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Abstract 13 
Microbial communities in many ecosystems are facing a broad range of global change 14 

scenarios, resulting in microbial changes and possibly regime shifts with unknown ecological 15 

consequences. While the influence of single stressors is already described in numerous 16 

studies, the effects of multiple stressors working simultaneously are still poorly understood. 17 

In this study, we used 240 highly replicable oxic/anoxic aquatic lab micro-ecosystems to 18 

understand the influence of four stressors (fertilizer, glyphosate, metal pollution, antibiotics) 19 

in all possible combinations at three different temperatures (20 °C, 24 °C, and 28 °C) to shed 20 

light into consequences of multiple stressors on different levels of organization, ranging from 21 

species abundance to community and ecosystem parameters. Our data reveal that (i) 22 

combination of specific stressors can change the biological consequence and direction 23 

compared to single stressors in all levels of organisation (ii), effects of stressor combinations 24 

are modified by temperature, and (iii) that the number of stressors applied also lead to 25 

significant changes. In sum, our study confirmed the need of investigating multiple stressors 26 

working simultaneously across different ecological levels of organisation.  27 

 28 
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Introduction 29 

 30 
Microbial communities, as drivers of many ecosystems, must face increasing amounts and 31 

strengths of anthropogenic global change (Christensen et al. 2006; Jackson et al. 2016). 32 

Confrontation with fertilizer (Suleiman et al. 2017) and metal pollution (Xu et al. 2018a), 33 

pesticides like glyphosate(Solomon and Thompson 2003; Relyea 2009), antibiotics (Xu et al. 34 

2018b) and an ongoing temperature increase (Wu et al. 2011) force populations and whole 35 

ecosystems to develop in different ways compared to less or unaffected ones. For decades, 36 

many studies analysed and proved that even slight changes in environmental conditions can 37 

lead to large taxonomic and functional microbial change, and even to regime shifts, with 38 

potential (long term) consequences for biogeochemically cycles and ecological function of the 39 

affected habitat (Gruber 2011; Suleiman et al. 2021b). 40 

While most studies so far focused on one global change stressor, recent studies 41 

(Christensen et al. 2006; Rillig et al. 2019; Suleiman et al. 2021a) indicated that multiple 42 

stressors applied simultaneously do not always show additive effects, which would be the 43 

sum of the individual stressors. Rather, they demonstrate that interaction effects can occur. 44 

These can be synergistic (combined effect greater than the sum of the effect of individual 45 

stressors) or antagonistic (combined effect less than the sum of the effect of individual 46 

stressors). Furthermore, it was shown, that not just the character of stressor, but also the 47 

number of factors combined plays a crucial role (Rillig et al. 2019). Nevertheless, the amount 48 

of studies testing three or more stressors for an experimental system in the lab remains very 49 

low (Rillig et al. 2019), which highlights the need of investigating combined effects  on 50 

experimental ecosystems, and is a critical aspect of the research field of climate change 51 

microbiology (Hutchins et al. 2019). 52 
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 The limited number of studies with three or more stressors may be in part due to the 53 

logistical demands of such experiments and the complexity of interpreting their results. For 54 

example, to assess all interactions, one needs a fully-factorial experimental design, and so 55 

experiments can very quickly become large. Regarding interpretation, it can be difficult to 56 

understand the meaning of interactions among more than three stressors, such that even if 57 

one would conduct a fully-factorial experiment, traditional methods for interpreting 58 

interactions (such as interaction plots) may be insufficient. Some studies have instead focused 59 

on the effect of variation in the number of stressors, and have applied only a subsample of all 60 

possible combinations (e.g. Brennan and Collins 2015; Rillig et al. 2019). 61 

 Another gap in understanding is how stressors and combinations of stressors act 62 

across levels of ecological organization, from individuals to ecosystem (Galic et al. 2018). For 63 

example, Galic et al (2018) in a case study of a model of amphipod feeding behavior, showed 64 

that responses to multiple stressors at the individual level were not consistent with those at 65 

higher levels of organization. In their case-study, the nature of this inconsistency would lead 66 

to underestimation of effects at population and ecosystem levels if effects at the individual 67 

level were assumed to hold across levels of organisation.  68 

These gaps in knowledge are problematic. One reason is that interactions can be 69 

source of ecological surprises, i.e. if we assume additivity we can be surprised if there are 70 

interactions (Christensen et al 2006). Also, unless there are some generalities about 71 

interactions among drivers, we will never be able to predict the effect of a new (previously 72 

unobserved) combination of drivers, so interactions will also then be a surprise (Christensen 73 

et al 2006). Hence, we and others (e.g. Simmons et al 2021, Rillig et al 2018) are interested in 74 

discovering if there are any general patterns that will allow us to predict the effects of 75 

combinations of environmental changes. This report is about our search for signals of general 76 
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patterns in the effects of combinations of environmental drivers. For example, is the 77 

relationship between a biological variable and the number of drivers dependent on the level 78 

of ecological organization of the biological variable. And do the strength and nature of the 79 

interaction effects vary with level of ecological organization. 80 

 Microbial networks of aquatic ecosystems are complex (Christensen et al. 2006; DAVIS 81 

et al. 2010; Faust and Raes 2012), consisting of feedback reactions of numerous abiotic and 82 

biotic interactions (Singh et al. 2009), with and within specific functional microbial groups 83 

(Bush et al. 2017; Richardson et al. 2018). Recently, previous work indicated that these 84 

networks are sensitive to environmental change (Christensen et al. 2006; Shade et al. 2011, 85 

2012; Suleiman et al. 2021b, a), identifying these habitats as appropriate systems for study 86 

and understanding influences of global changes.  87 

 In this work, we applied four different global change stressors (fertilizer, glyphosate, 88 

metal pollution, antibiotics, and temperature) in all combinations possible with increasing 89 

temperature (20 °C, 24 °C, and 28 °C), on a recently developed and highly replicable stratified 90 

aquatic microbial lab system, resulting in a total number of 240 analysed experimental micro-91 

ecosystems. Our experiment includes the analysis of several abiotic (oxygen, total nitrogen, 92 

total organic carbon, pH) and biotic variables (diversity richness, microbial community 93 

composition, genera abundances), since recent studies have shown that various levels of 94 

ecosystems can be affected (Weithoff et al. 2000; Shade et al. 2011, 2012; Suleiman et al. 95 

2021b). We hypothesize that (i) depending on the combinations of stressors the ecosystems 96 

will be driven in different directions and (ii) increasing temperatures can change the influence 97 

of combined stressors (iii) increasing number of stressors goes along with significant effects. 98 

 99 

 100 
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Material and methods 101 
 102 
Experimental set up 103 
 104 
Incubation of stratified microbial communities was performed in micro-ecosystems consisting 105 

of standard glass test tubes (4 mL volume). These test tubes were closed with plastic lids, with 106 

a small whole (0.5 mm) that allowed gas exchange between the headspace and the 107 

atmosphere. Each micro-ecosystem consisted of sediment and water samples taken in May 108 

from a small pond in Zurich, Switzerland (47°23'51.2"N 8°32'33.3"E, the temperature of 19 109 

°C, pH of 7) at a depth of 25 cm. Sediment was homogenized (30 min mixing) and subsequently 110 

supplemented with sterile 0.25 % crystalline cellulose, 0.25 % methyl-cellulose, 0.5 % CaSO4, 111 

0.1% CaCO3, and 0.005 % NH4H2PO4. Glass tubes were filled with a 3 mm layer of 112 

supplemented sediment and covered with 3.5 mL pond water (with 0.005 % NH4H2PO4), 113 

resulting in 500 µL headspace. Microecosystems were incubated at room temperature for 2 114 

hours to let sediment settle, before the different treatments were applied. Incubation took 115 

place for 23 days (about three and a half weeks) at 20 °C, 24 °C and 28 °C, respectively. 116 

Multiple stressor treatments 117 
 118 
In this work, there were two levels of four stressors, namely NH4H2PO4-fertilizer (F), 119 

Glyphosate (G), metal pollution (M) and antibiotics (A). Furthermore, control micro-120 

ecosystems (C) were used without application of any stressors. Additionally, the experiment 121 

was carried out at 20 °C, 24 °C and 28 °C under a dark-light cycle of 8:16 h, respectively. The 122 

temperature treatment and four stressor treatments were applied in a fully-factorial design. 123 

Five replicates per treatment combination resulted in 240 micro-ecosystems, according to the 124 

following design: 125 

 126 
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[“Control","F","G","M","A","FG","FM","FA","GM","GA","MA","FGM","FGA","GMA","FMA", 127 

"FGMA"] * 5 replicates * 3 Temperatures  128 

= 240 micro-ecosystems 129 

For the stressor treatments, the following chemical compounds were added to the micro-130 

ecosystems 2 hours after the assembly of the microecosystems:  131 

• NH4H2PO4 in final concentration of 0.01 % as fertilizer (F), like used in a previous 132 

study (Suleiman et al., 2021) 133 

• Glyphosate in final concentration of 0.0001 % (G) like used in a recent study of (da 134 

Costa et al. 2021) 135 

• Trace element solution SL-10 final concentration 10x higher than recommended for 136 

metal pollution (M) 137 

• Mixture of penicillin and ampicillin (0,05 mg/100 mL each) in final concentration of 138 

0.000005 % for antibiotic treatment (A), since such amounts were detected in 139 

natural aquatic habitats (Xu et al. 2018b) 140 

Stressors were applied to the micro-ecosystems only on day 0; there were no further press 141 

or pulse perturbations. 142 

Sampling and full length 16S rRNA sequencing 143 
 144 
After incubation for 23 days, the whole micro-ecosystem was centrifuged for 5 min at 10.000 145 

rpm (sediment and water column together). DNA was extracted using ZymoBIOMICS DNA 146 

Miniprep Kit (ZymoResearch), following the manufacturer’s instructions. Full-length 16S rRNA 147 

gene amplification was performed using the primer pair 27F forward primer (5’-148 

AGRGTTYGATYMTGGCTCAG-3’) and 1592R reverse primer (5’-RGYTACCTTGTTACGACTT-3’), 149 

like reported previously (Suleiman et al., 2021).  150 
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PCR products were visualized on an 1 % (w/v) agarose gel and were pooled for 151 

sequencing in equal concentrations. PCR product pools were purified using AMPure®PB beads 152 

(PacBio). Sequencing was performed at the Functional Genomic Center Zürich, Switzerland, 153 

and performed using SMRT Technology (PacBio) as reported previously (on three SMRT 154 

chips). Sequencing data quality were checked using the PacBio SMRT Link software.  155 

 156 
Bioinformatics 157 
 158 
Sequencing data were filtered based on primer sequences, length (1300-1600 bp), quality, 159 

error rates and chimeras usind dada2 (Callahan et al. 2016). The final sequence table was 160 

aligned using SILVA ribosomal RNA database (Quast et al. 2012), using version 138 (non-161 

redundant dataset 99). A phyloseq object was created using the phyloseq package (McMurdie 162 

and Holmes 2013), consisting of amplicon sequence variant (ASV) table, taxonomy table and 163 

sample data. For further analysis, the R packages phyloseq (McMurdie and Holmes 2013) and 164 

vegan (Oksanen et al. 2019) were used.  165 

 In order to compare the effects of the multiple stressors, we analysed various 166 

response variables, namely community composition based on NMDS1, NMDS2, Shannon 167 

richness, oxygen, TN, TOC, and abundances of specific genera and functional groups. 168 

Microbial community composition was quantified using NMDS (non-metric 169 

multidimensional scaling) based on Bray-Curtis scores with the metaMDS function of the 170 

vegan R package (Oksanen et al. 2019), with three dimensions used (k=3, try=100). Shannon 171 

richness was calculated using phyloseq package (McMurdie and Holmes 2013). Functional 172 

groups were constructed by filtering for cyanobacterial and sulfur-related species, which 173 

resulted in a reduced dataset consisting of members of the order of Cyanobacteriales, 174 

Chromatiales, Synechococcales, Chlorobiales, Leptolyngbyales, Desulfobulbales, 175 
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Desulfovibrionales, Limnotrichales and Campylobacterales. Detailed scripts will be available 176 

on zenodo and github within the next version of this manuscript. 177 

Measurement of abiotic factors 178 
 179 
Oxygen concentration was measured 1.5 cm below the water/air interphase using an 180 

oxygen dipping probe (PreSens, Germany) at the last day of incubation. pH was measured in 181 

the supernatant of the centrifuged micro-ecosystem, as well as total nitrogen (TN) and total 182 

organic carbon using a TOC analyser. 183 

Results  184 
 185 
We first results about the microbial community and genera abundances of the 240 micro-186 

ecosystems (Fig. 1), then, the impact of stressor combination as well as number of stressors 187 

were calculated for diversity richness (Shannon), community structure (NMDS1), community 188 

structure of a subpopulation, as well oxygen and pH (Fig. 2). Additional abiotic and biotic 189 

variables were investigated (NMDS2, total nitrogen, total carbon) and can be find in detail in 190 

the Supplementary Fig. 3. The summary results of all variables (species, community, 191 

ecosystem) analysed based on the impact of stressor combination can be found in Fig. 3, and 192 

the influence of number of stressors in Fig. 4. 193 

 In total, 20’319 unique ASVs were identified after running the dada2 pipeline. After 194 

filtering to retain ASVs that appear at least in a rel. abundance of 0.1 % in at least one sample, 195 

the total number of reads decreased to 5830 taxa. The control micro-ecosystems consisted 196 

of mainly cyanobacteria (e.g. Phormidaceae) and phototrophic sulfur bacteria (specially 197 

Chromatiaceae) (Fig. 1 a + b, Supplementary Fig. 1). Depending on the stressor combination 198 

and temperature, the microbial communities and genera abundances showed strong 199 

differences compared to the controls. Micro-ecosystems facing stressors of glyphosate and 200 
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metal pollution, as a single stressor or in combination, were still dominated by members of 201 

Phormidiaceae and Chromatiaceae like the controls, but in all remaining treatments the 202 

abundance of members of these families was strongly decreased (Supplementary Fig. 1).  203 

 204 
Also on genus level, we observed shifts in microbial composition depending on stressor 205 

combination and temperature (Fig. 1 b). The cyanobacterial genus Tychonema is highly 206 

abundant in metal pollution treatment, and with increasing temperature also in glyphosate + 207 

metal pollution treatments (20 % at 28 °C, 7 % at 20 °C). Chromatium, in contrast, appears in 208 

several treatments and reached highest rel. abundance at 20 °C when confronted with G:M 209 

(20 %), but vanished with increasing temperature in all treatments (< 5%). Statistical analysis 210 

of the relative abundance dependent on stressor combinations and temperature were 211 

performed on genus level for Tychonema, Sulfuricurvum and Chromatium, as representative 212 

species for Cyanobacteria and sulfur-depending bacteria (Fig. 3). Statistical analysis confirmed 213 

significant changes of relative species abundance depending on stressors, their combination 214 

and the temperature, but also depended on number of stressors applied (Fig. 4). 215 
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 216 
Fig. 1 Overview of microbial communities and genera abundance depending on temperature and stressors combined. (a) 217 
Microbial community composition (mean per 5 replicates) on family level. Taxa with rel. abundance > 5 % shown. (b) Relative 218 
abundance of specific genera with rel. abundance > 5 % for each stressor combination at each of the three temperatures. 219 
White color represents a relative abundance < 5 %.  220 
 221 
 222 
 223 
 224 
 ASV diversity of the micro-ecosystems changed depending on the combination of 225 

stressors (Fig. 2a+b), resulting in Shannon index values between 3 and 7, with the majority of 226 

samples between 5 and 6, indicating a high diversity in most of the micro-ecosystems. Several 227 

significant stressor treatments and combinatios were identified, namely temperature 228 
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increase (p  = 1.41e-03), fertilizer (p 9.32e-05), antibiotics (p 7.85e-07), as well as combination 229 

of fertilizer+antibiotics (p 3.82e-05) and fertilizer+antibiotics+glyphosate (p 3.02e-02) (Fig. 230 

2a). All listed significant stressor combinations had a positive effect on diversity, except of 231 

temperature increase to 28 °C and fertilizer:antibiotic treatment (Fig. 3). Interestingly, the 232 

negative effect of fertilizer:antibiotic was reversed to a positive effect again by adding 233 

glyphosate, while the treatment of glyphosate alone had no impact (Fig. 2a, Fig. 3). When 234 

analysing the effect of number of stressors and temperature increase on diversity, just 235 

temperature was identified to have a significant effect, but the number of stressors had no 236 

impact (Fig. 2b, Fig. 4). 237 

 The influence of multiple stressors on microbial community composition was analysed 238 

using NMDS, and fertilizer was identified as a key stressor for shifting microbial communities 239 

(NMDS1 p 5.11e-77) (Fig. 2b+c, Supplementary Figure 2). Numerous stressor combinations 240 

showed significant differences for NMDS score 1 and NMDS score 2 compared to the controls 241 

(Fig. 2c for NMDS1, Supplementary Fig. 3 for NMDS2, Fig. 3 for both), ranging from single to 242 

four-factorial combined stressors. Different impact directions (positive or negative score 243 

change) of the estimates can be identified depending on the stressor combinations (Fig. 2c, 244 

Fig. 3). The three-way interaction of fertilizer+antibiotics+temperature on NMDS1 score is a 245 

good example how combination of stressors can change the impact direction (Fig. 5): When 246 

no fertilizer was present, the NMDS1 score was negative, while in presence of fertilizer, the 247 

NMDS1 score was positive. The combination of antibiotics and temperature changed 248 

additionally the magnitude of the NMDS1 score. NMDS1 and NMDS2 scores were affected by 249 

number of stressors (p 5.07e-17 and p 3.96e-04, respectivley), but not by total number of 250 

stressors interacting with temperature (Fig. 2d, Fig. 4). The number of stressors did also affect 251 

NMDS1, but not NMDS2 scores (Fig. 2f, Fig. 4). 252 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 14, 2021. ; https://doi.org/10.1101/2021.12.13.472339doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.13.472339
http://creativecommons.org/licenses/by-nc-nd/4.0/


 Analysis of the subset of cyanobacteria, phototrophic sulfur bacteria and sulfate-253 

reducing bacteria confirmed the trends observed for NMDS of the whole data set (Fig. 2e for 254 

NMDS1, Supplementary Fig. 3 for NMDS2, Fig. 3 for both), but showed slight differences on 255 

three-factorial and four-factorial stressor combinations.  256 

 Oxygen concentration was highly dependent on the stressor combinations used, and 257 

various strong effects were identified (Fig. 2g), both positive and negative in direction. All 258 

stressors combined had a negative effect on oxygen concentration (p 4.04e-02, non-259 

standardised estimate - 6.1). The number of stressors applied had a strong effect on the 260 

oxygen concentration (p 3.02e-05), as well as temperature (p 4.7e-08) and the interaction of 261 

temperature + number of factors (p 0.04) (Fig. 2h, Fig. 4).  262 

 The pH of the micro-ecosystems was influenced by numerous treatment 263 

combinations, but the strongest influences was identified as fertilizer addition, which 264 

decreased the pH from 8.5 to 6.5 (p 4.76e-118). Stressor combinations that include fertilizer 265 

addition had lower magnitude though were of the same sign (Fig. 3).Number of stressors had 266 

a negative effect on pH, though this was mostly due to the strong influence of fertilizer and 267 

its greater probability of occurrence in treatment combinations with more stressors applied 268 

(Fig. 4). 269 

 Effects on total nitrogen were driven by addition of fertilizer (p 1.58e-65), and this was 270 

not changed by addition of other stressors (Fig. 3, Supplementary Fig. 3). Furthermore, 271 

number of stressors was highly affecting the total nitrogen concentration (p 4.09e-12), which 272 

again can be explained by fertilizer addition alone. Total carbon concentration was 273 

significantly negative affected by fertilizer (p 0.006), metal pollution (p 0.025) and 274 

temperature (p 0.029) (Fig. 3, Supplementary Fig. 3). 275 

 276 
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 277 

 278 

Fig. 2 Effects of stressor combination and number of stressors on temperature applied for microbial community and 279 
ecosystem variables. Shannon diversity index in dependence on (a) temperature and stressor combination and (b) 280 
temperature and number of stressors. NMDS1 scores in dependence on (c) temperature and stressor combination and (d) 281 
temperature and number of stressors. NMDS1_subpopulation scores dependence on (e) temperature and stressor 282 
combination and (f) temperature and number of stressors. Oxygen concentration in dependence on (g) temperature and 283 
stressor combination and (h) temperature and number of stressors. pH scores in dependence on (i) temperature and stressor 284 
combination and (j) temperature and number of stressors. Standard errors are shown (n = 5 replicates). 285 
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 286 
Fig. 3 Summary of statistical analyses of all variables analysed.  287 
We analysed how 12 variables (grouped by genus appearance, microbial richness and community structure and abiotic 288 
factors) are affected by four factors applied in all combinations possible and additionally at three different temperatures. 289 
Coefficient intervals (t-test) are shown for significant affected stressor combination (F-test p-value < 0.05). Color scheme 290 
illustrates the direction of the influence by the stressor (based on estimate positive or negative, estimates of each variable 291 
were standardized by dividing by highest estimate value. Grey: not significant based on f-test (p value > 0.05). tn= total 292 
nitrogen, tc= total carbon. 293 
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 296 
Fig. 4 Slope of effect of number of stressors over temperature for all level or organisation (species, community, 297 
ecosystem). 95 % confidence intervals are shown. tn=total nitrogen, tc=total carbon. 298 
 299 

 300 
 301 
Fig. 5 Visualization of the significant stressor (interactions) of temperature, fertilizer and antibiotics on NMDS1. NMDS1 is 302 
affected by the presence of fertilizer, the presence of antibiotics and temperature, but also by the interactions of fertilizer-303 
antibiotics and Fertilizer-antibiotics-temperature.  304 
 305 
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Discussion 309 
 310 
Our study revealed  strong evidence of effects of the combination and the total number of 311 

stressor on taxa abundances, community composition, and ecosystem properties, and 312 

therefore confirmed recent findings that multiple stressors are highly important to study 313 

(Rillig et al. 2019). The addition of a stressor, and/or temperature increase, could change the 314 

biological consequence of already applied stressors, even when the added stressor applied 315 

alone had no effect (Fig. 3). We observed three trends here: The addition of a further stressor 316 

can increase (e.g. F:A:T28), decrease (e.g. F:T28) or turn the whole direction of stressors which 317 

were already applied (e.g. F:A on Tychonema abundance, Fig. 6). This demonstrates clearly 318 

the need of analysing multiple stressors in all possible combinations. Furthermore, our study 319 

also confirmed that the number of stressors applied alone can have an effect on microbial 320 

communities and thereby provides some hope that number of stressors can be used as a 321 

predictor, though it is clear that individual stressor effects can greatly contributed to the 322 

effect of number of stressors (Rillig et al. 2019). The effect of number of stressors can be 323 

negatively (e.g. Tychonema abundance) or positively (e.g. total nitrogen), which highlights 324 

again the need of analysing various ecological response variables of species, microbial 325 

communities and the whole ecosystem.  326 

 While fertilizer, metal pollution and antibiotics had numerous effects when applied as 327 

a single stressor, glyphosate did not show this trend. This finding is probably concentration 328 

dependent and should be regarded with caution. Nevertheless, it is even more interesting 329 

that when adding glyphosate to more stressors it can have an effect (see e.g. diversity 330 

richness). Strong interactions were detected for antibiotics and fertilizer, and interestingly, 331 

these stressors revealed in combination different biological consequences compared to 332 
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applied as a single stressor, and temperature could also change the effects of the fertilizer 333 

antibiotic stressor duo again (Fig. 6). 334 

 335 

Fig. 6 Effects of fertilizer, antibiotics and their combination at 20 °C and elevated temperature on species, microbial 336 
community and ecosystem variables. Just significant treatments are shown (F-test p value < 0.05). Total nitrogen and total 337 
carbon are not listed in this figure because they were not significantly affected by F, A, and F:A.  338 
 339 
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individuals can be affected differently compared to abiotic factors of the ecosystem or the 348 

microbial community composition. Therefore, our study is in line with the findings of Galic et 349 

al. (2018) who reported already differences of the influence of multiple stressors across levels 350 

of organisation. Interestingly, in our study, some treatment combinations, like fertilizer and 351 

antibiotics working simultaneously, showed significant influence across most of the different 352 

levels of organisation (except total nitrogen and total carbon).  353 

 354 
 Stressors and how they are affecting ecosystems and communities are concentration-355 

dependent. In this study, we did used only two levels of stressor concentration and added the 356 

stressor in a single pulse treatment. More information about specific concentration 357 

thresholds and press disturbances are important to study and may clarify some observed 358 

trends, as well as the timing of the stressor applied. In addition, responses of functional 359 

aspects of the aquatic microbial communities should be investigated in future studies, which 360 

could shed light into activated and deactivated pathways and enzymes used in microbial 361 

communities to react to changing environmental conditions. 362 

 In sum, our study confirmed the need of analysing the effects of multiple stressors on 363 

microbial communities, and indicate further that a broad range of levels of organisation 364 

(species, microbial community, ecosystem) should be analysed due to its variation of 365 

significant effects.  Furthermore, our study showed that combination of specific stressors can 366 

change the biological consequence and direction compared to single stressors in all levels of 367 

organisation and that the effects of stressor combinations can be modified by temperature. 368 

 369 

 370 

 371 
 372 
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Supplementary Information 507 

 508 

Supplementary Fig. 1 Relative abundance of Chromatiaceae and Phormidiaceae in the micro-ecosystem depending on 509 
stressor combination and temperature. Mean is shown by the circle, standard errors are shown, n=5) 510 
 511 

 512 
Supplementary Fig. 2 Beta-diversity based on NMDS analysis (Bray-Curtis) in relation to temperature and stressor 513 
combinations. Stress is 0.16 514 
 515 
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 517 
Supplementary Fig. 3 Effects of stressor combination and number of stressors on temperature applied for microbial 518 
community and ecosystem variables. NMDS2 scores in dependence on (a) temperature and stressor combination and (b) 519 
temperature and number of stressors. NMDS2_subpopulation scores in dependence on (c) temperature and stressor 520 
combination and (d) temperature and number of stressors. Total nitrogen concentration in dependence on (e) temperature 521 
and stressor combination and (f) temperature and number of stressors. Total carbon concentration in dependence on (g) 522 
temperature and stressor combination and (h) temperature and number of stressors. Standard errors are shown (n = 5 523 
replicates). 524 
 525 
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