplastics—to degradation processes that
occur naturally, meaning that plastics persist for a very long
time in the environment. These results highlight the need to
perform more environmentally relevant, field-based studies
to understand the fate and degradation of microplastics in
the environment and will complement the other mesocosm
and whole-lake experiments being conducted at the IISD-ELA
to understand the fate and effects of microplastics in the lake
environment (Rochman et al. in review). We note the impor-
tance of conducting environmentally realistic experiments
to understand microplastic degradation and fate, as environ-
mental conditions will influence the weathering and degra-
dation of microplastics in ways that cannot be predicted or
mimicked in the laboratory.
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