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Abstract

Understanding how microbial communities of aquatic ecosystems respond to envi-
ronmental change remains a critical challenge in microbial ecology. In this study, we
used light-dependent oxic-anoxic micro-ecosystems to understand how the function-
ing and diversity of aerobic and anaerobic lake analog communities are affected by
a pulse light deprivation. Continuous measurements of oxygen concentration were
made and a time series of full-length 16S rRNA sequencing was used to quantify
changes in alpha- and beta diversity. In the upper oxic layer, oxygen concentration
decreased significantly under light reduction, but showed resilience in daily mean,
minimum, and maximum after light conditions were restored to control level. Only
the amplitude of diurnal fluctuations in oxygen concentrations did not recover fully,
and instead tended to remain lower in treated ecosystems. Alpha diversity of the
upper oxic layer communities showed a delayed increase after light conditions were
restored, and was not resilient in the longer term. In contrast, alpha diversity of the
anoxic lower layer communities increased during the light reduction, but was resilient
in the longer term. Community composition changed significantly during light reduc-
tion, and showed resilience in the oxic layer and lack of resilience in the anoxic layer.
Alpha diversity and the amplitude of daily oxygen fluctuations within and among
treatments were strongly correlated, suggesting that higher diversity could lead to
less variable oxygen concentrations, or vice versa. Our experiment showed that light
deprivation induces multifaceted responses of community function (oxygen respira-
tion) and structure, hence focusing on a single stability component could potentially

be misleading.
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1 | INTRODUCTION

Microbial communities are critical components of ecosystems, driv-
ing their development and functioning for billions of years. Over
these long timescales, microbes have faced major transitions, such
as the increasing oxygenation of Earth's atmosphere. The success of
microbial life is to a large degree explained by being highly adaptable
to a variety of environmental conditions (Allison et al., 2013; Evans
& Wallenstein, 2014). Even slight changes in conditions can lead to
taxonomical and functional community shifts, which themselves
provide indications of microbial community stability, or lack thereof
(Shade et al., 2012). Communities can react toward pulse distur-
bances by showing resistance, resilience, functional redundancy,
and alternate stable states (Allison & Martiny, 2009). Observing re-
sponses on the functional and compositional level and how they are
related can provide much needed insights about the mechanisms of
microbial community stability (Philippot et al., 2021). How function-
ing and stability are mediated by the diversity of an ecosystem has
been addressed with controlled experiments (Fox, 2013; Huston,
2014; Yachi & Loreau, 1999), however, these assume random species
loss, while disturbances often affect biodiversity nonrandomly (De
Laender et al., 2016).

Lake ecosystems are facing a broad range of stressors (Chaudhari
et al., 2018), including temperature increase, fertilizer intake (Gao
et al., 2015), chemical pollutants (Li et al., 2019), or increasing mi-
croplastic pollution (Andersson & Anderson, 1980). One factor that
is still not investigated well is light reduction in lake ecosystems
(Piwosz et al., 2020), which can occur indirectly due to biomass for-
mation on aquatic surfaces, including blooms of algae (Sun et al,,
2008) and biofilms (Jones et al., 2002), browning (Scharnweber
et al.,, 2021), snow cover (Garcia et al., 2019) as well as plant biomass
growth. A broad range of functional aerobic and anerobic microbial
groups are highly dependent on light, including cyanobacteria in the
upper water column and phototrophic bacteria in the lower water
column. Hence, light reduction could have a large effect on micro-
bial community composition and ecosystem properties such as the
oxygen concentration in lake ecosystems (Bush et al., 2017) due to
tight coupling of light, microbial respiration, and cyanobacterial O,
production.

Here, we studied the response of mixed aerobic-anaerobic eco-
systems to a pulse reduction in light intensity using a recently devel-
oped dynamic phototrophic oxic-anoxic micro-ecosystem (Suleiman
etal., 2021). These micro-ecosystems are analogs of freshwater eco-
systems, like lakes and ponds, which harbor highly diverse functional
groups of microorganisms, tightly connected through the oxygen
state of the aquatic environment, which are dependent on light for
oxygenic and anoxygenic photosynthesis.

2 | MATERIAL AND METHODS

Sediment and water samples were taken from a pond (Zurich,
Switzerland,47°23'51.2"N8°32'33.3"E) and eight micro-ecosystems

(diameter 13 mm, height 16 cm) were set-up as reported previously
(Suleiman et al., 2021; Figure A1). In short, 1.5 cm of sediment (with
0.5% crystalline cellulose, 0.5% methyl-cellulose, 1% CaSO,, 0.2%
CaCO,, 0.01% NH,H,PO,) was covered with 16 ml pond water and
incubated for 35 days at 24°C under a light-dark cycle of 16:8 h
(gradient of light). Continuous noninvasive oxygen measurements
(PreSens Precision Sensing GmbH, Germany) were performed every
5 min at the lower liquid part (1.5 cm above sediment) and upper
liquid part (2 cm below surface) of each column. After incubating
the eight columns for 8 days, four columns were covered tightly with
aluminum foil and incubated in darkness for 7 days (stressor treat-
ment). After the treatment, incubation continued with the standard
light conditions (light-dark cycle of 16:8 h), like the control group,
for another 20 days. Five hundred microlitre of liquid sample was
taken on day 8 (prior to stressor), day 15 (stressor sample), day 19
(short-term recovery), and day 35 (long-term recovery), respec-
tively, at the height of the top and bottom oxygen sensor. DNA
extraction and 16S rRNA full-length sequencing (PacBio) were
performed as reported previously (Suleiman et al., 2021), using the
primer pair 27F (5'-AGRGTTYGATYMTGGCTCAG-3’) and 1592R
(5'-RGYTACCTTGTTACGACTT-3'). Raw sequencing data were tran-
scribed to Amplicon Sequence Variants (ASV) with Dada2 (Callahan
et al., 2016), and analysis of alpha- and beta diversity were per-
formed with the R packages phyloseq (McMurdie & Phyloseq, 2013)
and vegan (Oksanen et al., 2019).

In order to compare the effects of the light treatment, we cal-
culated and analyzed seven response variables (daily mean, maxi-
mum, minimum, and amplitude of oxygen concentration, alpha
diversity (Shannon index), and two components of microbial com-
munity composition). Microbial community composition was quan-
tified using NMDS (nonmetric multidimensional scaling) based on
Bray-Curtis distances with the metaMDS function of the vegan R
package (Oksanen et al., 2019), with two dimensions used (giving
the previously mentioned two components of microbial community
composition).

Each of the seven response variables was analyzed separately at
each time point it was measured at. At each time point, we calculated
the mean of each treatment group (control group and light reduction
group), the difference between these means, and the 95% confi-
dence interval of this difference (assuming normally distributed er-
rors). We then visually inspected if the confidence interval included
zero, and if so judged there to be no difference between the treat-
ment and control group, and if so that there was a difference. We say
that a response variable was resistant to the treatment if the 95%
confidence interval of the difference between control and treatment
included zero at the end of the treatment (day 15 and 19) (or not
resistant if the 95% Cl did not include zero). We say that a response
variable was resilient to the treatment if the 95% confidence interval
of the difference between control and treatment included zero at
the end of the experiment (day 35; or not resilient if the 95% ClI did
not include zero). Although the oxygen measurements are plotted
and analyzed for each day, we only based assessments of resistance
and resilience on the same days as for community composition (days
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15, 19, 35). This reduces the number of comparisons, which reduces
any issues associated with multiple testing, and also reduces any is-
sues associated with temporal autocorrelation. Detailed scripts are
available on zenodo (10.5281/zenodo.5195092) and sequencing raw
reads are available on NCBI (PRJNA731625).

3 | RESULTS AND DISCUSSION

All eight micro-ecosystems showed oxygen-based stratifica-
tion, resulting in an oxic top layer (Figure 1a) and anoxic bottom
layer (Figure A2). The detected microbial communities and their
compositions were characteristic for layered lake ecosystems,
with aerobic communities in the upper oxic layer (diverse mem-
bers of Gammaproteobacteria, Bacteroidia, Cyanobacteria) and
(phototrophic) anoxygenic phototrophs in the anoxic lower layer
(Chlorobium, Chlorobaculum,
Figures 2 and A1la).

During the first week, the oxygen concentration of the upper

Magnetospirillum,  Sulfuricurvum;

layer of the eight micro-ecosystems increased during the light

phase and decreased during the dark phase, resulting in comparable
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behavior of the mean-, max-, and min-oxygen concentration, as well
as the amplitude (Figure 1, days 0-8). During light reduction (days
8-15) the disturbed columns showed a significant decrease in total
oxygen concentration to microaerophilic conditions (Figure 1b, day
8-15). After normal light conditions were restored, oxygen concen-
tration increased, showing resilience until the end of the experi-
ment for mean, minimum, and maximum, but not for the amplitude,
which was higher in the controls (Figure 1c). Therefore, light reduc-
tion had a lasting impact on the oxygen amplitude, which stayed
within a narrower range of values for communities that experienced
the stressor, while untreated ones were more variable. A single
replicate showed a higher oxygen concentration at the end of the
experiment. Exclusion of that microcosm affected the estimated
differences in oxygen concentration (i.e., resistance and resilience),
but did not qualitatively change the results. Exclusion also had no
effect on the conclusions of the analyses of microbial community
composition. Since the lower layer turned completely anoxic within
2 days, we did not detect any effect of light reduction on the oxy-
gen pattern there.

Alpha diversity was differentially affected by light reduction in

the upper and lower layers (Figure 3): The richness of the anaerobic
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lower communities was immediately increased by light reduction
(Day 15, Figure 3c+d) and stayed significantly different after nor-
mal light conditions were restored in the short-term recovery sam-
ple, but showed resilience (i.e., return to control values) in the long
term. In contrast, the alpha diversity of the aerobic upper layer
communities was not immediately affected by the stressor, showed

top top

marginally significant differences in the short-term recovery sam-
ples but stayed significantly changed in the long term (Figure 3a+b).

Nonmetric multidimensional scaling revealed significantly dif-
ferent compositions of upper and lower layer communities within
a single micro-ecosystem, but the upper and lower composition
converged during light reduction (Figure A3). This convergence is
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FIGURE 2 Microbial community composition of the micro-ecosystems. Relative abundance of microbial community composition (rel.
abundance >5%) at class level for the upper (top) and lower (bottom) layer communities of the micro-ecosystems. Controls were incubated
under a light-dark cycle of 16:8 h for 35 days. Disturbed columns were incubated under light-dark cycle for 8 days (prior stressor sample),
then incubated in darkness until day 15 (stressor sample), before incubating again under a light-dark cycle of 16:8 h (short-term recovery

sample on day 19 and long-term recovery sample on day 35)

FIGURE 3 Resistance and resilience of the microbial communities based on full-length 16S RNA sequencing. (a) Alpha diversity based on
Shannon index of the upper water communities of the eight micro-ecosystems. Cross: mean. (b) Estimated difference between treatments
and 95% confidence interval for the alpha diversity analysis for the upper water communities. (c) Alpha diversity based on Shannon index of
the lower water communities of the eight micro-ecosystems. Cross: mean. (d) Estimated difference between treatments and 95% confidence
interval for the alpha diversity analysis for the lower water communities. (e, g, i, k) Beta diversity analysis based on NMDS1 and NMDS2
score for the upper and lower water communities, respectively. (f, h, j, I) Estimated difference between treatments and 95% confidence
interval for the beta diversity (based on NMDS1 and NMDS2 scores) as response parameters for the upper and lower water communities.
Black lines represent controls, red lines represent columns incubated in darkness from days 8 to 15 (blue area). Gray ribbons show the 95%

confidence intervals
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most likely due to the loss of the light- and oxygen gradient during
the disturbance, indicating how stressors can directly influence
microbial communities by affecting stratification processes in an
ecosystem.

To understand the changes in community composition, we an-
alyzed time series of NMDS1 and NMDS2 (Figure 3e-Il). For the
lower community, the NMDS1 score was immediately affected by
light reduction but showed resilience, while NMDS2 was affected
in delayed fashion and remained significantly changed (Figure 3i-I).
The upper layer communities were affected immediately based on
NMDS1 and NMDS2, but both showed resilience at the last sampling
(Figure 3e-h).

In order to understand possible relationships between diversity
and stability, we examined the correlation of alpha diversity and
the oxygen amplitude of the last incubation on day 35 (Figure 4).
We found a strong negative correlation between alpha diversity
and amplitude of diurnal oxygen concentration (n =8, t = -5.1134,
p =.002). This correlation holds when excluding the replicate with
high mean oxygen concentration, very high amplitude of oxygen
variation (~7.4), and low diversity (S1 2.8; n = 7,t = -2.6, p = .04;
Figure A4). This finding is in line with the insurance hypothesis of
biodiversity, that higher biodiversity will cause lower temporal
variation in aggregate properties of communities and of ecosys-
tem states such as oxygen concentration (Yachi & Loreau, 1999).
However, in our experiment diversity was not manipulated, but
was rather an outcome of the factors such as environmental condi-
tions (including the light treatment) and interspecific interactions.
Accordingly, we cannot be sure if the higher diversity observed in
the light reduction treatment was the cause of the greater stability

Oxygen (Amplitude)

14 12 1.3 14 15
log(Shannon-index)

FIGURE 4 Relationship between the amplitude of daily
fluctuations in oxygen concentration and Shannon diversity of
upper layer communities the long-term recovery sample (day

35). Black symbols represent controls, red symbols represent
treated columns. Gray ribbons show the 95% confidence intervals.
Pearson's product-moment correlation: p-value = .002, correlation
coefficients = -0.90

(lower amplitude) of the oxygen concentration in these communi-
ties. Also, since, we did not manipulate the amplitude of the ox-
ygen fluctuations, we cannot say if this was responsible for the
observed differences in alpha diversity. Further studies manipu-
lating the diversity of organisms in the ecosystem and separately
the magnitude of fluctuations in environmental conditions such as
oxygen concentration would be needed to assign causation and
understand the likely feedback between organismal diversity and
environmental fluctuations.

Our experiment showed that light reduction induces multifac-
eted responses of community function and structure at multiple
temporal scales. We found that light reduction has differential ef-
fects on the coupled communities in ecosystems: (i) light reduction
had a strong effect on microbial function (oxygen consumption/
production), richness and composition, but most responses were
resilient in the long run (ii); For nonresilient aspects, we found that
the richness and the amplitude of oxygen concentration were re-
lated. We suggest that nonrandom effects of light reduction leads
to a change in richness, which subsequently affects the oxygen
amplitude, but this proposed causal relationship needs exper-
imental testing (iii); recovery and resilience operate at different
timescales and hence several time points of analysis are needed
for making robust conclusions about microbial resistance and re-
silience (Garnier et al., 2017). Focusing on just a single aspect of
community stability may hence be misleading, since a stressor can
affect multiple stability components differently (Baert et al., 2016;
Pennekamp et al., 2018).

ACKNOWLEDGMENTS

MS was funded by Forschungskredit of the UZH (FK-20-125).
OLP and FP were supported by the University of Zurich Research
Priority Programs in Global Change and Biodiversity. OLP
was supported by Swiss National Science Foundation (Project
310030_188431). We thank Martin Kapun for bioinformatical
support with raw data. We thank the Functional Genomic Center
Zurich for sequencing efforts and support with sequencing analy-
sis. We also thank Prof. Meredith Schuman for the very helpful

feedback on the manuscript.

CONFLICT OF INTEREST
The authors declare no competing financial interests.

AUTHOR CONTRIBUTION

Marcel Suleiman: Conceptualization (equal); Data curation (equal);
Formal analysis (equal); Funding acquisition (equal); Validation (equal);
Visualization (equal); Writing - original draft (equal); Writing - re-
view & editing (equal). Frank Pennekamp: Data curation (equal);
Formal analysis (equal); Investigation (equal); Validation (equal);
Visualization (equal); Writing - original draft (equal); Writing - review
& editing (equal). Yves Choffat: Data curation (equal); Investigation
(equal); Methodology (equal); Software (equal); Writing - original
draft (equal); Writing - review & editing (equal). Owen L. Petchey:
Conceptualization (equal); Data curation (equal); Formal analysis



SULEIMAN ET AL.

(equal); Funding acquisition (equal); Project administration (equal);
Supervision (equal); Validation (equal); Visualization (equal); Writing -

original draft (equal); Writing - review & editing (equal).

DATA AVAILABILITY STATEMENT

All data used in this study are openly available. All data and de-
tailed scripts are available on zenodo (https://doi.org/10.5281/
zenodo.5195092) and sequencing raw reads are available on NCBI
(PRINA731625).

ORCID

Marcel Suleiman "= https://orcid.org/0000-0001-9141-8231

REFERENCES

Allison, S. D., Lu, Y., Weihe, C., Goulden, M. L., Martiny, A. C., Treseder, K.
K., & Martiny, J. B. H. (2013). Microbial abundance and composition
influence litter decomposition response to environmental change.
Ecology, 94, 714-725. https://doi.org/10.1890/12-1243.1

Allison, S. D., & Martiny, J. B. H. (2009). Resistance, resilience, and redun-
dancy in microbial communities. Light Evolution, 2, 149-166.

Andersson, B., & Anderson, J. M. (1980). Lateral heterogeneity in the dis-
tribution of chlorophyll-protein complexes of the thylakoid mem-
branes of spinach chloroplasts. Biochimica Et Biophysica Acta, 593,
427-440. https://doi.org/10.1016/0005-2728(80)90078-X

Baert, J. M., De Laender, F., Sabbe, K., & Janssen, C. R.(2016). Biodiversity
increases functional and compositional resistance, but decreases
resilience in phytoplankton communities. Ecology, 97, 3433-3440.
https://doi.org/10.1002/ecy.1601

Bush, T., Diao, M., Allen, R. J., Sinnige, R., Muyzer, G., & Huisman, J.
(2017). Oxic-anoxic regime shifts mediated by feedbacks between
biogeochemical processes and microbial community dynamics.
Nature Communications, 8. https://doi.org/10.1038/s41467-017-
00912-x

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A.,
& Holmes, S. P. (2016). DADAZ2: High-resolution sample inference
from Illumina amplicon data. Nature Methods, 13, 581-583. https://
doi.org/10.1038/nmeth.3869

Chaudhari, S., Felfelani, F., Shin, S., & Pokhrel, Y. (2018). Climate and an-
thropogenic contributions to the desiccation of the second largest
saline lake in the twentieth century. Journal of Hydrology, 560, 342-
353. https://doi.org/10.1016/j.jhydrol.2018.03.034

De Laender, F., Rohr, J. R., Ashauer, R., Baird, D. J., Berger, U., Eisenhauer,
N., Grimm, V., Hommen, U., Maltby, L., Melian, C. J., Pomati, F.,
Roessink, I., Radchuk, V., & Van den Brink, P. J. (2016). Reintroducing
environmental change drivers in biodiversity-ecosystem function-
ing research. Trends in Ecology & Evolution, 31, 905-915. https://doi.
org/10.1016/j.tree.2016.09.007

Evans, S. E., & Wallenstein, M. D. (2014). Climate change alters ecological
strategies of soil bacteria. Ecology Letters, 17, 155-164. https://doi.
org/10.1111/ele.12206

Fox, J. W. (2013). The intermediate disturbance hypothesis should be
abandoned. Trends in Ecology & Evolution, 28, 86-92. https://doi.
org/10.1016/j.tree.2012.08.014

Gao, W., Swaney, D. P.,, Hong, B., Howarth, R. W,, Liu, Y., & Guo, H.
(2015). Evaluating anthropogenic N inputs to diverse lake basins: A
case study of three Chinese lakes. Ambio, 44, 635-646. https://doi.
org/10.1007/s13280-015-0638-8

Garcia, S. L., Szekely, A. J., Bergvall, C., Schattenhofer, M., Peura, S., &
Tringe, S. G. (2019). Decreased snow cover stimulates under-ice pri-
mary producers but impairs methanotrophic capacity. mSphere, 4,
e00626-18. https://doi.org/10.1128/mSphere.00626-18

Ecology and Evolution 70f8
=t S YY) LEY- L/

Garnier, A., Pennekamp, F., Lemoine, M., & Petchey, O. L. (2017).
Temporal scale dependent interactions between multiple envi-
ronmental disturbances in microcosm ecosystems. Global Change
Biology, 23, 5237-5248. https://doi.org/10.1111/gcb.13786

Huston, M. A. (2014). Disturbance, productivity, and species di-
versity: empiricism vs. logic in ecological theory. Ecology, 95,
2382-2396.

Jones, J. I, Young, J. O., Eaton, J. W., & Moss, B. (2002). The influ-
ence of nutrient loading, dissolved inorganic carbon and higher
trophic levels on the interaction between submerged plants
and periphyton. Journal of Ecology, 90, 12-24. https://doi.
org/10.1046/j.0022-0477.2001.00620.x

Li, C., Yang, L., Shi, M., & Liu, G. (2019). Persistent organic pollutants
in typical lake ecosystems. Ecotoxicology and Environmental Safety,
180, 668-678. https://doi.org/10.1016/j.ecoenv.2019.05.060

McMurdie, P. J., & Phyloseq, H. S. (2013). An R package for repro-
ducible interactive analysis and graphics of microbiome cen-
sus data. PLoS One, 8, e61217. https://doi.org/10.1371/journ
al.pone.0061217

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., Mcglinn,
D., Minchin, P.R., O'Hara, R. B., Simpson, G. L., Solymos, P., Stevens,
M. H. H., Szoecs, E., & Wagner, H. (2019). Package ‘vegan'’ title com-
munity ecology package. Community Ecol Packag, 2, 1-297.

Pennekamp, F., Pontarp, M., Tabi, A., Altermatt, F., Alther, R., Choffat,
Y., Fronhofer, E. A., Ganesanandamoorthy, P., Garnier, A., Griffiths,
J. I, Greene, S., Horgan, K., Massie, T. M., Machler, E., Palamara,
G. M., Seymour, M., & Petchey, O. L. (2018). Biodiversity increases
and decreases ecosystem stability. Nature, 563, 109-112. https://
doi.org/10.1038/541586-018-0627-8

Philippot, L., Griffiths, B. S., & Langenheder, S. (2021). Microbial com-
munity resilience across ecosystems and multiple disturbances.
Microbiology and Molecular Biology Reviews, 85, e00026-20. https://
doi.org/10.1128/MMBR.00026-20

Piwosz, K., Vrdoljak, A., Frenken, T., Gonzalez-Olalla, J. M., Santi¢, D.,
McKay, R. M., Spilling, K., Guttman, L., Znachor, P., Mujaki¢, 1.,
Fecskeova, L. K., Zoccarato, L., Hanusova, M., Pessina, A., Reich, T.,
Grossart, H.-P., & KobliZzek, M. (2020). Light and primary produc-
tion shape bacterial activity and community composition of aero-
bic anoxygenic phototrophic bacteria in a microcosm experiment.
mSphere, 5, e00354-20.

Scharnweber, K., Peura, S., Attermeyer, K., Bertilsson, S., Bolender,
L., Buck, M., Einarsdottir, K., Garcia, S. L., Gollnisch, R., Grasset,
C., Groeneveld, M., Hawkes, J. A., Lindstrom, E. S., Manthey, C.,
Overgaard, R., Rengefors, K., Sedano-Nunez, V. T., Tranvik, L. J., &
Székely, A. J. (2021). Comprehensive analysis of chemical and bio-
logical problems associated with browning agents used in aquatic
studies. Limnology and Oceanography: Methods, 19, 818-835.
https://doi.org/10.1002/lom3.10463

Shade, A., Peter, H., Allison, S. D., Baho, D. L., Berga, M., Birgmann,
H., Huber, D. H., Langenheder, S., Lennon, J. T., Martiny, J. B.
H., Matulich, K. L., Schmidt, T. M., & Handelsman, J. (2012).
Fundamentals of microbial community resistance and resil-
ience. Frontiers in Microbiology, 3, 1-19. https://doi.org/10.3389/
fmicbh.2012.00417

Suleiman, M., Choffat, Y., Daugaard, U., & Petchey, O. L. (2021). Large
and interacting effects of temperature and nutrient addition on
stratified microbial ecosystems in a small, replicated, and liquid-
dominated Winogradsky column approach. Microbiologyopen, 10,
€1189. https://doi.org/10.1002/mbo3.1189

Sun, S., Wang, F., Li, C., Qin, S., Zhou, M., Ding, L., Pang, S., Duan, D,
Wang, G, Yin, B,, Yu, R, Jiang, P, Liu, Z., Zhang, G.-T,, Fei, X., &
Zhou, M. (2008). Emerging challenges: Massive green algae blooms
in the Yellow Sea. Nature Precedings. https://doi.org/10.1038/
npre.2008.2266.1


https://doi.org/10.5281/zenodo.5195092
https://doi.org/10.5281/zenodo.5195092
info:x-wiley/peptideatlas/PRJNA731625
https://orcid.org/0000-0001-9141-8231
https://orcid.org/0000-0001-9141-8231
https://doi.org/10.1890/12-1243.1
https://doi.org/10.1016/0005-2728(80)90078-X
https://doi.org/10.1002/ecy.1601
https://doi.org/10.1038/s41467-017-00912-x
https://doi.org/10.1038/s41467-017-00912-x
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1016/j.jhydrol.2018.03.034
https://doi.org/10.1016/j.tree.2016.09.007
https://doi.org/10.1016/j.tree.2016.09.007
https://doi.org/10.1111/ele.12206
https://doi.org/10.1111/ele.12206
https://doi.org/10.1016/j.tree.2012.08.014
https://doi.org/10.1016/j.tree.2012.08.014
https://doi.org/10.1007/s13280-015-0638-8
https://doi.org/10.1007/s13280-015-0638-8
https://doi.org/10.1128/mSphere.00626-18
https://doi.org/10.1111/gcb.13786
https://doi.org/10.1046/j.0022-0477.2001.00620.x
https://doi.org/10.1046/j.0022-0477.2001.00620.x
https://doi.org/10.1016/j.ecoenv.2019.05.060
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1038/s41586-018-0627-8
https://doi.org/10.1038/s41586-018-0627-8
https://doi.org/10.1128/MMBR.00026-20
https://doi.org/10.1128/MMBR.00026-20
https://doi.org/10.1002/lom3.10463
https://doi.org/10.3389/fmicb.2012.00417
https://doi.org/10.3389/fmicb.2012.00417
https://doi.org/10.1002/mbo3.1189
https://doi.org/10.1038/npre.2008.2266.1
https://doi.org/10.1038/npre.2008.2266.1

SULEIMAN ET AL.

80of8 WI LEY-ECOIOgy and Evolution

Open Access,

Yachi, S., & Loreau, M. (1999). Biodiversity and ecosystem productivity in
a fluctuating environment: The insurance hypothesis. Proceedings
of the National Academy of Sciences, 96, 1463-1468. https://doi.
org/10.1073/pnas.96.4.1463

How to cite this article: Suleiman, M., Pennekamp, F.,
Choffat, Y., & Petchey, O. L. (2022). Contrasting resistance
and resilience to light variation of the coupled oxic and anoxic
components of an experimental microbial ecosystem. Ecology
and Evolution, 12, e8793. https://doi.org/10.1002/ece3.8793

SUPPORTING INFORMATION
Additional supporting information may be found in the online

version of the article at the publisher’s website.


https://doi.org/10.1073/pnas.96.4.1463
https://doi.org/10.1073/pnas.96.4.1463
https://doi.org/10.1002/ece3.8793

