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Summary

Microplastics (MPs) affect key soil propertietevant to agriculture: physical structure,
chemical properties, and microbial processes, with their specific functidns thesis
examines howpristine and degradedonventional MPs (CMPs: polyethylene, PE, and
polyethylene terephthalate, PET) and biodegradable MPs (BMPs: polybutylene adipate
terephthalate, PBATgffect differentsoil types. It integrates five studies that combined
greenhouse and laboratory experiments to assess MPs impacts on soil physical aggregation and
water holding capacity (WHCxarbon storage, respiration, nutrient cycling, and microbial
community shifts.

As the basis for studying combined physical (aggregation and WHC), chemical (pH, C,
N, nutrients), and microbial (abundance and diversity) properties among differing soil types
(silty loam and sandy loam), a greenhouse experiment was conducted (Studgebhdbise
Experiment) with maize and MPs amendments (types: PBAT, PE, and PET; concentrations:
0.1 and 1% w/w; size ranges:iZ®0, 200400, 75 200, and <7%fm) over 18 weeks. A°N-
labeled ammoniunmitrate fertilizer traced nutrient fate. Further complintegy studies were
conducted: a respiration experiment assessed €@issions, microbial biomass and
community shifts (Study 2, Soil Respiration); a Wkxathering experiment evaluated
accelerated photodegradation of PE and PET for size fragmentation and surface reactivity
(Study 3, Plastic Reactivity); a method developtrfen quantification of MPs in soil with
thermal desorptioigas chromatographtandem mass spectrometry (TRC-MS/MS) (Study
4, Method); and a conceptual viewpoint reconsidering the simatilen of MPs in soil (Study
5, Viewpoint).

Soil physical functions, aggregation and water retention, were minimally affected by
CMPs. In contrast, BMPs enhanced microaggregate stability and WHC, but only under plant
growth. This suggests soil structural improvement was mediated by biologicabhumauch
as microbial activity and root exudations, which are more active in arable soils such as the silty
loam. Sandy loam, with poor inherent structure, remained unaffected by MPs. As for chemical
functions, MPs contributed to soil total carbon in pndn to their polymer carbon content.
However, BMPs triggered microbial priming ef
and nitrogen immobilization. These effects were amplified in the nutpeat, unstructured

sandy soil, where microbial commities likely responded more rapidly to the BM&rbon



inputs. CMPs, however, showed limited chemical influence unless degraded, as plant growth
appeared to mask their effect on nutrient cycling. Microbial activity and community
composition varied between soil and polymer types. BMPs stimulated microbialds @mch
significantly altered prokaryotic community composition, particularly in sandy loam, which
showed enrichment of microbial genera associated with plastic degradation and nitrogen
cycling. This suggested that lower quality soils may be more micrgbedponsive to MPs
inputs due to resource limitations.

To evaluate potential lorterm risks associated to increase in MPs surface reactivity,
CMPs were artificially weathered to simulate environmental degradatioiwéithered PE
increased surface oxidation, hydrophilicity, negative surface charge, and eatibange
capacity (CEC), indicating increased environmental reactivity. In contrast, PET remained
chemically stable under the same conditions. These findings demonstrate that degradation state
critically alters CMP functions in soil, with PE potentialusing longterm risks to soil CEC
and contaminant mobility.

Methodological advances included the development of a4messd method for polymer
guantification in soils without cleanup. Here again, the role of soil type differentiation in MPs
detection and interpretation became clear with the developed methodisz®itered plastics
guantification requires correction for humic substance interference in orgeahisoils.

As plastic size was critical to previous findings, a viewpoint emerged that challenges the
established <5 mm definition of MPs as overly broad for soil systems. As most soil processes
operate at the micrdo nanoscale, the thesis proposes a revised fitag®in aligned with the
SI: microplastics asi1000 um and nanoplastics &s1l000 nm. This refined framework would
better align MP research with ecologically relevant soil process scales.

In conclusion, BMPs demonstrated a dual role: enhancing physical structure in structured
soils (silty loam) but disrupting chemical and microbial processes in vulnerable soils (sandy
loam) due to its rapid biodegradability and microbial stimulation. CNMPspntrast, showed
longerterm risks primarily after degradation, with PE exhibiting high environmental reactivity
after weathering. Collectively, these findings highlight that plastic effects in the environment
are not universal but depend on polymer pamies and soispecific conditions. For
agroecosystem risk assessments, it is essential to consider soil type, degradation state, and
particle size when evaluating the sustainability of conventional or biodegradable plastic use in
agricultural soils of arying quality.



Zusammenfasung

Mikroplastik (MPs) beeintrachtigt wichtige Bodeigenschaften die fir die
Landwirtschaft relevant sind: physikalische Struktur, chemische Eigenschaften und
mikrobielle Prozesse mit ihren spezifischen Funktionen. Diese Arbeit untersuchisaies
und degradiertes konventionelles Mikroplastik (CMPs: Polyethylen, PE, und
Polyethylenterephthalat, PET) sowie biologisch abbaubares Mikroplastik (BMPs:
Polybutylenadipatterephthalat, PBAT) verschiedene Bodentypen beeinfl@&esamfasst
funf Studien, in denerGewachshausund Laborexperimente kombiniert wurden, um die
Auswirkungen von MP auf die physikalische Aggergngund Wasserhaltekapazitat (WHC)
des Bodens, die Kohlenstoffspeicherioign Nahrstoffkreislauf, dimikrobielleAtmung und
Veranderungen in der mikrobiellen Gemeinschaft zu bewerten.

Als Grundlage fir die Untersuchung der kombinierten physikalischen (Aggregation und
WHC), chemischen (pAVert, C, N, Nahrstoffe) und mikrobiellen (Haufigkeit und Vielfalt)
Eigenschaften verschiedener Bodentypen (schluffiger Lehm und sandiger Lehm) wurde ein
Gewachshausversuch (Studie 1, Gewachshausversuch) mit Mais uZddden (Typen:
PBAT, PE und PET,; Konzentrationen: 0,1 und 1 % w/w; Grol3enbereichd0@5200 400,
751200 und <75 pm) Uber 18 Woahedurchgefiihrt Ein mit N markierter
Ammoniumnitratdingeerlaubteden Nahrstoffverbleilzu verfolgen Weitere ergdnzende
Studien wurderdurchgefiihrt: EinBodenamung®xperimentoetrachteteCO,-Emissionen,
mikrobielle Biomasse und Veranderungen in mekrobiellenLebensgemeinschaft (Studie 2,
Bodenatmung); ein U\erwitterungsversuchefasste sich mitler Gro3enfragmentierung
undZunahme de®berflachenreaktivitdton PE und PET nagfhotochemischev/erwitterung
(Studie 3, Kunststoffabbauks wurde weiteeine Methodenentwicklung zur Quantifizierung
von MP im Boden mittels thermischer Desorpti@aschromatographi€andem
Massenspektromeatr (TD-GC-MS/MS) durchgefuhrt (Studie 4, Methode) und eine
konzeptionelle Betrachtung, die die Definition der GréRe von MP im Boden Uberdenkt
angeschlossefstudie 5, Standpunkt).

Die physikalischen Funktionend®oden, Aggregation und Wasserrickhaltung, wurden
durch CMPs nur minimal beeinflusst. Im Gegensatz dazu verbesserten BMPs die Stabilitat der
Mikroaggregate und die WHC, jedoch nur unter Pflanzenwachsthnkonnte zeigendass
die Verbesserung der Bodenstruktur dumble Anregungbiologische Funktionen wie

mikrobielle Aktivitat und Wurzelausscheidungeedingtwurde und insbesondere durch MP



Zugabein Ackerbddenmit schluffigem Lehmeffektiv war. Sandiger Lehm mit seinevon

Natur ausschlechten Struktur blieim dieser Perspektiveon MPs unbeeintrachtigivas die
chemischen Funktionen betrifft, trugen MPs proportional zu ihrem Polymerkohlenstoffgehalt
zum Gesamtkohlenstoffgehalt des Bodens bei. BMPs |0sten jerméizlichmikrobielle
Primingef f ekt e aus, w a s -Emissionken undnStickstoffithrhobilesiaerungC O
zeigte. Diese Effekte wurden in nahrstoffarmen, unstrukturierten $dedbverstéarkt, wo
mikrobielle Gemeinschaften wahrscheinlich schneller auf die Kohlenstoffeintrage durch BMPs
reagierten. CMPs zeigten jedoch nur einen begrenzten chemischen Einfluss, sofern sie nicht
abgebaut wurden, da das Pflanzenwachstum ihre Wirkufrdea N&hrstoffkreislauf offenbar
maskierte Die Auswirkung von MPs aummikrobielle Aktivitdten und Zusammensetzung
variierten zwischen Bodemund Polymertypen. BMPs stimulierten die mikrobielle Biomasse

und veranderten die Zusammensetzung der prokaryotischen Gemeinschaft erheblich,
insbesondere in sandigem Lehm, der eine Anreicherungikroorganismeraufwies, die

mit dem Abbau von Kunststoff und dem Stickstoffkreislauf in Verbindgegetzt werden

Dies deutete darauf hin, dass Boden von geringerer Qualitat aufgrund begrenzter Ressourcen
maoglicherweise mikrobiell starker auf MEIntrage reagieren.

Um potenzielle Langzeitrisiken zu bewerten, wurden CMPs kinstlich verwittert, um eine
Aktivierung der Oberflache und damit einhergehende Umwelteffektsimulieren. UY
verwittertes PE erhohte die Oberflachenoxidation, Hydrophilie, negative Oberflachenladung
und Kationenaustauschkapazit®AK ), was auf eine erhdhte Umweltreaktivitat hindeutet. Im
Gegensatz dazu blieb PET unter den gleichen Bedingungen chemisch stabil. Diese Ergebnisse
deuten darauf hirdassPlastikdegradatiodie Funktionen von CMPs im Blen entscheidend
verandert, wobei PE potenziell langfristige Risiken fiiciék des Bodens und die Mobilitat
von Schadstoffen mit sich bringt.

Zu den methodischen Fortschrittelneser Arbeitgehorte die Entwicklung einer
massenbasierten Methode zur Polymerquantifizierung in Boden ohne Reirtiiengwurde
erneut klar, welchBedeutung Bodexigenschaftefuir dieAnalyseundUmweltbewertungon
MP haben, insbesondere wurde hier erstmals gezeigt, dassganikreichen Bbderine
Korrektur der PEQuantifizierung notwendig ist.

Da in dieser Studie gezeigt werden konnte, dassGii#3e de Plastiksorterfur die
Auswirkung auf Bodenfunktionerentscheidendist, wird vorgeschlagen diectablierte
Definition von MP als <5 mm fur Bodensystemevaunwerfen Da die meisten Bodenprozesse
im Mikro- bis Nanobereich ablaufen, schlagtsidrbeit eine Uberarbeitete Klassifizierung

vor, die sich an das S®ystem anlehnt: Mikroplastsoll als I 1000 um und Nanoplastik als

v



1i 1000 nmdefiniert werden Diese optimierte Definition erlaubtie experimentelldVP-
Forschungn Zukunftbesser an 6kologisch relevante Bodenprozessskapepassen.
Zusammenfassend lasst sich sagen,dasaslem bioabbaubares Plastik, B Ps, eine
Rolle im Bodenspielen: Sie verbessern die physikalische Struktur in strukturierten Béden
(schluffiger Lehm), stéren jedoch aufgrund ihrer schnellen biologischen Abbaubarkeit und
mikrobiellen Stimulation chemische und mikrobielle Prozesse in empfindéch@oden
(sandiger Lehm)Konventionelles Plastik, di€MPs hingegen zeigten vor allemurch
oberflachlicheAbbayrozesséingerfristige RisikerdaPE nach der Verwitteing eineerhhte
Umweltreaktivitat aufwies. Insgesamt unterstreichen diese Ergebnisse, dass die Auswirkungen
von Kunststoffen auf die Umwelt nicht universell sind, sondern von den Eigenschaften der
Polymere und bodenspezifischen Bedingungen abhangen. Fir die Risikolngwartu
Agrardkosystemen ist es unerlasslich, den Bodeniyp den Abbauzustand und die
PartikelgroReder Plastiksorterzu beriicksichtigenym die Folgen der Verwendung von
konventionellen oder biologisch abbaubaren Kunststoffen in landwirtschaftlichen Béden

abschatzen zu kdnnen
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1. Introduction

1.1 Rationale

Despite the growing body of researchraitroplasticsiPs), significant gaps remainin
our understanding of their effects on soil functions. Current knowledge on MPs primarily
focuses on their presencdistribution and potential toxic effectdbut there is limited
understanding of how different polymer types, sizes, and degradation states influence soil
functions physical soil properties such as water retentaggregatia, and soil structure
stability; chemical propertiesf soil altered by the pres&® or nteractions between MPs
carbon(C), and soil nutrients; anthe influence of MPson soil microbial communitieand
diversity. MPs canpossiblyalter the physical structure of soils by their hydrophobic surfaces
to reduce water holding capacity (WHC) and disrupt aggregate formation and st&oility.
chemistryis potentiallyinfluenced by MPs to change pH, nutrient cycling, carbon storage, and
interact with norpolar and charged species in soiglditionally, il microbiology is
potentiallyaltered by microorganisms interacting with MP surfaces, potentially degrading
them as an energy source, leading to shifts in microbial community composition and
preferential abundancAs MPs transform and degrad#o soils, are inhabited by microbes,
and mixed into soil organmineral complexeghese interactionsanbecome more compte
and difficult to elucidateSoil health is critical for plant production and food security, which
are threatened by the incorporation of MPs in agroecosysidraeefore, this study focuses
onsurveyingsoil functionsaffected by MPs of decreasing sizes (<p0@) and polymer type
in two soiltypes (silty loamand sanyg loam) to reveal which functions are most relevant to
certainsoil systemsAdditionally, quantification methods were developed to detect MPs in soll
at environmentally relevant concentratsoAs the current accepted definition of MPs in soils
is quite broad (<5 mm), a viewpoint wgs/ento urgefuture MPs research to emphasize the
most relevant sizeshich modifysoil functions These findings will direct future studiés
appropriate experimental designs anccomsider the most relevant sednfounders which

interplay with polymer type and size of MPs incorporated into soils.

1.2 State of the research

With the extensive use of plastics from a variety of polymer types, sources, and

applications, the terrestrial environment is now experiencing a new foreign object for the first



time in human history: a mixture of plasticized polymers with a variety of shapes and sizes in
increasing localized quantitieSarly plastic production was praised for its innovation, with
little concern foiitslong-termpersistencgonly gaining attention ongeastic pollution became
visiblein marine eosystemgBarnes et al., 2009The degradation rates of plastics depend on
many factors and estimates show conventidviBls (CMPs), such as polyethylene (PE),
polyethylene terephthalate (PET), and polypropylene (€4 persistor hundreds of years
(Chamas et al., 2020; Laforsch et al., 20Z@)ditionally, theimbalance betweeproduction
and degradatiorcontinues to drive plasti@accumulation(Machado et al., 2018)ncreasing
interesting inbiodegradablalternatives

Plasticsoffer substantial material benefi@nd have improved many aspects of quality
of life, but this comes at the cost of widesprgadlution with little insight into future
conseqguences and theatein the environmen(Rillig, 2012; W. Shi et al., 2024; Villarrubia
GoOmez et al., 2024Muchof plastic production on land has transported to streams and oceans,
an estimated 80¥%&Richard et al., 2024)nitial observations of large collections of plastics on
beach fronts and huge areas of floating telvere found in the ocean, but much remains as
MPs which are harder to obserfArthur et al., 2009; Browne et al., 2011; Thompson et al.,
2004) While research on plastic pollution has primarily focused on maystemsterrestrial
plasticstudies is at ararly stage andften adapmarine studies to soiksearch.

Theglobalspreadf plasticsremains poorlyuantfied, thoughrecent evidenceonfirms
theirubiquitouspresencéZhou et al., 2020)Around 79% of plastics are estimated to end up
in landfills and natural environmen{&eyer et al., 2017)including ~12.5 tonnes used in
agriculture(Hofmann et al., 2023)The majority of plastics are introduced to terrestrial
environmensg (Geyer et al., 2017; Rillig & Lehmann, 202@nd current production is about
half a billion of tonnes of plastics annuabyd growirg (Dokl et al., 2024) but estimang
globalsoil concentrationss difficult due to iradequate methods ahegh variability. Larger
plastics (>1 mmdefined in this thesis as macroplaskisgrade to fornviPswhich areoften
incorporated inteoils via agricultural inputs, e.g. mulch films or compost, or runoff from
roads, landfills, or urban are@&gure 1) accumulating locally or transporting until deposition
conditions are mgBarnes et al., 2009; Rillig et al., 2017)
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Figure 1. Proposed cycle of plastiés agricultural landscapesyith primary (yellow) and
secondary(red sourcesresulting in a mixture (orangedf various sources,sizes and

degradation statesf plasticsand their potential fate in a soil system.

MPsenteragricultural soilghroughvariousroutes and forms. Some studdéstinguish
primary and secondary nanoplastics (NR& um) by source which are often mixed in
agricultural systemgPrimary sources include mulch films and coatings for fertilizers, seeds,
and pesticides. Secondary sources of plastics includeoffuratmospheric deposition,
compostsludge application, and wastewater (Figure 1). However, this does not take into
account the size and the degradation state of plastics, af@ctorerelevant to soil functions.
While pristine plasticgunweatheredpose risksthey will eventually degrade, fragmeatyd
likely to cause further disruptiof€hamas et al., 2020; Steinmetz et al., 202aditionally,
biodegradable MPs (BMPsuch apolybutylene adipate terephthal @®BAT) and polylactic
acid (PLA) degrae@ faster thamon-degradable CMRsut may produce harmful effects to
ecosystemgHu et al., 2023; Martinez et al., 2024)

In the actual environmen¥Ps introduced into agriculture are a mixture of primary and
secondary resources, with variadsgradation states (degrees of weatherisigypes, sizes,
roughness, and polymer chemistijhe size of plasticsn agricultural soil depends on its
source, and whether primary or secondanpstMPs result from the breakdown trger

plastics, such as litter or mulch fig{Steinmetz et al., 2022pr direct input of smaller plastics

throughcompost, fertilizers, and wastewa(€orrad i ni et al ., 2019, Sabda

A



Additional plastic inputsunrelated to farming come from atmospheric deposition, run
off from roads or landfills, andearbyurban or industrial actiwt RoadscontributeMPs from
vehicle brake dust and tire wegiisentraut et al., 2018\tmospheriglasticdepositioris also
understudiedyartly because air samplingethods are limited to filter size, tudiesconfirm
MPs and NB are common in the atmosphere from source emisg¢ikersichen et al., 2024)
Therefore plasticsare ubiquitouseven in remote areaandagriculturalMPs inputsmay be
underestimatedlepenihg on local pollution intensity and practidgia et al., 2024; Yang et
al., 2021)

In summarymore researchnd methodologyre neededestimatingagricultural soil
inputs and outputsndmajorgaps are missing to understand ¢fiect of MPson ecosystem
functions(Figure 1). It isunclear how much MPaccumulaten soil, and whichsoil systems
areprone to MPs leachingncorporation inaggregatedakenup by plantsor mineralized by
microbes.The fate of plastics incorporated into soil is still unknown, whethieey fully
degraeto CQ» and other gaseolnyproducts obecomestabilized in soilas a potential carbon
sink.Concentrations of plastic inputs into agriculture are not well estinoaitegion specific
and influenced by multiple sourcélsat are understudied (atmospheric,-nffy and local
source pollution).

To assesghe relevance of MPs agriculture and plant production,cemprehensive
view of il processes is necessaMPs comprise a variety of polymer chemistry, sisape
sizes, densities, roughness, coland additives.ldentifying the most relevant attributesl
reducethe dimensionalityf plastics for agricultural studieSherefore, this thesis examines
how MPs affecsoil functions categorized into three interacting domains: physical (e.g., pore
space, aggregate stability, and hydrodynamit¢t®iacal (e.g., nutrient and ion exchange), and
microbial (e.g., changes in community diversity, abundance, and preferential colonization)
(Figure 2) These processesteractandinfluence geither directly or indirectlysoil health and
plant productvity, which is the central focus of this thesis
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Figure 2. Incorporated micrplasticsundergo fragmentation and transformatiorsoil with

crops anexhibit compoundhteractions with soil physical, chemicahdmicrobialproperties

1.3 Microp lastic effect on soil physicaktructure

Concerning physical soil structure, the aggregation behavidifigrentsoil typesis
related o functions of carbon and water storggenelung et al., 2024; Totsche et al., 2018)
Stable aggregate formatiamvolvesthe interaction between pore structure, which shapes the
physical frameworlof air, water, roots, and soil particlesater retention, which supports
microbial activity and binding processes; and min@sgociated organic matter, which
chemically stabilizes particle associations over t{rigang et al., 2005; Yudina & Kuzyakov,
2023) For plastic size to be relevaimtsoil, it must besmall enough to entexggregates and
persist long enough to participate in aggregation procgdsekiu et al., 2023) Larger
macroplastics (>1 mm) will likely be transportiederallyalong thethe topsoil until further
reduction in size or directly mixed in by animals or farming prac(i8esinmetz et al., 2022;
Zhang & Liu, 2018) Thereforemicroplastics (<1 mmpose greater conaeto soil health as

they are more likely to be incorporated and mixed with other soil compofniga et al.,



2024) With highinputs from mulch films and composting, most plastics in soil exist as MPs
and further as NPs, which are largely understudiegauning attentioffGigault et al., 2018;
PérezReveron et al., 2023)

As plastics in their pristine form are almost always hydrophobic and less dense than soil
particles, concerns were raised ttnagtir input disturlssoil aggregate stability adHC (Wan
etal., 2019)MPsare often found within macrand microaggregate formation, relative to their
shape andize(Zhang & Liu, 2018) Soil aggregate formation and stability may be negatively
affected by the presence of MPs as a hydrophobic surface, or a replacement of mineral
components in aggregat@dachado et al., 2018MPs in soil increase hydrophobic surfaces
and are also shown to reduce the capillary flow to plé#6ramer et al., 2023)The
incorporation of sm&lMP (<500 pm) in soil micreaggregates leads to their instability and
thus to a deterioration of the humus content, water storage and nutrient supply of the soil
(Lehmann et al., 2021; Souza Machado et al., 200&reforan this thesisMPs specifically
<500 um were selected and produced for experimentation in soils, as this represents the most
relevant size to interact with many specific soil processesorganismgMondellini et al.,
2024; PéreReveron et al., 2023ptudies investigating BMPs effean soil aggregatioare
limited (L. Han et al., 2024; Lehmann et al., 202fherefore biodegradabld®BAT was
included in experimentation to observe if biodegtémh and microbial exudateisfluence
aggregabn. Effectslikely vary between soils of different textures (sand, silt, clay), which show
distinct natural aggregatiohhereforefor experimentation, two distinct soil types were tested
silty loamand sang loam, to reveal how MPs behavior may differ in certain soil textures.

In Study # (Greenhouse Experimégnit Physicochemical Responses of Agricultural
Soilsto Biodegradableand ConventionaMicroplasticsi aggregatiorstabilitywasevaluated
in two soil ypes (dlty loam and sndy loan) introducedwith CMPs PE andPET, and
biodegradabl®BAT at differingconcentrations (0.1%, 1%/w) andsize ranges (2G@00,
751 200, and <7%m). Soil treatments were also separately plantedmwilzeover one harvest
(18 weeks) to see if MPs disrupt aggregate formation and if plant growth mitigates or alters
these effectdt is hypothesized that MPs reduce formation of macroaggregates due to their
hydrophobicity, while BMPs alter aggregation differerttyoughthe increased release of
exudats during degradationSoil hydrodynamics was tested by evaluatiWiC in the

treatment groups, @ss hypothesized that MPs reduce WHC due to their hydrophobic surface.



1.4 Microp lastic effect on soilchemistry

As most plastisare primarily composed of carb@@) and considered organic carbon,
thisimpliesthatMPs function in soil organic mattésOM), andhumus and other associated
forms of soil derived carbon can be mistaken for plastic ca(Rahg, 2018; Rillig et al.,
2021) MP carbonis bound in stablgolymerswhich are fundamentallgifferent thanthe
diverse, reactiveand biodegradable forms of native orgacacbon found in soilKopecky et
al., 2022; Stevenson, 1994&pr CMPs, theircarbon ismore inert and ngtart ofsoil biological
carbon turnoverhowever their presence has still showaffectC storage througimcreasing
microbialactivity, whichsubsequentlincreasesative C turnover angoil CO; emissiongsS.

Zhao etal., 2024CMPs, such as PE, can increase CO
in soil structure and not through direct degradafidguyen et al., 2025; Yu et al., 2021)
However BMPs f ogreenhGue gasaliedo theit fiisedegradation and quick
change in soil microbial nutrient cycling, resulting in increased soil emissions compared to
CMPs(Sander, 2019; Xue et al., 2023hisimpliesthat MPs camffectcarbon sequestration

and disrupt the natural C cycling in soil

MPs oftenenteragricultural soilghroughorganic fertilizers and solid wasteecoming
incorporate with soil component@/Natteau et al., 2018; Weithmann et al., 2018)is results
in a mixture of plastics that have potential for complex interaction in soil chemistry, related to
both microbiological activity and physical soil conditions. As MRsrease in degradation
state their chemical functionality may be altered from hydrophobic to hydrophilic behavior.
Multiple forces are therefore at interaction the surface of plastics in a complex soll
environment, not only electrostatic interactions but-polar adsorption as wek.g van der
Waals and hydrophobadsorptior(Strawn et al., 2020)he presence of MPs could therefore
alter the nave chemical state of soils, but effects are liketynplex andlependent on polymer
chemistry and their respective degradation behatdeen pistine MPsmay carrynegative
surface chargesapable ofadsorlng positively charged soil nutrien{®leng et al., 2022)
Alternatively, hydrophobic properties MPsmay disrupt organic matté®@M) association to
minerals, which alters the nutrient retention of soils. Additionatly gH of differing soils may
also be affected by M#or influence how MPs behave in a soil sys{@&img et al., 2023; Zhao
et al., 2021) PET andBMPs release acidic species through degradatidns results in
potentially complex interactions between rAaolar and polar functions in soils and MPs
surface chemistry, especially after degradation and transformation.



For agricultural practices where high plastic use is deemed necessary for its benefits, i.e.
mulching and fertilizer applications, there is a hopeful transition from util2Mésto BMPs.
However, thisshift may bringunforeseen consequences, as biodegradation by microbesis the
primary catalyst for mosBMPs decompositionn soils(Priya et al., 2022; Zumstein et al.,
2018) BMPs have shown to alter C storage and induce priming eftecisa et al., 2024; Xue
et al., 2023) As microbial communities sftitoward plastiedegrading taxa, a priming effect
may increase soil carbon and nutrient turnogidiao et al., 2019; Zhang et al., 2022)
consequently furtheringoil CO, emissiongW. Zhao et al., 2024)The goal was to assess if
MPs alter soil chemistry, focusing on nutrient cycling, microbial carbon dynamics, and the role
of degraded plastics in chemical interactidng/as hypothesized that MPs would disrupt and
inhibit soil nutrient cycling to plants, increase soil £@missions through microbial
stimulation, andhatBMPs or degradedMPs would amplify thes effects Responsesvere
expected to vary by soil typaith sandy loam being more sensitive than silty loam due to
lower organic matter content and structural stability.

In Study #L (Greenhouse Experimgnit Physicochemical Responses of Agricultural
Soils to Biodegradableand ConventionalMicroplastics i nutrient cycling between soil
treatments with and without MPs was traced witftNtlabeled ammonium nitrate fertilizer
added in localizedabeled soil bagsandwith additional testing of available phosphate and
potassium. Nitrate label was traced throughout bulk Ediledsoil bags, and plant root and
leaves to evaluate distribution of added fertiljzaritwas hypothesized that MPs, and further
with BMPs, interrupt nutrient cycling to plants thghudisruption o©OM adsorption complexes
or immobilize nutrients through microbial biodegradation.

Study #2 (Soil Respiratiolpi Biodegradable Microplastic Increases gBmission and
Alters Microbial Biomass and Bacterial Community Composition in Different Soil Tiypes
investigated the effectsf two soil types, sandy loam and loam, introduced with different
concentrations (0.1%, 1%/w) and sizes (5®00, 200500, and 6301200 um) of PE and
PBAT on carbon storage and cycling by measusoigC O e miarglsubstoatasduced
microbialrespirationover four weeksin this study, it wasypothesized that biodegradable
PBAT will increase soi |Intidd@PE;tkatsmallerbialegsadable® r e t
particles will be degraded faster due to their larger surface area; and MPs influence will be
dependent on soil type, that | oamy soil wi |
physical impact on soil struate.

In Study #8 (Plastic Reactivityi UV-Degraded Blyethylend=xhibits Variable Charge
and Enhanced Cation AdsorptiofPE and PET (2Q@00um) were degraded in an accelerated



UV-weathering chamber to assess changes in functional group formation as a results of plastic
degradation dependent on polymer chemistry. Since pristine MPs were used for greenhouse
studies for prior experimentation before further field studies (due w@rtstraints), degraded

MPs were produced separately and tested for their change in surface chemistry, functional
group formation, change in roughness, hydrophobicity, and potential for altered cation
exchange capacity (CEC) in soilswias hypothesizedat the degradation of MPs which are
occurring in the environment havensformed surfaces that exhibit varying behavior from

pristine MPs, which implicate complex behavior in actual soil systems.

1.5 Microp lastic effect on soil biology

It is common knowledge now that MPs in the environment, and especially soils, are
quickly colonized by microorganisms for their stable surface and possible energy source when
degradedMiao et al., 2019Rillig et al., 2024. Thisleads tdviofilm formation on MPsurfaces
by preferential microbial communitieSome researchers have proposed soil now contains a
mi crobial #dAplastisphereo, where a compl ex
constituents form a distinct ecosystem in soil which waispreviously there before plastic
production(Rillig et al., 2024; Zhou et al., 2021Jhis results in shifts ithe soilmicrobial
community and enzyme activity often seen in MPs resd&eatg et al., 2022; Q. Wang et al.,
2022) Microbesthat can utilize MPs surfacassoilwill be in better competition than microbes
that cannot, therefore creating an imbalance after MPs incorporation in soil.

Additionally, the transformed surfaces of MPs may be a vectgdtirogenic organisms
or harmfulsubstances, resulting in toxic effects to soil organidtogrta Lwanga et al., 2016;
Mueller et al., 202Q)which often ceoccur with plastic wastéKirstein et al., 2016; Li et al.,
2024; Wu et al., 2019)This can lead to proliferation of specific pathogenicaatibiotic
resistanmicrobes that have been found associated to (UPst al., 2018) The introduction
of BMPs to soil are likely to further disrupt soil microbial communities, rasglin
accumulation of polymer degraded byproducts or microbial residues, affecting the previously
established soil syste(®ue et al., 2023; Zhou et al., 2021t)is expected that biodegradation
favorsmicrohial taxamost efficient at degrading MPghereby reducing overall biodiversity

These shifts accompany loss in microbial environmental resilience and biodiversity;
potentially causing a decline in plagtowth promoting bacteria and other mutually beneficial
microbial interactions with plantéTanunchai et al., 2022;ieJWang et al., 2024)MPs



incorporated into soil can therefore affedtrobiologyin soil and subsequently larger biotain
soils, such as plantRillig et al., 2019) Primary plant production has been shown to be
influenced by a combination of factors related to the microbiological community and its
nutrient cycling which are altered with the presence of {&Pdia et al., 2024; F. Wang et al.,
2022) Both positive and negative plant production has been observed in the presence of both
CMPs and BMPgCao et al., 2024; K. Jia et.a2024; Xue et al., 2023Yherefore in this
thesisit was examinedvhetherCMPs and BMPs stimulatd specific microbes and shef
microbial communities, with the expectation tBMPs would drive greater microbial activity

and community changeBurther, itwas hypothesizethatthese changesould alter primary
plantproduction, resulting in reduced pldnbmassand that effects would vary between soll
types.

In Study # (Greenhouse Experimégnit Physicochemical Responses of Agricultural
Soilsto Biodegradablend ConventionaMicroplasticsi microbial community composition
and biodiversity were assessed in micand macroaggregate fractions of the greenhouse
experiment to determineommunityshifts or diversity reductiorin the presence oPE or
PBAT in two soil types gilty loam and sandy loamAfter experimentation,lpnt root and
shootbiomass were measurtmdeterminghe overalinfluence of MPs to plarproduction.

This study tested the hypothe#iimt the presence of MPs disturbs the microbial community,
especiallywith BMPs, which alter nutrient availabilitfimmobilization)to plants via a priming
effect, hindering plant biomass production.

In Study £ (Soil Respiratiohi Biodegradable Microplastic Increases g@mission
and Alters Microbial Biomass and Bacterial Community Composition in Different Soil Types
T shifts insoil microbial biomass and bacter@mmunity compositiomvere investigateth
the respiration experimendsing sibstrateinduced respiration determined microbial biomass
carbon (MBC)and growth,it was lypothesied that BMPs will alterthe soil microbial
community more than CMPsfavoring taxa associated with MPRdegradationand C
mineralizationlt was additionally hypothesizeatiat smaller sizes of PBAT auld further

increase microbial biomassd decrease diversiby degrading faster than coarser particles.

1.6 Quantification of microplasticsin soil and viewpoint to future studies

There iscurrentlya lack of adequate methods for detegtand determimg MP

concentrationin soil. However mass spectromat{MS) techniqus combined with pyrolysis
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and gas chromatography (G@pve proven to be a reliable direction for quantification
(Albignac et al., 2023; Fischer & ScheBottcher, 2017; Steinmetz et al., 2020; Stock et al.,
2022) There is further potential in developing thermal desorpfid») methods targeting at
surveying soil samplesin a quick and economic (i2gvid et al., 2018; Dumichen et al., 2017,
Duemichen et al., 2019; Seeley & Lynch, 2Q28)the past, particle counts were a common
method to account for the plastic content in soisyéwver, this is only qualitative when
considering toxicology and regulation. FouriBransform Infrared (FTIR) and other similar
microscopic methods have offered quantitative data to evaluate MPs concentration in soils
(Piehl et al., 2018)but often require extensive and tiroensuming cleatup stepgMoller et
al., 2021) however, a direct magsased approach has been sought §fiignac et al., 2023,
Primpke et al., 2020)Largevolume offline pyrolysis of soil was utilized with ngoolar
sorbents toavoid clearup steps entirely, and then investigate remaining sources of
interference, such as from SOMs polymers differ in chemistry, many MS methods have
been researched to identify the most relevant pyrolytic species from many polymer types,
highlighting common interferences and limitatigbserkes et al., 2022; Okoffo et al., 2020;
Rgdland et al., 2022Therefore a new and focused FBC-MS/MSwas developedand the
simultaneous detection ahultiple MPs polymer types was tested agsesgjuantification
performance without samptdearrup andto evaluate the mjor interferencesffecting MPs
detection irsoils.

In addition to the lsallenge®f quantifying MPs, there are inconsistengasrounding
the discussion of MPs size classification and their relevance to soil fun(Zio6sen et al.,
2024; Hartmann et al., 201W1Ps research initially focused on marine environméatthur
et al., 2009; Thompson et al., 2004ut growing concerns highlight soils as significant
accumulators of plastic pollutioklowever, it seemed that thedely accepted definition of
microplastics (<5 mmihat originates from marine researshatherunsuitable ér soil studies,
as most soil processes and biotic interactions occur at much smaller scales. The current
classificationfails to reflect the physical constraints and ecological relevand¢Rs and
further degradation into NHs soil ecosystem§Gigault et al., 2018; Pérezeverodn et al.,
2023) A further reclassification of MPs and NPs woutdcommendresearcherslign
experimental designs to the most relevant soil functions affected by realistic MPs sizes
Therefore, a a conclusion to this thesisygewpoint was establishdxighlighting the neetb
focus on adequataasticsizesin soil systemstudies

In Study # (Method)1 Plastic Quantification and Polyethylene Overestimation in
Agricultural Soil Using LargevVolume Pyrolysis andD-GC-MS/MSi a new quantification
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method for MPs in soil was developed by combining largeime pyrolysis with thermal
desorptiorgas chromatographtandem mass spectrometry (TRC-MS/MS). This study
analyzed MPs, fresh and diagenetically altered OM, and lab blanks, and quantified PE, PET,
and polystyrene (PS) in the two agricultural soils (sandy loam and silty [dam)study aimed

to (1) simplify quantification for MPs at environmentally relevanhcentrationin directsoll
matrices, (2gnhance sensitivignd selectivitypy utilizing tandem MS to furthelifferentiate
MPsfromothercarbon sources soils and (3)observeanterferences of soil components with
MPsand provide an estimation f8OM interferences for consideration of future studidgs

method developmentis meantto serve as a base for further application in soil science and other
environmental research areas dealing with plastic detection in complex matrices.

Study #5 Viewpoint) i From Sea to Land: Setting the Size Definition of Plastics for Sall
Studied criticizedthe current marinelerived definition of microplastics (<5 mm¥rather
unsuitable for soil ecosystems, as soil processes (e.g., water retention, carbon storage, nutrient
cycling, and microbial interactions) predominantly occur at midmw nanoscalesThe
viewpointhighlights the need to align experimerkdstic particlesizesto the respectivsoil
systemnscales in which plastiareincorporated and influence soil functiokairther, aefined
classificatiorof microplastics (11000 um) and nanoplastics (000 nmwould better reflect
their interactions withthe relevant size oboil biotaand physicochemicaBy utilizing
standardized, soilelevant size definitions, research can more accurately assess plastic impacts

on soil health and bridge disciplinary gaps in environmental plastic pollution studies.
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1.7 Objectives

The main research questiorof concernwas: How domicroplasticsaffectcritical soil
functionsd physicalchemical, and biologida relatedoagricultural soil processesd plant
productior?

To analyze the interrelatedness of MPs influence on soil functiongliegtives were
answered by relating findings of multiple studies as the following:

(1) Investigate if nicroplastics affect physical properties of soil by reducing the formation of
soil aggregates and their stability in the rhizosphere, affecting soil physical structure and

its functions such as carbon, water, antrient storage.

Study # (Greenhouse Experim@rnit Physicochemical Responses of Agricultural Stol

Biodegradableand ConventionaMicroplastics

(2) Assess whether mroplasticsalter chemical propertieof soil by interactingwith
mechanisms o$oil aggregationpatural nutrient storage in the saie. cation exchange
and if differingplastic types and their weathered prodinztge transformed surfaces with

functional groug thatfurtheraltersoil chemistry

Study # (Greenhouse Experim@nit Physicochemical Responses of Agricultural Stol
Biodegradableand ConventionaMicroplastics

Study 2 (Soil Respirationi Biodegradable Microplastic Increases €Bmission and Alters
Microbial Biomass and Bacterial Community Composition in Different Soil Types

Study #8 (Plastic Reactivityi UV-Degraded BlyethyleneExhibits Variable Charge and

Enhanced Cation Adsorption

(3) Identify if microplastics shift soil microbial communities and reduce species abundance

and diversity, further enhanced by biodegradable plastic.

Study # (Greenhouse Experiménit Physicochemical Responses of Agricultural Stol
Biodegradableand ConventionaMicroplastics
Study #2 (Soil Respirationi Biodegradable Microplastic Increases gBmission and Alters

Microbial Biomass and Bacterial Community Composition in Different Soil Types

(4) Quantify microplasticsn soilswith improved spectrometric methods aimed at targeting a

variety of polymer types simultaneously at environmentally relegantentrations.

Study # (Method)i Plastic Quantification and Polyethylene Overestimation in Agricultural
Soil Using LargeVolume Pyrolysis and HBGC-MS/MS
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(5) Furtherdevelop and refinmethodologyf experimentastudies focused griastics in soll

to considerthe relevant sizef plastics forsoil processes.

Study # (Viewpoint) i From Sea to Land: Setting the Size Definition of Plastics for Soll
Studies

This thesis provides a comprehensive assessment of MPs impact on critigiaysimal,
chemical, and biological functions in an agricultural context. These findings should integrate
the various mechanisms by which different plastic typegradation stateand sizes affect
soil processes, which have completeractiors in differing soiltypes. This multifaceted
approach is preferable for understanding MPs interactions in soils which have potential for
contrasting effects dependent on various soil donts. Further development of MPs
quantification in soil and views on best research practices should guide future researchers to

more comprehensive and foeaexperiments.
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2. Synopsis
2.1 Experimental design

For this thesisthe focus was on the impactGMPs (PE, PET) and BMPs (PBA®h
agriculturalsoils and a typical crop plant (maize) which was tested main greenhouse
experimenf{achieve objectives-3 related to soil physical, chemical, and biological functions).

An extended summary of the greenhouse experimental design can be found in Study 1
(Greenhouse Experim@rgupporting information (Shages S33). As this experiment would

take at least one year until completion, sttertm experiments wer@nducted during this time

to answer specific respective questioidy:method development to detect simultaneous MPs

in soil at environmentally relevant concentrations without sample-alpaand to evaluate key
contributors of soil interferences and overestimations in MPs quantificgpra soil
respiration experimerdf soil amended with conventional PE and biodegradaBkeTPto
evaluate MPs contribution to G@roduction, substratenduced biomass growth, and changes

to microbial community compositip (3) production and characterization of degraded CMPs
(PE and PET)yia UV-degradatiorwith multiple analges of their changeén particle size
reduction, increased surface roughness, hydrophobic tendencies, surface area functional group
formation, and relevant cation exchange sorptham additional viewpoint was established

with the total knowledge to direct futuresearcherstudying MPs in soil to consider the size

of MPs incorporated in soil, commonly <1 mm, in accordance with the respective sizes of soll

functions, instead of the currently accepted definition of MPs as <5 mm.

2.2 Plastic preparation and degradation

In order to fulfill a 1% concentration of MPs in the greenhouse experiment with many
replicates and treatments, several kgs of MPs were preparediirstiséepvia cryomilling to
fractionate initial plastic beads into MPs, then subsequent airjet sieving to the specific particle
size fractions used in experimentation. The plastic polymers used were low density
polyethylene (PE, Lupolen 1800-Pi LyondellBasell, Rotterdam, NL), polyethylene
terephthalate (PET, CleanPET WF Veolia Umweltservice, Hamburg, Germany), and
polybutylene adipate terephthalate (PBAT, M:-VERA® B50R6BIO-FED, Cologne,
Germany). The resulting MReereirregularlyshapedand surfaces initily roughened by the

mechanical milling process, which can represent the variety of fragmented plastics found in
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the environmentFor treatments comparing MPs concentrations (0.1% and 1% w/w) and not
specific size rangega p | ast i ¢ ([@H40Q @n) was producedby combining size
fractions in a ratio 6:1 (20@00:75 200 pum).Particle size distributiomas confirmed witha
particle size and shape analyzer (Microtrac FlowSync, Retsch, Haan, Germany)

Degraded plastics were produced to better represent plastics particles found in the
environmengfter transformation on the soil surfatising a UVweatheringchambeQ-SUN
XE-3 (QLAB, Westlake, OH) equipped with three xenon lamps and a Day(ifitter, PE
and PETwith initial size range distribution of 20400 um were continuously stirrech
deionizedwater(38 ) for 400 and 2000 houtt® simulatedegradatiorfMeides et al., 2021,
2022) Specifically, solar radiation (UVA), 60 W/Ar(at 300400 nm) and 50% relative
humidity, corresponding to a total irradiance of 594 \Whomparable to natural sunligiMPs
were degraded an estimated 5x faster than in the environment, correspondingrid3
months (400 hand14 months (2000 h) of degradation for the MPs in this experi(ivatizel
et al., 2022)As chemical surface characterization of degraded plastics had not been performed
yet, a sorption experiment was conducted to compare multiple instrumental measurements of
degraded plastids form a complete picture of its degradation behavior based on polymer type.
This information can extrapolate better what might be happening at the surface of natural
degraded plastic particles, where functional grofggsed from UV photooxidationand

hydrolysis are likely to interact with soil mineral and nutrient compon@eissection2.3.4).

2.3 Results andDiscussion

The focus of this thesis is on the alteration of quality of typical agricultural soils due to
threats oplastic inputs antheirpropertieghat degrade soil qualityt was expected that main
soil functions such a#/HC, aggregation, organic carbon and nutrient storage are challenged
by the increasing amount of plastics entering soil, which differs widely depending on the
properties of the plastics amdparticular higher quality (e.qg. silty loam) and lower quality (e.qg.
sandy loam)soils. It was hypothesized that MPs would alter key soil functions in ways
dependent on both plastic and soil properfiéssthesis shows that especially the combination
of biodegradable plastic and high quality, loamy soil, led to changes in soil properties: the
aggregation was significantly improved in loamy soil, however, at the cost of nitrogen
reduction Further, this thesis found that even conventional plastics, such as PE, become
increasingly more surface active over tirti@t affect cation exchang#hen exposed to
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weathering conditions. This altogether challenges the view of plastics as being chemically inert
and instead presents a differentiated picture in which various plastic types exhibit very specific
and environmentally relevant functioi®verall, this thesis demonstrates that MP impacts are
soil and polymerspecific, influencing interconnected physical, chemical, and biological
functions which is essentialfor detangling interactions andssessinghe risks of MP

contamination in agriculture.

2.3.1Biodegradable plastic (PBAT) as mediator of soil aggregation and soil water

holding capacity (Study 1)

MPshave been showto alter soil structure by interfering with aggregate formation and
stabilization(JiaxinWang et al., 2024 thereforethisstudyhypothesized that MPespecially
at smaller sizeswould disrupt soil aggregation, with more pronounced effects in silty loam
soil due to its finer texture and highstructual developrent. In Study 1, thesilty loam
contairedmoresilt and organic matter which suppedigreateraggregate formation and WHC
than sandyoam andwasthusexpectedo be greatedisturbed by théaydrophobigresence of
MPs. MPs were introducedat environmentally realistic concentrations (@ w/w), and
considering the experiment was conducted fc
unstructured) prepared soil, effedistweensoil aggregation treatments were low and not
statistically significant(p 0 . 05, T u kAdtlyodgh MR$ Siddtdisturb aggregation as
hypothesized, this is in accordance with other studies showing minimal effects at
environmentallyconcentrationsround1% (Yu et al., 2023)

In sandy loam soil, aggregation formation was minimal even with glantth andwvas
unchanged by the presence of MRswever in the silty loam, trends were observed especially
among the biodegradable PBAT treatments (Study 1, FiguBAT combined with plant
growth enhanced aggregate occlusion and WH&rticularly under plant growthikely via
microbial degradation byproduaad polymericresiduesc t i n gingagens fRigure3).
These byproducts ar@ssociated with microbial degradation and formation of dissolvable
polymersand oligomergLi et al., 2025; ihxin Wang et al., 2024; Zumstein et al., 201&)d
combined with microbial biomass formation, simulates suppordgregation formatiorin
sandy loam, higtsoil porosity and larggroportion of coarssand particles prever®M
retentionandmicrobial exudategarticularly extracellular polymeric substan€¢ePS) from
forming substantial amounts of aggregatésnsequentlythesemicrobialresduesassociated
with microbial turnover anditrogen (N)cycling of fertilizer were found to be momdiffused
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into thebulk soil (see SectioB.3.2. MPs sizetreatmentsvithout maizeshowedonly minor
early, trendsin silty loam (4 week$ but by end ofexperimentation (18 weeks) resembled
controls The hypothesis thamaller sizedVPs would furtherdisturb aggregan was not
observableand effects between size treatments weeak. @nsidering thesebservations

were based oasingle bulk replicate, further studies are needed to confirm effects.

silty loam sandy loam
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Figure 3. Conceptualdistribution of conventional (CMPs) and biodegradable (BMPs)
microplasticswithin soilaggregatiomaterial{based on Six et al., 2004; Totsche et al., 2018)
Red outline shows enhanced aggregate formation and water holding capacity in silty loam with
BMPsvia stimulation ofmicrobialexudatesand residues, whereas sandy |dzas insufficient

structure to retaisubstantiabhggregates.

Soil water retention and WHC were hypothesized to decrease due to MPs hydrophobic
surface properties, as previous studies have shown mixed effects dependent on polymer type
and shapégShafea et al., 2023; Wan et al., 2019; Xie et al., 20@3%tudy 1, WHC in silty
loam followed aggregation trends: CMPs had minimal impact, while PBAT slightly increased
WHC (Study 1, Figure S4, Sl), likely due to the same biodegradation process that also increased
microaggregate formation and stability. Hoxge, even pureand control treatments showed
increased WHC, indicating results may be related to increased porosity with addition ef micro

sized particles. This is contrary to the hypothesis that MPs would reduce water retention, and
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further studies are now showing that soil moisture actually increases in mulching practices over
long-term usgDing et al., 2023)demonstrating that MPs effects are tied to land use as well.
Soil physical structure is central to carbon storage, water regulation, and plant growth, although
the results in this study show that pristine CMPs at environmentally realistic concentrations
have limited impact. BMPs improved soil aggregation and WHC, but these benefits are
outweighed bypotential subsequent nutrienmmobilization (Section 2.3.3and did not
increaseplant productionOverall, the impact oMPs on soil physical stature depends on
polymer type: plant growth can mitigate negative effects of CMRshl et al., 2022)whereas

BMPs degradation and formation of microbial residues accelerate aggregate forhtigtien.
guality agricultural soils, such as silty loams, may experience improved aggregation and water
retention due to BM#nduced microbial activitywhile lower-quality soils,.e. sandy loams,

often lack the structuralupportto benefit similarlySoil type is a major confounding factor
influencing how MPs affect soil properties and plant growth, and langraséicessuch as
long-term plastic mulchingcan modulate these effectBherefore, reviews should strongly

consider these confounders when analyzing studies on MPs effects in soil systems.

2.3.2Biodegradable plastics (PBAT) enhance C mineralization and-dycling in soil

through microbial activation (Studies 12)

MPswere hypothesized tdisrupt soil nutrient cyclingnd enhancesoil CQ, emissions
through microbial stimulatioyu et al., 2021; W. Zhao et al., 2024ith effectsvarying by
polymer and soil typeBMPs may further impact soil fertility due to their degradability and
influence on microbiasoil priming (K. Jia et al., 2024; Xue et al., 2028pw quality soils,
such as sandy loamsere expected to be more sensitive than structured, silty [dar8sudy
1 (Greenhouse Experimentpikchemical parametersexre analyzedpH, total carbon and
nitrogen, and available nutrier{BBnmonium, nitrate, phosphate, and potas$iduditionally,
a'>N-labekedammoniummitratetracemwas locally applied to tr&aistribution in soil and plant
uptake(Study 1, Figure S1SI). A principal component analysis (Study 1, Fig@yeshowed
thatMPs treatments clustered towandre strongly bypolymer type than siz&ilty loam had
more distnctgroupingghan in sandy loam, particulatigr PBAT, as silty loam hd a greater
soil structurewhich allowed formore interactions.

Overall, total C was raised in both soil types proportional to the C carfteathplastic
polymer type;indicating plastic can act as a replacement for organic carpotentially
misrepresenting native C sta(Rillig, 2018). Given the lowe content of sandy loam (0.5%)
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compared to silty loam (1.6%heinfluenceof MPson total C stock was more pronounced in
sandy loam.Potential priming effects(changes in OM decomposition and nutrient
mineralization due to the addition of external substrates) reéiexted inreducedertilizer-N
retention(Section2.3.3 andalsoevidenced by Study 2 (Soil Respiratipwhich measured
CO, dynamics and microbial activity with MPs amendmehis effects on C dynamics were
observed with PE in any size range. HoweRRBAT amendments led to increasactrobial
biomass carbon (MBC) and G@missions (Stud§, Figures 12), with smaller PBAT particles
further enhancing these effediarthermore, sandy loamas more sensitive than silty logm
likely due to lower S®! and structural stabilityPBAT biodegradation is therefore likely to
initiate SOM priming effectswhich can be more intensiuepoor quality soil{Guliyev et al.,
2023; Zumstein et al., 201,8ndcan accelerate both soil organic carbon (SOC) turnover and
iImmobilize other nutrient pooksuch as nitrogefK. Jia et al., 2024; Meng et al., 202Zhese
shortterm carbon turnovegsose risks to longerm carbon storage in agricultural soils, where
repeated PBAT inputs could exacerbate calbearather tharpromotesequestration.

In agricultural soils, maintaining optimil availability is crucial for plant productivity,
and MPs have been shown to influence N dynamics through interactions with soil quality and
microbial activity(Rillig et al., 2019; Weithmann et al., 201&) was hypothesized CMPs
would affect N by altering soil structurewhile BMPs would influence Ncycling by
immobilizing available N (ammonium and nitrate) when priming effects are initiated via
biodegradationin Study 1(Greenhouse Experimengpil N was altered early between MP
treatments and contrgleshich stabilized over time similar to other plaavailable nutrients.
PBAT decreased sotlotalN in silty loam, the higheguality arable soil, buslightlyincreased
N in sandyloam, the lowermuality soil(Table 1) In silty loam, Nreductiorby PBAT was still
prevalent at the end efxperiment with maize growth, whereas sandy Isamwedncreased
N with PBAT without plant growth, possibly as residual PBédrived OM from changed
microbial dynamicgTanunchai et al., 2022)This waseven significant for treatments with
0.1% concentration of PBAT, indicating strong interactions betweeydNng and PBAT
biodegradation evenatlow concentratidst bt | e si z e \deecplservdedimsity ef f e c
loam with PBAT and maize growtlasdecreasing particle size further decreased soilié
alignswith the previouslybservedncreased MBC and CQemissionsvith BMPs(Rauscher
et al.,, 2023; idxin Wang et al., 2024)These findings suggest PBAT alteredcixling
differently by soil type: sandy loam enhandexdtilizer-N retentionvia increasednicrobial

activity and Ncycling communities while in silty loam apparent primingeffects were
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indicatedby reduction of soil intrinsi®N andfertilizer-N, coincidingwith increased microbial

respiration and abundance (see Section 2.3.5)
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Table 1. Microplastics effects in differing sotlypes (silty loam and sandy loamjith plant

growthon key physical, chemical, and biological functions, with contrasting effects between

conventional (CMPs) and biodegradable (BMPs) microplastics.

Category parameter

silty loam sandy loam

CMPs BMPs CMPs BMPs

aggregate formation 8 7z u u
aggregate stability 8 7 u u
Physical
water holding capacity u 4 u u
pH u u u u
CO; emissiors u d u d
total nitrogen o & u "
. plantavailable nutrients
Chemical u u u u
(Nmin, PcaL, Kcal)
priming effect u d u u
fertilizer-N retention u g u q
plantfertilizer-N uptake u u u q
plant production 8 8 7z u
root N allocation u q u u
microbial abundance u d u q
Biological microbial diversity B u u u
microbial community
u q: u C[
shift
microbial N-cycling . . . q

community

d &= significant effect¥ .= minor effectt = no effect

Nmin = mineral nitrogen, CAL = Calciumacetatdactate extraction
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2.3.3PBAT biodegradation reduces soil pH and atrient storage function in soil
(Study 1)

MPs can increase or decrease soil pH dependent on polymer type and soil conditions
(Ding et al., 2023; Zhao et al., 2020ver experimentation time, pH shiftedturallywithout
plants silty loam decreased (6.5 to 6,.@hereas sandy loam increased (6.7 to 7.2), driven by
wet-dry cycles and microbial turnover. Plant growth mediated pH in both soil types, regardless
of MPs, in linewith previousstudieqZ. Chen et al., 2024; Krehl et al., 202%Yithout plans,
PBAT in the smallest sizé<75 um) significantly reducedoH in sandy loam (Study Eigure
$6, Sl). Thisis due to faster biodegradation of smaller particles and release of organic acids
(Rauscher et al., 2023yheefore divergent pH trendwith plastic type were shown to be also
soil type dependent

Plantavailable nutrientgammonium nitrate, phosphateand potassiuywere mostly
depleted by the enaf experimentatiodue tamaizegrowth, regardless of MPs presen&arly
effects(4 weeks)f MPswere differenin each soitype ammonium declined in silty loam
but sometimes increased in sandy loé®tudy 1, Figure 31 Sl), and &ailable nitrate
increasdin bothsoils (Study 1, Figure 112, Sl), contrary to the hypothesis that MPs reduce
soil available nutrients. Phosphate and potasshowed scattered increases in some MPs
treatments, without a distinct pattefirhus MPsat1% w/w did not consitently alter nutrient
cycling in planted systems. Shddrm(<1 month)MPs experiments show temporamytrient
increass not reflective oflong-term MP impacts which often show net negative nutrient
depletionwith repeated plastic contaminatig®ing et al., 2023; Meng et al., 2022)
Furthermore, CMPs will likely acquire specific sorption capabilities after sufficient
degradation in the environment (Section 2.3.4), transforming CMPs ability tasgailable
nutrients relatedto multiple soilpropertiespolymer type and size.

The applied*>N-labeled ammoniunmitrate fertilizer allowed further tracing gflant
available N in soilln silty loam, PBATreduced°*N-fertilizer recovery compared to controls
in both the bulk soil and inside the labelisitilizer bags, suggesting lower available N
retention (Study 1, Figure)3However oppositein sandy loamPBAT caused aigher
retention of T N f er t possiblgirelicatingiN timhmobilizatiolag i1 s o't
increased microbial activity and-dycling communities were observed hgsee Section
2.3.5) Across both soil types, themallessizeof PBAT (<75um) againshowedthe largest
impact(Study 1, Figure S13, SIPBAT degradation in sandy loam promotetention and

redistribution of tle1>N-fertilizer; whereas initty loam, soil-derivedN sources were available
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and PBAT led talegradation of thavailableN pool, consistent with priming effec{sluang

et al., 2023; Inubushi et al., 2022)he increased porosity of sandy loam ahdiependent

mi crobial biodegradat i on -terilizéPfBrhdrthroughoktdhd y d i s
bulk soil and retention in the label@dgs, which was not seen within the silty loatmiai

contained more native, sailerivedN sources. Early microbial degradation of PBAT consumed
available N from both native soil N and the applied fertilizer to support microbial biomass

gr owt h, especially within the sandy | oam, e
uptake Although CMPs had no signdant effects on soil nutrient availability in their pristine

state, environmental weathering after longer exposirexpected to alter their surfaces,

increasing chemical functionality and reactivity over time

2.3.4 Alteration of plastics in the environment and increase irenvironmental

reactivity (Study 3)

Plastic was once considered inert in soils. Howeverwas hypothesized that
environmentatlegradatiotransformsviP surfaces(Chamas et al., 2020)ncreasing reactivity
that differs from pristine MPs and results in complex interactions in@®dédazel et al., 2022)
Study 3 Plastic Reactivityinvestigaedthesurface change asdrption behavioof artificially
degraded CMRsas pristineCMPs were not expected to strongly affect sait&ially, but
Impacts could increase with longer exposure and repeated .impuisder toisolat these
complex interactions plastiexhibitin the soil environmer{Blasing & Amelung, 2018)oth
chemical and physicalroperties were studied specificgolymer typs PE and PET

After MP patrticles (initially 200400 um) wereexposedo accelerated UMveathering
and continuous stirring in watescanning electron microscopy (SEM) reveaseghificant
fragmentation and surface alteratioocurredin PE particles, whereaBET showedminor
surfacealteratiors (Study 3, Figure 2)After 2000 hours of UV exposure, PE particles
decreased in siZey an average factor of 4&tudy 3, Figure 1, Table liragmenting into
many smaller, roughened partickrsdthat formed an estimate@®.5%o0f NPs(Study 3, Figure
S3, SI). This finding aligned with previous studigeking low crystallinity to surfacelriven
fragmentatiopnmicrocrack formatiopandsub-particle releas@enzel et al., 2022; Zhang et
al., 2024) In contrast, PETRfter 2000degradaton hoursshowedonly minor flaky detachment
from the outermost surface layensd slightsize reductionUV-penetration of the PET surface
islimitedto~1550 e m sur f ace dept hs thatfesistpmotoogdatem o x i d
to deeper layerfDay & Wiles, 1972; Grossetéte et al., 2000; Lewandowski et al., 2013)
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therefore PETikely fragments slowly and persists longeswils(Chamas et al., 2020)hus,
PE fragments extensively and rapidly when exposed to UV, while PET remains stable and
potentially accumulates over time.

Chemically, PE surfaces devel oped abunda
(carboxyls, hydroxylsalcohols, peroxides)through photc-oxidation during UVexposure
(Study 3, Figures-b, Table 2) increasing surface polari{$tudy 3, Figure 6and reactivity
with cations under alkaline conditions (Study 3, Figure Furiertransform infrared
spectroscopyRTIR) andX-ray photoelectron spectroscopy (XRA8gasured formation -

O and C=0Obondscorresponding to alcohols, ketones, and carboxylic adeisionstrating
progressive oxidation and chain scissf@nLin et al., 2022; Moulder et al., 1995; Suresh et
al.,, 2011) This fragmentation increased surface area amgjhness, and increak@ew
functional group formation likely tenhancehe environmental reactivity of Rauel et al.,
2022) EnvironmentalSEM (ESEM)showed PE transitioned from hydrophobic to hydrophilic
behaviorwith 2000 hours of degradation (Study 3, Figure@nsistent with recent studies
(Shang et al., 2022; Zhang et al., 20Z®@)ese oxidizedsmaller PE particles exhibited higher
negativezeta potentials (Study 3, Figure 8)dicatingincreased negative surface charge and
potential swelling in alkaline conditionBurthermore, CEC measurements @yrhded PE
exhibitedo H d e p e n d amch coaldpatengadiyontribute to soil CECThis indicated,
for example, that degraded PE at 1% w/w in soil would contribi@’5cmalk g T i n al ka
conditions(pH = 9), comparalk¢ toonetenth the sorption power of a reactive c(&tudy 3,
Figure 7) Although soils typically contain more clggtependent on typeMPscouldcompegé
with claybinding siteqLi et al., 2021) especially where MPs accumulation is high or CEC is
initially low (Buks & Kaupenjohann, 2020; Z. Jia et al., 20d4erefore, degraded PE should
be monitored in context to soils vulnerable to changes in CEC.

PET has inherengster and aromatic structutéstremained largely resistant to pheto
oxidation, showing only minor shifts in surface chemistry detectiabdgther FTIR or XPS
ESEM detected mixed surfaces of hydrophobic and hydrophilic patches on PET over
degradation timewithout increased hydrophility. Negative eta potentiabf PET increasd
with increasing degradation timemilar to PE mainly due toincreased surface areand
roughnessather than chemical modificatigMauel et al., 2022; Meides et al., 202&jter
2000 degradation houtSEC of PETwasslightly increasd under alkaline conditions, but only
around oneseventietlthatof the reference clay (Study 3, Figure Slower fragmentatioand
photooxidative resistanceuggests PET may péstlonger in soilslikely influencing soill

properties througimcreasedurface roughness rather than charge eff@tamas et al., 2020)
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These transformations imply weathered PE, with high surface area andypmips could
substantially affect soil CEC in alkaline or MRh micro-sites, while PET effects are subtler
but persistenfFigure 4) However, further atural degradation by Wight, hydrolysis, and
microbeswill continue alteringplasticsurfaces, resulting in complex and largely unknowail
interactions(Wang et al., 2023) Furthemore, changes inMP sorption mechanicsl
increassthe risk of soil contaminants being distributed and bioaccumu(@tadinho et al.,
2019) The degradation behavior d¥iPs is speific to each polymer typeand their

environmental fate as agricultural inputs remain largely unknown.
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hours results in significantly transformed particles, whepehgethylene terephthalatBET)

IS resisantto photeoxidation.

2.3.5Biodegradable microplastics affect plant nutrient uptake and shift soil
microbiological communities(Studies 1-2)

It is expected that CMPs and especially BMPs can affect soil microbial communities, and
key taxa have been identified associated to plastics degradatidan et al., 2024; Rillig et
al., 2024) This thesis hypothesized that Bihift microbial communitieto favorbioplastic
degrades, impacting biodiversity and stimulating spectiga Due to the combined effects
that BMPs may have on microbial communities favoring degraders and thereby altering plant
nutrient acquisition, it was further hypothesizédt these changes would negatively affect
plant growth and biomass productitm Study 1 (Beenhous&xperimeny, neither CMPsor
BMPssignificantlyaffected plant growtHikely due to the single growth cycle and low plastic
concentration (1% w/w)Plants maymitigate most negative effects of MPs depending on
environmental conditions and plant spedi&sChen et al., 2024; Krehl et al., 202@pwever,
contrasting effects appeared between soil types: MPs reduced plant growth in silty loam but
increased it in sandy loam (Study 1, kg 5.

PBAT influencel the uptake of°N-fertilizerwith differentresponsedependent on soil
type. In silty loam, maize>N uptakeincreased in roots witlPBAT (Study 1, Figure 3),
coinciding with higherootN cortent(Study 1,TableS3, SI) and reduced shoot biomaSsu(dy
1, Figure5). In sandy loam maize'>N uptake was increased in roots and shoots with PBAT,
with no difference in biomass compared to controhereforeplant responses to changes in
the nutrient pool vi&BAT degradatioraresoil type dependentReduced growth may result
from plants avoiding microbially immobilized N due to toxic byproducts from PBAT
degradatiorfMartinez et al., 2024; Qi et al., 2020; Zumstein et al., 2Qa8&jilty loam, maize
potentially utilizedsoil-derivedN sourcesand allocated more N to roots, possibly via fungal
symbiosis to secure mineral(Nanunchai et al., 2022put at the cost of reduced shoot growth.
In sandy loam, where total N was limited, plaappeared t@accessnicrobialy immobilized
N-fertilizer, butthis did not increaselantbiomass, indicating PBAT byproducts or altered N
cycling may impairplant growth. During initial PBAT degradation before plant griw
microbedikely sequestaxdfertilizer-N into their biomass (immobilization), thereby reducing
the amount offertilizer available to plants. As microbial turnoverogressediuring plant
growth, part of this immobilized Mas rdeasea backinto the il and became available for
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plant uptakeHowever, this delayed release appeared to disturb plant N acquisition, as the
eventual plant uptake of previousimmobilizedfertilizer-N had nogrowth benefitsOther
factors such as nutrient limitation aplntspeciegLozano & Rillig, 2020) and soildrought

or floodedconditions(Jie Wang et al., 2024 pnlso influence MPs effects on agricultural
systems

PBAT addition (1% w/w, 76400 um) altered microbial communisigithin macre and
microaggregatesvith variations observed between sandy and silty bAsiexpectedmaize
presence significantly affected microbial composition across treasniRBAT treaments in
both soiltypes, especially wittplants causedlistinct community shiftgersusontrols and PE
treatmentgStudy 1, FigurelA). This is consistent witrBMPs research showvg shortterm
changesnicrobial community and enzyme activipuang et al., 2023; Xue et al., 2023; Zhou
et al., 2021) In sandy loam soils, aggregate size influenced microbial community structure,
with notable differences between mierand macroaggregatéStudy 1, Figure4B), but
aggregate sizlead no additional effea silty loam, indicating soitypeinfluences the impact
of PBAT on microbial distributio.

Differential abundanceidentified by Analysis of Composition of Microbiomes
(ANCOM) showal that PBAT treatments, especially in sandy loam, enricketdinbacterial
genera, Xylophilus had the highest differential abundanaghile substantially reducing
Azospirillum among othegenera(Study 1, FiguredC). Predictve metagenomic analysis
indicated an increased abundance of genes related to denitrification and nitrification pathways
in sandy loanPBAT treatment$Study 1, FigurelD), suggesting PBADbiodegradation may
enhance microbial functions involved in nitrogen transformatms®ciated with Mycling
processeg¢Tanunchai et al., 2022)

As previously mentioned (Section 2.3.BBAT (1% w/w) significantly increased
mi crobial biomass and CO emi ssions (Study bot h
2, Figures 12), suggesng microbes actively utilized PBAT as a carbon source, stimulating
growth. PBAT also shifted soil prokaryotic community compositiomwhereasPE did not
(Study 2, Figures-6). Enrichment ofCaulobacteraceawas found in both soil types with
PBAT amendments, whidmave been previousldentified with BMPsdegradatior{RUthi et
al., 2020) Both Studies 22 found Comamonadaceaenriched in sandy loam with PBAT,
whichare knowrto be primary degraders of polyest@édguyen et al., 2021; Weig et al., 2021;
Yoshida et al., 2016)

In Study 2 (Soil Respirationgmaller PBAT particlesn sandy loamled to greater

microbial activity, matching Study Which found that specific aggregate sizes promote
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biodegradation communitieshis is attributed to greater microbial access to PBAT in sandy
loam soils due to lower aggregate occlusjoand reduced protection from microbial
degradatiorfTotsche et al., 2018pverall, hese findingshighlight that lower quality, sandy

loams may be more responsive and vulnerable to microbial shifts induced by BMPs, while silty
loams may resist change but have potential impacts on plant nutrient dynamics and biomass
production

2.3.6 Method development forquantification of microplasticsin soils (Study 4)

As plastic use and contamination is ubiquitous and present in every analytical lab, it is
very difficult to find controlled soils without plastic, and even archived soil has been shown to
have plastic contaminatigRotchell etal., 2024)A detection method was critical to establish
for future field studies, and important implications for overestimation of PE was (6lugde
5). This thesiddevelogda robust method for quantifying microplastics (PE, PET, and PS) in
agricultural soils without precleanup while maintaining low concentrations, sample
representativenesand identified common interferencédsom OM (Bartnick et al., 2024)
Largevolume pyrolysis allowed larger samples (up to 1 g) oantogenizedmilled) soil
samplesallowing for better sample representation. Utilizing precisely sized standard plastic
particles (12 %ssiktedin2nproving &dcuracy foalibration(Oster et al.,

2024) and essential for identifyingpw quantification limits. Tandemmass spectrometry
allowed for béter selectivity of ions, especially PET, and further enhanced separation of PE
from OM interferencedn order to rectify contributions from OM to PE signals, a mathematical
calculation was suggested to correct PE overestimation caused by diagenetically altered OM,
such as found with humic acid (HAJA was foundOM contributed up to 72% of PE signals
meaning recalcitrant OM in soils may consist of the same hydrocarbon chains found in PE
pyrolysis A correction factofmathematical calculatiotudy 4 Sl) was derived to adjust PE
guantification in soils with <1.5% organic carhaas soils with higher OM content require
cleanup for accurate PE representation

Tandem MS is not well established for plastic detection but is a very prormsiigpd
for soil compared to using scan modes common in MS applications for plastic quantification
(Albignac et al., 2023)so this thesis can be used as starting point to simultaneously detect
many plastic types in soil which are of interest to researchers (Zaltarther polymer types
can be included, given retention times do not overlap. This method is recommended for
simultaneous quantification of MPs in soils down to Ykgghowever this can be improved

29



with further estimation on specific interferences of OM to PE, such as recalcitrant OM forms
(Kopecky et al., 2022)Considerations of epyrolysis effects of pyrolyzing plastic polymers
simultaneously and additional matrix effects that may be present in soils. Additionally,
considerations should be given to interferences such gs/rotysis of plastics together
forming secondary products (see PET interferences, Pabtzoralli et al.(2022)discovered
co-pyrolysis effects with PET, specifically with p@lmides (PA6 and PA6,6) and polyvinyl
chloride (PVC). They show that N from PA interact with PET during pyrolysis to form aromatic
nitriles, and chloroethyl ester formation from terephthalic acid of PET and vinyl groups of PVC
(Coralli et al., 2022)This indicates secondary pyrolysis products that should be monitored in
future massased analytics, especially PET, which was shown to influence the pyrolysis of
PBAT in this thesis.

’ pyrolysis + adsorption

sample material
quartz wool non-polar

sorbent

mass flow
controller

quartz tube
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’ desorption + analysis

He flow
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Figure 5. Method procedure of MBC-MS/MS, highlighting interference ofspecific
hydrocarbon chains gfolyethylengblue)with recalcitrant soil organic mattéred); adapted
from Bartnick et al(2024)

Fortunatelyno capyrolysis between polyolefins (PE aR&)and PSwith other plastic
types are observddlbignac et al., 2023; Coralli et al., 202Bowever, they have the largest
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potential for overestimation by OM interferen@artnick et al., 2024; Kittner et al., 2022)
Polyolefinscontainlong-chained hydrocarborthat can overlap with each other and SOM
(Figure5), so considerations should be taken when using scan mbdeefore, this study
concluded that conventional pyrolys&C/MS methods for quantifying MPs in soils are prone

to PE overestimation due to interference from natural OM. This methodological advancement
could provide more accurate plastic quantificatiomnical for assessing contamination levels

and ecological risks in agricultural soi®eparate analysis of each polymer is ideal but costly,
so knowingspecificinterferences is beneficiaddditional polymersf interesthat were not
included: vinyl polymers such as PVC and polyvinyl acetate; polyurethanes edntdin N;

tire wear and transformed produgitddckner et al., 2021 )and fluoropolymerg§Teflon) which

are an understudied contributomolyfluoroalkyl substanceaa soils(Lohmann et al., 2020)
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Table 2. Plastic polymer compoundsclassification, and quantifigayrolysis product®f TD-GC-MS/MS with known interferences.

. . SRM (M/2
polymer olvmer name chemical quantification compound molecular t (Min) molar interferences
abbr. poly classification (pyrolysis product) formula R mass
Q1 Q3
polyamide 6 . co-pyrolysis
PAG (nylon 6) polyamide caprolactam CeH11NO 14.5 113 113 85 PET
polyamide 66 . L co-pyrolysis
PAG6 (nylon 6.6) polyamide 1,6-hexanediamine CeH12N2 11.2 116 87 56 PET
polybutylene aliphatic . . .
PBAT adipate aromatic rerephthalic acid CiHis0s 275 274 203 149  COPYIOVSS
terephthalate polyester y
, . OM
PE polyethylene polyolefin 1,13tetradecadiene Ci1aH26 17.3 194 81 79 contribution
polyethylene aromatic co-pyrolysis
PET terephthalate polyester ethyl benzoate CoH1002 12.8 150 150 122 PA. PBAT
. . aliphatic . 11.91 OM
PLA polylactic acid polyester lactide CsHsO4 128 144 56 28 contribution
polymethyl : .
PMMA methacrylate vinyl / acrylic methyl methacrylate CsHsO2 14.8 100 69 41
! 2,4,6,8tetramethy10- 15.81
PP polypropylene polyolefin undecene CisH3o 16.2 210 111 69
PS polystyrene vinyl / aromatic 2,4diphenyll-butene CieHis 23.1 208 208 104

*Compounds identified by specific retention time) @ind selected reaction monitoring (SRM) ions of interest (m/z) at quadrupole 1 (Q1) and quadrupole 3
(Q3) of MS/MS.
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2.3.7 Viewpoint on future soil studies to considemicroplastics sizeas I 1000pum
(Study 5)

This thesis integrates findings from multiple studies to elucidateM®&sparticle size
influences soibphysical structure, nutrient cyclingnd microbial dynamics. Among the soil
functions assessed, microbial community composition and nutrient cyeéngparticularly
sensitive tasmallerPBAT MPs (<200 um), highlighting that plastic particlgize is critical to
determining interactioswithin soil systems. It has become common in soil science to define
MPs as particles <5 mm, adopted from marine resd¢arthur et al., 2009and formalized by
NOAA to include the broadest range of plastic delbi@vever this conflicts with the standard
soil particle size limit of <2 mpwhich defines the start of soil formati@rady & Weil, 2017)
Most soil processerelevant topollutant and soil fertility occuat the micron or swmicron
scalesuch as interactions wittmineral components, aggregation behavoo|ogicaleffects
on microbes andaung and chemical sorptiofBtudy 5, Figure 1)Largerplastics (>1 mm)
typically onlyact aphysical barriesuntil degraded into small&éPscapable of more complex
interactiongArthur et al., 2009; PéreReveron et al., 2023)\s most soil functions are within
the range of microplastic interactidmgfe defined as-1000 um), a larger definitioof MPsup
to 5 mm isoutside relevant interaction scal@sMPsincorporation into soil aggregates and
pores likely occuss at the micron or lower rand&. Jia et al., 2024; Zhang & Liu, 2018)

MPs must be within a size rangagestible or biologically interactiveo affect sall
organismsNanoplastics (here defined atlD0O0 nm) pose the greatest biological risk due to
their high sorption behavior to cells, additives, gaflutantsat this scal¢PérezReveron et
al., 2023; Richard et al., 2024; Rillig et al., 2024)e International System of Units (SBfines
the fimicro-fiprefixas 1 1000 um(10° to 10° m), whichis used by the overarching scientific
communityand would be more appropridte definingMPs sizes relevant tieirrespective
soil function(Bartnick & Lehndorff, 2025)M Psfurtherdegradento NPs which the definition
of is also debate(PérezReverodn et al., 203dutalsocouldadhere to th&l (10°to 1012m).

As there is highvariability in plastic chemistry, size, shape, and additives, determining exact
cause anceffed remains challengingionetheless, standardized and precise definitions are
essential for scientific and regulatory clarfurtherrefinemenof MPsinto both defined size

and chemical characteristics will likely occur when toxic effects are knowstdar more
commonly incertain soilsystems witlBMPs and degraded, reactive CMPs atgslze range
capable okoil incorporation (typically <1 mm)he further mixed effects by inputs of varieties

of polymer mixtures and complex environments will take considerable research to disentangle

the primaryphysicochemicainteractionggoverning plastic behavior in soil systems.
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2.4 Conclusion and Outlook

1)

2)

3)

4)

5)

This thesideads to the following conclusions:

BMPs biodegradationncrease soil aggregation formation, stability, and WHE silty
loamthroughan interaction wittmaizeplant growthand formation of microbial residues,
whereassandy loam lacked the structure for improvem@mPs (PE and PET) in their
pristine state lhminimal influence on soil physical structungthin one growth cycle
BMPs induce an apparenpriming effectvia biodegradatiom silty loam with reduction

in soil total N and increased microbial actiyityhereas irsandyloam, BMPs stimulated
microbial retention of fertilizederivedN in soil and its uptake by maize, but without
benefits to plant growthAlthough pristine CMPs had minimal effect, degradation such as
by UV photeoxidation transformed their surface to be more chemically reactive and
hydrophilic, potentially influencing longerm soil chemistry

BMPs shifted microbial communities through preferential colonization and degradation,
leading to increased microbial abundance,, @issions, and selective increase in N
cycling microbial communities, which were most prevalent in séoay; whereas pristine
CMPs had minimal effect

MPs quantification in environmental soils benefited from largkime pyrolysis and
tandem MS spectrometry, which enabled quick sample throughput with neupeamd
targeted specific MPs pyrolysis products that distinguished them from SOM.

A redefinition of microplasticsl{ 1000 pm and nanoplasticsl{1000 nn) would better
align MPS researchon relevant ecological impactsith soil-specific processes(.,
aggregation, nutrient cycling, and microbial interactjoigat predominantlyoccur at
micro- and nanoscales, which then align wih units andstandardize resear@ctross

multiple disciplines.
Future plastic studies would greatly benefit from the following suggestions:

Focus research on soil confounders such as soilaggenutrient fertilizationhat exhibit
complex interactions with MPs, modifying their impacts

Increase experimentationusing environmentallyrelevant plasticsizes and naturally
degraded plastia® enhance the applicability of studiesreatworld conditions

As microplastics likely degrade and fractionate into nanoplastics, research should focus on
the fate of transformed nanoplastics particles in soils

Caution should be given to the alternative use of biodegradable plastics in agriculture due

to the quick turnover of SOM, microbial interactgpand quickly induced priming effects
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Abstract

Microplastics (MPs) can alter soil physical structure, chemistry, and microbial communities;
ultimately affecting plant production. We hypothesized that conventional (CMPs) and
biodegradable (BMPs) MPs influence key soil properties depending on theirgrdlype, size,
concentration, degradation, and soil type. MPs may reduce aggregate stability and carbon
storage, water holding capacity, pH, and nutrient retention; and BMPs may further alter nutrient
availability and microbial communities. Greater aggteglsruption and chemical effects were
expected with decreasing size and higher concentrations of MPs, while soil type may exhibit
varying responses. To understand tlisa maysvas planted in a greenhouse with differing

soil types (silty loam and sandy loam) and spiked with CMPs polyethylene (PE) and
polyethylene terephthalate (PET), and BMPs polybutylene adipate terephthalate (PBAT),
varied by concentration (0%, 0.1%, 1% w/w)dasize range (20@00 pm, 75200 pum, <75

pum); additionally, controls with nMP and pure sand were tested. Aggregate fractionation and
stability, water holding capacity, were tested to see changes in physical structure of the soil. An
isotopically'>N-labeled ammoniurmitrate fertilizer was added to soil to trace plant nutrient
uptake. Biological changes to plant growth and microbial community composition were
monitored. Overall, CMPs and size range treatments had minimal impacts on soil parameters.
However, the interaction between PBAT and plant growth tended to increase soil
microaggregate formation, stability, and WHC in silty loam. In both soil types, PBAT
treatments significantly immobilized the addét-tracer, which gave different responses to
plant uptake dependent on soil structure and nutrient availability. PBAT significantly altered

soil prokaryotic communities in both soil types, with stronger shifts in sandy loam, which
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enriched unique denitrification and nitrification associated genes and specific microbial taxa,
indicating impacts on nitrogen cycling. This study highlights the potential impacts CMPs and
BMPs have on distinct soil types and need to elucidate the commpéeactions on critical soil

functions such as aggregation, chemical cycling, microbial biodiversity, and plant nutrient

uptake.

Keywords: carbon storage, soil aggregation, soil fertilttyy fertilizer, 1°C plastic,Zea mays

Introduction

The accumulation and fate of plastics in agricultural soils is not yet fully understood, and
increased release of microplastics (MPs) to agriculture via mulching, compost and sludge
application has a potential to disturb letegm soil health (Corradini etl., 2019; Piehl et al.,

2018; Weithmann et al., 2018). While it is difficult to untangle mechanisms of MPs effects on
key soil functions and crop production, it is necessary to mitigate the impact plastics have on
land use and human health at a globales¢Chang et al., 2024; Chen et al., 2024; Guo et al.,
2020). As an alternative to conventional plastics, e.g. mulch films, biodegradable plastics are
proposed as a solution to plastic accumulationin agricultural soils (Gliffifue et al., 2022;
Huanget al., 2023; Liu et al., 2024). While the accumulation of conventional plastics in
agriculture is alarming itself, the degradation of large amounts of biodegradable plastics may
come with additional consequences for soil carbon, nutrient cycles, andbralaotivities

(Hao et al., 2024; Rauscher et al., 2023), which are not yet well understood.

First, the incorporation of small, fragmented plastics is likely to cause changes in soll
structure which can affect organic matter accumulation. Plastics <500 um are likely to begin
filling in pore spaces and incorporate within soil aggregates, integagiih complex mineral
associated organic matter and microbial biogeochemical processes (Han et al., 2024; Huang et
al., 2005). Soil aggregate formation and stability are essential functions and indicators of soll
health as they occlude carbon and nutge@melung et al., 2023; Krause et al., 2018;
Lehndorff et al., 2021; Totsche et al., 2018). It has been shown that MPs can affect soil
aggregation and the stability of aggregates (Jiaxin Wang et al., 2024). There is concern that the
more hydrophobic andets dense MPs are compared to soil mineral particles, they will
negatively impact the soil structure leading to instability and carbon leaching (Lehmann et al.,
2021; Souza Machado et al., 2018). As MPs decrease in size, their potential to interact with
macroaggregates (>250 pum) and microaggregates (<250 um) increases, and incorporation into
specific size fractions would prerequisite a specific plastic size. Additionally, the hydrophobic

surfaces of MPs and reduced density compared to soil minerals dyadikause reductionin
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soil water holding capacity (WHC), although researchers have reported mixed effects (Wan et
al.,, 2019; Xie et al., 2023). With reduced WHC, plant production likely decreases, and
hydrophobic surfaces may cause additional water potential stress for pleart wpdake
(Cramer et al., 2023; Shafea et al., 2023).

As MPs differ chemically, this may also help explaining the huge variability of effects that
have been reported for MPs soil (Li et al., 2021; Shi et al., 2024; Zhang et al., 2022). Dependent
on their chemistry, MPs can alter nutrient cycling, i.e. bindinggaching of ions, which can
even impact plant growth (Rillig et al., 2019; Souza Machado et al., 2019; Steinmetz et al.,
2016). Conventional MPs (CMPs), e.g. polyethylene (PE) and polyethylene terephthalate
(PET), are primarily made of monomers contagn carbon, hydrogen, and/or oxygen.
Especially biodegradable MPs (BMPs) can degrade to form functional groups, such as carboxyl
groups which can alter soil chemistry, pH, and impact sorption behavior of inorganic nutrients,
e.g. nitrate and phosphate, ahdir bioavailability (Meng et al., 2022; Shi et al., 2023). BMPs
are typically more quickly degraded through chain scission driven by hydrolysisgattions,
and/or biological enzymes. While the benefit of accelerated degradation is reduced
accumulatio, this can be of potential harm to stable carbon stocks in soil via the introduction
of a labile C source (Liu et al., 2024; Qi et al., 2020; Rauscher et al., 2023). Additionally, the
decreasing size of MPs is expected to increase specific polymer @ifestsl chemistry (Ma
et al., 2023; Rauscher et al., 2023), as smaller sized particles have a larger surface area and can
fit into smaller aggregates and pore structures.

MPs in soil are also typically colonized by microbial communities. Some may just colonize
a pristine hydrophobic surface, while others may actually benefit by degrading MPs for growth
(Miao et al., 2019; Priya et al., 2022; Sander, 2019). MPs have thosheen to alter soil
microbial communities and enzymatic activities, even for fiardegrade CMPs such as PE
(Huang et al., 2019; Rauscher et al., 2023). Additionally, biofilm formation observed on MPs
has been shown to increase the abundance of miavbpetential pathogenic concern (Kirstein
et al., 2016; Wu et al., 2019). Moreover, plastics typically contain no nitrogen, thus microbial
degradation of MPs is limited by nutrient supply (Sander, 2019; Zumstein et al., 2018).
Especially when BMPs are rigily degraded, a fixation of surplus N in associated microbiota
has been observed (Guliyev et al., 2023), likely wiaddtion (Tanunchai et al., 2022; Jie Wang
et al., 2024). In summary, a number of important knowledge gaps remain to be addressed, e.g.
if conventional mulch films are to be increasingly replaced by biodegradable polymers in

routine agricultural practices.
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This study aims to address these effects by evaluating how MP type, concentration, and size
influence soil aggregation, nutrient dynamics, and microbial communities in two contrasting
soil types (a sandy loam and a silty loam). To test this, we perform&8aeek greenhouse
experiment, with and without maize growth, in both soils introduced with CMPs (PE and PET)
and BMPs (PBAT) at two concentrations (0.1% and 1% w/w) and of various size rangies (<75
400em). We assessed physical impacts via aggregatednation and WHC measurements,
guantified chemical changes by tracifiy-labeled fertilizer in soil alongside pH, total C, N,
plantavai l abl e nutrient analyses (NO : NH ,
responses using microbial community profiling and measuring maize growth and fertilizer
uptake. We hypothesizeahhigher concentrations and smaller sizes of MPs will disturb soll
water retention and aggregate formation. We expect MPs to influence soil C and N, decrease
soil pH, and disrupt naent sorption dynamics, dependent on polymer type and functionality,
as well as concentrations and sizes. Further, BMPs (PBAT) should accelerate the above shifts
due to rapid degradation. We also hypothesize that different MPs will select distinct @adicrobi
taxa, with more pronounced shifts expected for BMPs as they stimulate microbial activity.
Ultimately, combined effects of polymer type, size, and soil structure, could contribute to an
overall reduction in plant growth. Only a profound understandirajldhe above effects can
help to perform a comprehensive ecological risk assessment of MPs in soils and to guide future

decision making for more sustainable agricultural practices.

Materials and Methods

Soil properties and quality

The two soil locations were in proximity to have the same climate but very different textures:
a silty loam from Bindlach, Germany (49.9725°N, 11.6226°E) and a sandy loam from Bayreuth,
Germany (49.9295°N, 11.5545°E) (grain size definition,\8&eld Reference Base for Soil
Resources 20142014). Maize growth was expected to be more limited in the sandy loam due

to its lower water and nutrient retention compared to a fertile silty loam. Soil was collected with

topsoil removed to a depth of 30 cm. Soilwasetn si eved at 2 mm, dri ed
and stored at 5 . Initial texture was analyz
which uses Stokesd | aw of sedi mentation anal

particles in soil (Table Skupporting information, Sl). For determination of total carbon (C)
and nitrogen (N), s emilled, amé measdred using aavarioVAR b
(Elementar Analysensysteme GmbH, Langenselbold, Germany). A simple organic carbon test

was used (Schumaeh 2002) to determine inorganic carbon from loss on ignition (combustion
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at 550°C for 12 h) and extrapolate organic carbon from total C analysis. As all soils are likely
contaminated with MPs, it is important to know the initial condition of soils used for
experimentation. The soils used here had PET contents of 0.27% iloaitiyand 0.02% in
sandy loam (Table S1, SI; Bartnick et al., 2024). Unfortunately, the determination for PBAT
was not possible due to-qyrolysis effects with PET, as both contain terephthalate ester groups
that seemed to interact.

Experimental Design

For a full description of the experimental design, see an extended version in the SlI
(Experimental Design and Figures -3 For experimentation in the greenhouse, soil
treatments were set to a speci f ilabeledaitogenr hol d
fertilizer was applied to stainless steel mesh bags to trace available nitrogenin soil. The labeled
bags (0.5 mm mesh size, 0.32 mm wire thickness; Teichhansel, Bockhorn, Germany) were pre
wetted with deionized (DI) water to prevent soil lossdagrinf i | | i ng, bri efly st
transplanting. The fertilizer consisted of double b el ed ammoni um ni tr at e
atom %, Sigma&Aldrich, Taufkirchen, Germany), prepared by weighing approximately 1% of
the natural abundance equivalentoil sitrogen (adjusted for molecular weight). This labeled
fertilizer was mixed with bulk soil, which was then split and placed into the mesh bags, with
two bags used per replicate (see Figure S1, SlI).

The maizeZea maysused for experimentation was a hybrid varietal Benedictio for scientific
purposes, (KWS SAAT SE & Co., Einbeck, Germany). Maize plartss) and two small pots
without plant growth were prepared with MP treatments and analyzed at the initial planting
stage (T1, 4 weeks) and at harvest (T2, 18 weeks); subsets of plant treatments (3 replicates)
with most interest (No MP, PE, and PBAT at t@nc. MP mix) were selected for subsequent
aggregate, and microbial community composition analysiésr 18 weeks of experimentation
(14 weeks of maize growth), maize plants were harvested, recording final plant height, leaf
count, and leaf area. Leaf area index was measured witBB0OIC leaf area scanner{CIOR
Environmental, Bad Homburg, Germgnieaves, stems, fruits, and roots were separated from
harvested maize plants, and fresh weight dried at 60°C-toid8ys and measured for dry
biomass. As the entirety of the bulk soil in the pot was infiltrated by maize roots in all
treatments, the bulkoil is essentially rhizosphere soil. Isotopically labeled bags were removed
by cutting around roots that had penetrated the bag (see Figure S1, Sl). For analyses using fresh
soi l (pH, WHC, avail abl e N:P: K, a rshdsoilavgsg r e g a 't
kept for long term storage & 0

Experimental plastics, materials, and fertilizers
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Plastic polymers used in experimentation were low desmityethylene (PE, Lupolen 1800
P-1 7 LyondellBasell, Rotterdam, NL), polyethylene terephthalate (PET, CleanPET WF
Veolia Umweltservice, Hamburg, Germany), and polybutylene adipate terephth&@afE, (P
M-VERA® B502671 BIO-FED, Cologne, Germany). Three MP size rangesi(200, 75 200,
and <75 um) were prepared by cryomilling (ZM200; Retsch, Haan, Germany) and airjet sieving
(E200 LS; Hosokawa Alpine, Augsburg, Germany). The plastic size ranges hareea by
milling plastic beads then sieving to the desired size class resulting in irregularly shaped
plastics.Particle size distributions were determined with a particle size and shape analyzer
(Microtrac FlowSync, Retsch, Haan, Germatyn addi t i onal pl asiti c Qs
400 um was made by combining size fractions in a ratio 6:1i @B@ 75 200 um); particles
<75 Om were not included in the fAsize mix0 ¢
of MPs concentration usingé size mix {5400 um) at 1% and 0.1% w/w dry soil. MPs size
range treatments (20800, 75 200, and <75 um) were prepared at 1% w/w, with additional
controls of pure cleaned sand (2800 and 76200 um) to compare to MPs size fraction
treatments.

Fertilizer was added to all treatments at a concentration of 1% natural abundance to allow
isotopic tracing without greatly influencing the natural system. Total N concentrations were
measured in each soil type to determine fertilizer amount of N andagstivand K fertilization,
adjusted for atomic weighNitrogen fertilizer was ammoniumitrate (99%, Sigm&ldrich,
Taufkirchen, Germany)Additionally, potassium and phosphorous were added together as
potassium dihydrogen phosphate, &, ( O9 9 . 5 %yer, Rénninged, Germany). All
fertilizers were baHmilled with a MM 400 vibrating mill (Retsch, Haan, Germany) for
homogeneity and weighed precisely on a M500P microbalance (Sartorius, Guttingen,
Germany).

Determination of soil aggregate formation, stability, and water holding capacity

Soil physical conditions were monitored for WHC and soil aggregate stability. Soil pots
without plants were taken at starting conditions (4 weeks) and at the same time as the harvest
for WHC and aggregate fractionation (18 weeks). WHC was measured as\gnawivater
content by slowly submerging fresh soil (5 g) in water with funnel and filter paper for several
hours, then subsequent drainage for 24 h overnight (Nelson et al., 2024). Fully saturated funnel
columns are then removed from water submersion @nered with aluminum foil and
refrigerated (5 ) to prevent evaporation. Was
compared to dried soil weight, resulting in the maximum WHC as the weight of water per

weight of dry soil at full saturation.
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Soil aggregation was determined with a wet sieving method (Krause et al., 2018) and
aggregate stability was tested with ultrasonic at 60 -3 amd subsequent sieving of ron
occluded, destabilized particles (Amelung et al., 2023, 2024; Mentler et al., 2011). Briefly, fresh
soil water content was measured and the amount of soil tested was adjusted to correspond to 20
g dry weight. Fresh soil wasosvly immersed in water in a sieve tower with specific fractions
(2800, 2000, 500, 250, and 53 um) and genthkshdor 10 min to gravimetrically separate
aggregates by size. Soil aggregates and particles <53 pm remaining at the bottom were collected

and additionally sieved at 20 um. The sieve fraction containing the macroaggregate fractions

(2800250 pm)was collsiced f or ul trasonic treatment, whi

(250153, 53 20, and <20 um without ultrasonication) was measured. Ultrasonic probing was
performed using a Branson 250 sonifier (Emerson, St. Louis, USA). After ultrasonic treatment,
a subequent sieving as before was performed to determine the occluded microaggregates and
macroaggregates (2802000, 2000500, and 500250 um). Each sieve fraction was then
freezedried and weighed for aggregate content.

Determination of soil pH and available nutrients (Nhin, Pcar, Kcal)

Soil pH was measured with DI water using a basic field method (1:2.5, soil:solution ratio,
Ka b at@la2016) taken at week 4, 10, and 18 of experimentation to track changes throughout
experimentation. Plaravailable phosphorus (RY) and potassium (K were determined using
a CalciumAcetateLactate (CAL) extraction method (van Laak et al., 2018; VDLUFA, 2012).
Available mineral nitrogen (MN.), ammonium (NH") and nitrate (N@), were determined
using a standard extraction filtration method with 1 M KCI (Mulvaney, 1996). Concentrations
of CAL-extractable Pa. and Kcaw were measured via ICBES (800, Agilent Technologies,
Waldbronn, Germany) and concentrations gf,Mia Flow Injection Analysis (FIALAB, MLE
Dresden, Radebeul, Germany).

Isotopic determination of **Nchange

Soi l i SNosigrmlp \wece amialyzed from isotopically labeled bags with dry milled soil
using an isotope ratio mass spectrometer (Delta XP Plus, Thermo Fisher Scientific, Bremen,
Germany), calibrated with atmospheric nitrogen (AIR). Maize roots and leaves were also
amalyzed for uptake of°N-f er t i | i zer. At om percent (atom
f r o m -valleg andiisotope ratittN/**N (Fry, 2006) Absolute amounts of heavy isotopes
(eq 1) were then calculated with [N] concentration:

at omN%
1Namou:ntﬁ [ N]

(1)
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Changes in soit®N dynamics were determined by comparing labeled MP treatmentsto a
labeled control soil without MPs. The absolute differenc&ihcontent can then be calculated
as:

"Nehamg'eNsampieNcontrol
(2)

Ther Y changd€q 2) Will be used to compare isotopic composition between MP treatments and
controls.

Determination of microbial communities

For microbial community analysis, the aggregate separation protocol was adapted by using
10 g of fresh soil and sterile purified wat e
2000500 Oi2 50 0@m, i5B8ndm2 5&r e col |-20€Cwumilchuckeind st o
acid extractionNucleic acids were extracted from approximately 0.7 g wet soil aggregate
fraction using a phenathloroform extraction protocol modified after Lueders e{2004)and
as described in Rauscher et(@D23) The quality ad integrity of DNA extracts were assessed
by agarose gel electrophoresis and spectrophotometric analysis (Nandbespo Fisher
Scientific, USA). Amplicon PCR targeting V4 regions of prokaryotic 16S rRNA genes was
performed using the universal primer pair 516F5GIGYCAGCMGCCGCGGTAA3 Nj,
Parada et al., 201&nd 806r( 5GGACTACNVGGTWTCTAAT-3 N;j, Apprill et i
including phasing spacer of different lengthd®ases) between lllumina adapter and target
region on the forward primer. PCR reactions were prepared using the NEBNext® Ultra
Q5E Master Mix (MO0O544; New Engl and gBdtoool abs,
with the addition of 4 O0g BSA (20 e€g/ gl ; Roc
performed under the following conditions: initial denaturation at 98°C for 30 sec, 25 cycles of
98°C for 10 sec, 51°C for 30 sec, and 72°C for 30 sdélowed by a final extension at 72°C
for 2 min. Amplification of each sample was carried out in duplicates and pooled before
downstream processing. After successful amplification, the PCR product quality and
concentration were assessed by capillary elebtogsis on a Fragment Analyzer (Agilent
Technologies, USA). Amplicons were purified with the NucleoMag 96 PCR purification kit
(744100, Machereyagel, Germany). In a subsequent PCR, amplicons were indexed using the
Nextera XT Index Kit v2 Set A (F@31-2001, Illlumina, United States) and purified as
described above. Sequencing was performed on arEiSHP-System (lllumina, United
States) in a custom 300 bp singled mode. Raw sequencing reads were demultiplexed,
lllumina adapters, and primer sequencesemamoved before deposition in the European

Nucleotide Archive under accession number XX.
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Downstream sequence processing and community analyses were conducted in R (version
4.5.0). Raw reads were processed using the DADA2 pipeline version {G8l@han et al.,

2016) Forward reads were qualifiitered and truncated to 288 bp. The pipeline used default
parameters, except for the maximum expected error (maxEE), which was set to 3 to enhance
quality filtering, and the sample interference used the pooling approachicdmgkquence
variants (ASVs) were taxonomically assigned to the Silva datbersion 138.(Quast et al.,
2012)by using a trained datagdicLaren & Callahan, 2021 Negative controls were extracted,
amplified, and sequenced with the samples to identify and remove reads classified as
contaminants with the decontam packggersion 1.28.0, Davis et al., 2018ping the
prevalencebased filtering with a default threshold of 0.1. Further, ASVs classified as
chloroplasts, mitochondria, or unassigned ASVs at the kingdom or phylum level were filtered
from the dataset, resulting in atdset of 1,823,669 recovered reads with a minimum of 4,927
reads per sample.

Al pha diversity metrics (richness and Pielo
transformed ASV counts. Due to varying sequencing depths across samples, data were rarefied
without replacement to the minimum sample read depth usingdhefyfunction from the
vegan packagéversion 2.6.10, Oksanen et al., 200With results averaged over 1,000
bootstrap replicates. Bragurtis dissimilarities were computed from square +twahsformed
ASV counts using thavgdistfunction from the vegan packagejth 1,000 subsampling
iterations based on the sample with the lowest read depth before averaging. For visualization,
nonmetric multidimensional scaling (NMDS) was performed on the BZaxtis distance
matrix using thenetaMDSfunction (vegan).Functional potential of communities was
predicted using PICRUStersion 2.6.2, Douglas et al., 202@}h default parameters and the
implemented tools EPAG (Barbera et al., 2019pappaCzech et al., 2020 B5EPP(Mirarab
et al., 2011) castor(Louca & Doebeli,2018) and MinPath(Ye & Doak, 2009)on non
transformed ASV counts.

Statistical analyses and figures

The statistical analyses were performed and figures produced in R version to evaluate the
effects of MPs concentration and size, with and without maize growth, on multiple soil and
plant response variables across different soil types. Quantitatiuls were expressed as mean
+ standard deviation of plant replicates=(5) in each treatment. ANOVA tests were performed
to in each separate soil type to compare significance differences for each measured variable in
the treatment groupp € 0.05), then Tuke 6 s H S-ibc tests svdre performed comparing

each treatment group to determine significant differences between MP treatments and control
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(p<0.05). The ShapirdVilk test for normal distribution was applied to each measured variable

in each treatment group & 0.05); normal distribution was mostly fulfilled, and QQ plots
revealed that because of the low sample size, the Shépikaest was sensitive to single

values of plant replicates; therefore, variation and normal distribution were consistent with QQ
pots. Additionally, homogeneity of wvariance
which showed no significant variances a&gdreatment group9 (> 0.05). Residuals of
ANOVA tests were assessed visually with QQ plots and found the residuals to be approximately
normally distributed with minor deviations. Additionalfyrincipal component analysis (PCA)

was performed to reduce the dimensionality of multiple measured parameters to relate soll
nutrient cycling with MP treatments in each solil type.

Differences in alpha diversity metrics between groups were assessed using the-Kruskal
Wallis test (rstatix version 0.7. 2, Kassambe
test for pairwise comparisons (FSA version 0.10.0, Ogle et al., 2025). Onipacisons
between MP treatments and their respective no MP controls were considered to evaluate the
impact of MP treatment on richness and evenness. The resultialgigs were adjusted for
multiple testing using the Benjamiilochberg correction. Statisally significant groupings
were visualized using compact letter displays. The influence of each explanatory variable (soil
type, aggregate size fraction, MP type) on the community structure was evaluated using
permutational multivariate analysis of variance (PERMANOVA) on Btaytis
dissimilarities, with 1,000 permutations performed for significance testing. The dataset was
subgt to the respective groups for pairwise comparisons, and significance was tested
usingadonis2with BenjaminiHochberg pvalue @rrection. Differences in withigroup
variation (dispersion) were assessed with the fundietadispefvegan) and followed by
ANOVA.

Differentially abundant taxa between MP treatments and unamended controls were detected
usingthe ancombc®unction from the package ANCOMBC (version 2.10.0, Lin & Peddada,
2024). Analyses were conducted on the absolute andarefied ASV count table, ggegated
to genus level (or lowest resolved taxonomic rank). Linear models were constructed for each
soiltypeand aggregate size fraction, with default
and BenjaminiHochberg pvalue correction. Taxa were codered differentially abundant if
they had an adjustedyalue < 0.05 and passed sensitivity analyses to control for false positive
detections. Statistical differences in predicted gene families derived from PICRUSt2 were
assessed using ALDEx2 (Fernandesle 2014) on centered legtio-transformed predicted

counts, with BenjaminHochberg pvalue correction, as implemented in the ggpicrust2
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package(version 2.1.2, C. Yang & Zhang, 202%ey gene families (KEGG Orthology)
involved in nitrogen transformations were compared between each MP treatment and the no
MP controls. Results were reported as statistically significantwhen the adjusftpvas <

0.05 in both Welch'stest and Witoxon rank test. Community plots were generated using the

ggplot (Wickham, 2016) and ComplexHeatmap (Gu, 2016) packages.

Results

Among the MP treatments (PE, PET, and PBAT), low concentrations of 0.1% in soil (w/w)
caused no significant effectp& 0. 05, Tukeyods HSD) compar ed
available nutrients. Therefore, the results reported here focus on 1% MPs amendments to reduce
dimensionality of the large sample set. For aggregate and microbial analyses in planted
treatments, aeduced set of treatments was usemntrol, PE, and PBAT (1%, Y800 um).

PET treatments often showed minimal or no effects and therefore were excluded from the main
text but are included in the statistical analyses and reported in the SI.

Microplastics effects on soil physical aggregation and stability

Soil aggregation data was highly variable for samples with plants (T2 maize). Significant
differencespf< 0. 05, Tukeyds HSD) were not observe:i
PBAT) and the control in either soil type for aggregation formation or stability. Soil treatments
without plant growth (T1 and T2) had no replicates, as aggregation fractionatdakes as
a bulk sum of each sample; therefore, results were qualitatively compared.

Aggregation occurred at a higher degree in silty loam compared to sandy loam, likely as more
building blocks, i.e. silt, clay, and organic matter, for aggregation were present. In silty loam
after 4 weeks (T1), all plastic treatments (at 1%) decreaseddmxtimicroaggregates and
increased free microaggregates, while macroaggregates remained unchanged (Figure 1). With
plant growth (T2 maize), reduction of occluded aggregates was observed for controls and PE
treatments, while occluded aggregates remaindaesfar PBAT and plant. This treatment
showed a trend of i1 ncreasing occluded microa
compared to 27.2 N 18.7% in controls. Stil
prevented statistically significafindings (o = 0.5). Sandy loam remained unstructured over
experimentation time, even with maize growth, with a large portion of free microaggregates
(Figure 1).
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Figure 1. Fractionation of macroaggregates (28280 um), free and occluded (stabilized
inside macroaggregates) microaggregates (<250 um) in silty loam (left) and sandy loam (right)
of MP treatments (1% w/w, T800 um) vs. controls (NO MP).

Specific aggregate size fractions (2@00, 75 200, and <75 pum) were compared at T1 and
T2 (18 weeks) without maize growth (Figure S3, Sl). Silty loam at T1 showed a reductionin
occluded microaggregates among every MPs size fraction except foii @@0fHn treatments
which maintained occluded microaggregates comparable to controls. At T2, MP treatments
were closer to controls with stable aggregation over time (see silty loam, Figure S6, Sl). In
sandy loam at T1, specific MP sizes had little impact onegggion, although PET 7200 and
751 400um increased occluded aggregation (see sandy loam, Figure S3, Sl), as well as PE 200
400pm at T2.

Water holding capacity (WHC) of both soils increased over time with soil structuring from
wetting and drying cycles. In silty loam with plant growth, PBAT significantly incregsed (
0.004) WHC (Figure S4, Sl). However, pure sand controlsi@0@um) were also observed
to increase WHC. As with aggregation, WHC of the sandy loam was poor compared to silty
loam. In sandy loam, MP treatments had no effect on W {.05), however plant growth
increased WHC unlike silty loam (Figure S4, Sl).

Plastic effects on soil and plant chemical nutrient cycling

Due to the complex effects of treatments observed on the multiple measured variables
( ANOVA and Tukeyds HSD tests), a PCA was

60

c

(0



treatments (1%) by type to reduce dimensionality and explore relationships among treatments
and variables (Figure 2). In silty loam, PE treatments were positively correlated with soil C and
phosphate (P). MP treatments formed more distinct groupings thaandy loam. PBAT
associated negatively with plant biomass growth, pH, and bulk®skik.gand positively with
occluded microaggregates (MA). Changes in pH, WHC, potassium (K), and nitrade{Bi@
less influential in distinguishing MP treatments in the PCA.

In sandy loam, PCA showed less marked distinctions in effects between plastic types, but still
a distinction between MP treatments and controls was indicated (Figure 2). Soil C, biomass
growth, pH, and bulk sotPNchangcappeared positively correlated with PE. Maize root N values
were positively correlated with PBAT in both soil types, but plant biomass was negatively
correlated with PBAT.
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Figure 2. Principal component analysis of silty loam and sandy loam soils, showing relatedness
of soil nutrient cycling dependent variables with different groups of plastic types (PE and
PBAT, 1% w/w) and controls (NO MP).
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pH

Soil pH only slightly changed over time without plants (T1 to T2); pH of controls decreased
in silty loam (6.5t 0.1 to 6.1+ 0.1) (mearx s.d) but increased in sandy loam (6t/0.1 to 7.2
+0.1) (Figure S5, SI). In silty loam, pH at T1 was slightly redu@&d3) in CMP treatments,
which was significant vs. controlp € 0.05). At T2, significant distinctions were no longer
observed, and plant growth caused an increase in p&6.&d in all respective treatments. Size
range treatments did not show atfferences for silty loam. MP addition to sandy loam had
no effect on soil pH vs. controls except that PBAT gf%(T2, without plant) reduced pH from
7.2+0.1t0 6.8t 0.1 (p = 0.001; Figure S6, SI).

Soil Carbon

As expected, added MPs (1% w/w) increased total C contentin both soils. Additionally, there
was no further significant increage< 0.05) over time or with maize growth (Figure S7, Sl).
The PE amendment increased soil C from £6103% to 2.4% 0.11% in silty loam; and from
0.55+ 0.01% to 1.42t 0.18% in sandy loam. This equaled an increase of ~0.86% in total C in
both soils. However, as C content varied between soils, PE contributed to 61% of the total C in
sandy loam and to 35% in silty loam.

Total Soil Nitrogen

Soil total N varied between sandy loam and silty loam, with mixed effects of maize growth
and MPs addition (Tables S8 SI). In siltyloam at T1, 1% PBAT reduced N content compared
to controls p = 0.0002; Figure S8, Sl). Among the size range treatments, PET had reduced N
content compared to contr@< 0.05, Figure S9, Sl), whereas PBAT was significantly different
only for the size mix. At T2 without plants, N content did not vary between treatments and
controls. With maize growth, N content increasedantrols, but PET and PBAT reduced soil
N content at both 0.1% and 1% w/w < 0.01) and a trend to further reduction with smaller
MPs size.

In sandy loam, opposite trends were observed to silty loam at T1; CMPs increased N content
(p< 0.005) at both 0.1% and 1% w/w compared to controls and PBAT (Figure S8, Sl). In sandy
loam at T1, the smaller size ranges of PETi 2B and <75 pm) had no significant effects,
whereas the larger size range (900 pm) and size mix (7800 pum) seemetb increase soil
N content (Figure S9, Sl). Trends switched between MP treatments at T2, where PBAT
appeared to increase N content at both 0.1% and 1% concemtr@tio 0.0001), while CMPs
had no impacts. With maize growth in sandy loam, N content only increased significantly in
PE <75 pum (p < 0.05).

Plant-available nutrients Nin, PcaL, KcaL
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Plantavailable nutrients substantially decreased from T1 to T2 and were further depleted
with plant growth. Available ammonium was not traceable in both soils after T1. Silty loam
retained more initial ammonium than sandy loam, and PET and PBAT reduceaham in
silty loam and oppositely increased ammonium in sandy Igam Q.05, Figure S10, Si);
whereas size treatments led to wider variation.

In silty loam, nitrate content increased from T1 to T2 without plants. MP treatmentsat T1 all
increased nitrate content compared to contnoks 0.05), even at 0.1% concentrations, with
PET and PBAT having stronger effects (Figure S11, Sl). At T2 without plants, PE at 1% had
the greatest increase in nitrate, whilst PBAT treatments had the lowest effect. In sandy loam at
T1, CMPs increased nitmatconcentrations compared to contrgbs<{ 0.05). Nitrate was
depleted faster than in silty loam at T2, regasdlef the presence of MPs (Figure S11, Sl). Size
treatments showed some variation that followed no distinct pattern, although trends at T1 in
sandy loam were opposite for MPs size range treatments, where we see increased nitrate in
PBAT treatments (Figurg12, Sl).

Plantavailable phosphate €R ) and potassium (¥.) decreased over time in both soils,
with minor responses with CMPs at T1 (not shown) which were no longer observed at T2 and
were further decreased with maize growth. In silty loam, PBAT treatments showed a reduction
in Pca. and decreasing PBAT size further reduceg Rp < 0.05, Table S3, Sl). In sandy loam,

PcaL showed no variation between treatments. In both soils with plant growth skowed no
variation between MPs treatments and controls.

15N fertilizer tracing in soils and plants

Isotopically labeled fertilizer bags were added to the soil to titgde signals to bulk sail,
pl ant r oot $°N signatures i@ Auwkesail.of control treatments for sandy loam
increased from 10.2 0.6a to27.3£1.98 from T1 to T2, while silty loam increased from 9.8
+0.33 to 14.0+ 1.33 . In the bulk soil and labeled bags of silty loam, absdtM&**Nchang)
in PBAT treatments (1% w/w) showed reduction of the lape&l 0.01, Figure 3). Decreasing
size of PBAT showed further reduction’tN in bulk soil (o < 0.001, Figure S13A, SI).

In sandy loam, opposite to silty loam, MPs treatments increased bulk soil 15N, although only
PE <75 um was significantly different to controps< 0.01, Figure S13B, Sl). In the labeled
bags, PBAT treatments retained a higher amouti\b{p < 0.05, Figure 3), with further label
retention at the smallest size< 0.01, Figure S13B, SI).

Plant uptake of°N-fertilizer showed maize roots had increas®twith PBAT compared to
controls in silty loam g < 0.05, Figure 3), although maize leaves were unaffected. In sandy

loam, both maize roots and leaves were increas&tliralthough statistically nesignificant
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due to the large variation in controls (Figure 3). Size treatments in both soils did not elicit further

effects on plant®N-fertilizer uptake.
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Figure 3. ®Nchangdn bulk soil, isotopically labeled bags, maize leaf, and maize root ¥him
fertilizer application, comparing controls without MPs vs. MPs treatments (1% w005

um). Asteriskandicate significant differencetocontrols€ 0. 05, Tukeyds HSD)

Plastic effects on soil prokaryotic communities

Changes in microbial community structure were first assessed in relation to soil type,
aggregate size fractions, plant presence, and MP treatments by PERMANOVA «Cites/
dissimilarity. A clear separation of microbiomes was observed between sandityalodus (p
= 0.001,R? = 0.306, Table S5, Sl). While differences in group dispersion were detected
(homogeneity of group variance,= 0.025,F = 5.282, Table S5, Sl), the magnitude of
separation between the groups (Figure S14C, Sl) indicated compakdifferences rather
than shifts due to withigroup variability (Figure S14D, Sl).

Plant presence in silty loam significantly altered microbiome composition, regardless of
aggregate size fraction or MPs treatment 0.001,R2 = 0.05, Figure S14A, Sl). A similar but
less pronounced shift was observed in sandy Igam @.001,R? = 0.049, Figure S14B, SI),
though this may have been driven by an increased wiftonp variance (homogeneity of group
variance;p = 0.008,F = 7.947, Figure S14E, Sl). Furthermore, communities in planted silty
loam diverged by MP type, with those exposed to ERRustering closely to the controls, both
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clearly separating from PBATreated communitiegp(= 0.001,R?2 = 0.092, Figure 4A). A
comparable and statistically significant clustering by MP type was observed for planted sandy
loams = 0.001,R2 = 0.111, Figure 4B). Although group dispersion varied (Figure S14F, Sl),
the directional shift of PBAT communities from PE and controls suggested a consistent
compositional change induced by this polymer. Moreover, aggregate size classes influenced
microbiomes in planted sandy loams£ 0.008,R2 = 0.087), vith a gradual shift observed
across size classes and a statistically significant difference between microaggregates and
macroaggregatep £ 0.003,R? = 0.079, Figure 4B, Table S5, Sl). In contrast, aggregate size
did not significantly affect planted silty loam communities. Overall, planted silty loam exhibited
higher taxonomic richness (Kruskéfallis test:p < 0.001,H = 32.7) and evenness (Kruskal
Wallistest:p < 0.001,H = 17.2) than sandy loam communities, independent of aggregate size
class and MP treatment (Figure S15A+B, Sl). Additionally, a trend of higher richness in
macroaggregates was observed for both soils (Figure S15C, Sl). None of the MP treatments
differed satistically from controls (Figure S15D+E, SlI).

Genera with significant abundance shifts included members ofAtisobacteriota
Bacteroidota Cyanobacteria PatescibacteriaAlpha and BetaproteobacterigFigure 4B).
Most notably, differential abundance shifts were almost exclusively observed in-PB&€d
sandy loams. Of the 15 genera identified, 13 showed an enrichment relative to the control
without MP addition, with the highest enrichment obsernadXylophilusspp The genera
PseudarthrobactemNoviherbaspirillumand members of thBlicrococca®ae (unclassified)
were consistently enriched across all aggregate size classes. The remaining genera were
enriched only in one specific aggregate size fractighcilaginibacter Burkholderia
CaballeroniaParaburkholderia Oxalicibacterium Arcticibacterand Caulobacter spp., as
well asunclassifiedSericytochromatiaand the LWQ8 taxon. In additioRaenarthrobacter
spp. and unclassifistdomamonadaceagere enriched in two specific aggregate size fractions.
In contrast, the most substantial depletion waseoved forAzospirillum spp. while also
unclassifiedolirubrobacteraceashowed a reduction in abundance compared to the respective
control. For the silty loam, only the unclassified LWQ8 linea§adcharimonadalgswas

detected to increase with PBAT.
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Figure 4. Response of silty and sandy loam prokaryotic communities to MP treatment, based
on 16S rRNA gene metabarcoding. Impacts on community structure, differential taxonomic
abundance, and predicted functional potential. A+B) NMDS ordination of -8ratis
dissmilarities and ellipses with 95% confidence level. C) Statistically significant differential
abundant taxa aggregated at genus level in MP treatments (relative to the no MP control) were
identified by ANCOM. The test statistics (W) are expressedtssolute value. D) Statistically
significant predicted gene abundances of KEGG orthologs associated with nitrogen cycling in
sandy loams grouped by MP treatment. Statistical analysis was performed using ALDEx2 on
centered logatio-transformed predictedounts. Reported -palues (BenjaminrHochberg

corrected) were derived from the Wilcoxon rank test.

Lastly, we performed a metagenomic extrapolation on our 16S rRNA amplicon sequences
using PICRUSt2, to gain initial predictive perspective of functional capabilities of the detected
soil microbiomes. Given the patterns observed in our physicochemicdasajlve focused the
analysis on gene families involved in nitrogen transformations. Therefore, functional profiles
of our samples were filtered to genes associated with nitrogen fixatifih),(nitrification
(amoA hao, nxrB), denitrification fapA narG, nirS/nirK, norB, nosg, dissimilatory nitrate
reduction to ammonium(fA), and assimilatoryitrite reduction asA nirA), and anaerobic
ammonium oxidationi(dh). Indeed, we found that three KEGG orthologs (K04561, KO0371,
K00370) showed significantly predicted gene abundance in PB&died sandy loam
communities. These orthologs are associated with denitrification (K04561, KO0371, KO0370),
dissimilatory nitrateeduction (K00371, KO0370), and nitrification (KO0371, KO0370).

Plant biomass growth unaffected by microplastics
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There were no significant effects$ 0.05) of MP treatments on plant growth for any of the
measured parameters (plant biomass, height, leaf count, leaf area, or root to shoot ratio). Still,
we observed a trend of plastic amendments to slightly increase plant biomass in sandy loam,
and deceasing biomass in silty loam (Figure 5). However, maize root N content was shown to
increase in silty loam for 1% PBAT treatmenps=0.003, Table S3, SI).
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Figure 5. Plant biomass dry weight with no significant differenggs( 0. 5, Tukeyds
although a trend that shoot biomass decreased in silty loam and increased in sandy loam with
MPs (1% wiw).

Discussion

PBAT degradation tends to increase aggregation stability and WHC in silty loam

Soil aggregation in loamy soils might be affected by MPs as disruption of microaggregate
stability by MPs has been previously shown, as well as decreasedsiattéity from the
presence of CMPs (Lehmann et al., 2021; Souza Machado et al., 2018). BMRdsgeshown
to increase extracellular microbial enzyme activity (Jiaxin Wang, et al., 2024; Zumstein et al.,
2018), likely increasing byproducts through microbial degradation, which could act as potential
gluing agents for aggregates. Therefore, MPs nifactasoil aggregation due to structural
change of soil or due to their degradation effects dependent on multiple factors of polymer type,
degradation state, soil type, and soil biota (Han et al., 2024).

In our experiment, soil aggregation and stability were not significantly affected by the
presence of MPs, although clear trends were observed, especially with PBAT degradation, that
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highlight soil type dependent responses (Figure 1 and Figure S3, Sl). Disruption of
microaggregates by CMPs occurred at early experimentation (4 weeks), but effects were
mediated after experimentation time (18 weeks). The hypothesis that CMPs reduce soll
aggregate stability with plant growth was not confirmed, as CMPs at environmentally realistic
concentrations (<1%) exhibit some destabilizing trends, but often are statistically non
significant(Y. Yu et al., 2023) Sizefraction experiments further suggedtthat 75200 um

MPs integrate with forming macroaggregates more than other size classes, which was contrary
to our hypothesis that smaller MPs sizes would further disrupt aggregate formation and stability.
At 18 weeks, PBAT contributed to improved soggaegation in silty loam by stimulating
microbial activity and likely associated mechanisms, e.g. gluing and physical pressure. PBAT
promoted the formation of occluded microaggregates and maintained microaggregate stability,
likely through its degradatioand the resulting microbial residues.

Mixed effects were reported for MPs impact on WHC, with both positive and negative trends
depending on soil and polymer type (Wan et al., 2019; Wang et al., 2023; Xie et al., 2023).
Studies often report declines in water retention, and higher soil watelteecy, tied to MPs
hydrophobicity (Cramer et al., 2023; Shafea et al., 2023). In our experiment, we observed that
CMPs had minimal impact on WHC in sandy loam, whereas the combination of PBAT and
plant growth led to a significant increase in WHC (Fig8ee SI); related to aggregation
formation and stability, PBAT was shown to increase microaggregate stability, and therefore
the degradation of PBAT likely increased microaggregate formation and WHC in tandem. The
observed increase in WHC from PBAT degragiamay reflect combined effects of promoting
aggregation and polymer hydrophilicity wundert
control treatments with pure sand also increased WHC in the same manner, which demonstrates
changes in WHC are not gitly related to polymer type but also depend on soil structure and
polymer size (Wang et al., 2023). Effects of MPs on soil are often very catgprndent, and
plants, especially more resistant species to environmental stressors such as maize, tan media
the negative effects of MPs associated to soil physical properties, e.g. WHC and solil structure
(Krehl et al., 2022). However, with further experimentation time, or multiple plant growth
cycles, these aggregation dynamics could change.

Microplastics exhibit variable effects on chemical nutrient cycling distinct to soil and
polymer type

Plantavailable nutrient cycling in soils is influenced by underlying soil properties, e.g.
physical structure, pH, soil fertility, and the effects of MPs have been found to vary based on

polymer type and size with sometimes opposing influences which mgppandent on soil
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type and characteristics (Rauscher et al., 2023; Shi et al., 2024; Zhang et al., 2023). To
generalize soil responses to MPs in our study, PCA (Figure 2) suggested that MP effects are
strongly shaped by soil type, with observed responses often contrastiveg silty loam and

sandy loam. In general, CMPs showed minimal deviation from controls, whereas PBAT was
distinguished in silty loam, suggesting more pronounced interactions in this soil type. MPs
effects in sandy loam were generally less distinct, ipbssdue to its lower structural
complexity and organic matter content.

The variability in pH responses across treatments highlights howspedific factors
influence soil responses to MPs. While polymer type can affect pH depending on conditions
(Gharahi & ZamanriAhmadmahmoodi, 2022; Qi et al., 2020; Tang et al., 2024) results
indicate that soitypeand microbial activity play a major role. The decreased pH in sandy loam
with the smallest PBAT size treatment (<75 um) suggests faster microbial degradation and
organic acid release due to greater surface area (Rausaheg2823). In contrast, plant growth
appeared tanaskpH shifts, consistent with studies showing plants can moderate MP effectsin
soil systems (Krehl et al., 2022). Opposite trends in silty and sandy soils further show that soll
type is a key factor in how soils respond to MPs.

Soil total C contentincreased by MPs input, proportional to the C content of the plastic type.
Since plastics are primarily carbdrased and considered part of the soil C pool when
incorporated (Rillig, 2018), effects of MPs on total C are more pronounded-C soils such
as our sandy loam (Figure S7, Sl). PBAT degradation caoccor with organic matter
decomposition, as microbes use PB&Tor energy; however, this process is dependent on soil
N availability (Guliyev et al., 2023; Zumstein et al., 13). This may trigger priming effects,
disrupting C sequestration and C:N dynamics at shortHoadegK. Jia et al., 2024; Meng et
al., 2022)

Major plantavailable nutrient ammonium, nitrate, phosphate, and potassiwuould be
affected due to a lack of physical protection within soil aggregates and altered soil sorption
properties. Previous studies have shown that CMPs can disrupt nutrietibre(®mg et al.,

2023; Meng et al., 2022) and that BMPs, including PBAT, may further affect nitrogen cycling
via priming effects that accelerate microbial activity and nutrient turnover (Liu et al., 2024;
Tanunchai et al., 2022). Addition of fertilizer our experiment was minimal and came from
agricultural lands, and soil nutrient conditions were not optimal for large biomass production
without further fertilization. Although the sandy loam retained higher levels of available
nutrients towards the endf the experiment than silty loam, much of this nitrogen was

immobilized and not accessible to plants, as poor soil structure limited uptake.

70



In both soils, CMPs exhibited effects primarily during early experimentation (4 weeks), often
retaining more available nutrients. While contrary to our hypothesis that CMPs would reduce
the amount of available nutrients, letgym agricultural practices otd show trends of
depletion over many cycles (Ding et al., 2023). This indicates that without plants, CMPs can
exhibit more complex interactions with soil nutrients indicating a role of jhaittrobe
interactions in shaping nutrient availability. Howevetant growth mitigates much of the
nutrient changes that CMPs can exhibit.

BMPs were confirmed to exhibit more rapid turnover of nutrients through a priming effect
and immobilization of the nutrient pool, although impacts were different between sandy loam
and silty loam. In sandy loam, PBAT appeared to alter sorption behavissibpo by
introducing new charged surfaces, enhancing micraigen immobilization of nitrogen and
actively promoted priming effects that redistributed fertikderived nitrogen (Jie Wang et al.,
2024; Zumstein et al., 2018). In silty loam, PBAT stiticelerated nutrient cycling, but its
iImpact wasnaskedy the better aggregation and moisture retention of the silty texture, helping
to maintain nitrogen availability. Therefore, PBAT led to higher production of available
nitrogen and increased fertilizer spread in sandy loam compared to silty loam, liketp d
increased pore space and permeability of sandy loams; and even small amounts of PBAT (0.1%)
had impacts on nitrogen cycling. These findings emphasize thahtWeed effects to nutrient
cycling and sorption dynamics are strongly siependent, witrsandy loam being more
vulnerable to PBAT induced nutrient immobilization and disruption.

PBAT immobilizes ammonium-nitrate fertilizer and affects maize plant uptake of
nitrogen in differing soil types

MPs were expected to reduce plant biomass production by impacting sorption behavior
(Rillig et al., 2019; Steinmetz et al., 2016), and many studies have confirmed now-that N
cycling is affected through biodegradation of BMPs by microbes, which requiredibfoass
production in conjunction with the readily available C source from BMPs (Huang et al., 2023;
Inubushi et al., 2022; Xue et al., 2023). In silty loam, an increase in plant root uptake of fertilizer
in the presence of PBAT (Figure 3) combined wuiitreased N allocation to maize roots likely
is a response to increased immobilized N by the degradation of PBAT and resulted in decreased
shoot production. Contrarily, sandy loam exhibited a large incred¥é-iiertilizer uptake into
maize leaves in the presence of PBAT, although with no benefits to biomass production.

Therefore, we conclude that early biodegradation of PBAT leditoiNobilization in both
systems before plant growth, although plant responses varied with soil type: in silty loam maize

plants had reduced availability offdrtilizer with PBAT present inals, and sandy loam maize
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plants had more Nertilizer distributed in the system from PBAT presence but could not utilize

it for increased biomass production. While this phenomenon in sandy loam could have multiple
explanations, PBAT byproducts from microbial degradation couldb&xtuxic behavior to

plants (Martinez et al., 2024), which also explains in silty loam the fertiNzerimed by
microbes was avoided by plants where other labile N sources were still available. However, in
sandy loam the Nimitations required the maizglant mitigate effects, and 4mobilize the

i mmobilized fertilizer pool, indicative of

Microplastic effects on soil microbiological community

Soiltypeemerged as the main driver of the community structure, with distinct compositional
differences in the planted soils by the end of the experimentation time (Table S5, Sl). Aggregate
size fractions also contributed to the community structure, particukathei sand loam. This
additive effect was driven by dissimilarities between mi¢&3-250 um) and macrq500
2000 um) aggregates (Figure 4B) and is likely attributed to the textural characteristics of the
soils. The coarser texture of sandy Ieamight have promoted habitat differentiation across
aggregate sizes. In contrast, silty loam with finer and more cohesive texture might have
facilitated a more uniform community establishment with less pronounced compositional
differences across aggregaiee fractions (Xia et al., 2020).

Most notably, PBATexposed communities differed statistically significantly from
unamended and Pteeated soils, regardless of soil type (Figure 4A+B), highlighting a selective
microbial response to PBAT. In contrast, PE had a minimal impact on commtroityuse,
consistent with observations from other incubation studies (Hao et al., 2024; Li et al., 2022;
Song et al., 2024). This greater shift is assumed to result from the higher release of organic
carbon from biodegradable plastics, which could stineuksdil microbes by serving as
alternative carbon sources (Qiu et al., 2024; Zumstein et al., 2018).

Although PBATinduced community shifts occurred in both sgpes, differential abundant
taxa were almost exclusively detected in sandy loam communities and nearly exclusively
enriched compared to the respective unamended controls (Figure 4C). This compositional
restructuring of the community could have been a respanfige newly introduced carbon
source. Soil type has been shown to influence PBAT degradability and the aging process of
different plastic types (Han et al., 2021; Ren et al., 2024). Aduditip, microbial carbon
transformations of organic matter, such as plant residuals, vary across soils with different
fertilities (Liu et al., 2021). Since sandy loam is rather nutraeftcient relative to silty loam,
adding biodegradable PBAT may stimid#axa involved in the degradation of intrinsic organic

matter. This could allow microbes to meet their stoichiometric nutrient demands to access the
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added carbon source, which would explain the apparent enrichment of particular taxa in the
sandy loam but not in the silty loam. In this context, microbes in the sandy loam may prioritize
energy conservation for extracellular enzyme production to decongrgaeic matter and
eventually mobilize nutrients, resulting in soil carbon destabilization ande@ssion rather

than biomass production (Liu et al., 2021; Sinsabaugh et al., 2013; Spohn et al., 2016). Indeed,
in our previous lakscale study, we obserméancreased soil COemission following PBAT
amendment in sandy loam incubation compared to loam (Rauscher et al., 2023). Further,
resource allocation toward exoenzyme production to mine nutrients would also induce soll
organic carbon priming (Bernard et al., 2022). Thusggdéoam with lower nutrient availability

than silty loam could eventually destabilize soil organic carbon.

Interestingly, the geneseudarthrobactefMicrococcaceag unclassified genera affiliated
to Micrococcaceagand Noviherbaspirillum(Oxalobacteracegewere consistently enriched
across all sandy loam aggregate fractions. In previous studies, these taxa have also been
enriched in biodegradable MP soils (Meng et al., 2023; Jie Wang et al., 2024; Zhang et al.,
2024). Micrococcaceaavere found in other polluted soils and seem to be involved in the
degradation of polycyclic aromatic hydrocarbon and phthalitesters and potentially alsoin
plantgrowth promoting traits such as nitrogen fixation and phosphorous solubilization (Bushra
et al.,, 2023; De La CruBarron et al., 2017; Li et al., 2024; OHGornejo et al., 2017).
Similarly, species within the geaiNoviherbaspirilluminclude denitrifiers and taxa found in
oil-polluted sites, supporting their potential involvement in pollutant transformations and
nitrogen cycling (Ishii et al., 2017; Lin et al., 2013).

The remaining differential abundant taxa were found in one or two aggregate size fractions,
suggesting specific niche preferences, likely shaped by microhabitat conditions and potentially
carbon availability (Davinic et al., 2012; Fox et al., 2018). Tlyh&st number of differentially
abundant taxa was found in the microaggregate and small macroaggregate fraction, possibly
due to their similar size range to the applied MP particles, leading to increased exposure to the
microbial communities. Moreover, mmaggregates often harbor more recalcitrant organic
carbon, whereas macroaggregates contain more labile carbon (Totsche et al.,, 2018).
Consequently, microbes may experience greater carbon limitation, potentially enhancing their
responsiveness to PBAT.

Members of the familfomamonadaceaeave been associated with biodegradable plastics
(Bandopadhyay et al., 2020; Meng et al., 2023). They are metabolically versatile and may
participate in the degradation of complex carbon sources such as lignin and hydrocarbons
(Wilhelm et al., 2019; Yi etl., 2022). Within this familyXylophilus sppwas identified,
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showing the highest lefpld in the PBAFexposed communities. Described species of this
genus are chemoorganotrophs that have been reported as pathogens of grapevines (Desai,
2025). MoreoverComamonadaceamediate various nitrogen transformations. While some
species were described to fix nitrogen, they seem involved in denitrification and nitrate
reduction (Kampfer et al., 2008; Song et al., 2025; Yi et al., 2022).

Similarly, a potential coupling of carbon and nitrogen transformations may also be a feature
of BurkholderiaCaballeroniaParaburkholderiaMembers have broad metabolic capacities to
degrade complex organic compounds, including
al., 2012; Wilhelm et al., 2020), and they are involved in nitrogen transformation processes
such as nitrogen fixation ardenitrification (Palleroni, 2015). We performed functional gene
predictions, which provided estimates of the abundasfcgenes involved in key nitrogen
transformation processes (Figure 4D). These estimates suggest a possible increase in the
abundance of genes encoding enzymes reducing nitrate to nitrite (K0O0370, KO0371), a reaction
in several nitrogen transformationscinding dissimilatory nitrate reduction to ammonium,
nitrification, and denitrification. Furthermore, a concurrent increased predicted abundance of
nitric oxide reductase genes facilitates the reduction of NO2(@ ($K04561), which gives
evidence of a potdial stimulation of denitrifies in PBAT treatments.

In contrast, unclassified genera within thelirubrobacteraceaand the genu8zospirillum
spp.were depleted in PBABmended soilsSolirubrobacteraceabas been associated with
improved plant growth, suggesting their potential role as géaneficial microbes (Chen et al.,

2022; Ozbolat et al., 2023)zospirillum sppare known for their plant growtpromoting traits,
including nitrogen fixation (Steenhoudt & Vanderleyden, 2000). The observed decline of
Azospirillumspp.abundance may have been a dim¥dndirect consequence of PBAT addition
and potentially further promoting the mobilization of native nitrogen pools.

Microplastic effects on maize biomass production

The impacts of conventional MPs (CMPs) and biodegradable MPs (BMPSs) on soil physical,
chemical, and biological properties that relate to plant production are complex and context
dependent, likely varying significantly with soil type and environmental ¢mmdi (Bartnick
& Lehndorff, 2025). In our experiment, although MPs had an influence on nutrient cycling, and
even increased nitrate and available nutrients especially with PBAT, this did not correspond to
a significant change in plant production, howeadrend that MPs decreased plant production
in silty loam and increased production in sandy loam (Figure 4). This could be related to a
further complex interaction of soil structure being modified by plastics, and a combined change

of physicochemical sogroperties elicit difference effects in different soil types based on their
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mineral and organic matter content (Chang et al., 2024; Chen et al., 2024; Ding et al., 2023).
This makes soil type the largest confounder for MPs behavior in soil, and studies should focus
on this when compiling review data, as MPs likely have substhndiffierent responses based

on soil type.

Conclusion

This study investigated the effects of CMPs (PE and PET) and BMPs (PBAT) of varying
concentration, size ranges, and in contrasting soil types (sandy and silty loam) on soil physical,
chemical, and biological properties in a controlled greenhouse expenviterand without
maize plants. MPs increased soil total C dependent on polymer stoichiometry, PE contributing
more than PET or PBAT, which impacts the perceived organic carbon pool to a higher degree
in sandy loam than silty loam. PBAT showed signs ofyebiodegradation at 4 weeks of
experimentation, demonstrated by PNferlizczet ed U7
and microbial activity. Physically, PBAT degradation led to increased microaggregate stability
and WHC in silty loam, likely through the formation of microbial residues acting as gluing
agents, whereas sandy loam remained largely unstructuegrisingly, decreasing sizes of
MPs had minimal effects on aggregation formation and stability. Chemically, MPs altered soil
nutrient cyclirg depending on polymer type, concentration, and soil type. PBAT was found to
immobilize our added®N-fertilizer and reduce plant uptake in silty loam, while sandy loam
plants accessed moteN in a larger soil°N pool which was immobilized early by microbes,
but this did not translate this into biomass gains, possibly due to stress from PBAT byproducts.
These results highlight the complex, soil type dependent interactions between MPs and soill
functions, especiajlas BMPs are proposed as a sustainabbrradtive to CMPs used in
agriculture. Future researchers should prioritize distinguishing pobgmeific effects in
identified soil types and nutrient variability and extend studies across multiple plant cycles to

better understand loAgrm consequenced MPs on soil health and plant productivity.
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Experimental Design

Soil treatments were put into pots in Feb. 2022 wetlawater holding capacity (WHC) of
60% (initial measurements before treatment) and watered evedg®s to maintain this WHC.
Each treatment was made in bulk by mixing séb kg) and plastic in an overhead shaker
gently for three hours. This bulk treatment was then homogeneous and splitinto replicates of 5
large pots (around 1200 g each) for plant growth and 2 small pots (180 g each) for no plant
growth. Each large pot wasitially filled approx. 2/3 full of soil, then two isotopically labeled
bags of sil were placed at an approx. depth of 5 cm. The remaining soil was filled to reach the
final dry weight (Figure S1, Sl). The 5 large pots were replicated for each treatment to represent
one maize plant life cycle in the greenhouse. The two small potsusexk for testing soil
conditions and aggregate analysis without plant growth at the initial planting stage (4 weeks)
and at harvest (18 weeks); subsets of plant treatments (3 replicates) with most interest (No MP,
PE, PBAT at 1% conc. MP mix) were selatt®dr subsequent aggregate, and microbial
community composition analyses. This treatmentsellection was due to the large sample
sizes and analytical time limitations.

The plants were placed in a greenhouse with LED lights (wavelengit@&Q®m) on a light
cycle of 14 hours/day with constant air flow and maintained temperatures betw@@&n 18
(see Figure S2, Sl). Treatments were randomized and rotated when watered to distribute light
evenly. Initial wetting of the dry soil was done slowly and carefully to ensure plastics
incorporate into the soil and prevent plastics from floating to theftpecsoil (in the case of
low-density PE). First, water was slowly sprayedtop of soil and in the bottom saucer to
evenly introduce wetting to soil from top and bottom. Continued slow watering occurred until
60% WHC of each corresponding soil type was achieved. Soil was then watered-é\ays3
to the set WHC to mimic naturglwetting and drying of soil over a period of 4 weeks to
establish first aggregation of soil. After 4 weeks, the first set of small soil pots were taken for
analytical measurements as the starting point for beginning soil conditions in each treatment.

Maize seedlings were sterilized with® and germinated for 5 days before plantjigen
they wereplanted at approx. 2 cm, one per replicate. Later after maize saplings were established,
to prevent moss growth and other invasive species, small pebbles were weighed and placed in
a layer to cover and protect the topsoil. During experimentation, magiet il top node) and
leaf count were monitored weekly. Soil in which the maize seedlings (17/175) had died after
the first planting were replanted one \kdater with a second batch of germinated seedling. A
final replant occurred two weeks later for a few soils (4). At harvest, only seven plants (of 175)

with questionable growth were removed from analyses.
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Table S1.Basic measured parameters of soil investigated.

sand

silt

location (coordinate)

classification (WRB)
sand (%)

silt (%)

clay (%)

pH value

total C [g kg']
Corganic[g kg']
Cinorganic [g Kg™]

total N [g kg']

PE [g kg']

PET [g kg']

Bayreuth

(49.9295N, 11.5548E)

sandy loam (SL)

78.5

9.7

11.8

6.7

10.92

10.71

0.21

0.95

0.07

0.17

Bindlach
(49.9725N, 11.6226E)

silt loam (SiL)
22.5

63.7

13.8

6.5

15.54

15.44

0.10

1.57

0.27

2.67
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Table S2ZEx per i ment al

pl ast i3 vatuesr b on

percentage

plastic polymer C [%] iC [ a]
LDPE 88 -32.9
PET 63 -28.1
PBAT 62 -31.5
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Table S3.List of measured parameters in silty loam with maize growth.

silty loam No MP PE PBAT

0.1% 1% 0.1% 1%
parameter control 75400 um  75400pm 75200 um <75 pm 75400 pm 75400 pm 200400 pm 75-200 pm <75 pm
pH value 6.5+0.0 6.4+00 6.5+0.2 6.4+0.1 6.4+0.1 6.4+0.1 6.4+0.0 6.3+0.2 6.4+0.1 6.4+0.1
soil total C [g/kg] 16.4+04 16.8+0.3 iff S%‘fj gtf*f 16.0 0.3 313?,? ﬁii S%if 3139,?
soil total N [g/kg] 17+00 16+00* 1.6%0.0 1.6+0.0 1.6+0.0 1.6+0.0"* 15+0.0% 1.6+0.0~* 15+0.0°* 1.5+0.0"
nitrate [mg/kg] 20.3+38 20.8+9.3 109+6.3 245+58 21.1+27 149+36 126+6.1 21.1+47 155+3.7 17.7%55
Kcar [mg/kg] 49+28 10.2+104 3.8%0.9 39+16 39+26 3.0+1.3 56126 3.7105 35+1.6 48+26
PcaL [mg/kg] 6.0£05 6.7+£0.9 65+15 6.2+09 71+13 42+03 54+08 4.8 +0.3* 46 +0.2* 4.3 £0.4*
Maize biomass [g] 188+15 171+28 185+14 178%x35 17.7x1.0 175+£12 159+36 16.1+08 16.1+16 16.2+£15
root N [g/kg] 43103 44%1.0 45+0.7 47+0.9 3.6+0.6 5.6+0.3 6.0+0.9* 55+0.5 58+1.0* 54+06
leaf N [g/kg] 64+15 9.0+31 62+14 9.7+7.7 6.6+0.9 6.5+0.7 6.9+25 6.0+1.2 6.7+2.4 6.7+1.8
WHC [g water/gsoil] 0.4+0.0 0.5+0.0 05+0.1 0.4+0.0 05+0.1 05+0.1 05+0.0 05%0.1 05+0.1 0.4+0.0
macroaggregates [%] 0.1 £0.0 0.1+0.0 0.1+0.0
occluded MA [%] 0.3+0.2 03+0.2 04+01
free MA [%)] 0.6+0.2 0.6+0.2 05+0.1

Significance codes: p< 0.05, *p<0.01, ** p<0.001
CAL: calciumacetatelactate extraction

WHC: water holding capacity

MA: microaggregates
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silty loam No MP PET

0.1% 1%
parameter control 75400 pm 75400 pm 200400 pm  75-200 pm <75 pum
pH value 6.5+0.0 6.4+0.1 6.4+0.0 6.4+0.1 6.3+0.1 6.3+0.1
soil total C [g/kg] 16.4+04 16.9+0.7 21.4+0.9%* 21.7+£15% 21.9+0.6" 21.4+0.2%
soil total N [g/kg] 1.7+0.0 1.6 £0.0* 1.6+00* 16x0.1 1.6 £0.0* 1.6 £0.0%*
nitrate [mg/kg] 20.3+3.8 19.7+5.0 21.7+8.9 16.7+5.9 18.1+9.6 17.8+10.4
KcaL [mg/kg] 49+238 7.7+39 3.4+0.6 55+22 3.7+0.6 34+17
Pca. [ma/kd] 6.0£0.5 53%0.9 55+0.7 5.1+0.3 5.0+0.1 5.0+0.3
Maize biomass [g] 188+1.5 158+2.8 164+25 153+23 169+1.1 17.2+2.3
root N [g/kg] 43+0.3 48+0.7 42+05 42+0.6 3.8+04 5.9 +0.6*
leaf N [g/kg] 6.4+15 6.3+1.7 74+13 49+1.4 6.5+2.7 7.1+0.7
WHC [g water/g soil] 0.4 +0.0 0.5+0.0 05+0.1 0.6 £0.0* 04+0.1 05+0.1
macroaggregates [%] 0.1 +0.0
occluded MA [%] 0.3+£0.2
free MA [%)] 0.6x0.2
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Table S4.List of measured parameters in sandy loam with maize growth.

sandy loam No MP PE PBAT

0.10% 1% 0.10% 1%
parameter control 75400 pum 75400 um ﬁg]CMOO 75200pm <75 pum 75400 pum 75400 pum 52}0400 75200 pum <75 pum
pH value 69+01 71+01 70x01 7.0+01 70+01 7.0+01 68202 68+02 69+01 69201 6920.1
soiltotal C[gkg]  64%02 69%04 Igor  sume  oaur  ouee 7305 ooy TRAF 20E 1200
soil total N [g/kq] 0.5+0.0 05+00 05+00 0500 0600 gg*f 06+00 06+00 0500 05+00 06=x0.0
nitrate[mg/kg] 13.3+6.1 143+64 71+6.7 8372 175+7.1 196+36 175+7.3 152+9.1 122+6.3 iégi 174 +6.5
KeaL [mg/kg] 10.3+1.8 11.0+15 114+24 10322 11.2+15 146+95 124+32 126+09 13.0+1.3 124+30 128+14
bl e2osie7 S4F 1215 LY sorans seyuso 1030 I Jee dor i
Maize biomass[g] 9.1+0.6 10.2+0.7 94+18 11.3%+0.7 11.2+09 96+14 110+1.1 10709 9620 9.6+2.0 99+1.2
root N [g/kg] 6.3+0.7 57+04 6.0+07 54+04 52+04 7.0+07 67+06 64+03 7.0+09 72+17 6.6+05
leaf N [g/kg] 50+23 6.2+09 62+0.7 59+04 42+12 44+12 50+12 59+13 53+19 58+10 4418
WHC [g water/gsoil] 0.3+0.0 03+00 03+00 03+00 03+00 03+00 03+00 03+00 03+00 03+00 0.3%0.0
macroaggregates [% 0.3 +0.0 0.3+0.0 0.3+0.0
occluded MA[%]  0.1+0.0 0.1+0.0 0.1+0.0
free MA [%)] 0.7+£0.0 0.6+0.1 0.7+£0.0

Significance codes: p< 0.05, *p<0.01, ** p<0.001
CAL: calciumacetatelactate extraction
WHC: water holding capacity

MA: microaggregates
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sandy loam No MP PET

0.10% 1%
parameter control 75400 pm 75400 pm 200400 pm 75-200 yum <75 pm
pH value 6.9+0.1 71101 7.1+0.1 6.9+0.2 6.8+0.3 6.9+0.1
soiltotal C[gkg] ~ 6.4£02 75%10 I%or oy o e
soil total N[g/kg] 0.5+0.0 0.6 £0.0 0.6 +£0.0 0.6 £0.0 0.6 £0.0 0.5+0.0
nitrate [mg/kg] 133+£6.1 13.0+£82 82zx7.2 156+£9.7 13.0+11.1 18.1+10.8
KeaL [mg/kg] 103+18 142+32 114+28 137+65 120+18 11.3+0.7
PcaL [mg/kg] 62.8+13.7 73.8+24.0 785+257 67.3+432 6231183 444+36
Maize biomass[g] 9.1+0.6 10.3+09 109+11 108+12 115+13 9.8+1.6
root N [g/kg] 6.3+0.7 55+0.8 58+0.4 57+0.2 6.4+0.6 6.4+0.3
leaf N [g/kg] 50+23 65+0.7 59+10 53+18 54+07 41+1.1
WHC [g water/g soil] 0.3 +0.0 0.3+0.0 0.3+0.0 0.3+0.0 0.3+0.0 0.3+0.0
macroaggregates [% 0.3 £0.0
occluded MA [%] 0.1+0.0
free MA [%)] 0.7+£0.0
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Tabl &SuSfmary of stati€urtak a@nalsysmié$ aocfi tBressy bet ween treat ment s,
di spersions was evaluated using PERMDI SP2 foll owed by ANOVA.
soi l type compari son PERMANOVA homogengi oyp odi ¢
p F R2 p F
bot h sotiype 0.001 30. 804 0. 306 0.025 5.282
sandy | oa plant presence 0.001 1.738 0.049 0.008 7.947
silty |l oaplant presence 0.001 1.793 0.05 0.19 1.786
sandy | oa plastic polymer 0.001 1.51 0.111 0.022 4. 486
sandy | oa aggregate 0.008 1.175 0.087 0.869 0.141
sandy | oa plastic polymer:agg 0. 956 0.9314 0.138 NA NA
silty loaplastic polymer 0.001 1.208 0. 092 0.817 0.2014
silty | oa aggregate 0.108 1. 035 0.079 0. 855 0.158
silty |l oaplaptligmer: aggregat 0. 996 0.957 0.145 N A N A
sandy | oa aggregate: small wvs 0.091 1.097 0. 0614 0. 8914 0.018
sandy | oa aggregate: small wvs 0.003 1.378 0.079 0.657 0. 205
sandy | oa aggregate: medium v 0. 74 0.914 0. 056 0.652 0.211
sandy | oa plastic polymer: noO. 179 1.066 0. 062 0. 367 0. 863
sandy | oa plastic pol ymer: no 0. 001 1.707 0.096 0.0114 7.7
sandy | oa plastic pol ymer: LDO. 001 1.705 0.096 0.026 5.986
silty loaplastic polLypR&r : no 0. 09 1.045 0.061 0.527 0.419
silty loaplastic polymer: no 0. 001 1.212 0. 07 0. 784 0.078
silty loaplastic polymer: LDO. 001 1.382 0.08 0.727 0.126
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Figure S1.Greenhouse experimental pots wigbtopically labeled bags.

95



~
J
~
J
™
J
~\
J

Y4
VAN
~

h =

= °
N
VAN
VAN
N
J

Y4
AN
\
Y4
|

\
"y
N
J\
N
VAN
~
S
N [
J\

~
[
*

~—

PET

-
L
(.
-
.

a4

0.1

\
-
m

q S

<

-

N\

J

N\

>y

N

J

-
A
s
~
-
"

w
p ]
[
X

~
J
At
S
~
J

BA'ﬂ 0.1

-~
"
4
-
~
"

~
J
Y4
J
~
S

©
m
[y
=X

.
-~
|
~
\

N
J
N
J
N\
S

(=]

PE ||0.1

N[
.
-

AN

N
.

1%

\
9
m
-

J
J
—

\

S
e 2
&
s N
- J
e B
. J
e ~N
. J

PET|/0.1

P BAﬂ

-
-~

PBAﬂ .

=)

[
S

\
o
=
(=]
8 e )
~
vy
Y
J
<
S

-

S
~
v
™
J
™
J
~

-
"
\
s
"

N
AN

v—gr\r
<
g
&
)
3
=
31
00 OO0 00 0000 0000 OO OO0 Dooo COCOC DO OO OOO0O oo oo

00 OOO0O0C 0000 0000 00 00D 00 00 oo oo
rZ
\04
rgw
Lﬁ_/\_/>l<;g_/

s N
N—
s ~N
- J
- a
\ J
s N
-

|

-
(S
-
.
-
.
-

2 L Plant Pots
14cm @
1200 g (x175)

~
(.
s
o
I
-~
A
s
g
~
(.

No Plant

5cm @ 0O
180 g (x70)

~
.
s
.
-
.
'd
-
-
.

PBAT|| 2001 400 || um

N N N

-
.
s
A

AN
-
A

~
v

[PBAT(_ 75200 J{ pm Silty  Sandy

O U

Figure S2. Greenhouse layout and design; treatments later randomized and rotated when

4 N N ' AY 4 ™\

PBAT|| <75|/pm

. AN AN AN AN J

watered to distribute light evenly.

96



silty loam
T T2

NO MP PE PBAT NO MP PE PET PBAT

100%
50% |

PET PBAT

PET

Proportion (%)

25%

0%

Control
200-400 ym
75-200 pm
<75 pm
75-400 pm
200-400 pm
75-200 ym
<75 pm
75-400 pm
200-400 pm
75-200 pm
<75 pm
75-400 pm
Control
200-400 pm
75-200 pm
<75 pm
75-400 pm
200-400 pm
75-200 pm
<75 pm
75-400 pm
200-400 pm
75-200 pm
<75 pm
75-400 pm

Plastic Size

sandy loam

—
-

z

o}

=

T

o

m
_'
N

75%

50%
25%

0%

Proportion (%)
Control
200-400 pm
75-200 pm
75-400 pm
200-400 pm
75-200 pm
<75 um
75-400 um
200-400 pm
75-200 um
<75 pm
75-400 um
Control
200-400 pm
75-200 pm
75 um e T
75-400 pm B
200-400 ym 1 N —
75-200 pm 1
<75 ym 1 P
200-400 pm
75-200 pm B 1
<75 pm B §F
75400pm | D

Plastic Size

Aggregate Size Fraction
B 20002800 um

I 500-2000 pm
[0 zs0-500um

B 53250 um occluded
. 20-53 pm occluded

<20 um occluded

B 53250 um ree
. 20-53 pm free

<20 pm free

Aggregate Size Fraction
B 20002800 um

I 500-2000 pm
[ zs0-500um

B 53250 um occluded
. 20-53 pm occluded

<20 pm occluded

B 53250 um free
. 20-53 pm free

<20 pPm free

Figure S3.Aggregation fractionation in silty loam (top) and sandy loam (bottom) comparing
MPs size range treatments (2d00, 75 200, <75, and 7500 um) to control. Aggregation
fractionation in silty loam without plant growth with various MPs sizes between Te¢ksy

and T2 (18 weeks).
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silty loam sandy loam
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Figure S4.Water holding capacity (WHC) of silty loam (left) and sandy loam (right) with MPs

(1% w/w) over experimentation time and maize growth.
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Figure S5.pH values of silty loam (left) and sandy loam (right) with MPs (1% w/w) over
experimentation time and maize growth.
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Figure S6.Sandy loam pH values with differing sizes of MPs (2000, 75 200, and <75 pm).
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Figure S7. Total carbon content of silty loam (left) and sandy loam (right) increased in

proportion to addition of 1% MPs respective C content.
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Figure S9. Soil total nitrogen of silty loam (top) and sandy loam (bottom) affected by size
treatments of MPs (20@00, 75 200, and <75 pm).
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Figure S11.Plantavailable nitrate in silty loam (top) and sandy loam (bottom) with MPs
concentrations (0.1% and 1% w/w).
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ARTICLEINFO ABSTRACT

Keywords:

Microplastic

Low-density polyethylene
Polybutylene adipate-co-terephthalate
Soil respiration

Microbial activity

Microbial community

Plastic input to the terrestrial environment is of global concern and the still increasing production and release
worldwide reinforces this problem. It has been shown that microplastics (MPs) can affect soil structure and soil
organisms, possibly leading to an increase in soil carbon turnover, microbial activity and resulting CO» emis-
sions. Yet, the response of soil COy emissions to various types, quantities, and sizes of microplastic is not well
understood. The aim of this work was to investigate the effect of conventional and biodegradable microplastics
on soil microbial biomass, bacterial community composition and CO; development. Two types of plastics, LDPE
(low-density polyethylene) and PBAT (polybutylene adipate-co-terephthalate), at low (0.1 %) and high (1 %)
concentrations and in three different size ranges (50-200 pm, 200-500 pm, and 0,63-1.2 mm) were amended to
a sandy loam and a loamy soil and CO» emissions were measured over four weeks. Afterwards, microbial biomass
and growth were estimated, and prokaryotic community shifts were inferred by amplicon sequencing. No effect
of LDPE on soil CO3 emissions could be detected, but higher CO; emissions (13-57 %), microbial biomass (1-7
%), and a shift in community composition was induced by addition of the biodegradable PBAT when added at
high concentration. Soil CO; emissions were 10-13 % greater when small PBAT particles were added compared
to large ones. PBAT addition at low concentration had no significant effect independent of its size. Overall, the
effect of PBAT addition on soil CO» emissions was larger in sandy loam than in loam. Several bacterial lineages
known to degrade polyesters and other biodegradable MPs, such as members of the Caulobacteraceae and
Comamonadaceae were found enriched after PBAT amendment, but effects were soil specific. We conclude that
direct impacts of plastic on soil properties are not the main reason for increased soil CO; emissions, but rather
relate to the different recalcitrance of polymer types. Soils contaminated with biodegradable plastic may emit
larger amounts of COz, which needs to be considered in predictions of global impacts of plastic pollution and its
mitigation,

1. Introduction

Today's world is hard to imagine without plastic. The global pro-
duction of resins and fibers, from which the known plastic is produced
with the addition of additives, increased from 2 Mt. in 1950 to 380 Mt. in
2015 (Geyer et al., 2017). Forecasts show a further increase in produc-
tion, so that 34,000 Mt. of primary plastic could be produced by 2050
(Geyer et al., 2017). If plastic enters the soil, larger particles often break
to smaller ones forming microplastics (MPs), typically defined in a size
range < 5 mm (De Souza Machado et al., 2018b). Studies have shown

* Corresponding author.
E-mail address: nele.meyer@uni-bayreuth.de (N, Meyer).

https://doi.org/10.1016/j.apsoil.2022.104714

that soil MPs can have impacts on various soil physical and chemical
properties as well as on organisms such as earthworms and microbes (De
Souza Machado et al., 2018a, 2018b; Huerta Lwanga et al., 2016; Loz-
ano and Rillig, 2020; Wang et al., 2022a; Wang et al., 2022b). Although
the fate of MPs in soil receives increasing attention, many questions
remain unanswered. In particular, its influence on microbial biomass
and soil CO; emissions is not well understood (Rillig et al., 2021),
despite the great importance of soil for the global carbon budget and
thus also climate change (Raich and Tufekcioglu, 2000).

After plastic is released into the environment, many of the commonly

Received 17 June 2022; Received in revised form 20 October 2022; Accepted 22 October 2022

Available online 29 October 2022
0929-1393/© 2022 Elsevier B.V. All rights reserved.

111



112















































































































































































































