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Chemical pollution research should be better 
integrated with other drivers of biodiversity 
loss and the assessment of human impacts 
on ecosystems, to more effectively guide 
management strategies for biodiversity loss 
mitigation.

The erosion of biodiversity is among our biggest challenges, as we face 
the risk of losing close to one million plant and animal species within 
the coming decades1. Despite numerous and ambitious international 
agreements that have been reached over several decades, ecosystem 
degradation leading to biodiversity decline has continued — and even 
accelerated — in almost all domains of life across marine, freshwater 
and terrestrial systems2. Indeed, planetary integrity and ecosystem ser-
vices are now at risk of irreversible changes, with severe consequences 
for human wellbeing3. The main drivers of global biodiversity decline 
include habitat degradation and loss caused by changes in land and 
water use, direct exploitation of organisms, climate change, invasion 
by non-native species and chemical pollution4. However, our under-
standing of these drivers, single and in concert, often seems to be too 
rudimentary to adequately guide mitigation strategies that would be 
compatible with human activities. Here we argue for better integration 
of chemical pollution alongside other drivers in research that assesses 
biodiversity impacts.

Decades of comprehensive ecotoxicological research and its inclu-
sion in political and public agendas may convey the image that the 
environmental risks of chemicals are currently under control. Isolated 
but media-effective success stories contribute to this perception — for 
example, the recovery of bird of prey and vulture populations follow-
ing restrictions on the use of DDT for insect control and diclofenac for 
cattle raising, respectively5,6. However, the true state of affairs is that 
the release of chemical pollutants into the environment has increased 
unabatedly during past decades, including a sixfold increase in global 
pesticide production between 1970 and 2010 (ref. 7). Currently, there 

are over 350,000 chemicals and mixtures of chemicals registered for 
production and use8. This emphasizes the enormous chemical diver-
sity to which the environment may be exposed, with profound yet 
only rudimentarily understood consequences for living organisms, 
ecosystems and biodiversity.

Chemical pollution research is prolific but siloed
Rachel Carson’s book Silent Spring, a seminal work from 1962 that 
warned about the environmental risks of chemical pollutants, marked 
the dawn of ecotoxicological research9. Since then, hundreds of thou-
sands of scientific papers on chemical pollution have been published. 
We searched the scientific literature published between 1990 and 
2021 to compare research conducted on chemical pollution with 
research on three other key drivers of global biodiversity loss: habi-
tat degradation and loss, invasion of non-native species and climate 
change (detailed methods and search results are presented in Sup-
plementary Information).

We found that most of the research on chemical pollution has 
been published in a notably low number of scientific journals (Fig. 1). 
These journals are primarily specialized ecotoxicological journals, in 
which papers on other drivers of biodiversity loss or biodiversity loss 
itself are rarely found. The comparatively low number of journals used 
to communicate chemical pollution research cannot be explained by 
low productivity in the field. On the contrary, there is a sharp contrast 
between the high number of papers produced on this topic and the 
narrow spectrum of journals in which these papers have been pub-
lished (Supplementary Information), which suggests a high degree 
of encapsulation of the field. This stands in marked contrast to the 
publication patterns for climate change, habitat loss and invasive spe-
cies, in which articles have been published in a broad range of journals 
— including prominent ecology publications (Fig. 1). Moreover, many 
of these journals have published work on more than one driver, directly 
on biodiversity loss or on both, which suggests strong connections 
among disciplines.

Thus, although research on chemical pollution has been prolific, it 
has so far primarily been conducted using a single-discipline approach 
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investigating exposure–impact relationships at the ecosystem level13. 
Decades of ecotoxicological research have produced a methodologi-
cal arsenal to measure the effects of chemicals on biological entities14. 
Advances in analytical chemistry and big-data science allow the simul-
taneous detection of hundreds or thousands of known and unknown 
chemicals from environmental samples15. Novel high-throughput 
effect-based tools address specific modes of action and set up bridges 
between pollution and ecosystem impacts16. Concurrent advances in 
ecological theory, the proliferation of microevolutionary17 and macro-
ecological studies18, the development of models to predict ecological 
risks of chemicals19, technologies for remote environmental monitoring 
(for example, satellite-based20), and large-scale biodiversity sampling 
techniques (for example, environmental DNA21) all improve our ability 
to assess ecosystem integrity and biodiversity comprehensively. And 
the development of global scientific networks, open data exchange 

that has seldom included an ecological perspective. Consequently, 
scientific understandings of the ecosystem effects of chemical pol-
lution remain limited10. Without the support of adequate science, 
conservation targets may be misguided11. If the effects of chemical 
pollution on biodiversity are to be elucidated and mitigated, there 
is a need to abandon scientific siloes and join forces as well as a need 
for expertise from a diversity of disciplines (including environmental 
chemistry, ecotoxicology and ecology)12.

Advances in chemical pollution science and policy
Although good news in environmental issues is rare, we can identify at 
least two major positive developments in chemical pollution science 
and policy. The first development is that, despite scientific separa-
tion, ecotoxicology and ecology have both made substantial progress, 
and these advancements can be leveraged to make further strides in 
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Fig. 1 | Chemical pollution research is isolated from the ecological literature. 
We searched for papers on four major drivers of ecosystem degradation and 
biodiversity loss, and on biodiversity loss itself, published between 1990 and 
2021. From a total of 367 journals identified, we focused on the 119 most prolific 
journals, which accounted for 50% of the papers published on each topic.  
We found that, whereas reaching a 50% representation of papers published 
required 68 journals for climate change, 56 journals for habitat loss, 58 journals 
for invasive species and 37 journals for biodiversity loss, only 11 journals 
accounted for 50% of papers published on chemical pollution. Of these 119 
journals, we classified 77 as ecology journals, but only one of the 11 journals 
that has published high volumes of chemical pollution research belonged to 

this category. By contrast, 34 of the 37 journals publishing more frequently on 
biodiversity loss and 47 of the 58 journals publishing more frequently on invasive 
species fell into this category. Similarly, only 2 of the 11 journals publishing 
more frequently on chemical pollution also published on biodiversity loss, and 
5 published on other drivers of biodiversity loss; this overlap was considerably 
lower than for any of the other drivers we analysed. The bold numbers in the 
figure indicate the number of journals in each category, and the percentage 
values in parentheses show the proportion of those journals with respect to the 
total in each pie portion. Further details on the methods and results can be found 
in the Supplementary Information.
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and big-data processing technologies makes interdisciplinary inte-
gration possible.

The second development is that political awareness about the 
effects of chemical pollution on ecosystems and biodiversity is on 
the rise. With the European Green Deal and its ‘Chemicals Strategy 
for Sustainability’, the requirement to tackle chemical pollution and 
move towards a non-toxic environment has become one of the priori-
ties of the European Union (the ‘Zero Pollution Ambition’). Globally, 
the United Nations has identified the need to address chemical pollu-
tion and waste on a planetary scale, together with climate change and 
biodiversity loss. This led to the decision to establish a science-policy 
panel for the sound management of chemicals and waste, taken at the 
5th United Nations Environment Assembly in Nairobi in March 2022 
(ref. 22). This panel will seek to improve the interface between science 
and policy on global issues of chemical pollution, in the same way as 
the IPCC (Intergovernmental Panel on Climate Change) and IPBES 

(Intergovernmental Science-Policy Platform on Biodiversity and Eco-
system Services) do for climate change and biodiversity, respectively. 
In December 2022, at the Conference of the Parties (COP15) of the 
Convention on Biological Diversity, the United Nations set a target to 
halve the use of nutrients, pesticides and highly hazardous chemicals 
by 2030 (ref. 23).

Steps to integration
Chemical pollution is a growing threat to life on Earth. However, 
although other drivers of global biodiversity loss have been readily 
embraced by general ecology, research on chemical pollution has 
remained predominantly technical, isolated from other disciplines 
and surprisingly disconnected from the assessment of biodiversity 
loss. It is now time to actively integrate advances in the different dis-
ciplines to produce science that effectively informs policy and man-
agement efforts. Yet, the lack of essential data, the intricate nature of 

Table 1 | Potential causes of disconnection between chemical pollution and ecological research and proposed actions to 
remediate this disconnection

Potential causes Proposed actions

(1) Insufficient fundamental data. Knowledge of the chemicals present in nature 
is patchy and geographically imbalanced. The industry possesses substantial 
amounts of relevant data that are not made available to the scientific community. 
Additionally, there is a lack of information on the parameters that need to be fed 
into computational models to predict ecosystem effects.

• Systematically monitor chemicals in understudied ecosystems worldwide.
• Increase funding for experimental and monitoring studies that generate new 
data.
• Organize multisectoral workshops to promote cooperation among 
stakeholders.
• Establish regulations that require industry to make relevant data publicly 
available.

(2) Overly technical and rigid study field. The study of chemicals and their effects 
on the environment has been historically dominated by the needs of the chemical 
industry. This has resulted in a proliferation of standardized protocols, organism 
and suborganism models primarily designed to inform the industry and managers 
for compliance with and enforcement of regulations. Often, however, these 
methods are relatively ineffective to examine effects on untested organisms (for 
example, microorganisms) and ecosystems.

• Create ecological test models and end points that capture higher levels of 
biological complexity, such as populations, communities and ecosystems.
• Incorporate large-scale ecosystem-level assessments into regulations for 
safe chemical production.

(3) Complexity of ecosystem-level processes. Ecosystem-level processes are 
complex and occur at large temporal and spatial scales. The drivers of ecosystem 
change and biodiversity loss are interconnected. Consequently, the study of 
ecosystem impacts requires interdisciplinary collaboration (but see limitations 
identified in cause (4)), long study periods that exceed normal grant duration 
and large-sized infrastructure that is only available in a few research centres for a 
limited number of experimental replicates.

• Establish specialized departments and centres for ecosystem-level 
experiments (for example, equipped with experimental fields, mesocosms 
and climate change chambers). Consider settings that enable simultaneous 
assessment of different drivers.
• Accept suboptimal experimental designs in complex, multi-stressor 
experiments, such as incomplete factorial designs, pseudoreplication or 
replication over time.
• Use modelling techniques to better understand chemical impacts on 
ecosystems (but see limitations to models identified in cause (1)).
• Establish specific funding mechanisms for long-term ecosystem study 
projects.

(4) Siloed structure of science. Interdisciplinary and transdisciplinary research 
is hindered by the siloed structure of science, with research groups, journals, 
funding and scientific meetings all following these siloes. Academic careers 
often depend on hiring and promotion rules that favour specialization and 
hinder collaboration between fields and with stakeholders outside of academia. 
Research agendas are often driven by discipline methods rather than standing 
problems. Different methods in environmental chemistry, ecotoxicology and 
ecology impede the identification of common research objectives. The historical 
self-identification of ecology with ‘pristine’ ecosystems and of ecotoxicology  
and environmental chemistry with ‘polluted’ ecosystems can further promote  
this separation.

• Publish special issues and journals focused on the ecological effects of 
chemical pollution to broaden publication options for research on this topic.
• Organize joint conferences that involve ecological, chemical and 
ecotoxicological associations.
• Organize multisectoral workshops that facilitate communication among 
researchers, policy-makers, industry and society stakeholders on chemical 
pollution issues.
• Permit multiple first and senior authorships to acknowledge author 
contribution in large collaborative studies.
• Develop unified theoretical frameworks for ecosystem processes and 
chemical pollution.

(5) Ineffective top-down measures. The increasing international recognition 
of the chemical crisis will promote management and regulatory action on 
chemicals through milestone advances, such as the establishment of a global 
science-policy panel on chemicals and waste. However, the direction of research 
projects is ultimately determined by individual researchers. For this reason, 
top-down measures may fail to increase the demand for ecological research 
on chemical pollution, unless they are accompanied by measures that raise the 
interest of researchers.

• Combine top-down measures with bottom-up incentives to research on 
ecological effects of chemical pollution, such as the actions proposed for 
causes (1) to (4).
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ecosystem processes and specific characteristics of the field of study 
pose substantial challenges to achieving an interdisciplinary approach 
to chemical pollution research that integrates ecology (Table 1). To 
catalyse these changes, we propose a set of specific next steps (Table 1)  
that we hope may function as a guide for science policies and the sci-
entific community.

Data availability
All data are publicly available from the sources cited in the Supplemen-
tary Information. Source data are provided with this paper.

Francisco Sylvester    1,2,3, Fabian G. Weichert    1, 
Verónica L. Lozano    2,3, Ksenia J. Groh    4, Miklós Bálint5,6,7, 
Lisa Baumann    8, Claus Bässler1,9, Werner Brack    1,10, 
Barbara Brandl11, Joachim Curtius    12, Paul Dierkes    1, 
Petra Döll    5,13, Ingo Ebersberger    1,5,6, 
Sotirios Fragkostefanakis    1, Eric J. N. Helfrich1,6, Thomas Hickler5,13, 
Sarah Johann    1, Jonas Jourdan    1, Sven Klimpel1,5,6,14, 
Helge Kminek15, Florencia Liquin    2, Darrel Möllendorf    11, 
Thomas Mueller    1,5, Jörg Oehlmann    1, Richard Ottermanns    16, 
Steffen U. Pauls6,7,17, Meike Piepenbring    1, Jakob Pfefferle    1, 
Gerrit Jasper Schenk    18, J. F. Scheepens    1, Martin Scheringer19,20, 
Sabrina Schiwy1, Antje Schlottmann    21, Flurina Schneider    1,5,22, 
Lisa M. Schulte1, Maria Schulze-Sylvester    2,23,24, Ernst Stelzer    1,25, 
Frederic Strobl    1,25, Andrea Sundermann    1,17, Klement Tockner1,17, 
Tobias Tröger    26,27, Andreas Vilcinskas    6,7,14, Carolin Völker    1,22, 
Ricarda Winkelmann28,29 & Henner Hollert    1,6,30 
1Faculty of Biological Sciences, Goethe University Frankfurt, 
Frankfurt am Main, Germany. 2Facultad de Ciencias Naturales, 
Universidad Nacional de Salta, Salta, Argentina. 3Consejo Nacional 
de Investigaciones Científicas y Técnicas, CCT CONICET Salta-Jujuy, 
Salta, Argentina. 4Eawag, Swiss Federal Institute of Aquatic Science 
and Technology, Dübendorf, Switzerland. 5Senckenberg Biodiversity 
and Climate Research Centre (SBiK-F), Frankfurt am Main, Germany. 
6LOEWE Centre for Translational Biodiversity Genomics (LOEWE‐TBG), 
Frankfurt am Main, Germany. 7Institute of Insect Biotechnology, 
Justus Liebig University Gießen, Gießen, Germany. 8Amsterdam 
Institute for Life and Environment (A-LIFE), Section Environmental 
Health & Toxicology, Vrije Universiteit Amsterdam, Amsterdam, The 
Netherlands. 9Bavarian Forest National Park, Grafenau, Germany. 
10Helmholtz Centre for Environmental Research, Leipzig, Germany. 
11Faculty of Social Sciences, Goethe University Frankfurt, Frankfurt 
am Main, Germany. 12Institute for Atmospheric and Environmental 
Sciences, Goethe University Frankfurt, Frankfurt am Main, Germany. 
13Institute of Physical Geography, Goethe University Frankfurt, 
Frankfurt am Main, Germany. 14Branch Bioresources, Fraunhofer 
Institute for Molecular Biology and Applied Ecology, Gießen, Germany. 
15Faculty of Educational Sciences, Goethe University Frankfurt, 
Frankfurt am Main, Germany. 16Institute for Environmental Research 
(IER), RWTH Aachen University, Aachen, Germany. 17Senckenberg 
Society for Nature Research, Frankfurt am Main, Germany. 18Institute of 
History, History of the Middle Ages, Technical University of Darmstadt, 
Darmstadt, Germany. 19Institute of Biogeochemistry and Pollutant 
Dynamics, ETH Zürich, Zürich, Switzerland. 20RECETOX, Masaryk 
University, Brno, Czech Republic. 21Department of Human Geography, 
Goethe University Frankfurt, Frankfurt am Main, Germany. 22Institute 
for Social-Ecological Research (ISOE), Frankfurt am Main, Germany. 

23Geisenheim University, Department of Crop Protection, Geisenheim, 
Germany. 24Instituto de Bio y Geociencias del Noroeste Argentino 
(IBIGEO-CONICET), Salta, Argentina. 25Buchmann Institute for 
Molecular Life Sciences (BMLS), Goethe University Frankfurt, Frankfurt 
am Main, Germany. 26Department of Law, Goethe University Frankfurt, 
Frankfurt am Main, Germany. 27Leibniz Institute for Financial Research 
Sustainable Architecture for Finance in Europe, Frankfurt am Main, 
Germany. 28Potsdam Institute for Climate Impact Research, Member of 
the Leibniz Association, Potsdam, Germany. 29Institute of Physics and 
Astronomy, University of Potsdam, Potsdam, Germany. 30Department 
of Environmental Media-related Ecotoxicology, Fraunhofer Institute for 
Molecular Biology and Applied Ecology, Schmallenberg, Germany.  

 e-mail: hollert@bio.uni-frankfurt.de

Published online: xx xx xxxx

References
1. Tollefson, J. Nature 569, 171 (2019).
2. Johnson, C. N. et al. Science 356, 270–275 (2017).
3. Persson, L. et al. Environ. Sci. Technol. 56, 1510–1521 (2022).
4. IPBES. Global Assessment Report on Biodiversity and Ecosystem Services: Summary for 

Policymakers (IPBES secretariat, 2019).
5. Grier, J. W. Science 218, 1232–1235 (1982).
6. Oaks, J. L. et al. Nature 427, 630–633 (2004).
7. Bernhardt, E. S., Rosi, E. J. & Gessner, M. O. Front. Ecol. Environ. 15, 84–90 (2017).
8. Wang, Z., Walker, G. W., Muir, D. C. G. & Nagatani-Yoshida, K. Environ. Sci. Technol. 54, 

2575–2584 (2020).
9. Carson, R. Silent Spring (Houghton Mifflin, 1962).
10. Köhler, H. R. & Triebskorn, R. Science 341, 759–765 (2013).
11. Sigmund, G. et al. Science 376, 1280 (2022).
12. Groh, K., Vom Berg, C., Schirmer, K. & Tlili, A. Environ. Sci. Technol. 56, 707–710  

(2022).
13. Sigmund, G. et al. Glob. Change Biol. 29, 3240–3255 (2023).
14. Schuijt, L. M., Peng, F. J., van den Berg, S. J. P., Dingemans, M. M. L. & Van den Brink, P.  

J. Sci. Total Environ. 795, 148776 (2021).
15. Brack, W. et al. Environ. Sci. Eur. 31, 62 (2019).
16. Brack, W. et al. Environ. Sci. Eur. 31, 10 (2019).
17. Medina, M. H., Correa, J. A. & Barata, C. Chemosphere 67, 2105–2114 (2007).
18. Blowes, S. A. et al. Science 366, 339–345 (2019).
19. van den Brink, P. J., Roelsma, J., Van Nes, E. H., Scheffer, M. & Brock, T. C. M. Environ. 

Toxicol. Chem. 21, 2500–2506 (2002).
20. Senf, C. Ecosystems 25, 1719–1737 (2022).
21. Carraro, L., Mächler, E., Wüthrich, R. & Altermatt, F. Nat. Commun. 11, 3585  

(2020).
22. Ågerstrand, M. et al. Environ. Sci. Technol. 57, 2205–2208 (2023).
23. UNEP CBD (Convention on Biological Diversity). COP15: final text of Kunming-Montreal 

Global Biodiversity Framework. cbd.int, https://www.cbd.int/article/ 
cop15-final-text-kunming-montreal-gbf-221222 (22 December 2022).

Acknowledgements
The authors have been supported by the RobustNature Excellence Initiative (internal 
prefunding of the Goethe University Frankfurt).

Author contributions
F. Sylvester, F.G.W. and H.H. conceived this work. F. Sylvester, V.L.L. and F.G.W. conducted 
the literature searches and data analyses with the help of S.F., K.J.G., J.J., S.J., F.L., R.O., J.P., 
M.P., S.S., M.S.-S. and F. Strobl. Writing was led by F. Sylvester with extensive input from H.H. 
Substantial contributions to writing and the direction of the manuscript were made by K.J.G., 
K.T., M.S., W.B. and J.J. Figures had substantial input from L.M.S., F.G.W, V.L.L., M.S.-S. and  
F. Sylvester. All other authors (M.B., L.B., C.B., B.B., J.C., P. Dierkes, P. Döll, I.E., E.J.N.H., T.H., 
S.K., H.K., D.M., T.M., J.O., S.U.P., G.J.S., J.F.S., A. Schlottmann, F. Schneider., E.S., F. Strobl,  
A. Sundermann, T.T., A.V., C.V. and R.W.) contributed to specific aspects and to further 
elaborate the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at  
https://doi.org/10.1038/s41559-023-02117-6.

http://www.nature.com/natecolevol
http://orcid.org/0000-0001-7522-8956
http://orcid.org/0000-0002-5995-6790
http://orcid.org/0000-0001-8960-9688
http://orcid.org/0000-0002-3778-4721
http://orcid.org/0000-0003-4171-7561
http://orcid.org/0000-0001-9269-6524
http://orcid.org/0000-0003-3153-4630
http://orcid.org/0000-0002-6046-6406
http://orcid.org/0000-0003-2238-4546
http://orcid.org/0000-0001-8187-9253
http://orcid.org/0000-0001-5311-7868
http://orcid.org/0000-0003-1735-9207
http://orcid.org/0000-0002-2745-2520
http://orcid.org/0000-0001-8271-010X
http://orcid.org/0000-0002-5600-8242
http://orcid.org/0000-0001-9305-7716
http://orcid.org/0000-0002-6075-2701
http://orcid.org/0000-0002-2168-9455
http://orcid.org/0000-0002-7043-5769
http://orcid.org/0009-0007-6833-2932
http://orcid.org/0000-0001-5492-512X
http://orcid.org/0000-0003-1650-2008
http://orcid.org/0000-0002-0076-7442
http://orcid.org/0000-0001-5368-8169
http://orcid.org/0000-0002-6026-330X
http://orcid.org/0000-0003-1545-0736
http://orcid.org/0000-0002-5350-0194
http://orcid.org/0000-0003-2304-1967
http://orcid.org/0000-0002-3908-8148
http://orcid.org/0000-0001-8276-4968
http://orcid.org/0000-0002-3009-8729
http://orcid.org/0000-0001-5776-5619
mailto:hollert@bio.uni-frankfurt.de
https://www.cbd.int/article/cop15-final-text-kunming-montreal-gbf-221222
https://www.cbd.int/article/cop15-final-text-kunming-montreal-gbf-221222
https://doi.org/10.1038/s41559-023-02117-6

	Better integration of chemical pollution research will further our understanding of biodiversity loss
	Chemical pollution research is prolific but siloed
	Advances in chemical pollution science and policy
	Steps to integration
	Acknowledgements
	Fig. 1 Chemical pollution research is isolated from the ecological literature.
	Table 1 Potential causes of disconnection between chemical pollution and ecological research and proposed actions to remediate this disconnection.




