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Structural Note  

This dissertation investigates the ecotoxicological effects of biocides and facade eluates 

from building materials on soil microbial communities, with a particular focus on 

metabolically active fractions. It begins with an introduction to the topic, outlining the 

environmental relevance of biocides in urban soils and the limitations of current assessment 

methods. The synopsis presents the central aims and hypotheses, which are explored 

through three experimental studies (Biocide-I, Biocide-II, and Biocide-III). The articles 

from myself (first authorship) that form the basis of this research are reprinted in chapter 3, 

including the supplementary material. The general discussion recapitulates the findings, 

highlighting the differential responses of active versus total microbial communities, the 

functional consequences of biocide exposure, and the implications for urban soil health and 

regulatory frameworks.  

For clarity, key terms used throughout this dissertation are defined as follows. 

Ecotoxicological effect/impact is used within this dissertation to describe disturbances or 

harmful impacts on soil microorganisms and their functions caused by pollutants (e.g., 

biocides, facade eluates), potentially impairing the stability and resilience of the soil 

ecosystem. Soil health is used as generic term, describing an intact soil environment in 

which soil organisms function without disturbances or negative impacts, ensuring the 

stability and resilience of the entire soil ecosystem. 

Core articles that form basis of the main text:  

Biocide-I: 

Reiß, F., Kiefer, N., Purahong, W., Borken, W., Kalkhof, S., & Noll, M. (2024). Active 

soil microbial composition and proliferation are directly affected by the presence of 

biocides from building materials. Science of the Total Environment, 912, 168689.  

doi: 10.1016/j.scitotenv.2023.168689. (IF 2022 = 9.8) 

Biocide-II: 

Reiß, F., Kiefer, N., Reiß, P., Kalkhof, S., & Noll, M. (2025). Facade eluates affect active 

and total soil microbiome. Environmental Pollution, 364, 125242.  

doi: 10.1016/j.envpol.2024.125242. (IF 2023 = 7.3) 

Biocide-III: 

Reiß, F., Kiefer, N., Tanunchai B., Reiß, P., Kalkhof, S., & Noll, M. (2026). Continuous 

intake of facade eluates affects active and total soil microbiome. Biology and Fertility of 

Soils, 62, 75–95. 

doi: 10.1007/s00374-025-01955-9 (IF 2024 = 5.6) 

Chapter 4 provides a list of all peer reviewed articles generated during my thesis. 
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Abbreviations 

Abbreviation Full name 

µg Microgram 

A- (Prefix) Active  

ARGs Antibiotic Resistance Genes 

ASTM Advancing Standards Transforming Markets 

ASV Amplicon Sequence Variant 

ATP Adenosine triphosphate 

B-29d Soil treated with facade eluates without biocides for 29 days  

B-62 Soil treated with facade eluates without biocides for 62 days 

BIT benzisothiazolinone 

bp Base pair 

BPR European Biocide Regulation 

BrdU Bromodeoxyuridine 

C Carbon 

CEC Cation Exchange Capacity 

CLPP Community-level Physiological Profiling 

CMIT Chloromethylisothiazolinone 

COMLEAM Construction Material Leaching Model 

Corg microbial organic matter 

d Day 

D-B Facade eluates from DIN testing without biocides 

DIN Deutsche Institut für Normung e. V., German Institute for Standardization  

DNA Deoxyribonucleic acid 

dsDNA double-stranded DNA 

D-UOF Facade eluates from DIN testing containing biocides 

F-B Facade eluates from free weathering experiment without biocides 

F-UOF Facade eluates from free weathering experiment containing biocides 

g Gramm 

h  Hour 

I Isoproturon 

IF Impact Factor 

IO Isoproturon + Octhilinone 

ISO International Organization for Standardization  
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Abbreviation Full name 

ITS Internal Transcribed Spacer 

MIT Methylisothiazolinone 

N Nitrogen 

NGS Next-Generation Sequencing 

NMDS Non-metric Multidimensional Scaling 

NO₃⁻ Nitrate 

O Octhilinone 

OECD Organisation for Economic Co-operation and Development 

OTU Operational Taxonomic Units 

PCA Principal Component Analysis 

PCR Polymerase Chain Reaction 

PELMO Pesticide Leaching Model 

qPCR quantitative PCR 

RNA Ribonucleic acid 

rRNA Ribosomal RNA 

RT-qPCR  reverse transcription qPCR 

RW-29d Soil treated with rainwater for 29 days 

RW-62d Soil treated with rainwater for 62 days 

SIP Stable Isotope Probing 

SIR Substrate-induced Respiration 

SIS Stormwater Infiltration Systems 

ssDNA Single-stranded DNA 

SO₄²⁻ Sulfate 

T Terbutryn 

T- (Prefix) Total 

T0 Untreated soil 

TI Terbutryn + Isoproturon 

TIO Terbutryn + Isoproturon + Octhilinone 

TO Terbutryn + Octhilinone 

UBA Umweltbundesamt; German Environment Agency 

UOF-29 Soil treated with facade eluates containing in-can preservatives and film 

preservatives for 29 days 

UOF-62d Soil treated with facade eluates containing in-can preservatives and film 

preservatives for 62 days 

UV Ultraviolet  

W Water control 
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Abstract 

Biocides are incorporated into building materials to reduce microbial growth and 

biodeterioration. However, these substances gradually leach into the surrounding soil near 

the buildings. Therefore, this dissertation presents a comprehensive ecotoxicological 

assessment of the impact of biocides and facade eluates from building materials on soil 

microbial communities, with a particular focus on metabolically active microbial members 

(BrdU-immunocapture technique). Through three experimental studies—Biocide-I, 

Biocide-II, and Biocide-III—conducted in controlled laboratory and outdoor microcosm 

settings, the research investigates how biocidal compounds and facade eluates affect soil 

microbial abundance, diversity, community composition, and functional traits. 

Biocide-I examined the effects of three commonly used biocides—terbutryn, 

isoproturon, and octhilinone—applied individually and in mixtures. Results showed that 

metabolically active soil microbial communities responded more strongly than total DNA-

based communities. Combined biocide treatments significantly reduced bacterial and fungal 

gene copy numbers and altered community composition on genus level. Despite these shifts, 

soil respiration and physicochemical parameters remained stable, suggesting short-term 

buffering through functional redundancy. Biocide-II focused on the ecotoxicological effects 

of facade eluates generated through standardized immersion testing and natural weathering. 

Eluates contained both active biocides and formulation components such as binders and 

heavy metals. The study revealed that even eluates from biocide-free facade s caused 

measurable changes in microbial communities. Active fractions were particularly sensitive, 

with notable shifts in bacterial and fungal diversity and function. Indicator taxa such as 

Pseudarthrobacter and Trichoderma emerged as potential biomarkers for stress response. 

Biocide-III simulated real-world exposure by applying facade eluates repeatedly over 62 

days in outdoor microcosms. This long-term study demonstrated progressive alterations in 

microbial composition and function. Bacterial abundance declined, while fungal richness 

initially increased before dropping due to delayed leaching of film preservatives. Dominant 

taxa such as Pseudoalteromonas and stress-tolerant fungi were enriched, indicating 

adaptation to chronic exposure. Functional analyses showed increased fermentation and 

ureolysis, suggesting microbial stress responses and potential bioremediation traits. 
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Across all studies, metabolically active microbes proved to be reliable indicators of sub-

lethal stress. Total microbial communities often masked these effects, underscoring the 

importance of targeting active fractions in ecotoxicological assessments. Functional 

annotation revealed that short-term ecosystem processes were buffered, while prolonged 

exposure could exhaust microbial redundancy and impair soil health. The findings highlight 

critical gaps in current EU biocide regulations, which focus on individual compounds and 

overlook the complex mixtures and chronic soil effects observed in this research. Moreover, 

no indicator organisms are assessed for evaluating the ecotoxicological effects on more 

complex communities such as the soil microbiome. The dissertation advocates for 

integrated risk assessment frameworks that incorporate active microbial metrics, long-term 

and mixture exposure scenarios, and functional validation. Urban soils, which play essential 

roles in nutrient cycling, water retention, carbon storage, and biodiversity support, should 

be recognized as a critical and protect-worthy environment.  
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Zusammenfassung  

Biozide werden in Baustoffen eingesetzt, um mikrobielle Besiedelung und Biodeterioration 

zu verlangsamen. Durch Witterungseinflüsse gelangen diese Substanzen jedoch zunehmend 

in die umliegenden Böden in Gebäudenähe. Ziel dieser Dissertation ist eine umfassende 

ökotoxikologische Bewertung der Auswirkungen von Bioziden und Fassaden-Eluaten auf 

Bodenmikroorganismen, mit besonderem Fokus auf metabolisch aktive Gemeinschaften, 

analysiert mittels BrdU-Immunocapture-Methode. Dazu wurden drei experimentelle 

Studien - Biocide-I, Biocide-II und Biocide-III - unter kontrollierten Laborbedingungen 

sowie in möglichst realitätsnahen Freiland-Mikrokosmen durchgeführt. Es wurden die 

Effekte einzelner Biozide, ihrer Kombinationen und von Fassaden-Eluaten auf mikrobielle 

Abundanz, Diversität, Zusammensetzung und Funktion untersucht. 

In der Studie Biocide-I wurde die Wirkung der Biozide Terbutryn, Isoproturon und 

Octhylisothiazolinon, einzeln und kombiniert auf das Bodenmikrobiom untersucht. Die 

Analysen belegten, dass metabolisch aktive mikrobielle Gemeinschaften deutlich 

empfindlicher auf Biozid-Exposition reagiert haben als die totalen mikrobiellen 

Gemeinschaften. Mischungen der Biozide führten zu einem besonders starken Rückgang 

der Genkopienzahlen von Bakterien und Pilzen sowie zu deutlichen Veränderungen in der 

Gemeinschaftszusammensetzung. Trotz dieser Veränderungen blieben die Bodenatmung 

und physikochemischen Parameter stabil. Dies weist auf eine kurzfristige Pufferung durch 

funktionelle Redundanz hin.  

Biocide-II untersuchte die ökotoxikologischen Effekte von Fassadenabläufen, die durch 

standardisierte Immersionstests (DIN EN 16105) und natürliche Verwitterung erzeugt 

wurden. Die Eluate enthielten sowohl aktive Biozide als auch Formulierungskomponenten 

wie Bindemittel und Schwermetalle. Die Studie belegte, dass selbst Abläufe von Fassaden 

frei von Bioziden messbare Veränderungen in mikrobiellen Gemeinschaften verursachten. 

Selbst Abläufe von Fassaden welche frei von Bioziden waren verursachten messbare 

Veränderungen in mikrobiellen Gemeinschaften. Besonders die aktiven Fraktionen 

reagierten empfindlich, mit deutlichen Verschiebungen in bakterieller und pilzlicher 

Diversität und Funktion. Indikatortaxa wie Pseudarthrobacter und Trichoderma wurden als 

potenzielle Biomarker für Stress identifiziert. 

  



Zusammenfassung 

XI 

 Innerhalb der Biocide-III Studie wurde eine realistische Langzeitexposition durch 

wiederholte Anwendung von Fassaden-Eluaten in Freiland-Mikrokosmen über 62 Tage 

simuliert. Es zeigte sich eine kontinuierliche Veränderung der mikrobiellen 

Zusammensetzung und Funktion. Die bakterielle Abundanz nahm ab, während die pilzliche 

Diversität zunächst anstieg, später jedoch durch verzögerte Auswaschung von 

Filmkonservierungsmitteln wieder sank. Dominante Taxa wie Pseudoalteromonas und 

stressresistente Pilze wurden angereichert – ein Hinweis auf Anpassung an den Stress durch 

das Bodenmikrobiom. Funktionelle Analysen zeigten eine Zunahme fermentativer Prozesse 

und Ureolyse, was auf mikrobielle Stressantworten und potenzielle Bioremediations-

Eigenschaften hindeutet. 

In allen Studien erwiesen sich metabolisch aktive Mikroorganismen als zuverlässige 

Indikatoren für subletalen Stress. Die Analyse der totalen DNA verdeckten häufig diese 

Effekte, was die Bedeutung der aktiven Fraktionen in ökotoxikologischen Bewertungen 

unterstreicht. Funktionelle Annotationen zeigten, dass kurzfristige Prozesse zwar gepuffert 

werden, aber eine langfristige Belastung, die mikrobielle Redundanz erschöpfen und die 

Bodenfruchtbarkeit beeinträchtigen kann. Die Ergebnisse deuten auf Lücken in der 

aktuellen EU-Biozid Verordnung (Verordnung Nr. 528/2012) hin, die sich auf Einzelstoffe 

konzentriert und komplexe Mischungen sowie langfristige Effekte vernachlässigt. Zudem 

werden keine Indikatororganismen für die Bewertung der ökotoxikologischen Effekte auf 

komplexere Gemeinschaften wie das Bodenmikrobiom untersucht. Die Dissertation zeigt, 

dass Risikobewertungsansätze, das aktive Mikrobiom, Langzeitexpositionen, 

Mischtoxizitäten und funktionelle Bewertung mit einbezogen werden sollten. Städtische 

Böden, die eine wesentliche Rolle in den Nährstoffkreisläufen, bei der Wasserspeicherung, 

der Kohlenstoffspeicherung und der Förderung der Biodiversität spielen, müssen als 

wichtige und schützenswerte Umwelt anerkannt werden. 
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1 Introduction 

1.1 The use of biocides in building materials  

Biocides are used in building materials to protect them against the occurrence of 

microorganisms. The use of biocides is regulated by law under the European Biocide 

Regulation (BPR) no. 528/2012 (European Parliament, Council of the European Union, 

2012). Biocides serve two main purposes in coating materials. First, in-can preservatives 

(product type 6; BPR) are added to prevent microbial growth in the liquid state, both before 

application and during storage. Second, film preservatives (product type 7; BPR) are used 

to provide long-term protection for the facade once the coating is dry after application (Reiß 

et al., 2021). Approximately 25% of the annually produced biocides are used in building 

materials (Paulus, 2005). 

Algae, fungi, bacteria, and lichens can grow as phototrophic or chemo-lithotrophic 

organisms on facades (Breuer et al., 2012; Krueger et al., 2013). The presence of 

microorganisms on buildings can lead to color changes due to colored biofilms. 

Additionally, some dwelling microorganisms can cause biodeterioration in building 

materials, especially in painted surfaces (Negi and Sarethy, 2019). Mansour and Al-Dawery 

(2018) have demonstrated the effectiveness of antimicrobial strategies using nano-

structured photocatalysts for self-cleaning surfaces in preventing biodeterioration and 

biofilm formation, biocides are still commonly incorporated into paint and building 

materials in conventional practices.  

The lack of knowledge regarding the microbial growth on building materials and 

associated biodeterioration results in the application of a broad range of biocides in the 

products instead of a specific microorganism target approach (Reiß et al., 2021). Buildings 

are constructed using a variety of materials e.g. paints, renders, and wood. Each product 

contains different mixtures of herbicides, bactericides, algaecides, fungicides, and metal 

ions. To ensure biological efficiency, biocides must be water-soluble and can thus enter the 

environment by leaching from the facade (Burkhardt et al., 2012; Hensen et al., 2018; Linke 

et al., 2021) (Figure 1).  
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Figure 1: Schematic overview of facade eluate entry and microbial growth factors. The left side illustrates 

how facade eluates and their components enter the soil environment. The right side highlights factors affecting 

microbial growth and leaching on facades. Biocides must be water-soluble to remain biologically effective; 

however, this solubility also allows them to leach from facades during wetting events, such as rain or dew. 

The runoff water from facades — referred to as facade eluates in this study — can reach soils in the immediate 

vicinity of buildings. Scheme adapted from Reiß et al.(2021). 

Factors like weather, ultraviolet (UV) radiation, and material degradation influence the 

rate and type of biocide release (Paijens et al., 2020). The combination released into the 

environment from these products is complex and difficult to control, as the variety of 

material combinations is vast and the degradation of biocides already occurs on the facades 

caused by weather influences (Bollmann et al., 2016, 2017). As a result, the biocide mixture 

that ends up in the environment is unpredictable, making it challenging to assess and manage 

its impact effectively. These individual biocides, biocidal degradation products and mixtures 

might not only affect the target organisms but also prokaryotic and eukaryotic non target 

organisms (Reiß et al., 2021).  

1.2 Ecological importance of soil microbial communities and the 

impact of biocides 

Soil microbial communities are fundamental to ecosystem functioning, as they regulate 

processes such as organic matter decomposition, nutrient cycling, carbon sequestration, 

water regulation, and biomass production (Figure 2), thereby supporting biodiversity and 

sustaining human activities (Gayan et al., 2023; Sheeba et al., 2011; Van Der Heijden et al., 

2008). The abundance, diversity, and activity of these communities directly influence soil 

resilience and long-term productivity across agricultural, urban, and peri-urban 

environments.  
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Figure 2: Key roles of soil ecosystems. The figure emphasizes the essential functions of soils, including 

carbon sequestration, nutrient cycling, support of biodiversity, biomass production, and regulation of water. 

These functions form the foundation for many human activities, highlighting the critical importance of healthy 

soil ecosystems. Own representation based on data from Gayan et al. (2023) and visualized using Canva 

(2025). 

At the same time, soils are increasingly exposed to anthropogenic stressors, including 

heavy metals, synthetic fertilizers, pesticides, and biocides leached from construction 

materials (Reiß et al., 2021). Compared to agricultural pesticides, which are applied in 

regulated doses and times, biocides enter soils irregularly, in diluted forms, and locally 

concentrated around buildings (Heidorn, 2002). These differences are particularly relevant 

for urban soils, which tend to be compacted, structurally altered, and mixed with waste 

material, in contrast to well-aerated agricultural soils. As a result, findings from agricultural 

pesticide research cannot always be directly applied to biocides in urban contexts. The 

environmental fate of biocides is governed by soil properties (e.g., texture, pH, organic 

matter, microbial biomass), hydro-climatic conditions, and the physicochemical 

characteristics of the compounds (e.g., concentration, solubility, chemical structure) (Arias-

Estévez et al., 2008; Reiß et al., 2021; Walker et al., 1999). Sorption, desorption, 

degradation, and leaching processes determine bioavailability and persistence, with 

degradation products sometimes exhibiting higher ecotoxicity or persistence than parent 

compounds (Bollmann et al., 2017).Recent advances, such as coupling the Construction 

Material Leaching Model (COMLEAM) with the Pesticide Leaching Model PELMO, have 
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shown that persistent biocides, including film preservatives, can accumulate in the upper 

soil layers, posing long-term contamination risks (Kiefer et al., 2025). 

Assessing the ecological significance of these impacts requires methodological 

innovation. Conventional ecotoxicological tests often rely on general enzyme activity or a 

few model organisms, providing only an incomplete view of microbial responses. In 

contrast, advanced approaches such as next-generation sequencing, metaproteomics, and 

fingerprinting techniques offer high-resolution insights into community composition and 

functional shifts. Integrating these tools with enzyme activity profiles and respiration 

metrics would allow a more accurate assessment of microbiome functionality under biocide 

stress. Importantly, site-specific risk assessments that consider local soil conditions and 

degradation kinetics are essential to avoid underestimation of long-term ecological risks. 

1.3 Methods for evaluating terrestrial ecotoxicity  

1.3.1 Conventional ecotoxicological methods 

Ecotoxicity studies investigate the anthropogenic effects and environmental impacts on 

aquatic and terrestrial ecosystems (Kobetičová and Černý, 2017). A variety of conventional 

assays for testing the ecotoxicological impact on a broad range of model organisms are 

available (Reiß et al., 2021). Most methods are standardized by international organizations 

like Organization for Economic Co-operation and Development (OECD), International 

Organization for Standardization (ISO), Advancing Standards Transforming Markets 

(ASTM), and German Institute for Standardization (DIN, Deutsche Institut für Normung e. 

V.) (Erhirhie et al., 2018). The chosen model organisms reflect diverse trophic levels in the 

ecosystem and a variety of factors like reproduction, mortality, health, behavior, growth, 

and metabolism are analyzed (Erhirhie et al., 2018; Kobetičová and Černý, 2017). These 

methods were examined in detail as part of the review article Reiß et al. (2021). The 

literature survey revealed that the broad diversity of ecotoxicological assays and 

corresponding guidelines is currently available only for aquatic environments, and is lacking 

for soil environments (Reiß et al., 2021). Looking at the guidelines available for the soil 

environment, mainly overall soil microbial activity is the measure. For example, nitrogen 

(N) transformation activity (OECD 216) (OECD, 2000a) and the carbon (C) transformation 

test (OECD 217) (OECD, 2000b) address the whole soil microbial activity. These methods 

lack information regarding the impact of distinct microbial taxa on soil ecosystems 

functioning. Due to functional redundancy of the soil microbiome, many microorganisms 
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show the capacity to turn over N and/or C (Wertz et al., 2006). This could lead to an 

underestimation of compound toxicity since functional redundancy can preserve the overall 

turnover rate, and most of the functional taxa must be affected by the compound to cause an 

effect. Model organisms commonly used to assess terrestrial ecotoxicity include the 

dehydrogenase activity of Arthrobacter globiformis (EN ISO 18187) (DIN German Institute 

for Standardization e. V, 2024) and the reproduction test of the earthworm species Eisenia 

fetida (OECD 222) (OECD, 2016a). Current guidelines for terrestrial ecotoxicological 

assays offer several advantages, such as cost-effectiveness, rapid execution, and high 

reproducibility. However, a significant limitation of these methods is their inability to 

capture the effects on the soil microbiome’s composition and functions. These assays 

primarily focus on a limited number of model microorganisms —A. globiformis and E. 

fetida— which represent only a small fraction of the overall soil biodiversity and its 

associated ecosystem functions (Reiß et al., 2021). 

To address these limitations, multi-species assays have been developed that incorporate 

a broader range of soil organisms and ecological interactions. For example, the MS-3 

multispecies soil system integrates macro-decomposers such as earthworms (Eisenia 

andrei) and woodlice (Armadillidium vulgare), along with plant species like lettuce 

(Lactuca sativa) and mustard (Sinapis alba), to assess the ecotoxicological effects of 

benzene, toluene, ethylbenzene and xylene (BTEX) compounds in soil (da Silva Júnior et 

al., 2019). This approach allows for the simultaneous evaluation of multiple endpoints, 

including organism survival, biomass, seed germination, and enzymatic activity, offering a 

more holistic view of soil health. Other standardized multi-species assays have been 

developed to complement single-species tests and provide a more ecologically relevant 

assessment of soil toxicity. The Enchytraeid Reproduction Test (OECD 220) (OECD, 

2016b), for instance, uses Enchytraeus albidus to evaluate reproductive toxicity in soil 

environments. Similarly, the Collembola Reproduction Test (ISO 11267) involves 

springtails such as Folsomia candida, which are important decomposers and serve as 

sensitive indicators of soil contamination (DIN German Institute for Standardization e. V, 

2023). Plant-based assays, such as those described in OECD 208 (OECD, 2006), assess 

seedling emergence and growth across various plant species, offering insights into 

phytotoxicity and soil–plant interactions. 
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1.3.2 Evaluating microbial activity as an indicator of ecotoxicological 

assessment in terrestrial environments 

Toxic effects of substances like pesticides on soils are typically evaluated by measuring the 

functional responses of the soil, with microbial activity often serving as a key indicator 

(Imfeld and Vuilleumier, 2012). These measurements are usually compared to reference 

values from unpolluted soils in the same environment. However, this approach does not 

directly reflect the toxicity of the substance on members of the soil microbial community, 

as it relies on indirect comparisons rather than measuring the actual impact on microbial 

status quo. Additionally, current ecotoxicological assays focus on single biocides, 

overlooking the accumulation of these substances in soil or the combined effects of multiple 

biocides and formulation components commonly used in building materials. This limitation 

complicates the extrapolation of results to real-world scenarios, such as facades. Assessing 

multiple test substances is crucial, as terrestrial environments like soil exhibit significant 

variability in absorption capacity, which is likely to result in higher toxicity rates than those 

indicated by existing ecotoxicological assays. These assays can be differentiated in 

cultivation-dependent and -independent methods. Pros and cons of these methods were 

extensively reviewed by Imfeld and Vuilleumier (2012) for cultivation-dependent methods 

and Reiß et al. (2021) for cultivation-independent methods. 

1.3.2.1 Global soil microbial indicator as indicator for terrestrial ecotoxicity - 

Cultivation-dependent methods  

The microbial contribution to nutrient cycles in soil can be quantitatively assessed using 

global physiological parameters such as microbial biomass C, microcalorimetry, [3H]-

leucine or [3H]-thymidine incorporation, substrate-induced respiration (SIR), and the soil 

enzymes (Yang et al., 2024). These parameters are compared to substance-free control 

experiments. These methods bear the advantage of being inexpensive and easy to measure. 

The loss of enzymatic activity was also often used as a measure to evaluate the ecotoxicity 

of biocides within soils (Imfeld and Vuilleumier, 2012). Enzymatic assays use e.g., 

dehydrogenase, phosphatase, and urease to assess the activity of the soil microbiome 

(Andréa et al., 2000; Dungan et al., 2003; Rehman et al., 2024). As previously described, 

individual strains are commonly used to assess terrestrial ecotoxicology via the motility, 

growth, viability, adenosine triphosphate (ATP) content, bioluminescence, oxygen uptake, 

nitrification, or heat production of the respective model strain(s) (Bitton and Koopman, 

1992). Cultivation-dependent methods share similar drawbacks with conventional 
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approaches. These are laboratory-based methods involving single-parameter analyses. 

Consequently, the ecotoxicological effect of the test substance is not sufficiently depicted. 

Solely, the minor cultivable fraction of the soil microbial community is reflected due to the 

incubation step during the test procedure. Thereby, overgrowth can disrupt experimental 

investigations, and over- or underestimation of the ecotoxicological assessment must be 

taken into account (Fernández-Marcos, 2024; Reiß et al., 2021; Zengler, 2008). Community-

level physiological profiling (CLPP) (Biolog® Plates) involves inoculating a soil-derived 

microbial suspension into wells, incubating under standardized conditions, and monitoring 

C source utilization to generate a “metabolic fingerprint” for each sample (Sofo and 

Ricciuti, 2019). CLPP provides functional insights, is a fast-forward and cost-efficient 

method that owes high reproducibility and comparability (Thiele-Bruhn et al., 2020). 

Nevertheless, Biolog® plates on conventional media set-up mainly detect fast-growing and 

aerobic microbes, overlooking slow-growing or anaerobic species, which limits ecological 

output (Sofo and Ricciuti, 2019; Thiele-Bruhn et al., 2020).  

1.3.2.2 Analysis of soil microbial community composition as indicator for terrestrial 

ecotoxicity - cultivation independent methods 

To overcome the above-described limitations of cultivation-dependent methods, cultivation-

independent molecular methods have gained prominence. Among these, Polymerase Chain 

Reaction (PCR)-based techniques combined with amplicon sequencing (e.g., 16S 

Ribosomal ribonucleic acid (rRNA) gene and Internal Transcribed Spacer (ITS) region 

profiling, and quantitative PCR (qPCR) as well as reverse transcription qPCR (RT-qPCR), 

have found widespread application in assessing microbial responses to environmental 

pollutants, including biocides (Imfeld and Vuilleumier, 2012; Lasota et al., 2019; Silva et 

al., 2020). These methods enable species-specific insights and can detect shifts in microbial 

diversity, abundance, and community structure. However, they also have limitations. PCR 

amplification bias, primer mismatches, and the presence of relic deoxyribonucleic acid 

(DNA) can lead to over- or underestimation of taxa (Amend et al., 2010; von Wintzingerode 

et al., 1997). Furthermore, discrepancies between relative sequence abundances and actual 

microbial activity challenge the interpretation of results (Amend et al., 2010; Louca et al., 

2018). For instance, DNA isolated from soil represents a complex mixture comprising (i) 

fragments from non-viable or lysed cells, (ii) extracellular or relic DNA that can remain 

stable in soils for extended periods (Nielsen et al., 2007), (iii) DNA from dormant microbial 

populations, (iv) genetic material from viable cells (Emerson et al., 2017), and (v) DNA 
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from microbes that can rapidly transition to an active state in response to minimal nutrient 

inputs, often within minutes or hours (Blagodatskaya and Kuzyakov, 2013; de Nobili et al., 

2001).  

Analysis of phylotype abundance or functional genes enables characterization of the soil 

microbiome (Imfeld and Vuilleumier, 2012; Widenfalk et al., 2008). Due to limitations of 

single-method approaches, recent research increasingly advocates for integrative, multi-

omics methodologies. Metagenomics and metatranscriptomics provide insights into the 

genetic potential and active gene expression within microbial communities, while 

metaproteomics and metabolomics elucidate protein expression and metabolic pathways 

(Martinez-Alonso et al., 2019; Qian and Hettich, 2017). These methods allow researchers 

to move beyond taxonomy and explore functional responses, ecological processes, and 

metabolic activities in situ.  

In particular, stable isotope probing (SIP), especially protein-SIP, has proven valuable in 

identifying metabolically active microbial taxa involved in the degradation or 

transformation of environmental contaminants, including biocides (Jakobs-Schönwandt et 

al., 2010; Li et al., 2019; Seifert et al., 2012). Another promising approach to specifically 

identify active microbes in soil is bromodeoxyuridine (BrdU) immunocapture method 

combined with Illumina amplicon sequencing. BrdU labeling allows to distinguish between 

total genomic DNA from DNA retrieved from metabolic active organisms (Purahong et al., 

2022; Wahdan et al., 2021). Previous studies have demonstrated that the method can be used 

for meso- and microcosm studies as well as for natural habitats (Allison and Treseder, 2008; 

Bravo et al., 2013; Goldfarb et al., 2011; Grubisic et al., 2017; Hjort et al., 2007; Kelly et 

al., 2016; Taniguchi et al., 2015; Walters and Field, 2006). The BrdU-immunocapture 

method offers a distinct advantage by enabling researchers to differentiate DNA from 

metabolically active microorganisms from the total DNA pool, thus providing clearer 

insights into the active members of microbial communities and their real-time responses to 

environmental stressors such as biocides (Purahong et al., 2022; Reiß et al., 2025, 2024; 

Wahdan et al., 2021). This approach allows for comprehensive profiling of both total and 

metabolically active microbial communities within a given ecosystem, providing valuable 

insights into microbial dynamics, functionality, and ecological roles. These insights might 

otherwise be overlooked due to interference from relic or extracellular DNA in traditional 

DNA-based methods. 



Introduction - Impact of biocides on the soil microbiome 

9 

However, the method also has drawbacks. It can be labor-intensive, requires careful 

optimization of incubation and immunocapture protocols. Additionally, BrdU incorporation 

primarily targets actively dividing cells, possibly underestimating slow growing but 

functionally significant microorganisms (Artursson and Jansson, 2003; Borneman, 1999; 

van Elsas and Boersma, 2011). Among the available activity-based labeling techniques, 

BrdU immunocapture proved to be the most suitable method for gaining initial insights into 

the active soil microbiome due to its relatively low cost, straightforward setup, and broad 

applicability. In comparison, DNA-SIP and RNA-SIP provide higher functional specificity 

by linking microbial identity to substrate assimilation or transcriptional activity, 

respectively. DNA-SIP is ideal for identifying microbes that incorporate a specific labeled 

substrate into their DNA during growth, while RNA-SIP captures early metabolic responses 

at the transcript level (Verastegui et al., 2014), offering greater temporal resolution 

(Manefield et al., 2002). Despite their strengths, both SIP approaches require costly 

isotopes, specialized equipment, and complex protocols, making BrdU a practical first step 

in uncovering the active fraction of microbial communities under environmental stress. 

1.4 Impact of biocides on the soil microbiome 

Over the past decades, the application of biocides in building materials has steadily 

increased, driven by demands for durable and low-maintenance surfaces. Biocides are 

increasingly added to paints, plasters, and coatings to protect surfaces from microbial 

growth, as modern architecture often lacks facade protection measures such as roof 

overhangs. Today, biocides are widely used in various construction products, raising 

growing concerns about their environmental fate and impact. While leaching behavior and 

aquatic ecotoxicological risks are well documented (Burkhardt et al., 2012; Paijens et al., 

2020), their impact on terrestrial environments, especially on the soil microbiome, remains 

poorly understood. Soils, as terminal sinks for many urban runoff contaminants, are 

particularly vulnerable to the accumulation and effects of leached biocides. This section 

addresses the current state of research on the effects of biocides on the soil ecosystem and 

builds on the findings of the review by Reiß et al. (2021).  

1.4.1 Impact of pesticides  

Soil microbial communities are vital for ecosystem functioning, driving essential processes 

such as nutrient cycling, organic matter decomposition, and pollutant degradation. Despite 

this, terrestrial ecotoxicological assessments of biocides from construction materials have 
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received limited scientific attention, with existing soil tests providing only fragmented 

insights into microbial diversity and activity (Bandow et al., 2020). Comparatively, the 

impact of agricultural pesticides — including herbicides, fungicides, and insecticides — on 

soil microbiomes has been extensively studied.  

These chemicals are known to cause significant shifts in microbial community 

composition, diversity, and function (Meena et al., 2020; Singh et al., 2020). Sensitive 

microbes are often inhibited, allowing non-sensitive species to dominate, potentially leading 

to altered ecosystem functions (Supreeth et al., 2016). Some microbes even contribute to 

bioremediation by degrading pesticides (Oro et al., 2024; Yasir et al., 2025), though such 

resilience is context-dependent and often disrupted by high or prolonged pesticide exposure. 

Notably, many pesticides used in agriculture are also applied as biocides in building 

materials, such as terbutryn and isoproturon. Both have demonstrated negative effects on 

key soil microbial functions like nitrification and N fixation (Maharana et al., 2025; Singh 

and Wright, 2002). Comparable data and research regarding biocides in building materials 

are currently lacking. Since the application of biocides used in agriculture differs 

significantly from those in construction contexts, existing testing protocols are not readily 

applicable. This is due to differences in exposure pathways and the agricultural research's 

often misleading focus and experimental design (Reiß et al., 2021). In agricultural settings, 

biocides are typically applied at low concentrations over large areas and only for the 

duration of the growing season (Heidorn, 2002; Vormeier et al., 2023). Therefore, the 

extensive body of agricultural biocide research offers only limited transferability to the 

environmental and toxicological impacts of biocides used in building materials. 

1.4.2 Impact of biocides on building materials  

This subsection addresses the effects of biocides used in building materials on the soil 

microbiome. While most previous studies have focused on individual biocides and a narrow 

range of target organisms, little attention has been given to the combined toxicity of biocide 

mixtures on the broader and more diverse microbial communities. These further limit the 

applicability of current agricultural research to the context of building materials, where 

microbial communities and exposure conditions differ markedly. Emerging research on 

biocides from building materials suggests compounds such as octhilinone and terbutryn can 

persist in soil and disrupt microbial functions, particularly under long-term exposure 

(Bollmann et al., 2017; Fernández-Calviño et al., 2021). 
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A developing concern in recent years is the accumulation of biocides in urban stormwater 

infiltration systems (SIS), where contaminated runoff from impermeable surfaces is directed 

into engineered soil beds. While these systems are designed to manage hydrological flow 

and improve water quality, they may inadvertently function as repositories for biocidal 

compounds. A 2023 investigation found that SIS soils exhibit elevated concentrations of 

terbutryn, diuron, and isothiazolinones, depending on infiltration rates, system age, and soil 

porosity (Linke et al., 2023). Although the detected concentrations are often below acutely 

toxic thresholds, the chronic exposure of soil biota to low levels of multiple biocides raises 

new ecotoxicological questions. Over time, accumulation may lead to compound effects on 

microbial communities, particularly in the upper soil horizons, which are critical for organic 

matter processing and plant–microbe interactions.  

A particularly urgent development in biocide research is the growing evidence that 

environmental exposure to certain biocides may promote the selection of antibiotic 

resistance genes (ARGs) in soil microorganisms. This co-selection arises because some 

biocides and antibiotics target similar cellular mechanisms, leading to cross-resistance 

(Sousa et al., 2025). Recent studies have demonstrated that sub-inhibitory concentrations of 

common biocides such as benzalkonium chloride and isothiazolinones can enrich for 

resistant microbial strains in soils (Langsrud et al., 2003; Tandukar et al., 2013). This 

process poses a dual risk: ecological disturbance and the potential transfer of resistance 

genes to human–associated pathogens through horizontal gene transfer. The linkage 

between environmental biocide contamination and public health concerns, especially in 

densely populated urban area, represents a critical research frontier that was only 

peripherally addressed in earlier studies (Sousa et al., 2025). 

Many terrestrial ecotoxicity studies still rely on traditional methods such as standard plate 

counts, indirect assessments like SIR, or low-resolution molecular techniques to evaluate 

the ecotoxicological impacts of biocides on soil microbial communities (Reiß et al., 2021). 

To accurately distinguish the effects of biocides within the complex composition and 

functions of soil microbial communities, high-resolution techniques, such as DNA-based 

methods, are essential. Short term tests may underestimate risks, emphasizing the need for 

prolonged and more holistic evaluations. Additionally, mixed toxicity of biocides as found 

in facade eluates were barely investigated. In summary, there is a critical knowledge gap in 

understanding how leached biocides from building materials affect the soil microbiome, 

with significant implications for soil health, ecological balance, and environmental policy. 
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This underscores the urgent need for more advanced, long-term, and molecular-based 

ecotoxicological assessments to inform safe biocide application and regulation. 

1.5 Applied methods to study the influence of biocides of building 

materials on the soil microbiome 

To investigate the ecotoxicological effects of biocides from building materials on soil 

microbial communities, a multi-methodological approach was employed in this dissertation. 

This chapter outlines the methods and analytical techniques used to assess the soil 

microbiome after biocide exposure.  

1.5.1 Soil microcosm experiment 

Soil microcosms are simplified, controllable, small-scale models of natural soil 

environments used to simulate and study ecological processes, such as nutrient cycling, 

microbial interactions, and contaminant behavior. These systems are designed to replicate 

key components of soil ecosystems while allowing for precise manipulation of variables 

and maintaining most other conditions constant. Microcosm studies are widely applied in 

environmental science, soil ecology, and ecotoxicology, especially to investigate the effects 

of pollutants, climate change, or agricultural practices on soil organisms and functions. They 

enable high experimental control, replicability, standardization, cost effectiveness, and 

temporal efficiency (Römbke et al., 2006). In contrast, soil microcosms lack ecological 

realism as no multi-trophic interactions are feasible, and soil heterogeneity might be 

disrupted. Additionally, boundaries potentially alter moisture retention, temperature 

gradients, and the behavior of soil organisms (Kuan et al., 2006). However, soil microcosms 

are increasingly used for different kinds of research questions. As for example, the effect of 

soil moisture on gas fluxes (Subramaniam et al., 2024), the increase of cation availability 

(Nicolitch et al., 2019), different pollutants such as microplastics (Sun et al., 2024) on the 

soil microbial diversity, as well as bioremediation of the pesticide atrazine (Sagarkar et al., 

2014), or degradation of other pollutants (Barra Caracciolo et al., 2013). Due to the above-

described advantages and the high statistical power through replication, soil microcosm 

studies were chosen to gain first insight into the effects of biocides in Biocide-I and facade 

eluates Biocide-II on soil microbial community.  
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1.5.2 DNA metabarcoding as a tool for soil microbial diversity and functional 

assessment 

As outlined in chapter 1.3.2.2, cultivation-independent approaches provide important 

advantages for assessing ecotoxicological risks in terrestrial ecosystems. Among them, 

DNA metabarcoding has emerged as a high-throughput molecular technique capable of 

identifying diverse taxa within complex environmental matrices such as soil (Drummond et 

al., 2015; Kirse et al., 2021; Köninger et al., 2023; Taberlet et al., 2012). This approach 

offers powerful insights into soil biodiversity and has become an essential tool in microbial 

ecology, land-use monitoring, and soil health assessments. 

The workflow typically begins with the extraction of environmental DNA from soil using 

commercially available kits optimized for the simultaneous recovery of bacterial and fungal 

template DNA. Ribosomal marker regions are then amplified through PCR with universal 

primers (e.g., V3–V4 of 16S for bacteria or ITS2 for fungi). The resulting amplicons are 

sequenced using next-generation platforms such as Illumina MiSeq, NovaSeq, or, more 

recently, long-read technologies like Oxford Nanopore (Bolyen et al., 2019). Following 

sequencing, a structured bioinformatic workflow is used to convert raw reads into 

ecologically interpretable taxonomic units. The first step involves quality filtering, adapter 

trimming, and primer removal using tools like Cutadapt or QIIME2’s built-in plugins 

(Bolyen et al., 2019). Subsequently, two main strategies can be used to group sequences: 

Either Operational Taxonomic Units (OTUs) clustering, a method that clusters sequences to 

OTUs based on a similarity threshold (commonly 97%) using tools such as VSEARCH or 

USEARCH (Edgar, 2010; Rognes et al., 2016). On the other hand, Amplicon Sequence 

Variants (ASVs) were calculated using denoising algorithms such as DADA2 or Deblur 

infer ASVs, which provide single-nucleotide resolution and improved reproducibility across 

studies (Callahan et al., 2016). After dereplication and chimera removal, the representative 

sequences are taxonomically classified using reference databases—SILVA for bacteria 

(Quast et al., 2013) and UNITE for fungi (Nilsson et al., 2019). Classification can be carried 

out via naïve Bayes classifiers, BLAST alignment, or other k-mer-based methods available 

in tools like QIIME2 and mothur.  

To enable comparisons across samples, sequencing depth is normalized using rarefaction 

or other scaling methods. Downstream analyses include alpha and beta diversity metrics 

(Chapter 1.5.5) . For visualization and statistical modeling, various R packages like 
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QIIME2, Phyloseq, or the vegan are available (Bolyen et al., 2019). This comprehensive 

workflow allows for high-resolution, scalable profiling of soil microbial communities, with 

applications ranging from ecological monitoring to sustainable agriculture and pollution 

assessment. Thereby, this approach has been extensively applied in biodiversity research 

involving soil microorganisms like bacteria and fungi (Donhauser et al., 2023; Hernández-

Lara et al., 2022; Labouyrie et al., 2023). 

Beyond taxonomic profiling, functional annotation provides ecological context by 

predicting the metabolic capabilities and ecological roles of microbial communities. Based 

on sequencing data, computational tools compare these sequences to reference databases 

that contain known gene functions, metabolic pathways, or ecological traits. By mapping 

taxa to these references, researchers can infer the functions likely present in the community, 

such as nutrient cycling, organic matter decomposition, or symbiotic interactions. For fungi, 

functional guilds or trait databases provide ecological classifications (e.g., saprotroph, 

pathogen, symbiont), enabling assessment of shifts in community function under different 

environmental conditions. This approach allows functional insights without directly 

measuring gene expression or enzymatic activity. 

For bacteria, functional profiles can be inferred from 16s rRNA gene data using tools like 

PICRUSt2 (Douglas et al., 2020) and Tax4Fun2 (Aßhauer et al., 2015), which map 

microbial taxa to functional pathways in databases like KEGG (Kanehisa and Goto, 2000). 

Another commonly used tool for bacterial communities is FAPROTAX (Functional 

Annotation of Prokaryotic Taxa), which assigns functional traits (e.g. nitrification, 

methanogenesis, sulfur respiration) to prokaryotic taxa based on curated literature linking 

taxonomy to metabolism (Louca et al., 2016). FAPROTAX is particularly effective for soil 

and aquatic microbial ecology due to its focus on biogeochemical processes.  

For fungi, functional annotation is typically taxon-based. Tools like FUNGuild classify 

fungal OTUs or ASVs into ecological guilds such as saprotrophs, symbiotrophs (e.g., 

mycorrhizal fungi), and pathotrophs (Nguyen et al., 2016). This approach enables 

researchers to evaluate ecological strategies of fungal communities and their shifts across 

gradients of soil management, disturbance, or vegetation type. In addition to guild 

classification, emerging approaches now emphasize fungal functional traits, which provide 

a more nuanced understanding of ecological strategies. Trait-based fungal ecology is 

supported by curated databases such as FunFun and FungalTraits (Flores-Moreno et al., 
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2019; Krivonos et al., 2023), which compile data from literature and culture collections to 

assign trait values to fungal taxa (Põlme et al., 2021). These databases enable researchers to 

examine how life history strategies and functional roles vary across communities and 

environments, especially under pressures such as land-use change or climate stress. 

One key benefit of this technique is its ability to recover the full spectrum of biodiversity 

within a soil system, including cryptic or previously undescribed species that are often 

overlooked by traditional methods (Arrigoni et al., 2016; Hebert et al., 2003; Klarica et al., 

2012). It enables the analysis of the entire community, including its diversity, complexity of 

interspecies networks, and the dissimilarity between different communities (Semenov, 

2021). Additionally, functional annotation provides a crucial bridge between community 

composition and ecosystem functioning, offering insights into the roles of soil microbes in 

nutrient cycling, plant health, C turnover, and ecological resilience. 

1.5.3 BrdU immunocapture technique to analyze active microbial community 

members 

Despite the many advantages of DNA metabarcoding shown above, the method cannot 

identify the active pool of organisms within the high biodiversity of soils and the presence 

of extracellular DNA (Semenov, 2021). The BrdU immunocapture technique is an 

alternative to ribonucleic acid (RNA) sequencing and SIP to determine metabolically active 

microorganisms within environmental samples. The BrdU immunocapture technique 

operates on the principle of supplying BrdU — a synthetic thymidine analog — in excess 

to the extracellular environment, where it is transported into metabolically active cells and 

incorporated into newly synthesized DNA during replication, effectively replacing 

thymidine (Figure 3).  
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Figure 3: Schematic overview of the soil microcosm experiment and BrdU-based microbiome analysis.  

(A) Experimental setup for analyzing the active soil microbiome. The red arrow indicates the step of 

immunoprecipitation. (B) Detailed procedure for the incorporation of BrdU into replicating genomic DNA 

and the subsequent enrichment of BrdU-labeled DNA by immunoprecipitation. This approach allows 

assessment of ecotoxicological effects by comparing the total versus active soil microbiomes. Scheme 

translated from Reiss and Noll (2025). 

This incorporation highlights the presence of proliferating microbial populations in situ 

(Borneman, 1999; Urbach et al., 1999). DNA from these active organisms, now labeled with 

BrdU, can be selectively isolated from the total community DNA using anti-BrdU 

antibodies in an immunocapture process. Although BrdU incorporation is not universal 

across all microbial taxa (Wahdan et al., 2021), most tested bacterial strains are capable of 

incorporating BrdU, and representatives from all major bacterial phyla have been identified 

using this method. BrdU uptake by fungi in environmental samples has rarely been 

addressed systematically and thus remains poorly documented beyond a handful of cultured 

species. This gap is noteworthy given their ecological importance, as fungi often show 

limited thymidine incorporation in vitro (Sivakumar et al., 2004), yet evidence from field 

and microcosm studies indicates that BrdU labeling can indeed capture fungal activity under 

natural conditions, including soil and litter decomposition (Treseder et al., 2014), 

microcosms experiments (Reiß et al., 2025, 2024; Wahdan et al., 2021), soil with 

mycorrhizae (Artursson and Jansson, 2003), and deadwood in forests (Purahong et al., 

2022).  

1.5.4 Quantitative real-time PCR assay  

Quantitative PCR (qPCR) is a widely used molecular method for assessing microbial 

biomass in environmental samples (Kralik and Ricchi, 2017). It provides a sensitive and 
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specific means of quantifying bacterial and fungal DNA in complex matrices such as soil, 

without the biases of cultivation-based techniques. qPCR quantifies gene copy numbers in 

DNA extracts by amplifying target genes in real-time and detecting fluorescence signals 

generated by intercalating dyes (e.g., SYBR Green) or probe-based systems (e.g., TaqMan) 

(Tajadini et al., 2014). In both SYBR Green and TaqMan qPCR methods, the intensity of 

fluorescence released correlates directly with the amplification of microbial DNA, allowing 

for the quantification of specific microbial genes. In SYBR Green assays, the fluorescent 

dye binds to newly formed double-stranded DNA (dsDNA), emitting a signal that increases 

with each qPCR cycle (Tajadini et al., 2014). In contrast, the TaqMan method uses sequence-

specific dual-labeled probes that anneal to single-stranded DNA (ssDNA). During the 

extension phase, Taq polymerase cleaves these probes through its 5′ to 3′ exonuclease 

activity, separating the fluorophore from the quencher. This results in fluorescence emission 

and the continued synthesis of dsDNA (Tajadini et al., 2014). For microbial biomass 

estimation, bacteria are typically quantified using primers targeting the 16S rRNA gene, and 

Fungi are quantified using primers targeting the ITS region, which offers higher taxonomic 

resolution for fungal communities. For quantification the primer pair 341f-785R was used 

for bacteria and the primer set ITS4 and fITS7 for fungi. The same primer pairs were used 

for quantification and sequencing for better comparability. 

1.5.5 Statistical approaches for microbial community analysis 

Across Biocide-I, Biocide-II, and Biocide-III, statistical analyses were structured to assess 

the impact of biocide treatments on both total and metabolically active microbial 

communities. All datasets were first summarized at the genus level, and the normality of 

alpha diversity indices (OTU richness, Shannon index, Simpson index, Pielou’s Evenness) 

and richness estimators (Bias-Corrected Chao1, abundance-based coverage estimator ACE) 

was evaluated using the Shapiro-Wilk test. Depending on normality, parametric tests (one-

way ANOVA with Tukey post hoc) or non-parametric tests (Kruskal-Wallis ANOVA with 

Dunn post hoc) were applied to assess treatment effects on alpha diversity and total bacterial 

and fungal gene copy numbers (Hothorn et al., 2008). Rarefaction analyses were performed 

to evaluate sampling depth and richness coverage, ensuring reliable diversity estimates 

(Noll et al., 2005). 

Community composition was explored using non-metric multidimensional scaling 

(NMDS) based on Bray–Curtis dissimilarities (Clarke et al., 2014; Clarke, 1993). NMDS 
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provides an ordination that visualizes complex, high-dimensional microbial datasets in a 

low-dimensional space, facilitating interpretation of overall community patterns. To 

statistically test the significance of compositional differences between treatment groups, 

permutational multivariate analysis of variance (PERMANOVA or NPMANOVA) was 

applied (Hammer et al., 2001; Legendre and Anderson, 1999), accounting for the 

multivariate nature of microbial communities and functional profiles. Environmental 

variables were fitted to the NMDS ordinations using the envfit function to assess their 

explanatory power, with significance determined through permutation tests (typically 999 

permutations) (Oksanen et al., 2025). 

Indicator species analysis was used to identify bacterial and fungal genera significantly 

associated with specific biocide treatments (de Cáceres and Legendre, 2009), revealing taxa 

driving the observed differences in community composition. In Biocide-III, analyses were 

extended using linear models incorporating Group, Time, and Group × Time interactions, 

along with estimated marginal means (EMMs) and pairwise comparisons to detect temporal 

dynamics in community responses (Lenth, 2025). Multiple testing corrections, such as the 

Benjamini-Hochberg false discovery rate (FDR), were applied to control type I error across 

comparisons. 

The multivariate and univariate approaches applied across the three experiments provide 

a comprehensive framework for evaluating microbial responses at multiple ecological 

scales. Advantages include the ability to capture subtle shifts in microbial community 

structure and function, integrate environmental covariates, and detect treatment-specific 

indicator taxa. Limitations include sensitivity of PERMANOVA to differences in group 

dispersion, potential bias from choice of dissimilarity metrics, and challenges in interpreting 

ordination axes ecologically(Clarke et al., 2014; Clarke, 1993; Legendre and Anderson, 

1999). Despite these constraints, the combination of alpha diversity metrics, NMDS, 

PERMANOVA, and indicator species analysis allowed robust and reproducible assessment 

of biocide effects on soil microbial communities, including both total and metabolically 

active fractions, and supported the identification of key taxa and functional responses 

relevant for ecotoxicological risk assessment. 
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2 Synopsis 

Within this dissertation three biocide experiments — Biocide-I, Biocide-II, and Biocide-III 

— were conducted to investigate the effects of biocides and facade eluates on soil microbial 

communities. Biocide-I and Biocide-II were carried out under controlled laboratory 

conditions, whereas Biocide-III was designed to mimic the facade eluate uptake of soils in 

the proximity of the building. Together, these experiments provide a comprehensive 

assessment of biocide-related impacts under both controlled and environmentally relevant 

conditions. 

2.1 Aims and hypotheses 

Facade eluates contain a complex mixture of biocides and formulation components derived 

from building materials, including paints and renders. These substances may be mobilized 

through various leaching processes and subsequently enter surrounding soils. While 

previous research has characterized the chemical composition of facade eluates, their impact 

on soil microbial communities — particularly active microbial fractions — remains poorly 

understood. This dissertation investigates how facade eluates and their constituent biocides 

influence soil microbial composition and function, with a focus on both bacterial and fungal 

communities and their active subsets, analyzed using the BrdU immunocapture technique. 

2.1.1 Biocide-I: Individual biocides and biocide combinations 

The first study (Biocide-I, 3.2) evaluated the effects of various biocides. This study aimed 

to determine how specific biocides, and their combinations affect the composition and 

functional dynamics of total and active soil bacterial and fungal communities The research 

addressed critical gaps in knowledge regarding the specific impacts of biocides, the 

differential responses of active versus total microbial communities, and the potential 

additive, synergistic, or antagonistic effects of combined biocide exposure. 

2.1.2 Biocide-II: Facade eluates 

The second study (Biocide-II, 3.3) assessed the effects of complex facade eluates, 

comprising biocides, heavy metals, binders, and fillers, on soil microbial communities. 

Runoff from biocide-treated and untreated facades was generated via two leaching 

protocols: the standardized DIN EN 16105 immersion test and a natural weathering trial. 

Both total and active bacterial and fungal communities were analyzed to identify taxa that 
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are positively or negatively affected by facade eluates. This study addressed important 

knowledge gaps concerning the ecotoxicological effects of real-world facade eluates, the 

potential impact of biocide-free facade components, and the influence of leaching protocol 

on eluates toxicity and thus microbial responses.  

2.1.3 Biocide-III: Multiple entries of facade eluates 

The third study (Biocide-III, 3.4) investigated the effects of repeated facade runoff 

applications under outdoor conditions, simulating real-world, recurrent exposure. This study 

evaluated changes in total and active bacterial and fungal communities, soil 

physicochemical properties, and microbial functions over time. By doing so, it addressed 

the lack of long-term studies, the limited understanding of cumulative impacts on active 

versus total microbial communities, and the need for data on temporal dynamics of 

microbial responses to recurring biocidal stress. 

2.1.4 Overarching hypotheses 

Based on the three studies, the dissertation tested the following overarching hypotheses: 

H1 Selective impact on active communities: Facade eluates and biocides primarily 

alter the composition and function of metabolically active microbial communities 

– as they directly interfere with ongoing biogeochemical processes such as carbon 

degradation, nitrogen transformations, and redox reactions. Consequently,  total 

communities remain comparatively stable due to functional redundancy. 

H2  Biocide-specific effects: Individual biocides and biocide combinations 

differentially affect microbial taxa, with fungi hypothesized to be more sensitive to 

fungicidal compounds, whereas some bacteria may benefit from reduced 

competition or utilization of biocide compounds as a substrate. 

H3  Cumulative and protocol-dependent effects: Repeated or combined exposures, as 

well as the type of eluate and leaching procedure, modulate the magnitude and 

direction of microbial community shifts. Repeated or combined exposures can cause 

cumulative alterations in key ecosystem functions including nutrient cycling 

(carbon, nitrogen, phosphorus), biofilm structural integrity, resource turnover, and 

microbial interactions (competition, inhibition, facilitation). These factors may 

generate nonlinear responses in metabolic rates, such as enhanced nutrient 
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mobilization, shifts in aerobic–anaerobic redox processes, or altered organic matter 

degradation. 

H4 Functional stability through redundancy: Despite compositional changes, overall 

microbial biogeochemical functions remain stable because biocide-sensitive taxa are 

replaced by functionally equivalent, biocide-insensitive taxa. 

Collectively, these hypotheses address critical gaps regarding the ecotoxicological effects 

of both defined biocides and complex facade eluates on soil microbial communities, 

particularly regarding active microbial fractions, long-term exposure, and real-world 

leaching scenarios. 
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2.2 Study design and study sites 

To answer hypotheses of Biocide-I and Biocide-II soil microcosm experiments were 

conducted under laboratory conditions for 29 days, and single application of biocides, 

biocide mixtures, or facade eluates (Figure 4). To investigate the effects of facade eluates 

under the most realistic conditions possible, the Biocide-III incubation was conducted 

outdoors.  

Figure 4: Overview of the three incubation experiments Biocide-I to -III with the corresponding 

characteristics and differences.  

All studies were conducted using RefeSol-02A, sourced from the Fraunhofer Institute 

for Molecular Biology and Applied Ecology, chosen for its lack of pesticide use for at least 

the past five years and its suitability for biological tests according to OECD terrestrial 

ecotoxicological guidelines (Schlich and Hund-Rinke, 2015).  

2.2.1 Biocide-I microcosm study 

To evaluate the ecotoxicological effects of commonly used biocides and their mixtures on 

soil microbial communities, the study employed soil microcosms treated with terbutryn (T), 

isoproturon (I), and octhilinone (O) — both individually and in combinations — at 

environmentally relevant concentrations not exceeding 10 µg g⁻¹ (Kiefer et al., 2024). 

Microbial activity was assessed using BrdU labeling to identify metabolically active 

bacteria and fungi. After 28 days of incubation, DNA extraction and immunocapture 

techniques enabled separation of total and “active” DNA, which were analyzed through 
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amplicon sequencing (16S rRNA gene and ITS) to assess community structure and function. 

Gene copy numbers, soil respiration, and physicochemical parameters were also measured 

to evaluate microbial biomass and activity. 

2.2.2 Biocide-II microcosm study 

To assess the impact of facade eluates on soil microbial communities, this study treated soil 

microcosms with runoff generated from building facade s using two leaching procedures: 

standardized immersion testing (DIN EN 16105) and natural weathering. Eluates were 

derived from facades with and without biocides. The biocidal facade samples contained the 

in-can preservative Acticide SR 2081 (Thor GmbH, Speyer, Germany), which consists of 

benzisothiazolinone (BIT), chloromethylisothiazolinone (CMIT), and 

methylisothiazolinone (MIT). Additionally, the film preservative Acticide MKB3 (Thor 

GmbH, Speyer, Germany) was used, comprising terbutryn, octhilinone, zinc pyrithione, and 

zinc oxide. Facade eluates were applied over a 29-day incubation period. To ensure realistic 

concentrations facade eluates were diluted depending on the soil/facade ratio Additionally, 

high comparability between the Biocide-I and Biocide-II studies was ensured by using the 

identical laboratory experimental setup and standardized processes.  

2.2.3 Biocide-III soil incubation study 

Biocide-I and Biocide-II provided first insights into the ecotoxicological effects of biocides 

and facade eluates on the soil microbiome. However, laboratory soil microcosm 

experiments and the single application of biocides do not reflect the reality in the proximity 

of the buildings. Therefore, study Biocide-III was designed to mimic the realistic entry of 

facade eluates to soils. As only a small percentage of the rain reaches the facade and thereby 

leaches biocides and formulation components, it is necessary to consider the amounts of 

rain and the resulting dilution of facade eluate next to the building. Furthermore, soil 

microcosms in stainless steel boxes were placed outdoors in Coburg, Bavaria, Germany, 

from June to August 2021. These were inserted into the ground to maintain ambient soil 

temperature. Microcosms were protected against rain by a lid that allowed ventilation and 

enabled them to dry completely during rain-free periods. In line with the previous studies, 

48 h before each sampling point BrdU labelling was conducted. The sampling points were 

after 29 days together with Biocide-II, experiments were conducted in parallel, and after 62 

days. Downstream analytical methods were identical to Biocide-II.  
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2.3 General discussion 

2.3.1 Recapitulation of the findings  

The studies conducted in this dissertation provide initial insights into the effects of biocides 

and facade eluates on the composition and function of soil microbial communities. As 

reviewed by Reiß et al. (2021), data providing detailed species-specific information on the 

effects of biocides of building materials on the soil microbiome are rather scarce. Therefore, 

these studies were designed as follow-up investigations aimed at gaining more detailed 

information about bacterial and fungal stress responses to the respective treatments with 

increasing complexity and realism to the scenarios at the proximity of the buildings.  

Biocide-I (Chapter 3.2) found that biocides commonly used in building materials 

significantly impact the active soil microbial community, affecting its diversity, richness, 

composition, and functional patterns. While the overall soil physicochemical parameters 

and soil respiration were not notably altered by the biocide treatments, the active microbial 

community showed considerable changes. Combined biocide treatments had a greater 

impact than single treatments, leading to a significant reduction in bacterial and fungal gene 

copy numbers. Specifically, the combination of terbutryn, isoproturon, and octhilinone 

(TIO) showed the largest decrease in both bacterial and fungal gene copy numbers compared 

to the respective water control. In terms of richness, active bacterial and fungal richness was 

not significantly affected by biocide treatment when compared to water control. However, 

total (T-) bacterial richness was highest in the T-TIO treatment and significantly different 

from the total terbutryn treatment (T-T). Total fungal richness showed no significant 

alteration due to biocide treatments compared to the respective water control. The study also 

observed shifts in the community composition and functional patterns, particularly in the 

active microbial communities. For instance, certain bacterial and fungal taxa benefited from 

the presence of biocides, while others were negatively impacted, as indicated by indicator 

species analysis. These findings highlight the sensitivity of the active soil microbiome to 

biocides and suggest its potential use as an ecotoxicological measure (Reiß et al., 2024). 

Biocide-II (Chapter 3.3) found that facade eluates, whether produced by laboratory 

immersion testing or natural weathering, significantly affected both the total and active soil 

microbiome. Application of these eluates led to a reduction in total bacterial and fungal gene 

copy numbers, with the highest microbial abundance observed in untreated soils. Notably, 

active bacterial and fungal richness was lower than total richness and was significantly 
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changed by eluate treatments. Community composition was clearly altered, especially in 

active communities, with dominance of Pseudarthrobacter in bacteria and reduced fungal 

diversity. Functional shifts were more pronounced in the fungal microbiome than in 

bacteria, with key functions and indicator taxa changing depending on the type of eluate 

applied. Effects occurred even with facade eluates lacking added biocides, suggesting that 

other components in facade materials (e.g., heavy metals, binders) also impact soil 

microbiota. Certain taxa benefited from eluate exposure, while others were omitted, 

highlighting both resistance and sensitivity within the soil microbiome. Overall, the results 

indicate that facade runoff, regardless of biocide content or leaching method, poses an 

environmental risk to soil microbial community structure and function, underscoring the 

need for further research and ecotoxicological assessment (Reiß et al., 2025).  

The main findings of Biocide-III (Chapter 3.4) are that repeated exposure of soils to 

facade eluates, especially those containing biocides, led to major shifts in soil microbial 

communities over a two-month period. Bacterial gene abundances significantly declined 

with facade eluate exposure, particularly with biocidal treatments, while fungal richness 

increased in those same treatments. These changes were more pronounced within 

metabolically active microbial fractions than in the total community, as shown by BrdU-

labeling and high-throughput sequencing. Indicator species analysis revealed distinct 

bacterial and fungal taxa linked to facade eluate exposure, including the loss of some rare 

and functionally important groups found only in untreated or rainwater-treated soils. 

Prolonged eluate exposure also shifted microbial functional potentials: bacterial 

communities showed increased ureolytic activity, a stress-response trait, while fungal 

communities experienced a decline in plant pathogens and a relative increase in 

photoautotrophic and saprotrophic taxa. Overall, these facade eluate-induced changes 

altered both the structure and predicted functions of soil microbiomes, reducing bacterial 

abundance, increasing fungal diversity, selectively omitting sensitive taxa, and promoting 

traits linked to environmental stress tolerance. The results highlight ecological risks posed 

by runoff from building materials, suggesting that biocides in facade products should be 

considered environmental hazards due to their disruption of soil microbial community 

composition and key ecosystem functions (Reiß et al., 2026). 

Investigating the effects of biocides on the soil microbiome is essential for a 

comprehensive understanding of their ecological impact. Soil microbial communities are 

fundamental to ecosystem processes such as nutrient cycling, organic matter decomposition, 
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and the maintenance of soil fertility and plant health (Fierer, 2017). Biocides leaching from 

building materials have the potential to disrupt these microbial assemblages, leading to 

reductions in diversity and alterations in functional capacity that could compromise soil 

health and ecosystem stability. Given that the active fraction of the microbiome is 

particularly sensitive to biocide exposure (3.2 Biocide-I Figure 3, Table 2; 3.3 Biocide-II 

Figure 3, Table 2; 3.4 Biocide-III, Figure 4), such disturbances may have immediate and 

significant effects on key soil processes, including biological (e.g. soil respiration, N and C 

cycling), chemical (e.g., nutrient availability, pH buffering) or physical processes (e.g., 

water retention, soil structure) (Chapter 1.2). Additionally, the persistence and accumulation 

of biocides in the environment underscore the importance of assessing both short term and 

long-term consequences, not only for targeted organisms but also for the broader soil 

ecosystem. Understanding these dynamics is vital for informed risk assessments and for 

guiding sustainable management practices regarding the use of biocides in urban and 

agricultural settings.  

In all three studies I aimed to evaluate the impact of facade-derived biocides and their 

mixtures on soil microbial communities, with a particular focus on comparing responses of 

total versus metabolically active communities (3.2 Biocide-I, 3.3 Biocide-II, and 3.4 

Biocide-III). In this chapter, I will provide an overview, comparison and discussion of the 

studies conducted. I will evaluate the relevance of the key findings for the ecotoxicological 

assessment of biocides originating from building materials.  

2.3.2 Impact of biocides and facade eluates on soil microbial gene copy 

numbers 

To monitor shifts in soil microbial communities following exposure to biocides and facade 

eluates, gene copy numbers for bacteria and fungi were quantified. Across all studies, 

bacterial abundance consistently declined. This decline was particularly notable following 

biocide treatments, especially in mixtures, despite the total biocide concentration being 

identical to that of single biocide applications (3.2 Biocide-I, Figure 1 A). As discussed in 

Biocide-I (3.2), these effects may arise from indirect interactions within the soil food web 

or from direct action on unidentified microbial targets (Reiß et al., 2024). Several studies 

reported a decline of bacterial gene copy numbers pesticide application of diverse chemical 

groups, e.g., triazines and carbamates (Feld et al., 2015; Milosevic and Govedarica, 2002). 

Consistent with these findings, facade eluate treatments also led to reduced bacterial gene 
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copy numbers. Surprisingly, this effect was observed even in soils that had been treated with 

facade eluates without biocides, after a single facade eluate application compared to the 

respective water controls (3.3 Biocide-II, Figure 1 A). The most substantial bacterial 

reduction occurred in treatment T-F-UOF after both a single exposure (3.3 Biocide-II, 

Figure 1 A) and repeated applications in  

Biocide-III (3.4 Biocide-III, Figure 2 A). In Biocide-III, no bacterial recovery was observed 

during the 62-day incubation period, despite conditions that favored growth—evidenced by 

a doubling of bacterial gene copy numbers in the untreated rainwater control (3.4 Biocide-

III, Figure 2A). At first glance, these findings seem unexpected, given that film-preservative 

biocides are not designed to target bacteria. However, it is important to note that at the 

beginning of a facade 's lifespan, both film preservatives and in-can preservatives leach out. 

Therefore, the observed decline in bacterial gene copy numbers is likely due to a 

combination of indirect ecological effects — such as trophic cascades, apparent 

competition, and trait-mediated indirect effects (as proposed in 3.2 Biocide-I) — as well as 

direct toxic effects from in-can preservatives such as BIT, CMIT, and MIT. Kiefer et al. 

(2024) confirmed that high concentrations of these substances were present in the facade 

eluates used in this study, especially in early-stage eluates, which were dominated by BIT. 

Fungal gene copy numbers followed similar trends across the studies but were generally 

less affected than bacteria. While fungi are typically considered more sensitive to biocides 

due to being primary targets, their reductions were less pronounced. In Biocide-I (3.2), 

fungal gene copy numbers were reduced only in the combined biocide treatments 

(3.2 Biocide-I, Figure 1B), suggesting lower sensitivity to terbutryn, isoproturon, and 

octhilinone. In Biocide-II (3.3), fungal gene copy numbers remained stable after a single 

facade eluate application under laboratory conditions (Figure 1B). Interestingly, in Biocide-

III (3.4), fungal gene copy numbers increased during the first 29 days of incubation 

(3.4 Biocide-III, Figure 2B). This rise was greater in facade eluate-treated soils compared 

to water controls, suggesting fungi may have benefited from released ecological niches and 

increased nutrient availability due to competitor suppression and substrate input via the 

eluates. However, by day 62, a reversal was observed: fungal abundance dropped compared 

to the corresponding water-treated soil (T-RW-62d). This decrease may be attributed to 

changes in eluate composition over time, with film preservatives, known to target fungi, 

beginning to leach (Kiefer et al., 2024). Alternatively, the cumulative effect of repeated 

biocide applications may have raised soil concentrations to toxic levels (Linke et al., 2023), 
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or biocidal degradation products formed through UV or microbial processes may have 

become increasingly harmful to fungi (Bollmann et al., 2017). 

2.3.3 Contrasting effects of facade eluates and biocide treatments on soil 

physicochemical properties and microbial alpha diversity  

Despite the differences in exposure sources, ranging from defined mixtures in Biocide-I to 

facade eluates in single (Biocide-II) and multiple application (Biocide-III), the results 

revealed consistent microbial responses. Soil microbial community structure correlates with 

soil physicochemical properties (Fierer, 2017). To prevent misinterpretation of the results, 

soil physicochemical properties were analyzed for significant changes within each 

experiment. Across all studies, no significant changes due to the treatments were observed. 

Only time-dependent changes were detected in Biocide-III, specifically for pH, NO₃⁻, and 

SO₄²⁻ (3.4 Biocide-III). This observation suggests that this treatment had minimal impact 

on the broader soil ecosystem. The detected changes likely reflect natural soil processes 

rather than direct or indirect effects of the biocide, indicating a high degree of resilience 

within the soil microbial and chemical environment. Overall, Biocide-III did not cause 

significant ecological disruption under the tested conditions, as most soil parameters 

remained stable over time.  These changes occurred consistently at each subsequent 

sampling point, but not between different treatments. Therefore, changes observed in the 

microbial community in study Biocide-III can be attributed to the presence of facade eluates 

(Reiß et al., 2026). 

In line with the expectation that not all bacteria and fungi detected in soil total DNA are 

metabolically active, overall richness in active communities was consistently lower than 

total richness across all experiments, irrespective of treatment. For both Biocide-I and 

Biocide-II, bacterial and fungal richness, evenness, and diversity indices (Shannon and 

Simpson) did not differ significantly from their respective water controls in the total DNA 

samples, indicating no measurable effect of biocide or facade eluate treatments on total 

community  

structure (Figure 5). Evenness values further demonstrated an equal distribution of species 

within total communities across treatments in microcosm experiments. Similarly, no 

significant differences in bacterial richness were observed after repeated facade eluate 

applications compared with water controls. However, after 29 days of incubation, bacterial 

richness was significantly reduced in eluates containing biocides (T-UOF-29d) compared 
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with eluates without biocides (T-B-29d). By the final sampling point (T-UOF-62d), bacterial 

richness had recovered across all treatments, resulting in comparable richness levels after 

62 days of incubation (Figure 5 E). 

Figure 5: Overview of total bacterial (A, C, E) and fungal (B, D, F) richness in soil microcosms across 

the three biocide experiments: Biocide-I (A, B), Biocide-II (C, D), and Biocide-III (E, F). In Biocide-I and 

Biocide-II, statistically significant differences between treatments were determined using one-way non-

parametric multivariate analysis (p < 0.05), indicated by different letters above the bar charts. For Biocide-III, 

differences were assessed using linear models with interaction terms (Group × Time), followed by estimated 

marginal means and pairwise comparisons (p < 0.05; n = 5). Significant differences within the same time point 

are denoted by different letters, while differences between time points are marked with asterisks (*). Treatment 

abbreviations: W – water control; T – Terbutryn; I – Isoproturon; O – Octhilinone; TI – Terbutryn + 

Isoproturon; TO – Terbutryn + Octhilinone; IO – Isoproturon + Octhilinone; TIO – Terbutryn + Isoproturon + 

Octhilinone; D-B – facade eluates from DIN testing without biocides; D-UOF – facade eluates from DIN 

testing containing biocides; F-B – facade eluates from free weathering without biocides; F-UOF – facade 

eluates from free weathering containing biocides; T0 – untreated soil; RW-29d/62d –rainwater for 29 or 62 

days; B-29d/62d – facade eluates without biocides for 29 or 62 days; UOF-29d/62d – facade eluates containing 

in-can and film preservatives for 29 or 62 days.  
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In contrast to bacteria, fungal total richness increased after 29 days of incubation in 

laboratory experiments compared to water controls (Figure 5 D, F). Evenness remained 

stable and showed no treatment-specific shifts. Consistently, fungal total richness also 

increased after repeated facade eluate applications, although evenness was reduced 

compared with both the rainwater control and untreated soil (T0). Similar results had been 

recently shown for fungal richness within brownfield samples (Mejia et al., 2023). During 

the 62-day incubation, fungal richness continued to increase in the rainwater control and T-

B-62d, whereas a marked decline occurred in T-UOF-62d (3.4 Biocide-III, Figure 3B). This 

decline corresponded with the observed reduction in fungal abundance and is likely 

attributable to the onset of film-preservative leaching (section 2.3.2). At this point, T-UOF-

62d also exhibited lower evenness relative to other treatments, supporting the assumption 

that facade eluates shape fungal communities through the disappearance or emergence of 

specific taxa. Reduced evenness reflects the dominance of only a few species, an effect also 

evident in active bacterial and fungal communities following facade eluate treatment. This 

suggests that analyses of active communities may provide earlier indications of community 

alterations compared with total DNA analyses. 

Although active bacterial and fungal communities exhibited treatment-specific 

compositional changes, no significant differences in richness or evenness were observed in 

Biocide-I (3.2 Biocide-I, Figure 2B, D; Supplementary Information Table A.2, A.3) or after 

multiple facade eluate applications in Biocide-III (3.4 Biocide-III, Supplementary 

Information, Figure S2) compared to the respective water controls. In Biocide-II, however, 

bacterial and fungal richness differed significantly between the treatments A-D-UOF and 

A-F-B, although neither differed significantly from their respective water controls (3.3 

Biocide-II, Figure 2 B, D). Notably, the A-D-UOF bacterial community displayed the lowest 

evenness. This reduced richness and evenness is likely attributable to elevated pH values 

and high biocide concentrations generated by the DIN EN 16105 laboratory leaching 

procedure, which employs harsh elution conditions (Kiefer et al., 2024; Reiß et al., 2025). 

Across experiments, soils treated with facade eluates consistently exhibited reduced 

active bacterial evenness compared with water controls, suggesting that only a few 

dominant taxa were able to proliferate, while many others persisted at comparatively low 

abundances. This shift in community structure is consistent with previous reports of 

microbial responses to pesticide applications (Farthing et al., 2020; Mallet et al., 2019; 

Wang et al., 2020; Zhang et al., 2019). The same pattern was evident after both single and 
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multiple facade eluate applications. Accordingly, facade eluate treatments shaped fungal 

communities toward lower diversity, with dominance of taxa harboring resistance traits 

(Maharana et al., 2025; Vischetti et al., 2020). 

2.3.4 Facade eluates and biocides reshape soil microbiomes: insights into 

beta-diversity, active communities, and regulatory gaps 

In line with observations for bacterial and fungal alpha diversity, beta diversity was 

significantly altered following exposure to facade eluates and biocides, with distinct 

responses observed between total and active microbial communities. At the genus level, 

total bacterial community composition generally remained unaffected after incubation with 

biocides, biocide combinations, or facade eluates, regardless of single or multiple 

applications. Consistent with expectations, total soil microbial communities in the Biocide-

I study were largely unaffected by biocide treatments, except for the harshest combined 

biocide treatment (TIO), which induced significant changes. Although significant changes 

were anticipated for D-UOF and F-UOF treatments in Biocide-II due to this observation, 

only the T-D-B treatment showed notable alterations compared to water control, indicating 

that components of render and paint formulations can impact soil bacterial communities. 

Although the overall community pattern appeared unchanged in Biocide-III, significant 

differences emerged between sampling points at 29 and 62 days for RW and B treatments, 

as well as compared to untreated soil prior to incubation. Comparisons between treatments 

revealed that after 29 days, T-B-29d and T-UOF-29d communities differed significantly 

from their respective water controls. I therefore conclude that soil bacterial beta diversity is 

influenced not only by biocide concentration but also by the mode of entry, as the overall 

concentration was identical in Biocide-II and Biocide-III. After 62 days, significant 

deviations from rainwater controls were observed only in T-B-62d, but not in T-UOF-62d. 

Consistent with the Biocide-II findings, B eluates exerted a stronger impact on soil bacterial 

communities than UOF-eluates. Notably, even facade eluates free of biocides altered both 

soil bacterial and fungal communities, likely due to the presence of various non-biocidal 

substances that can act as stressors. During immersion testing and natural weathering, paints 

and renders release not only the intended biocides but also additional compounds such as 

heavy metals, binders, fillers, pigments, and degradation products (e.g., BIT, metal oxides), 

which may exhibit toxicity or alter soil chemistry (e.g., pH, ionic strength) (Reiß et al., 2026, 

2025). In line with the present findings for the soil microbiome, biocide free facade eluates 

also induced significant effects in OECD test systems 219 (OECD, 2023) and 225 (OECD, 
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2007), affecting the higher organisms Lumbriculus variegatus and Chironomus riparius, 

respectively (Kiefer et al., 2024). For the toxicity studies conducted by Kiefer et al. (2024), 

the same dilution of facade eluates was applied.  

While total bacterial communities retained taxonomic diversity across treatments, active 

bacterial communities were dominated by distinct genera as already suspected by the alpha 

diversity results. Paenibacillus and Arthrobacter in Biocide-I (Fig.3 A), Pseudarthrobacter 

in Biocide-II (3.3 Biocide-II, Figure 3 B), and Pseudoalteromonas in Biocide-III (3.4 

Biocide-III; Figure 4 B). These genera are known for their resilience in polluted 

environments and their capacity to degrade chemical pollutants such as biocides (Bafana et 

al., 2010; Navarro-Torre et al., 2017; Scheublin et al., 2014; Villa et al., 2020; Wang et al., 

2019; Zan et al., 2021). The variation in dominant taxa among the studies is surprising but 

may be partly explained by methodological limitations. In many amplicon-based 

microbiome studies, Arthrobacter and Pseudarthrobacter — despite being closely related 

— often cannot be reliably distinguished due to limited sequence divergence in the V3–V4 

region targeted by the commonly used 341F/785R primer pair (~444 bp). Consequently, 

these genera may be misclassified under the same genus in short amplicon studies, 

especially when reference databases still group Pseudarthrobacter within Arthrobacter 

(Busse, 2016). In contrast to these closely related genera, Pseudoalteromas dominant in 

Biocide-III is a gram-negative rod-shaped bacterium unrelated to the dominant genera of 

Biocide-I and -II. Its prevalence in Biocide-III likely reflects the incubation conditions, 

which differed from the more stable laboratory soil microcosms of Biocide-I and II. In 

Biocide-III, environmental parameters such as temperature and soil moisture varied with 

rainfall, which may be the most critical additional factor influencing the soil microbiome. 

Pseudoalteromonas is not typically found in soil but is associated with wet and high-salinity 

soils (Handayani et al., 2022; Iijima et al., 2009; Navarro-Torre et al., 2020). Its dominance 

in Biocide-III is partly due to elevated soil moisture caused by frequent rainfall, as well as 

its resilience to heavy metals. Additionally, the higher abundance in soils treated with facade 

eluates compared to rainwater controls suggests it may utilize eluate components as 

substrates, likely due to its ability to degrade aromatic compounds (Wang et al., 2018). 

Future studies should validate this hypothesis using soil metaproteomics or stable isotope 

probing. 

Biocide and facade eluate exposure markedly reshaped fungal beta diversity, as 

demonstrated by multivariate analyses of community composition. In the Biocide-I study, 
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only the combined treatment T-TIO significantly affected total bacterial communities, 

whereas total fungal communities were already altered under single treatments (T-I) and in 

combinations (T-TO, T-IO, T-TIO) compared to their respective water controls (Fig.3 C). 

Consistent with these findings, facade eluates containing biocides (UOF) also caused 

significant shifts. Interestingly, even biocide-free B eluates induced pronounced changes in 

total fungal communities after single and repeated applications (3.3 Biocide-II, Figure 3 C; 

3.4 Biocide-III; Figure 4 C,D). This suggests that either co-formulants and degradation 

products contribute to the observed toxicity, or that certain fungal species are capable of 

metabolizing compounds present in the facade eluates, thereby gaining growth and selection 

advantage. This challenges the assumption that biocide-free construction materials are 

ecologically benign. UOF eluates, by contrast, only affected total fungal beta diversity after 

repeated applications. 

In line with observed evenness results, fungal communities exposed to biocide stress 

shifted toward dominance by taxa such as Gibellulopsis and unclassified Sordariales (3.2 

Biocide-I, Fig.3 C,D; 3.3 Biocide-II, Figure 3 C; 3.4 Biocide-III; Figure 4 C,D). Eluates of 

B strongly shaped total fungal composition across studies, while effects on active fungal 

beta diversity were limited under single laboratory applications (29 days). However, A-F-

UOF showed significant alterations in Biocide-II, and after 62 days of repeated exposures, 

active fungal communities (A-B-62d and A-UOF-62d) diverged from both A-RW-62d and 

untreated soil (T0). This highlights the importance of long-term, repeated low-dose 

exposures that mimic real environmental conditions. Active fungal communities showed the 

strongest compositional shifts, often enriched in uncharacterized taxa or stress-tolerant 

groups such as Chlorosarcinopsis, Mortariella, Trichoderma, and unclassified 

Lasiosphaeriaceae. Notably, although active fungal alpha diversity remained similar in 

Biocide-I, beta diversity revealed distinct community compositions under treatments A-IO 

and A-TIO (Fig.3 D). This demonstrates that communities can maintain within-sample 

diversity while undergoing marked structural turnover.  

Biocide-I further revealed strong effects of combined biocide applications, underlining 

that current ecotoxicological assessments — which evaluate only single compounds — are 

insufficient (DIN German Institute for Standardization e. V, 2018; Reiß et al., 2024). 

Extrapolating from single compounds to mixture scenarios risks underestimating impacts. 

Moreover, the results with B eluates emphasize that not only active ingredients but also 

formulation additives influence ecotoxicological outcomes. Thus, existing regulations fail 
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to adequately account for the risks associated with complex building materials (see also 

section 1.1). Both, total and active bacterial and fungal communities were altered by facade 

eluates and biocides, with the most pronounced effects observed in metabolically active 

fractions. This suggests that active communities are reliable indicators of sublethal 

environmental stress, irrespective of the exposure source. 

Across diverse environmental contexts — from urban brownfields to facade-derived 

eluates and industrial soil pollution — soil microbial communities reveal remarkable 

sensitivity and adaptability to anthropogenic chemical stressors. Mejia et al. (2023) have 

shown long-term contamination by heavy metals, petroleum hydrocarbons, polycyclic 

aromatic hydrocarbons (PAHs), and volatile organics in a former rail yard significantly 

shaped microbial diversity across depths. Similarly, the results of this dissertation show that 

facade eluates — even those without biocides — prompt strong changes in the active soil 

microbiome, to a greater extent, than the total microbial community, underscoring the 

vulnerability of metabolically active soil bacteria and fungi. Meanwhile, Sazykina et al. 

(2022) demonstrated that PAHs and toxic elements reduce microbial diversity but favor 

pollution-tolerant phyla while yielding predictive bioindicator taxa. Together, these studies 

suggest that despite the different types of stressors — whether from brownfield legacy 

pollution, building materials, or industrial contaminants — active and depth-resolved 

microbial profiling consistently revealed shifts in richness, composition, and functional 

potential. This convergence emphasizes the need for integrative, multi-marker DNA-based 

methods to both diagnose soil health and identify tolerant or indicative microbial taxa for 

monitoring and remediation. 

Nonetheless, certain methodological considerations apply: while beta diversity analyses 

are effective in detecting compositional shifts, they remain descriptive in nature and are 

influenced by factors such as sequencing depth and the choice of distance metrics (Alberdi 

et al., 2018). While they highlight turnover in microbial composition, they do not directly 

reveal functional mechanisms underlying the observed shifts. Functional annotation was 

applied here to partly overcome this limitation, but predictions still rely on reference 

databases and remain indirect; direct functional validation is needed (Sansupa et al., 2021). 

BrdU immunocapture further enriches for actively replicating taxa but misses slow-growing 

or metabolically active yet non-dividing organisms. This limitation is especially relevant for 

fungi, where DNA replication is often decoupled from metabolic activity (Singer et al., 

2017).  
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Since BrdU uptake is not well reported (see 1.5.3), it is worth taking a closer look at the 

most abundant fungi found within the active fungal community. The study indicates that the 

ability to take up and incorporate thymidine analogs such as BrdU is highly variable across 

lineages. As expected, plants (e.g. Brassica) and green algae (e.g. Chlorophyta, 

Chlorosarcinopsis, Coccomyxa, Parietochloris) are capable of BrdU incorporation, 

consistent with prior reports that BrdU is routinely used as a marker of S-phase DNA 

synthesis in higher plants and algal cultures (Galbraith, 1989). It should be noted that the 

detection of Brassica and green algae (e.g., Chlorophyta, Coccomyxa, Parietochloris) likely 

reflects co-extracted DNA and primer cross-amplification, which are common in 

environmental sequencing of fungal communities. Such taxa are not fungi themselves but 

represent ecologically associated organisms whose DNA was captured alongside fungal 

sequences in our samples predominantly within outdoors Biocide-III (3.4) experiment. In 

contrast, most filamentous fungi and yeasts (e.g. Fusarium, Mortierella, Malassezia, 

Cyberlindnera) are generally considered inefficient at thymidine uptake due to the lack of 

nucleoside transporters and thymidine kinase activity (Boeke et al., 1987; Gossen and 

Bujard, 1992). Interestingly, the compilation suggests that some fungal lineages not 

previously examined may also be amenable to BrdU labeling under certain conditions, 

particularly those associated with aquatic or algal symbioses. To our knowledge, this is the 

first study to highlight the potential for BrdU labeling in these underexplored taxa, which 

opens new avenues for tracking DNA synthesis in diverse microbial eukaryotes. 

Nonetheless, efficiency is expected to be species- and condition-dependent, and systematic 

testing will be required to establish robust protocols across genera. Consequently, the 

“active community” assessed here represents only a subset of the true metabolically active 

microbiome.  

Despite these caveats, the pronounced treatment-specific alterations in BrdU-labeled and 

total fractions strongly suggest that facade eluates impose stress on the soil microbiome. 

Future studies should complement BrdU labeling with approaches such as stable isotope 

probing (e.g., ¹³C, ¹⁵N), metatranscriptomics, or single-cell activity assays to capture 

additional dimensions of microbial activity. Extending monitoring beyond 62 days will also 

be essential to determine whether active communities recover or whether facade eluates 

leave persistent ecological legacies. Together, such efforts would verify the utility of active 

microbes as bioindicators of sublethal stress and clarify the long-term functional 

consequences of facade runoff on soil microbiomes. 
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2.3.5 Functional consequences for the soil microbiome 

Functional annotation was used to provide insights into the mechanisms underlying 

compositional changes. Functional shifts, such as alterations in bacterial metabolic traits 

and fungal trophic modes, were noted across studies. All investigations distinguished 

between total and active microbial communities, revealing that the active community was 

far more responsive to biocide or facade eluate exposure. 

Bacterial functions were consistently dominated by chemoheterotrophy/aerobic 

chemoheterotrophy across all studies. In Biocide-I, combined biocide treatments produced 

the strongest functional alterations, particularly in active communities, whereas single 

biocide applications induced milder changes (3.2 Biocide-I, Figure 4). The strongest effects 

were observed after TIO treatment in the active bacterial functional composition, even 

though no significant changes compared to the water control were detected in the overall 

community composition. This highlights that compositional analyses, as described in 

Section 2.3.4, lack functional resolution and may therefore overlook important effects on 

the soil microbiome. Despite these functional shifts, overall soil respiration and 

physicochemical properties often remained unchanged, suggesting functional redundancy 

that buffers ecosystem processes in the short term (Reiß et al., 2024). Facade eluates 

generated in the laboratory leaching experiment led to more pronounced alterations in 

bacterial functional community composition (3.3 Biocide-II, Figure 4). While the D-UOF 

eluate significantly altered total bacterial functional composition, no significant changes 

were observed in the active bacterial functions after this treatment. In contrast, active 

bacterial functions were strongly affected by eluates from biocide-free facade samples, 

regardless of the leaching experiment. Interestingly, fermentation increased in abundance in 

Biocide-II (3.3) and Biocide-III (3.4). This trend was already visible in Biocide-I for 

combined biocide treatments, suggesting that enzymes activated by fermentation may 

contribute positively to the bioremediation of polluted soils, either through direct 

degradation of biocides or indirectly as biostimulants. Previous studies have shown that 

fermentation-derived biostimulants promoted degradation of the herbicide oxyfluorfen 

(Tejada et al., 2022), facilitated the bioremediation of soils contaminated with 

benzo[a]pyrene (Xie and Cui, 2025), and supported the removal of heavy metals from 

polluted soils (Zhang et al., 2017). Fermentation can thus lower environmental and health 

risks by reducing the bioavailability of pollutants.  
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In line with the single-application Biocide-II study, no significant effects of facade 

eluates were observed compared to the respective water controls, except that A-B-29d and 

A-UOF-29d differed significantly. Interestingly, ureolysis increased across all active soil 

communities, including the controls, in Biocide-III. I therefore assume this observation was 

not caused by facade eluates. Ureolysis is strongly linked to soil properties and 

environmental factors, and the increase could result from incubation conditions (3.4 

Biocide-III), as it was not observed in the laboratory microcosm studies Biocide-I and 

Biocide-II. However, significant alterations were detected in total bacterial functions 

between facade eluate-treated soils and the respective rainwater controls after 62 days of 

incubation. Surprisingly, in Biocide-III no significant alterations were detected in the BrdU-

retrieved active bacterial community, whereas the total community displayed clear 

functional shifts compared to untreated soil and the rainwater control after 62 days. This 

discrepancy from the other studies can be explained by the methodological principle of 

BrdU labeling, which selectively targets bacteria actively undergoing DNA replication 

during the labeling period (Artursson and Jansson, 2003; Borneman, 1999). This subset is 

typically dominated by fast-growing and opportunistic taxa that are relatively resilient to 

environmental stressors (Artursson and Jansson, 2003; van Elsas and Boersma, 2011). 

Consequently, the functional composition of the BrdU-positive fraction is buffered by high 

redundancy and generalist traits, masking subtle effects of facade eluates. In contrast, the 

total community encompasses both dividing and non-dividing taxa, including slow-growing 

or stress-sensitive populations, which are more likely to be suppressed or altered under long-

term exposure (Blagodatskaya and Kuzyakov, 2013; Lennon and Jones, 2011). Therefore, 

significant functional differences in the total community after prolonged incubation likely 

reflect cumulative impacts on non-dividing or dormant taxa, which remain undetected in 

the BrdU-active fraction. This result underlines the necessity of investigating both active 

and total microbial members to gain the most comprehensive insight into treatment effects. 

Fungal functional profiles differed markedly. Total fungi were characterized by soil and 

litter saprotrophs and plant pathogens, which remained relatively stable. Active fungi, 

however, shifted toward soil saprotrophs and photoautotrophs, while plant pathogenic taxa 

declined. In Biocide-I, total soil fungal functions remained stable across treatments, with 

the sole exception of terbutryn-treated soil (T-T), which differed significantly from the water 

control (3.2 Biocide-I, Figure 4). While active bacterial functional compositions were highly 

similar across samples, active fungal functional community patterns showed greater 
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variability — though these differences were not statistically significant compared to their 

respective controls. In contrast, active fungal communities were significantly affected by 

UOF eluates. Biocide-II showed partly contradictory results: T-D-B differed significantly 

from the water control within the total fungal community, whereas F-UOF eluates 

significantly affected the active fungal community (A-F-UOF). Interestingly, 

photoautotrophic algae increased in Biocide-II (3.3, Figure 4) and Biocide-III (3.4, Figure 

5) compared to Biocide-I. I presume this increase was caused by inoculation from rainwater 

introduced via facade eluates. This effect was absent in the Biocide-II water control, which 

did not contain rainwater, but present in Biocide-III, where the control treatment consisted 

of natural rainwater from the weathering site. Rainwater often harbors diverse viable 

microorganisms, including algae, fungi and bacteria, which are washed out from the 

atmosphere or collected from roof surfaces during precipitation (Peter et al., 2014; Zhang 

et al., 2025). These organisms can inoculate soils upon deposition, potentially altering 

community composition and function.  

As terbutryn — used for film preservation and present in UOF eluates — targets 

Photosystem II and inhibits photosynthesis, it is not surprising that photoautotrophic 

functions decreased in UOF-treated samples across studies (Guardiola et al., 2012). In line 

with the assumption that film-preservative biocides increase in later eluate sampling points, 

photoautotrophic fungi were lowest in A-UOF-62d. Similarly, the observed decrease in soil 

saprotrophs in Biocide-I was reproduced: UOF eluates reduced soil saprotrophs in Biocide-

II compared to the respective B-eluate treatment, and this effect was also observed in A-

UOF-29d in Biocide-III. Our results demonstrate that significant functional alterations 

became detectable only after 62 days of incubation when comparing facade eluate-treated 

soils with the respective water controls. This suggests that short-term functional redundancy 

initially buffered ecosystem processes, but cumulative stress effects emerged over longer 

exposure periods. Such delayed responses are consistent with evidence that microbial 

communities may appear functionally stable in the short term, while prolonged disturbance 

can gradually disrupt slower-growing or stress-sensitive populations, leading to measurable 

shifts in community function (Blagodatskaya and Kuzyakov, 2013; Lennon and Jones, 

2011). Regarding plant pathogenic fungi, their dominance in Biocide-I was not reproduced 

in later studies. Plant pathogenic fungi remained at low abundance (<5%) in active fungal 

functional communities after single facade eluate treatment. The same was observed in 

Biocide-III, except for A-UOF-29d, where plant pathogens exceeded 10%. This increase 
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could either result from the disruption of microbial community members that normally 

suppress pathogens or from indirect stimulation of pathogen virulence (Jeyaseelan et al., 

2024).  

While functional annotation provided important insights into microbial responses, 

several limitations of this approach should be considered. First, functional predictions are 

based on marker-gene data and reference databases, which remain incomplete and may 

misrepresent the metabolic potential of environmental taxa (Langille et al., 2013; Louca et 

al., 2018). Second, BrdU labeling selectively captures actively replicating organisms, 

thereby excluding metabolically active but non-dividing populations and biasing results 

toward fast-growing, opportunistic taxa (Artursson and Jansson, 2003; Borneman, 1999; 

van Elsas and Boersma, 2011). Furthermore, microcosm incubation conditions cannot fully 

reproduce field dynamics, and treatment effects may be confounded by incubation artifacts 

or microbial inoculation from rainwater-derived eluates. Importantly, observed functional 

shifts did not consistently translate into changes in soil respiration or physicochemical 

properties, highlighting that functional redundancy can buffer ecosystem processes in the 

short term (Lennon and Jones, 2011; Reiß et al., 2024). Despite these constraints, the 

presented results are useful and necessary as they provide first insights into how facade-

derived biocides and eluates affect microbial functional composition. Future studies should 

verify and extend these findings by combining functional annotation with shotgun 

metagenomics, metatranscriptomics, or enzyme activity assays to directly measure 

functional genes and processes (Anantharaman et al., 2016; Prosser, 2015). Long-term field 

experiments and isotope tracing approaches would further help disentangle short term 

redundancy from persistent ecosystem impacts, and distinguish chemical from inoculation 

effects of facade eluates (Jansson and Hofmockel, 2020; Papp et al., 2018). 

Across all studies, the key insight is that active microbial fractions provide a sensitive 

window into ecotoxicological impacts, revealing stress-adaptation (ureolysis, fermentation) 

and selective enrichment of tolerant taxa, while total communities may mask many of these 

early-stage effects. As described above BrdU labelling can also lead to misinterpretation 

when only analyzing the active microbes. This underscores the importance of targeting 

metabolically active as well as the total microbes when assessing the ecological risk of 

facade-derived pollutants.  
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2.3.6 Indicator-taxa reveal stress-resistant and sensitive microbial signatures  

Across all three studies, indicator species analyses showed that facade eluates and biocides 

not only enriched certain stress-tolerant microbes but also consistently led to the omission 

of sensitive taxa from active soil communities. In the controlled biocide exposure 

experiment (3.2 Biocide-I), active bacterial indicators included Aminobacter (linked to 

ureolysis) and Bacillus, as well as fungal taxa such as Metarhizium and Protosiphon, 

reflecting their ability to withstand or metabolize biocides. However, other groups that are 

typically abundant in soils, including some Acidobacteria and saprotrophic fungi, were 

absent in biocide treatments, pointing to their vulnerability (Reiß et al., 2024). In the facade 

eluate single application study (3.3 Biocide-II), eluate treatments enriched Proteobacteria, 

while sensitive bacterial groups such as Paenarthrobacter, despite known resistance traits, 

and members of Actinobacteria, Planctomycetotoa, and Verrucomicrobiota largely 

disappeared from eluate-treated soils. Fungal communities showed a similar pattern: eluates 

promoted stress-tolerant taxa like Trichoderma, algal indicators such as Chlorosarcinopsis, 

and degradation-associated Lasiosphaeriaceae, but omitted sensitive groups including 

Aureobasidium, Cercozoa, and Gamsia (Reiß et al., 2025). The outdoor microcosm multiple 

facade eluate treatment study (3.4 Biocide-III) likewise identified bacterial indicators such 

as Comamonas, Paracoccus, and Glutamicibacter, all associated with bioremediation 

potential, but at the same time fungal taxa like Saccharomyces and Aureobasidium—well 

known for their sensitivity to pesticides and pH shifts—were excluded from eluate soils. 

Other sensitive omissions included host-dependent chytrids (Rhizophydiales) and soil fungi 

such as Gamsia (Reiß et al., 2026).  

While the indicator analysis offers valuable initial insights into how facade eluates and 

biocides influence soil microbiomes, several limitations must be considered. The 

associations between indicator taxa and treatments are correlative, not than causal —certain 

bacteria and fungi may co-occur with facade eluates, but direct selection cannot be 

confirmed (Legendre, 2012). Taxonomic resolution is often low, with some indicators 

unclassified at family or order level, making ecological interpretations speculative. This is 

further complicated by database biases (Louca et al., 2018; Nilsson et al., 2019), as 

taxonomic and functional assignments rely on reference datasets skewed toward well-

studied groups.  



Synopsis - General discussion 

41 

Rainwater inoculation may also confound results, potentially explaining the presence of 

genera like Pseudoalteromonas, which are unlikely soil residents (Dang and Lovell, 

2016).The short experimental duration (29-62 days) limits conclusions about longer-term 

microbial resilience and recovery (Allison and Martiny, 2008). 

Interpreting omitted taxa poses additional challenges. Absence in sequencing data does 

not confirm elimination — taxa may persist below detection thresholds or within the rare 

biosphere, which is difficult to capture with amplicon sequencing (Jousset et al., 2017). 

Functional losses are inferred from taxonomy rather than validated through metagenomics 

or soil function assays (Fierer, 2017), and microbial responses are context-dependent, with 

some taxa potentially re-emerging under different conditions (García et al., 2018). Despite 

these constraints, this study is among the first to apply high-resolution indicator analysis to 

microbiomes affected by biocide or facade eluate treatments, offering indicative rather than 

definitive results. Future research should integrate metagenomics, metatranscriptomics, and 

soil enzyme assays to link taxonomic shifts with functional changes (Delgado-Baquerizo et 

al., 2016; Prosser, 2015). Long-term field studies and controlled inoculation experiments 

could help disentangle treatment effects from rainwater microbes, while stable isotope 

probing or cultivation of candidate indicators would clarify their ecological roles 

(McMahon et al., 2011; Radajewski et al., 2000). Overall, facade eluates and biocides act 

as strong selective filters — some microbes thrive under stress or by degrading pollutants, 

while others are consistently lost, reducing community diversity. Both enriched and omitted 

taxa serve as complementary markers for assessing the ecological risks of facade-derived 

pollutants. 

2.3.7 Experimental development: From controlled conditions to realistic 

outdoor exposure 

The experimental design followed a stepwise approach. Biocide-I established a controlled 

soil microcosm framework to investigate the effects of biocides and their combinations, 

building on principles of standard terrestrial ecotoxicological assessments. Such 

assessments are typically conducted in standardized microcosms with reference soils and 

model organisms, focusing on well-defined endpoints to ensure comparability, 

reproducibility, and regulatory acceptance. In the experiments presented herein, however, 

model organisms were replaced by DNA metabarcoding coupled with BrdU immunocapture 
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technique, which enabled the analysis of total and active soil microbial communities and 

thus provided a higher-resolution insight into microbiome responses.  

All experiments were conducted with RefeSol-02A, a well characterized sandy loam soil 

from the standardized RefeSol soil system (Bussian et al., 2005). The use of this reference 

soil ensures reproducibility across laboratories and is recognized in several OECD terrestrial 

ecotoxicological guidelines (Schlich and Hund-Rinke, 2015) as well as by the German 

Environment Agency (Römbke et al., 2021). Its physicochemical and biological properties, 

including microbial activity, are well documented, and the soil has been free from pesticide 

application and major contamination for at least five years (Jänsch et al., 2005). This low 

background ensures that observed microbial responses can be attributed specifically to the 

test substances, such as biocides and facade eluates. Since sandy loam is representative of 

many Central European soils, RefeSol-02A provides a robust foundation for 

ecotoxicological testing. In accordance with standard soil ecotoxicological assessment, 

single biocides and their combinations were spiked into the soil and compared with 

untreated controls. Biocide-I therefore served as the initial experiment to establish baseline 

knowledge of biocide effects in soil microcosms without additional substances, providing 

the foundation for the subsequent Biocide-II and Biocide-III studies.  

Building on this, Biocide-II and Biocide-III introduced increasingly realistic exposure 

regimes. In Biocide-II effects of eluates generated from different leaching methods were 

compared. Laboratory immersion tests (DIN EN 16105) provided reproducible eluates but 

lacked environmental drivers, whereas natural weathering generated eluates that, despite 

lower biocide concentrations, exerted higher ecotoxicity on aquatic and sediment organisms 

(Kiefer et al., 2024). This comparison highlighted how leaching methods shape pollutant 

composition, bioavailability, and ultimately microbial community responses (Kiefer et al., 

2024; Reiß et al., 2026; Sazykina et al., 2022). Biocide-II investigated a single application 

of facade eluates under controlled moisture, whereas Biocide-III simulated repeated 

rainfall-driven applications outdoors, exposing soils to fluctuating temperatures, natural 

drying–rewetting cycles, and dynamic eluate composition. While stainless steel microcosms 

introduced artificial boundaries (Kuan et al., 2006), they allowed treatment-related 

differences to be reliably detected under semi-natural conditions. Importantly, Biocide-III 

was the first study to investigate prolonged, repeated biocide applications in soil 

microcosms, marking a methodological novelty in this field. 
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Taken together, these experiments reflect the established practice of soil microcosm 

studies in ecotoxicology while extending them into the underexplored domain of biocide-

contaminated soils. The use of a standardized soil such as RefeSol-02A ensures 

comparability with existing test systems, whereas the incorporation of facade eluates 

provides an environmentally relevant contaminant source. Although future work should 

include a broader range of soil types and undisturbed field systems to capture ecological 

variability, the present approach demonstrates that combining DNA metabarcoding with the 

BrdU immunocapture technique offers a promising and innovative tool for terrestrial 

ecotoxicological risk assessment. This methodology enables earlier and more detailed 

detection of ecotoxicological effects on the soil microbiome than conventional approaches.  

2.3.8 Implication for urban soil health 

Recent research has uncovered critical insights into how microbial communities—key 

drivers of urban soil health — respond to environmental stressors such as biocides and 

facade runoff. Metabolically active microbes, including bacteria and fungi, act as early 

warning indicators, reacting more sensitively than the total DNA-based community. This 

sensitivity makes them valuable for detecting sub-lethal stress that may precede broader 

ecological degradation (Schloter et al., 2018). Exposure to biocides and facade eluates leads 

to a marked reduction in microbial abundance and diversity (see 2.3.3, 2.3.4), disrupting 

community composition and threatening essential soil functions such as nutrient cycling, 

organic matter decomposition, and C sequestration (Bollmann et al., 2017). These 

disruptions undermine the ecological integrity of urban soils, which are already under 

pressure from compaction, pollution, and land sealing. Alarmingly, even runoff from 

facades without intentional biocides can carry heavy metals, binders, and degradation 

products, which reshape microbial communities and pose hidden ecological risks 

(Vermeirssen et al., 2018). This highlights the need for more sustainable urban design and 

material choices that consider soil health impacts. Especially because urban soils are 

exposed to a variety of anthropogenic and natural environmental risks (Fiorentino et al., 

2025). 

Although functional redundancy among microbes can temporarily buffer ecosystem 

processes like soil respiration, this resilience is not infinite. Prolonged exposure to pollutants 

may exhaust this redundancy, leading to long-term declines in soil fertility, reduced C 

storage capacity, and impaired water regulation—functions that are vital for climate 



Synopsis - General discussion 

44 

adaptation and urban sustainability (Chen et al., 2022). Certain microbial taxa respond to 

biocide exposure and could serve as biomarkers for monitoring soil health. Their use in 

environmental assessments could improve early detection of stress and guide targeted soil 

management strategies (Schloter et al., 2018). However, current EU biocide regulations are 

insufficient, as they focus on individual compounds and overlook the complex mixtures and 

chronic effects on soil ecosystems (European Parliament, Council of the European Union, 

2012; Reiß et al., 2024). Regulation (EU) No 528/2012 emphasizes product safety but lacks 

provisions for long-term soil health monitoring and microbial indicators. To safeguard 

urban soil health, there is an urgent need for integrated risk assessment frameworks that 

incorporate active microbial metrics, long-term and mixture exposure scenarios, and 

ecosystem function indicators.  

Soils are vital to ecosystems (Chapter 1.2), their rich biodiversity underpins multiple 

ecosystem functions, making them key to climate resilience and sustainable urban 

development. However, these soils are increasingly threatened by stressors like pollution, 

biocide runoff, and land sealing, which disrupt microbial communities and degrade soil 

functions. In order to safeguard their long-term health and functionality, soils must be 

recognized as critical ecosystems worth protecting. Therefore, terrestrial ecotoxicological 

risk assessment needs to be improved to identify indicators of soil microbiome stress.   
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2.4 Conclusion  

This dissertation provides a comprehensive assessment of the impact of biocides and facade 

eluates from building materials on soil microbial communities, with a particular focus on 

metabolically active microbial fractions. Across three experimental studies — Biocide-I, 

Biocide-II, and Biocide-III — conducted under controlled laboratory conditions and 

realistic outdoor scenarios, the overarching Hypothesis H1 that metabolically active 

microbial fractions are more sensitive indicators of environmental stress than total DNA-

based communities could be consistently confirmed. Active microbial communities 

responded more strongly to both pure biocide treatments and complex facade eluates, 

revealing significant shifts in microbial abundance, diversity, and community composition. 

Targeted analyses in Biocide-I revealed that combined biocide treatments (terbutryn + 

isoproturon + octhilinone) significantly reduced bacterial and fungal gene copy numbers 

and altered microbial community structures, confirming Hypothesis H2. Despite these 

disruptions, core ecosystem functions like soil respiration and physicochemical properties 

remained stable short-term (Hypothesis H4), suggesting functional redundancy buffers 

ecosystem  

processes — though this resilience may not hold under prolonged exposure. 

Biocide-II showed that even runoff from biocide-free materials affected microbial 

communities, supporting hypothesis that co-released additives (e.g., heavy metals, binders) 

pose ecological risks (see 2.1.2). Laboratory eluates had stronger ecotoxicological effects 

than naturally weathered ones, with active microbial fractions more impacted. Indicator taxa 

such as Trichoderma, Chlorosarcinopsis, and Lasiosphaeriaceae emerged as biomarkers of 

stress. 

Biocide-III simulated repeated runoff events, confirming Hypothesis H3: exposure mode 

and frequency shape microbial responses. Repeated exposure led to progressive shifts — 

bacterial decline, transient fungal richness, and delayed effects from film preservatives. 

Consistent biomarkers across studies included Paenarthrobacter decline and enrichment of 

stress-tolerant genera like Tetracladium, Pseudoalteromonas, and Trichoderma, suggesting 

potential for soil health monitoring. 

Functional shifts (e.g., increased fermentation, ureolysis) indicated microbial stress and 

possible bioremediation traits, especially in active communities. Importantly, stochastic 

processes (dispersal, colonization, extinction) played a larger role than expected, 
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challenging the assumption that microbial responses are solely driven by environmental 

gradients and highlighting the need for long-term, replicated studies. The findings of this 

dissertation expose critical gaps in current regulatory frameworks, particularly within the 

EU Biocide Regulation (Regulation No. 528/2012), which focuses on individual compounds 

and overlooks the effects of mixtures and chronic exposure. To improve ecological 

relevance, future risk assessments should incorporate active microbial metrics and long-

term and mixture exposure scenarios. Building on these insights, future research is now 

poised to extend investigations to a broader range of soil types, particularly urban soils, to 

account for variability in sorption behavior, pH, and organic matter content. Long-term field 

trials exceeding the 62-day incubation period are needed to assess the persistence of 

microbial alterations and potential for functional recovery. Moreover, complementary 

“omics” approaches — including metatranscriptomics, shotgun metagenomics, stable 

isotope probing, and enzyme activity assays — should be integrated to validate the 

functional relevance of observed taxonomic shifts. 

Altogether, this dissertation significantly advances our understanding of how biocides 

and facade runoff influence soil microbial ecology. It emphasizes the need to recognize 

urban soils as critical ecological infrastructure and to develop construction materials and 

regulatory strategies that minimize adverse impacts on soil health and ecosystem services. 
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Table S6: Physico-chemical properties of the soil after 28 days of eluate incubations. W: 

Water control; D-B: Facade eluates from DIN testing without biocides; D-B: Facade eluates 

from DIN testing containing biocides; F-B: Facade eluates from free weathering experiment 

without biocides; F-UOF: Facade eluates from free weathering experiment containing 

biocides 

  

Eluate treatment W D-B D-UOF F-B F-UOF 

pH 7.2±0.0 7.1±0.0 7.1±0.0 7.2±0.0 7.2±0.0 

Fl-  

[µg(biocide)*g(soil)-1] 
7.0±0.04 6.3±0.03 6.3±0.18 6.4±0.15 6.7±0.13 

Cl-  

[µg(biocide)*g(soil) -

1] 

2.7±0.04 
3.04±0.1

7 

2.94±0.2

3 
3.8±0.06 4.0±0.07 

NO3-  

[µg(biocide*g(soil) -1] 

77.52±0.6

2 

83.0±0.4

3 

77.53±4.

1 
84.49±3.2 

78.08±1.3

7 

PO4
3-  

[µg(biocide)*g(soil) -

1] 

2.89±0.21 
2.16±0.0

6 

2.57±0.2

1 
1.88±0.13 2.7±0.16 

SO4
2-  

[µg(biocide)*g(soil) -

1] 

7.9±0.2 9.1±0.6 
7.64±0.1

8 

12.78±0.3

3 

14.71±1.3

2 
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Figure S1: Heat tree representation of the total bacterial indicator taxa. The color code 

resembles the richness and the node size the respective sample reads. Unclassified members 

of the taxon are marked with +. W: Water control; D-B: Facade eluates from DIN testing 

without biocides; D-B: Facade eluates from DIN testing containing biocides; F-B: Facade 

eluates from free weathering experiment without biocides; F-UOF: Facade eluates from free 

weathering experiment containing biocides 
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Figure S2: Heat tree representation of the active bacterial indicator taxa. The color code 

resembles the richness and the node size the respective sample reads. Unclassified members 

of the taxon are marked with +. W: Water control; D-B: Facade eluates from DIN testing 

without biocides; D-B: Facade eluates from DIN testing containing biocides; F-B: Facade 

eluates from free weathering experiment without biocides; F-UOF: Facade eluates from free 

weathering experiment containing biocides 
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Figure S3: Heat tree representation of the total fungal indicator taxa. The color code 

resembles the richness and the node size the respective sample reads. Unclassified members 

of the taxon are marked with +. W: Water control; D-B: Facade eluates from DIN testing 

without biocides; D-B: Facade eluates from DIN testing containing biocides; F-B: Facade 

eluates from free weathering experiment without biocides; F-UOF: Facade eluates from free 

weathering experiment containing biocides 
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Figure S4: Heat tree representation of the active fungal indicator taxa. The color code 

resembles the richness and the node size the respective sample reads. Unclassified members 

of the taxon are marked with +. W: Water control; D-B: Facade eluates from DIN testing 

without biocides; D-B: Facade eluates from DIN testing containing biocides; F-B: Facade 

eluates from free weathering experiment without biocides; F-UOF: Facade eluates from free 

weathering experiment containing biocides 
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3.4 Biocide-III: Continuous intake of facade eluates affects active 

and total soil microbiome  
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Figures 

Figure S1 OTU richness of active (prefix A-) bacterial (A) and fungal (b) community after 

respective facade eluate treatment (n = 5). Statistically significant differences were tested 

using linear models with interaction terms (Group × Time), followed by estimated marginal 

means with pairwise comparisons. (p < 0.05; n = 5). Untreated soil (T0); soil treated with 

rainwater for 29 days (A-RW-29d) or 62 days (A-RW-62d); soil treated with facade eluates 

without biocides for 29 days (A-B-29d) or 62 days (A-B-62d); soil treated with facade 

eluates containing in-can preservatives and film preservatives for 29 days (A-UOF-29d) or 

62 days (A-UOF-62d). 
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Figure S2 Full legend of bacterial (A) and fungal (B) functions of Figure 6.  
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Figure S3 Heat tree representation of the active bacterial (A) and fungal (B) indicator taxa 

of the respective treatment indicated by symbols and colored frame of the indicator nodes. 

The color code resembles the richness and the node size of the respective sequence read 

abundances. Unclassified members of the taxon are marked with +. Untreated soil (T0); soil 

treated with rainwater for 29 days (A-RW-29d) or 62 days (A-RW-62d); soil treated with 

facade eluates without biocides for 29 days (A-B-29d) or 62 days (A-B-62d); soil treated 

with facade eluates containing in-can preservatives and film preservatives for 29 days (A-

UOF-29d) or 62 days (A-UOF-62d).  
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Table S5: Results of pairwise PERMANOVA (Adonis) with a significance threshold of p < 

0.05 of bacterial Bray-Curtis dissimilarities for composition and function. Prefix T- Total 

samples; Prefix A- Active samples; Untreated soil (T0); soil treated with rainwater for 29 

days (RW-29d) or 62 days (RW-62d); soil treated with facade eluates without biocides for 

29 days (B-29d) or 62 days (B-62d); soil treated with facade eluates containing in-can 

preservatives and film preservatives for 29 days (UOF-29d) or 62 days (UOF-62d). 

  Composition Function 

Group1 Group2 R2 p-Value R2 p-Value 

A-B-29d A-B-62d 0.65465993 0.004 0.15904701 0.223 

A-B-29d A-RW-29d 0.1666459 0.008 0.14571912 0.281 

A-B-29d A-RW-62d 0.23219946 0.009 0.08339797 0.517 

A-B-29d A-UOF-29d 0.24847055 0.045 0.32207759 0.028 

A-B-29d A-UOF-62d 0.27791128 0.035 0.32913162 0.019 

A-B-29d B-29d 0.96196421 0.007 0.46120024 0.004 

A-B-29d B-62d 0.958948 0.007 0.45256666 0.005 

A-B-29d T0 0.965185 0.011 0.36363109 0.007 

A-B-29d RW-29d 0.96573145 0.011 0.43235784 0.008 

A-B-29d RW-62d 0.96678885 0.008 0.51720697 0.008 

A-B-29d UOF-29d 0.9602876 0.005 0.45938451 0.011 

A-B-29d UOF-62d 0.96235096 0.007 0.42709016 0.006 

A-B-62d A-RW-29d 0.23919085 0.007 0.04059292 0.664 

A-B-62d A-RW-62d 0.30925718 0.024 0.03324091 0.873 

A-B-62d A-UOF-29d 0.53985567 0.009 0.29169111 0.060 

A-B-62d A-UOF-62d 0.39383634 0.039 0.24626575 0.123 

A-B-62d B-29d 0.93518557 0.012 0.41405622 0.006 

A-B-62d B-62d 0.93115551 0.005 0.41617218 0.007 

A-B-62d T0 0.9376974 0.008 0.33919440 0.013 

A-B-62d RW-29d 0.9389189 0.008 0.39307151 0.008 

A-B-62d RW-62d 0.94005114 0.01 0.47484977 0.013 

A-B-62d UOF-29d 0.9330474 0.007 0.41202184 0.011 

A-B-62d UOF-62d 0.93501991 0.005 0.37633480 0.010 

A-RW-29d A-RW-62d 0.09872863 0.623 0.07012187 0.643 

A-RW-29d A-UOF-29d 0.1279785 0.256 0.25675044 0.075 

A-RW-29d A-UOF-62d 0.12880732 0.265 0.17133875 0.203 

A-RW-29d B-29d 0.67026732 0.011 0.30111942 0.006 

A-RW-29d B-62d 0.6622332 0.009 0.30552010 0.008 

A-RW-29d T0 0.66928552 0.011 0.23801546 0.104 

A-RW-29d RW-29d 0.67445803 0.015 0.28547870 0.005 

A-RW-29d RW-62d 0.67821429 0.009 0.36227334 0.009 

A-RW-29d UOF-29d 0.66730597 0.006 0.31751119 0.009 

A-RW-29d UOF-62d 0.66905121 0.008 0.27681717 0.032 

A-RW-62d A-UOF-29d 0.14168231 0.165 0.26780759 0.073 

A-RW-62d A-UOF-62d 0.11982474 0.377 0.26998491 0.067 

A-RW-62d B-29d 0.85009546 0.006 0.36591746 0.006 

A-RW-62d B-62d 0.84360244 0.011 0.35226749 0.008 
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A-RW-62d T0 0.8483365 0.006 0.29631220 0.035 

A-RW-62d RW-29d 0.85312348 0.014 0.32539961 0.008 

A-RW-62d RW-62d 0.85518386 0.012 0.45359631 0.008 

A-RW-62d UOF-29d 0.84706721 0.008 0.37528524 0.012 

A-RW-62d UOF-62d 0.84821546 0.015 0.32101705 0.014 

A-UOF-29d A-UOF-62d 0.15023039 0.228 0.57256343 0.005 

A-UOF-29d B-29d 0.9440863 0.007 0.44703603 0.006 

A-UOF-29d B-62d 0.94059151 0.008 0.48708894 0.008 

A-UOF-29d T0 0.94597875 0.008 0.57340328 0.012 

A-UOF-29d RW-29d 0.94792138 0.008 0.48448580 0.007 

A-UOF-29d RW-62d 0.94915565 0.007 0.38615530 0.023 

A-UOF-29d UOF-29d 0.9420887 0.012 0.39807091 0.036 

A-UOF-29d UOF-62d 0.94389585 0.008 0.46271917 0.007 

A-UOF-62d B-29d 0.94218564 0.004 0.73736032 0.010 

A-UOF-62d B-62d 0.93841063 0.011 0.71649759 0.008 

A-UOF-62d T0 0.94464803 0.009 0.55734905 0.006 

A-UOF-62d RW-29d 0.94599325 0.011 0.68874215 0.014 

A-UOF-62d RW-62d 0.9470735 0.004 0.77648998 0.011 

A-UOF-62d UOF-29d 0.94013757 0.008 0.71404033 0.009 

A-UOF-62d UOF-62d 0.94196027 0.009 0.69757936 0.008 

B-29d B-62d 0.25942474 0.021 0.27605811 0.018 

B-29d T0 0.64545822 0.012 0.86629706 0.009 

B-29d RW-29d 0.50376002 0.007 0.31054301 0.050 

B-29d RW-62d 0.50327765 0.006 0.44455377 0.023 

B-29d UOF-29d 0.22516814 0.049 0.08011827 0.649 

B-29d UOF-62d 0.33817306 0.018 0.11505899 0.319 

B-62d T0 0.64087025 0.012 0.82222613 0.011 

B-62d RW-29d 0.46074089 0.013 0.13345428 0.293 

B-62d RW-62d 0.3882874 0.019 0.61437646 0.010 

B-62d UOF-29d 0.2133311 0.039 0.19862897 0.136 

B-62d UOF-62d 0.23456174 0.048 0.12200246 0.328 

T0 RW-29d 0.51125649 0.013 0.68927357 0.013 

T0 RW-62d 0.60071894 0.01 0.86932213 0.010 

T0 UOF-29d 0.5291089 0.013 0.68545907 0.009 

T0 UOF-62d 0.53862886 0.015 0.73201336 0.009 

RW-29d RW-62d 0.26825561 0.009 0.58447117 0.014 

RW-29d UOF-29d 0.26153564 0.027 0.24079217 0.086 

RW-29d UOF-62d 0.2509688 0.029 0.11901786 0.349 

RW-62d UOF-29d 0.24465219 0.021 0.14088382 0.289 

RW-62d UOF-62d 0.19351802 0.063 0.49003040 0.021 

UOF-29d UOF-62d 0.1250903 0.265 0.13595526 0.319 
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Table S6: Results of pairwise PERMANOVA (Adonis) with a significance threshold of p < 

0.05 of fungal Bray-Curtis dissimilarities for composition and function. Prefix T- Total 

samples; Prefix A- Active samples; Untreated soil (T0); Soil treated with rainwater for 29 

days (RW-29d) or 62 days (RW-62d); soil treated with facade eluates without biocides for 

29 days (B-29d) or 62 days (B-62d); soil treated with facade eluates containing in-can 

preservatives and film preservatives for 29 days (UOF-29d) or 62 days (UOF-62d). 

  Composition Function 

Group1 Group2 R2 p-Value R2 p-Value 

A-B-29d A-B-62d 0.5390375 0.006 0.57782866 0.008 

A-B-29d A-RW-29d 0.1374999 0.182 0.23213533 0.066 

A-B-29d A-RW-62d 0.1327154 0.220 0.12086638 0.300 

A-B-29d A-UOF-29d 0.1353631 0.257 0.15443580 0.180 

A-B-29d A-UOF-62d 0.5181511 0.010 0.61324017 0.006 

A-B-29d B-29d 0.8071074 0.018 0.90188026 0.009 

A-B-29d B-62d 0.8123958 0.008 0.91249151 0.009 

A-B-29d T0 0.7828418 0.011 0.88092280 0.005 

A-B-29d RW-29d 0.7667687 0.007 0.88941848 0.007 

A-B-29d RW-62d 0.7885201 0.012 0.87465665 0.013 

A-B-29d UOF-29d 0.7954870 0.009 0.90073529 0.012 

A-B-29d UOF-62d 0.8162885 0.009 0.90282142 0.010 

A-B-62d A-RW-29d 0.3009869 0.009 0.40083078 0.010 

A-B-62d A-RW-62d 0.4953059 0.013 0.54231916 0.012 

A-B-62d A-UOF-29d 0.3270892 0.011 0.30685949 0.011 

A-B-62d A-UOF-62d 0.1189550 0.380 0.15224492 0.197 

A-B-62d B-29d 0.9219635 0.008 0.96786548 0.004 

A-B-62d B-62d 0.9259036 0.009 0.97509735 0.005 

A-B-62d T0 0.8903271 0.012 0.95356735 0.008 

A-B-62d RW-29d 0.8788065 0.010 0.95334695 0.008 

A-B-62d RW-62d 0.8962710 0.006 0.94275757 0.011 

A-B-62d UOF-29d 0.9084384 0.010 0.96518293 0.010 

A-B-62d UOF-62d 0.9242220 0.012 0.96798269 0.013 

A-RW-29d A-RW-62d 0.1600884 0.050 0.25364849 0.009 

A-RW-29d A-UOF-29d 0.1393168 0.109 0.16485776 0.101 

A-RW-29d A-UOF-62d 0.3044105 0.002 0.43014810 0.011 

A-RW-29d B-29d 0.6126520 0.011 0.64527770 0.008 

A-RW-29d B-62d 0.6158678 0.008 0.65691474 0.006 

A-RW-29d T0 0.5969602 0.013 0.62362070 0.009 

A-RW-29d RW-29d 0.5796439 0.010 0.64518169 0.003 

A-RW-29d RW-62d 0.5995163 0.012 0.62977662 0.006 

A-RW-29d UOF-29d 0.5965207 0.005 0.64595101 0.008 

A-RW-29d UOF-62d 0.6218075 0.008 0.64111596 0.010 

A-RW-62d A-UOF-29d 0.1666404 0.015 0.09823791 0.493 

A-RW-62d A-UOF-62d 0.4791355 0.007 0.56094761 0.006 

A-RW-62d B-29d 0.8275918 0.009 0.83508515 0.008 

A-RW-62d B-62d 0.8317845 0.008 0.84838771 0.006 
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A-RW-62d T0 0.8001291 0.008 0.80584155 0.010 

A-RW-62d RW-29d 0.7879899 0.010 0.82789854 0.008 

A-RW-62d RW-62d 0.8064458 0.007 0.81576654 0.014 

A-RW-62d UOF-29d 0.8136374 0.010 0.83783540 0.008 

A-RW-62d UOF-62d 0.8339220 0.004 0.83752218 0.013 

A-UOF-29d A-UOF-62d 0.3108366 0.010 0.33244424 0.008 

A-UOF-29d B-29d 0.7180149 0.010 0.57541710 0.004 

A-UOF-29d B-62d 0.7221091 0.005 0.58722908 0.010 

A-UOF-29d T0 0.6941480 0.007 0.54581972 0.009 

A-UOF-29d RW-29d 0.6799997 0.010 0.57546503 0.006 

A-UOF-29d RW-62d 0.7022531 0.010 0.56300253 0.010 

A-UOF-29d UOF-29d 0.7052168 0.010 0.57762815 0.011 

A-UOF-29d UOF-62d 0.7275791 0.006 0.56947954 0.008 

A-UOF-62d B-29d 0.9183251 0.014 0.97295591 0.007 

A-UOF-62d B-62d 0.9222556 0.010 0.97995056 0.006 

A-UOF-62d T0 0.8863953 0.007 0.95959255 0.006 

A-UOF-62d RW-29d 0.8760194 0.009 0.95867772 0.010 

A-UOF-62d RW-62d 0.8924938 0.009 0.94816964 0.010 

A-UOF-62d UOF-29d 0.9047316 0.015 0.97016298 0.006 

A-UOF-62d UOF-62d 0.9212045 0.014 0.97309384 0.010 

B-29d B-62d 0.1397769 0.074 0.12466033 0.321 

B-29d T0 0.3466874 0.007 0.35602452 0.018 

B-29d RW-29d 0.1604909 0.009 0.13461128 0.272 

B-29d RW-62d 0.1240998 0.188 0.11890784 0.351 

B-29d UOF-29d 0.1558518 0.022 0.12013784 0.408 

B-29d UOF-62d 0.1917962 0.013 0.14066943 0.245 

B-62d T0 0.3414416 0.006 0.46973544 0.009 

B-62d RW-29d 0.1516923 0.008 0.09670934 0.533 

B-62d RW-62d 0.1384531 0.028 0.11428281 0.412 

B-62d UOF-29d 0.1360295 0.122 0.09577199 0.561 

B-62d UOF-62d 0.1881036 0.030 0.08715964 0.618 

T0 RW-29d 0.2899742 0.008 0.42044193 0.012 

T0 RW-62d 0.3000184 0.006 0.38549644 0.009 

T0 UOF-29d 0.3614718 0.008 0.46940600 0.011 

T0 UOF-62d 0.3687950 0.004 0.46844923 0.011 

RW-29d RW-62d 0.1678250 0.011 0.08406826 0.590 

RW-29d UOF-29d 0.1525185 0.014 0.13097998 0.236 

RW-29d UOF-62d 0.2196684 0.006 0.10699359 0.408 

RW-62d UOF-29d 0.1612495 0.019 0.13315250 0.345 

RW-62d UOF-62d 0.1184188 0.354 0.07619502 0.612 

UOF-29d UOF-62d 0.1753857 0.026 0.13519969 0.237 
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Table S8: Omitted species analysis of Total (Prefix T-) and Active (Prefix A-) bacterial and 

fungal communities following eluate treatment. The following table presents the genera that 

are uniquely present in either T0 or RW-treated samples and absent in all facade eluate-

treated samples. This analysis distinguishes between total (T-) and active (A-) microbial 

community compositions, identifying genera that are exclusively associated with specific 

eluate treatments. Prefix T- Total samples; Prefix A- Active samples; untreated soil (T0); 

soil treated with rainwater RW; + unclassified members; ⸯ uncultured. 

 Bacteria Funig 

T0 

Anabaena PCC-7122 Branch06 + 

Bacteroidota+ 

 
Geobacteraceae+ 

 
mle1-8 

 
Nodularia PCC-9350 

 
Plot4-2H12 

 
Thermomicrobiales+ 

 

RW 

Acidobacteriota+ Arrhenia 

Azospira Botryosphaeriaceae + 

Cellvibrio Dioszegia 

Clostridia UCG-014 Liberomyces 

Desulfotomaculales+ Pochonia 

Dojkabacteria Rhizophlyctis 

E1B-B3-114 

 
Listeria 

 
Rubrobacter 

 

A-RW 

Alicyclobacillus Thelephora 

Asticcacaulis Ulmaceae + 



Declaration of contribution and publications - Biocide-III 

168 

Babeliales 

 
Bathyarchaeia 

 
Candidimonas 

 
DEV007 

 
Dietzia 

 
Gordonia 

 
Idiomarina 

 
Leuconostoc 

 
Neisseriaceae+ 

 
Pleomorphomonas 

 
Propionicicella 

 
Proteobacteria+ 

 
Rhodospirillaceaeⸯ 

 
Runella 

 
Saccharimonadaceae+ 

 
Saccharopolyspora 

 
Silvanigrellaceae+ 

 
Syntrophobacter 
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