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Ecosystem health in the Anthropocene 
Ecosystems are facing unprecedented challenges and decline as we enter the Anthropocene (Steffen 
et al., 2011). For instance, the earth’s climate is already estimated to be 0.85 °C warmer than it was in 
1880, affecting both terrestrial and marine ecosystems (IPCC, 2014). Much of this thermal energy 
(~60%) has been absorbed by the oceans, resulting in melting sea ice, rising sea levels, and record 
temperatures that have caused global mass coral bleaching events (Hughes et al., 2017). The 
simultaneous intensification of land use is causing extraordinary levels of erosion with substantial 
implications for nutrient and carbon cycling, land productivity and in turn, global socio-economic 
conditions (Borrelli et al., 2017). These mounting environmental pressures are forcing organisms to 
acclimate, migrate, or suffer reduced fitness and, potentially risk local extinction. Defining tolerance 
thresholds for individual species and entire communities is therefore a priority for environmental 
scientists, regulators and managers as they attempt to preserve ecosystems in the face of climate 
change and escalating human development; but this task is particularly challenging for microbial 
community conservation.  
 
Quantifying microbial responses to environmental stress 
Microorganisms underpin ecosystem health, so establishing how, and to what extent environmental 
change alters microbial community structure and function is critical for informing ecosystem 
protection efforts. Globally, we have invested considerable resources into establishing spatial and 
temporal baselines for key microbial communities (Morris et al., 2005; Karl and Church, 2014; Bissett 
et al., 2016). This has led to substantive advances in our understanding of microbial community 
composition, however we still lack a mechanistic framework to reliably quantify how these microbial 
assemblages and their ecologically important functions respond to specific environmental stressors. 
As the first responders to environmental perturbation, microorganisms have the capacity to buffer or 
mitigate ecosystem changes. Yet, despite the critical importance of microorganisms for ecosystem 
function, most conservation and management endeavours still focus on iconic species (e.g. polar 
bears and whales) and macro-ecological communities (e.g. rainforests and coral reefs), with no major 
environmental initiatives investing in the health and function of the microbial ecosystems that 
underpin all life.   
 
The impacts of environmental stress on microbial communities are generally described qualitatively 
due to the difficulty in applying valid stress-response data in a form that has ecological relevance. For 
instance, numerous studies assessed the impact of hydrocarbons and dispersants on native microbial 
populations during the massive Deepwater Horizon oil spill in the Gulf of Mexico, yet quantitative 
dose-response relationships to inform the development of regulatory guidelines have not been 
established (Hazen et al., 2010; Kleindienst et al., 2015). In addition, methods currently accepted by 
regulators to identify the toxic thresholds of pollutants on prokaryotes are generally restricted to 
quantifying changes in microbial growth, biomass or luminescence, and this is often applied to a 
narrow range of cultivated species (Shahsavari et al., 2017). Clearly this approach does not 
adequately assess impacts on the complex spectrum of microbial diversity and physiologies in most 
ecosystems. Microbial ecotoxicology is emerging as a new discipline that addresses this issue for the 
first time by applying a variety of analytical, enzymatic, toxicity and culture-independent techniques 
to define negative effects on microbial communities (Shahsavari et al., 2017).   
 
Novel approaches to assessing microbial community responses to environmental stress  
There is an enormous opportunity (and challenge) to extend the microbial ecotoxicology approach to 
assess pollution, climate and cumulative environmental stresses for a broad range of microbial 
communities including free-living and host-associated microbiomes. More specifically, endeavours 
are needed to lever recent advances in omics technologies and imaging approaches to develop robust 
frameworks that reveal dose-response relationships and cause-effect pathways such that quantitative 
microbial data can be incorporated into regulatory, management and conservation guidelines. To 
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achieve this, the microbial ecology community must develop innovative yet standardised and 
ecologically meaningful approaches to quantify how entire communities of microorganisms respond 
to a broad suite of environmental perturbations based on changes to their (i) community 
composition, (ii) genomically encoded potential functions and (iii) actual metabolic activities. The 
development and uptake of such an approach would then provide a critical link between our 
fundamental understanding of microbial ecology and applied environmental and conservation 
science.  
 
Ecological risk assessments are often poorly informed by response thresholds for a few species, 
whereas effective management strategies aim to target relevant populations, communities, and 
ecosystems (Anthony et al., 2015). A well-established approach to quantify risk thresholds posed to 
eukaryotic communities by pollutants is to model the variability in species sensitivities to various 
exposures (Posthuma et al., 2002). Here single-species stress threshold data for multiple taxa are 
combined as species sensitivity distributions (SSD) by fitting a statistical or empirical distribution 
model to the proportion of species affected as a function of stressor concentration, dose or level 
(Figure 1). Key strengths of the SSD probability models are that they can be tailored to global or local 
populations and can be used to identify the proportion of species affected within a community 
(Belanger et al., 2017).  The SSD method has been applied as a decision support tool in 
environmental protection and management since the 1980s, being formally adopted for the 
derivation of environmental guidelines in 1985 in the United States and 1989 in Europe (Stephan et 
al., 1985; van Straalen and Denneman, 1989). In the last 30 years SSDs have been widely applied to 
develop risk thresholds and guidelines for eukaryotic communities to a variety of different local (e.g. 
nutrients, petroleum hydrocarbons) and global (e.g. temperature) stressors for compliance and 
spatial risk assessments (Del Signore et al., 2016).  
 
Conceptually, such an approach could be translated to microbial communities by simply using taxon 
abundance data to generate stress-response relationships for each microbial OTU in a community. 
Automated curve fitting of each OTU could then be performed, enabling effect concentrations (EC) 
to be calculated from the fitted models (Knezevic et al., 2007). Stressor levels that affect 10% or 50% 
of each OTU (EC10 and EC50 respectively) would be interpolated from the model for all OTUs that 
remain stable in the control (no stressor treatments) over the duration of exposure. The multiple ECx 
values (usually EC10) for each OTU would then be translated into SSDs to quantify the proportional 
impact on the overall microbial community, as well as establishing stressor levels (guidelines) that 
are protective of the desired percentage of microbial species / OTUs in any given community (Figure 
1). Such a standardised molecular stress-response framework for microorganisms would have broad 
utility in terrestrial, marine or freshwater systems as well as for both free-living and host associated 
communities. Regulatory outcomes that could be realised using such a platform include: i) the 
derivation of protective thresholds for microbial communities across global scales, ii) the derivation 
of scenario-specific protective thresholds that more closely reflect local conditions (e.g.(Doolette et 
al., 2016)) and iii) identifying the causes of biological impact or expected impact to inform the need 
and focus for any remedial or management action. The first two applications would be protective of 
microbial communities and the 3rd would underpin restoration initiatives.  
 

The ecological relevance of species protection values for microorganisms should also be validated by 
testing for loss of microbial function and/or activity in the same samples under the same conditions 
(Fig. 1). This is particularly important if one considers that niche partitioning, complex interaction 
networks and functional redundancy are key characteristics of most microbial ecosystems (Allison 
and Martiny, 2008). This could be achieved using a combination of metagenomic / 
metatranscriptomic sequencing (Birrer et al., 2017), and by incorporating recent developments in 
stable isotope analysis (for instance H2

18O and or D2O assays, (Aanderud and Lennon, 2011; Berry et 
al., 2015; Kopf et al., 2015)) or biorthogonal non-canonical amino acid tagging (Hatzenpichler et al., 
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2016) that facilitate differentiation of active from non-active cells prior to meta-omic analyses (Singer 
et al., 2017).  Stress-response curves could then be generated for each microbial function or pathway 
(instead of taxa), and the derived EC10s or EC50s used to generate functional sensitivity distributions 
(FSD). Regulatory guidelines that ensure protection of sensitive but ecologically important microbial 
functions could then be derived directly from FSDs (Figure 1). This approach would have enormous 
value if early identification of disruption to specific pathways could be used to avoid ecosystem 
tipping points. For instance, microbial functional changes in response to eutrophication or climate 
change can induce oxic-anoxic regime shifts, with cascading detrimental ecosystem effects (Bush et 
al., 2017). However, it is also important to note that high levels of functional redundancy in a 
microbial ecosystem may produce FSDs that have lower relative sensitivity than the corresponding 
SSDs.  In some ecosystems it can also be challenging to establish the true extent of functional 
redundancy. For instance, ammonia oxiders can have very different substrate affinities and loss of 
high affinity members could still have dramatic ecosystem impacts, even if ammonia oxidation as a 
generic function has a high ECx value. This approach also misses yet to be discovered microbial 
functions which would be impossible to predict based on meta-omic or general activity data. Shifts in 
community structure may also have neutral effects on ecosystem function (Cravo-Laureau et al., 
2017), hence a combined SSD/FSD approach should be employed for establishing guidelines. Adding 
to the challenge of adapting ecotoxicology techniques to complex microbial communities is the 
difficulty in differentiating the response due to the direct effect of the environmental pressure from 
the effect on biological interactions amongst the microorganisms (Cravo-Laureau et al., 2017). 
Impacts on microbial function may also act indirectly through altering community resistance or 
resilience (Cravo-Laureau et al., 2017), and differentiating between single and cumulative 
environmental stressors can be particularly problematic (Belanger et al., 2017). However despite 
these mechanistic uncertainties, we should also consider that regulatory thresholds would have the 
same outcome for ecosystem state, regardless of whether the effect is direct or indirect or we are 
assessing single or multiple stressors. Resolving these methodological and knowledge gaps that 
currently prevent accurate quantification of the impact of environmental pressures on microbial 
communities would transform our capacity to establish robust regulatory frameworks and facilitate 
early management interventions aimed at preserving the microbial communities underpinning 
ecosystem health.  

 

Figure Legend 

Figure 1: Framework for quantifying microbial sensitivity to environmental stress.  Individual stress 
response curves (left panel) can be used to derive effect concentrations for each microbial OTU or 
function. A cumulative species sensitivity distribution (SSD, middle panel) can then be constructed to 
quantify the proportional impact on the overall microbial community (based on threshold effects for 
all OTUs in the left panel) and used to establish protective guidelines for community composition. The 
stress thresholds for individual microbial functions (left panel) can be used to construct functional 
sensitivity distributions (FSD, right panel), enabling establishment of protective guidelines for 
community function.  

 

References 

Aanderud, Z.T., and Lennon, J.T. (2011) Validation of heavy-water stable isotope probing for the 
characterization of rapidly responding soil bacteria. Applied and Environmental Microbiology 77: 
4589-4596. 

This article is protected by copyright. All rights reserved.



Allison, S.D., and Martiny, J.B.H. (2008) Resistance, resilience, and redundancy in microbial 
communities. Proceedings of the National Academy of Sciences of the United States of America 105: 
11512-11519. 
Anthony, K.R.N., Marshall, P.A., Abdulla, A., Beeden, R., Bergh, C., Black, R. et al. (2015) 
Operationalizing resilience for adaptive coral reef management under global environmental change. 
Global Change Biology 21: 48-61. 
Belanger, S., Barron, M., Craig, P., Dyer, S., Galay-Burgos, M., Hamer, M. et al. (2017) Future needs 
and recommendations in the development of species sensitivity distributions: Estimating toxicity 
thresholds for aquatic ecological communities and assessing impacts of chemical exposures. 
Integrated Environmental Assessment and Management 13: 664-674. 
Berry, D., Mader, E., Lee, T.K., Woebken, D., Wang, Y., Zhu, D. et al. (2015) Tracking heavy water 
(D2O) incorporation for identifying and sorting active microbial cells. Proceedings of the National 
Academy of Sciences 112: E194-E203. 
Birrer, S.C., Dafforn, K.A., and Johnston, E.L. (2017) Microbial community responses to contaminants 
and the use of molecular techniques. In Microbial Ecotoxicology. Cravo-Laureau, C., Cagnon, C., 
Lauga, B., and Duran, R. (eds): Springer, pp. 165-183. 
Bissett, A., Fitzgerald, A., Meintjes, T., Mele, P.M., Reith, F., Dennis, P.G. et al. (2016) Introducing 
BASE: the Biomes of Australian Soil Environments soil microbial diversity database. Gigascience 5: 
21. 
Borrelli, P., Robinson, D.A., Fleischer, L.R., Lugato, E., Ballabio, C., Alewell, C. et al. (2017) An 
assessment of the global impact of 21st century land use change on soil erosion. Nature 
Communications 8: 2013. 
Bush, T., Diao, M., Allen, R.J., Sinnige, R., Muyzer, G., and Huisman, J. (2017) Oxic-anoxic regime 
shifts mediated by feedbacks between biogeochemical processes and microbial community 
dynamics. Nature Communications 8: 789. 
Cravo-Laureau, C., Lauga, B., Cagnon, C., and Duran, R. (2017) Microbial responses to pollution-
Ecotoxicology: introducing the different biological levels. In Microbial Ecotoxicology. Cravo-Laureau, 
C., Cagnon, C., Lauga, B., and Duran, R. (eds): Springer, pp. 45-62. 
Del Signore, A., Hendriks, A.J., Lenders, H.J.R., Leuven, R.S.E.W., and Breure, A.M. (2016) 
Development and application of the SSD approach in scientific case studies for ecological risk 
assessment. Environmental Toxicology and Chemistry 35: 2149-2161. 
Doolette, C.L., Gupta, V.V.S.R., Lu, Y., Payne, J.L., Batstone, D.J., Kirby, J.K. et al. (2016) Quantifying 
the sensitivity of soil microbial communities to silver sulfide nanoparticles using metagenome 
sequencing. PLoS ONE 11: e0161979. 
Hatzenpichler, R., Connon, S.A., Goudeau, D., Malmstrom, R.R., Woyke, T., and Orphan, V.J. (2016) 
Visualizing in situ translational activity for identifying and sorting slow-growing archaeal−bacterial 
consortia. Proceedings of the National Academy of Sciences 113: E4069-E4078. 
Hazen, T.C., Dubinsky, E.A., DeSantis, T.Z., Andersen, G.L., Piceno, Y.M., Singh, N. et al. (2010) Deep-
sea oil plume enriches Indigenous oil-degrading bacteria. Science 330: 204-208. 
Hughes, T.P., Barnes, M.L., Bellwood, D.R., Cinner, J.E., Cumming, G.S., Jackson, J.B.C. et al. (2017) 
Coral reefs in the Anthropocene. Nature 546: 82-90. 
IPCC (2014) Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to 
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change In IPCC. Pachauri, 
R.K., and Meyer, L.A. (eds). Geneva, Switzerland. 
Karl, D.M., and Church, M.J. (2014) Microbial oceanography and the Hawaii Ocean Time-series 
programme. Nature Reviews Microbiology 12: 699. 
Kleindienst, S., Grim, S., Sogin, M.L., Bracco, A., Crespo-Medina, M., and Joye, S.B. (2015) Diverse, 
rare microbial taxa responded to the Deepwater Horizon deep-sea hydrocarbon plume. The Isme 
Journal 10: 400. 
Knezevic, S.Z., Streibig, J.C., and Ritz, C. (2007) Utilizing R software package for dose-response 
studies: The concept and data analysis. Weed Technology 21: 840-848. 

This article is protected by copyright. All rights reserved.



Kopf, S.H., McGlynn, S.E., Green‐Saxena, A., Guan, Y., Newman, D.K., and Orphan, V.J. (2015) Heavy 
water and 15N labelling with NanoSIMS analysis reveals growth rate‐dependent metabolic 
heterogeneity in chemostats. Environmental Microbiology 17: 2542-2556. 
Morris, R.M., Vergin, K.L., Cho, J.-C., Rappé, M.S., Carlson, C.A., and Giovannoni, S.J. (2005) Temporal 
and spatial response of bacterioplankton lineages to annual convective overturn at the Bermuda 
Atlantic Time-series Study site. Limnology and Oceanography 50: 1687-1696. 
Posthuma, L., Traas, T.P., de Zwart, D., and II, S.G.W. (2002) Conceptual and technical outlook on 
species sensitivity distributions. In Species Sensitivity Distributions in Ecotoxicology. Posthuma, L., 
Suter, G.W.I., and Traas, T.P. (eds). Boca Raton, FL, USA: Lewis, pp. 475-510. 
Shahsavari, E., Aburto-Medina, A., Khudur, L.S., Taha, M., and Ball, A.S. (2017) Microbial 
Ecotoxicology: Springer. 
Singer, E., Wagner, M., and Woyke, T. (2017) Capturing the genetic makeup of the active 
microbiome in situ. ISME Journal 11: 1949. 
Steffen, W., Persson, Å., Deutsch, L., Zalasiewicz, J., Williams, M., Richardson, K.S.J. et al. (2011) The 
Anthropocene: From global change to planetary stewardship. AMBIO: A Journal of the Human 
Environment 40: 739-761. 
Stephan, C.E., Mount, D.I., Hansen, D.J., Gentile, J.H., Chapman, G.A., and Brungs, W.A. (1985) 
Guidelines for deriving numerical national water quality criteria for the protection of aquatic 
organisms and their uses. In. Washington (DC): National Technical Information Service, p. 104. 
van Straalen, N.M., and Denneman, C.A.J. (1989) Ecotoxicological evaluation of soil quality criteria. 
Ecotoxicology and Environmental Safety 18: 241-251. 

 

This article is protected by copyright. All rights reserved.



This article is protected by copyright. All rights reserved.




