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 57 

Many scientific disciplines currently are experiencing a “reproducibility crisis” because 58 

numerous scientific findings cannot be repeated consistently1–4. A new but controversial 59 

hypothesis postulates that stringent levels of environmental and biotic standardization in 60 

experimental studies reduces reproducibility by amplifying impacts of lab-specific 61 

environmental factors not accounted for in study designs5–8. A corollary to this hypothesis 62 

is that the deliberate introduction of controlled systematic variability (CSV) in 63 

experimental designs can increase reproducibility. We tested this hypothesis using a multi-64 

laboratory microcosm study in which the same ecological experiment was repeated in 14 65 

laboratories. Each laboratory introduced environmental and genotypic CSV within and 66 

among treatments in replicated microcosms established in either growth chambers (with 67 

stringent control of environmental conditions) or glasshouses (with more variable 68 
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environmental conditions). The introduction of genotypic CSV increased reproducibility of 69 

results in growth chambers but had no significant effect in glasshouses where 70 

reproducibility also was lower. Environmental CSV had little effect on reproducibility. 71 

This first deliberate attempt at reproducing an ecological experiment with added CSV 72 

reveals that introducing genotypic CSV in experiments carried out under controlled 73 

environmental conditions with stringent standardization can increase reproducibility by 74 

buffering against unaccounted lab-specific environmental and biotic factors that may 75 

otherwise strongly bias experimental outcomes.  76 

 77 

Keywords: standardization, microcosms, “reproducibility crisis”, experimental methods, 78 

genotypic diversity, controlled environment, growth chambers, greenhouses, systematic 79 

heterogenization 80 

 81 

Reproducibility—the ability to duplicate a study and its findings—is a defining feature of 82 

scientific research. In ecology, it is often argued that it is virtually impossible to precisely 83 

duplicate any single ecological experiment or observational study because complex ecological 84 

interactions between the ever-changing environment and the extraordinary diversity of biological 85 

systems exhibiting a wide range of plastic responses at different levels of biological organization 86 

together make exact duplication unfeasible9,10. Although this may be true for observational and 87 

field studies, numerous ecological (and agronomic) studies are carried out with artificially 88 

assembled, simplified ecosystems and controlled environmental conditions in experimental 89 

microcosms or mesocosms (henceforth, “microcosms”)11–13. Since biotic and environmental 90 

parameters can be tightly controlled in microcosms, results from such studies should be easier to 91 
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reproduce. Even though microcosms frequently have been used to address fundamental 92 

ecological questions12,14,15, there has been no quantitative assessment of the reproducibility of 93 

any microcosm experiment. 94 

Because it reduces within-treatment variability, experimental standardization— the 95 

implementation of strictly defined and controlled properties of organisms and their 96 

environment—is widely thought to increase both reproducibility and the sensitivity of statistical 97 

tests7,16. This paradigm has been challenged recently by several studies on animal behavior that 98 

suggest that stringent standardization may, counterintuitively, be responsible for generating non-99 

reproducible results5–7; the results may be valid under given conditions (i.e., they are local 100 

“truths”) but are not generalizable16,17. Despite rigorous adherence to experimental protocols, 101 

laboratories inherently vary in many conditions that are not measured and are thus unaccounted 102 

for, such as experimenter, micro-scale environmental heterogeneity, physico-chemical properties 103 

of reagents and lab-ware, pre-experimental conditioning of organisms, and their genetic and 104 

epigenetic variation. It even has been suggested5–7 that attempts to stringently control all sources 105 

of biological and environmental variation might inadvertently lead to the amplification of these 106 

unmeasured variations among laboratories, thus reducing reproducibility. Some studies have 107 

gone even further, hypothesizing that the introduction of controlled systematic variation (CSV) 108 

among the replicates of a treatment (e.g., using different genotypes for different experimental 109 

replicates or varying pre-experimental conditions) should lead to less variable mean response 110 

values between the laboratories that duplicated the experiments6,7. In short, reproducibility 111 

should increase by shifting the variance from among experiments to within them7. If this is true, 112 

then introducing CSV will increase researchers’ abilities to draw generalizable conclusions about 113 
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the directions and effect sizes of experimental treatments, while at the same time reducing the 114 

probability of detecting statistically significant treatment effects. 115 

To test the hypothesis that introducing CSV enhances reproducibility in an ecological 116 

context, we had 14 European laboratories simultaneously run a simple microcosm experiment 117 

using grass (Brachypodium distachion L.) monocultures and grass and legume (Medicago 118 

truncatula Gaertn.) mixtures. This experiment measured the effects of the presence of a nitrogen-119 

fixing legume on ecosystem functioning and productivity in grass-legume mixtures (‘net legume 120 

effect’ hereafter), an approach often used in legume-grass binary cropping systems18,19 and 121 

biodiversity-ecosystem function experiments20,21. All laboratories were provided with the same 122 

experimental protocol, seed stock from the same batch, and identical containers with which to 123 

establish microcosms with grass only and grass-legume mixtures. Alongside a control (CTR) 124 

with no CSV and containing a homogenized soil substrate (mixture of soil and sand) and a single 125 

genotype of each plant species, we explored the effects of five different types of within- and 126 

among-microcosm CSV on experimental reproducibility of the net legume effect (Fig.1): 1) 127 

within-microcosm environmental CSV (CSV-WE) achieved by spatially varying soil resource 128 

distribution through the introduction of six sand patches into the soil; 2) among-microcosm 129 

environmental CSV (CSV-AE), which varied the number of sand patches (none, three or six) 130 

among replicate microcosms; 3) within-microcosm biological CSV (CSV-WB) that used three 131 

distinct genotypes per species planted in homogenized soil in each microcosm; 4) among-132 

microcosm biological CSV (CSV-AB) that varied the number of genotypes (one, two or three) 133 

planted in homogenized soil among replicate microcosms; and 6) both environmental and biotic 134 

CSV (CSV-WEB) within microcosms that used six sand patches and three plant genotypes per 135 

species in each microcosm. In addition, we tested whether CSV effects depended on the level of 136 
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standardization within laboratories by using two common experimental approaches (‘SETUP’ 137 

hereafter): growth chambers with tightly controlled environmental conditions and identical soil 138 

(eight laboratories) or glasshouses with more loosely controlled environmental conditions and 139 

different soils (six laboratories; Extended Data Table 1). We first tested the response to CSV of 140 

twelve variables that are used commonly to describe ecosystem functions of plant-soil 141 

microcosms (Extended Data Table 2). We then determined how the different types of CSV 142 

affected the mean effect size and its standard deviation (SD) within and among laboratories; 143 

lower among-laboratory SD implies that the results were reproduced more closely.  144 

Although each laboratory followed the same experimental protocol, we found remarkably 145 

high levels of among-laboratory variation in mean values for the majority of response variables 146 

and the net legume effect on those variables (Extended Data Figs 1 and 2). For example, the net 147 

legume effect on mean total plant biomass varied from 1.31 to 6.72 g dry weight (DW) per 148 

microcosm among growth chambers, suggesting that unmeasured laboratory-specific conditions 149 

outweighed effects of experimental standardization. Among glasshouses, differences were even 150 

larger: mean plant biomass varied by nearly two orders of magnitude, from 0.14 to 14.57g DW 151 

per microcosm (Extended Data Fig. 2). 152 

Among-laboratory SD of net legume effect was significantly affected by CSV, SETUP and 153 

their interaction (Table 1, Fig. 2a, b and Extended Data Fig. 3). The main effect of CSV was the 154 

lower values of among-laboratory SD in the CSV-AB treatment level relative to CTR (t1,45 = 155 

1.97, P = 0.054, Extended Data Fig. 4b), indicating increased reproducibility for CSV-AB. The 156 

CSV × SETUP interaction was reflected in the result that among-laboratory SD for CSV-AB was 157 

significantly lower only for growth chambers (t1,21 = 2.40, P = 0.025, Fig. 2a) and not for 158 

glasshouses. Assuming that the grand mean (mean of all laboratories and CSV treatment levels) 159 
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is the best available estimate of the “true” legume effect, we also assessed how the CSV 160 

treatment affected the deviation from the grand mean (Extended Data Fig. 5). We found that of 161 

the five types of CSV, CSV-AB (among-microcosm variance in genotypes) differed least from 162 

the grand mean and resulted in the most reproducible results (Fig. 2c).  163 

Within-laboratory SD of the net legume effect was only marginally affected by CSV 164 

treatment when the analysis was performed on within-laboratory SD from individual variables 165 

(Table 1), but this effect was significant when the analysis was performed on the second 166 

principal component (PC2) of a PCA analysis that included all twelve response variables 167 

(Extended Data Table 3). No significant CSV × SETUP interaction was found (Fig. 3a). 168 

However, we did observe a significant SETUP effect (Table 1 and Extended Data Table 3): 169 

within-laboratory SD was lower in growth chambers (Fig. 3b). As we observed a tendency for 170 

CSV to increase within-laboratory variation, we also analyzed the impact of the most 171 

reproducible CSV treatment—CSV-AB—on the statistical power of detecting the net legume 172 

effect within individual laboratories. Adding CSV-AB led to a reduction in statistical power 173 

(57% in CTR vs. 45% in CSV-AB) that could be compensated for by doubling the number of 174 

microcosms per treatment.  175 

We further explored the relationship between within- and among-laboratory SD to 176 

determine whether reproducibility was increased by shifting the variation from among to within 177 

laboratories. Although the introduction of CSV generally increased within-laboratory SD of the 178 

net legume effect (Extended Data Fig. 6), the treatment level with the highest reproducibility 179 

(CSV-AB in growth chambers) only exhibited a non-significant trend of higher within-laboratory 180 

SD relative to CTR (Fig. 3c). Moreover, a statistical model of among-laboratory SD as a function 181 

of within-laboratory SD, SETUP, and CSV treatment did not reveal a significant three-way 182 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 10, 2016. ; https://doi.org/10.1101/080119doi: bioRxiv preprint 

https://doi.org/10.1101/080119
http://creativecommons.org/licenses/by-nc-nd/4.0/


Milcu et al. 2016  

9/25 

 

(within-laboratory SD × SETUP × CSV) interaction (F5,120 = 0.49, P = 0.784), although in the 183 

growth chamber setup the steepest and flattest slopes were for the CTR and CSV-AB treatment 184 

levels, respectively (Fig. 3c). Therefore, although the observed trends are in line with the 185 

proposed conjecture that adding CSV enhances reproducibility by increasing within-laboratory 186 

variability, our results do not provide unequivocally support for it.   187 

Overall, our findings provide compelling support for the hypothesis that introducing CSV in 188 

experimental designs can increase reproducibility of ecological studies5–7. We also suggest that 189 

the relationship between CSV and reproducibility is purely probabilistic and results from the 190 

decreased likelihood that microcosms containing CSV will respond to unaccounted lab-specific 191 

environmental factors in the same direction and with the same magnitude. In particular, 192 

introducing CSV by using multiple genotypes of study species among replicated microcosms 193 

appears to be a good strategy to enhance reproducibility because a mixture of genotypes may 194 

limit genotype-specific or assemblage-wide responses to lab-specific environmental variation 195 

(see also additional discussion in Supplementary Information). This suggestion is in line with 196 

mounting evidence that ecological responses differ significantly among genotypes, and that 197 

failure to account for genetic diversity leads to spurious results22–24. Interestingly, the 198 

effectiveness of CSV-AB in increasing reproducibility was higher in growth chambers, and this 199 

result amplifies the importance of introducing CSV in designs with stringent environmental 200 

standardization. The lack of a significant effect on reproducibility when introducing CSV-AB in 201 

glasshouses could be explained by spatially and temporarily more heterogeneous conditions in 202 

the glasshouse environment (e.g. light fleck effects, temperature gradients, etc.) that likely added 203 

additional random/unsystematic variation within laboratories. We conclude that to increase 204 

reproducibility, ecological experiments should include both rigorous standardization and 205 
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controlled systematic variability. Although there are multiple causes for the “reproducibility 206 

crisis”4,25,26, here we show that deliberately including genetic variation may be the simplest 207 

solution for increasing the reproducibility of ecological studies performed in controlled 208 

environments.   209 

 210 
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METHODS  290 

All laboratories tried to the best of their abilities to carry out an identical experimental protocol. 291 

Whereas not all laboratories managed to recreate precisely all details of the experimental 292 

protocol, we considered this to be a realistic scenario under which ecological experiments using 293 

microcosms are performed in glasshouses and growth chambers.  294 
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Germination. The seeds from the three genotypes of Brachypodium distachyon (Bd21, Bd21-3 295 

and Bd3-1) and Medicago truncatula (L000738, L000530 and L000174) were first sterilized by 296 

soaking 100 seeds in 100 mL of sodium hypochlorite solution at 2.6% of active chlorine and 297 

stirred for 15 min using a magnet. Thereafter, the seeds were rinsed 3 times in 250mL of sterile 298 

water for 10-20 seconds under shaking. Sterilized seeds were germinated in trays (10 cm depth) 299 

filled with vermiculite. The trays were first kept at 4oC in the dark for three days before they 300 

were moved to light conditions (300 μmol m-2 s-1 PAR) and 20/16oC and 60/70% air RH for day- 301 

and night-time, respectively. When the seedlings of both species reached 1 cm in height above 302 

the vermiculite they were transplanted into the microcosms.  303 

Preparation of microcosms 304 

All laboratories used identical containers (2-liter volume, 14.8-cm diameter, 17.4-cm height). 305 

Sand patches were created using custom-made identical “patch makers” consisting of six rigid 306 

PVC tubes of 2.5-cm diam. and 25-cm length, arranged in a circular pattern with an outer 307 

diameter of 10cm. A textile mesh was placed at the bottom of the containers to prevent the 308 

spilling of soil through drainage holes. Filling of microcosms containing sand patches started 309 

with the insertion of the “patch maker” into containers. Thereafter, in growth chamber setups, 310 

2000 g dry weight of soil, subtracting the weight of the sand patches, was added into the 311 

containers and around the tubes of the “patch maker”. In the glasshouse setups with different 312 

soils, the dry weight of the soil differed slightly (depending on the soil density) and was first 313 

estimated individually in each laboratory as the amount of soil we needed to fill the pots up to 2 314 

cm from the top. Finally, the tubes were filled with a mixture of 10% soil and 90% sand. When 315 

the microcosms did not contain sand patches, the amount of sand contained in six patches was 316 

homogenized with the soil. During the filling of the microcosms, a common substrate for 317 
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measuring litter decomposition was inserted at the center of the microcosm at 8-cm depth. For 318 

simplicity as well as for its fast decomposition rate, we used a single batch of commercially 319 

available tetrahedron-shaped synthetic tea bags (mesh size of 0.25 mm) containing 2 g of green 320 

tea (Lipton, Unilever), as proposed by the “tea-bag index” method27. Once filled, the microcosms 321 

where watered until water could be seen pouring out of the pot. The seedlings were then 322 

manually transplanted to predetermined positions (Fig. 1), depending on the genotype and 323 

treatment. Each laboratory established two blocks of 36 microcosms each, resulting in a total of 324 

72 microcosms per laboratory, with blocks representing two distinct chambers in growth 325 

chamber setups or two distinct growth benches in the same glasshouse. 326 

Soils 327 

All laboratories using growth chamber setups used the same soil, whereas the laboratories using 328 

glasshouses used different soils (see Extended Data Table 1 for the physicochemical properties 329 

of the soils). The soil used in growth chambers was classified as a nutrient-poor cambisol and 330 

was collected from the top layer (0–20 cm) of a natural meadow at the Centre de Recherche en 331 

Ecologie Expérimentale et Prédictive—CEREEP (Saint-Pierre-Lès-Nemours, France). Soils used 332 

in glasshouses originated from different locations. The soil used by laboratory L2 was a fluvisol 333 

collected from the top layer (0-40 cm) of a quarry site near Avignon, in the Rhône valley, 334 

Southern France. The soil used by laboratory L4 was collected from near the La Cage field 335 

experimental system (Versailles, France) and was classified as a luvisol. The soil used in the 336 

glasshouse experiments L11 and L12 was collected from the top layer (0-20cm) within the haugh 337 

of the river Dreisam in the East of Freiburg, Germany. This soil was classified as an umbric 338 

gleysol with high organic carbon content. The soil from laboratory L14 was classified as a eutric 339 

fluvisol and was collected on the field site of the Jena Experiment, Germany. Prior to the 340 
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established of microcosms, all soils were air dried at room temperature for several weeks and 341 

sieved with a 2-mm mesh sieve. A common inoculum was provided to all laboratories to assure 342 

that rhizobia specific to M. truncatula were present in all soils.  343 

Abiotic environmental conditions 344 

The set points for environmental conditions were 16-hour light (at 300 μmol m-2 s-1 PAR) and 8-345 

hour dark, 20/16 oC, 60/70% air RH for day- and night-time, respectively. Different soils (for 346 

glasshouses) and treatments with sand patches likely affected water drainage and 347 

evapotranspiration. The watering protocol was thus based on drying weight relative to weight at 348 

full water holding capacity (WHC). The WHC was estimated based on the weight difference 349 

between the dry weight of the containers and the wet weight of the containers 24 h after 350 

abundant watering (until water was flowing out of the drainage holes in the bottom of each 351 

container). Soil moisture was maintained between 60 and 80% of WHC (i.e. the containers were 352 

watered when the soil water dropped below 60% of WHC and water added to reach 80% of 353 

WHC) during the first 3 weeks after seedling transplantation and between 50 and 70% of WHC 354 

for the rest of the experiment. Microcosms were watered twice a week with estimated WHC 355 

values from two microcosms per treatment. To ensure that that the patch/heterogeneity 356 

treatments did not become a water availability treatment, all containers were weighed and 357 

brought to 70 or 80% of WHC every two weeks. This operation was synchronized with within-358 

block randomization. All 14 experiments were performed between October 2014 and March 359 

2015.  360 

Sampling and analytical procedures 361 

After 80 days, the experiments were stopped and all plants were harvested. Plant shoots were cut 362 

at the soil surface level, separated into species and dried at 60ºC for three days. Roots and the 363 
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remaining litter in the tea bags were washed out of the soil using a 1-mm mesh sieve and dried at 364 

60ºC for three days. Microcosm evapotranspiration rate was measured before the harvesting as 365 

the difference in weight changes from 70% of WHC after 48h. Shoot %C, %N, δ13C, and δ15N 366 

were measured on pooled shoot biomass (including seeds) of B. distachyon and analyzed at the 367 

Göttingen Centre for Isotope Research and Analysis using a coupled system consisting of an 368 

elemental analyzer (NA 1500, Carlo Erba, Milan, Italy) and a gas isotope mass spectrometer 369 

(MAT 251, Finnigan, Thermo Electron Corporation, Waltham, Massachusetts, USA).  370 

Data analysis and statistics 371 

We focused our analyses on the net legume effect—the difference between the equivalent 372 

microcosms with and without legumes—as we considered that comparing within- and among-373 

laboratory variation in the effect size of an experimental treatment (here the presence of a 374 

legume) was a more realistic test of reproducibility than comparing absolute values of response 375 

variables. All analyses were performed using R version 3.2.428. To assess reproducibility we 376 

investigated how CSV treatments affected the standard deviation (SD) of the measured variables, 377 

with lower among-laboratory SD indicating increased reproducibility. We opted for SD instead 378 

of the coefficient of variation because the net legume effect contained both positive and negative 379 

values. As a complementary approach to assess the impact of CSV on reproducibility we 380 

explored the extent to which the net legume effect was different from the grand mean (pooled 381 

across all laboratories, CSV treatments, and two SETUPs) and used a Kruskal-Wallis test on the 382 

ranked differences (of all response variables) from the grand mean. 383 

Among-laboratory SD was computed from laboratory means for each response variable, 384 

CSV treatments and SETUPs (n = 144; 6 CSV levels × 2 SETUP levels × 12 response variables). 385 

Some of the twelve response variables are intrinsically correlated, but most did not have 386 
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correlation coefficients > 0.5 (Extended data Fig. 7) and were therefore treated as independent 387 

variables. To analyze and visualize the relationship between the SDs calculated from variables 388 

with different units, all values of SD were centered and scaled [z-scored SD = (SDobserved – 389 

SDmean)/SDmean]. The effects of CSV, SETUP and their interaction on among-laboratory SD was 390 

tested with a mixed effects model using the “nlme” package29 as suggested by Zuur et al. 391 

(2009)30. The statistical model with the lowest AIC for between-laboratory SD included the 392 

response variable as a random factor as well as a “varIdent” weighting function to correct for 393 

heteroscedasticity resulting for the variable-specific spread of the residuals (R syntax: “model= 394 

lme (between-laboratory SD ~ CSV*SETUP, random=~1|varaible, weights=varIdent (form = 395 

~1|variable))”. A priori planed contrasts between the CTR and the treatment levels with CSV 396 

were performed using Welch’s t-tests on the z-scored normalized SDs.  397 

Within-laboratory SDs were analyzed with two approaches. First, to allow for a direct 398 

analytic and graphical comparison with the results for among-laboratory SD, we aggregated the 399 

within-laboratory SDs by CSV and SETUP for each response variable (n = 144). A model 400 

similar to the one we had used for among-laboratory SD was used to assess the impact of CSV 401 

and SETUP. With a second approach we analyzed each response variable separately using mixed 402 

effect models with “laboratory” as a random factor and a “varIdent” weighting function to 403 

correct for heteroscedasticity resulting for the lab specific spread of the residuals (R syntax: 404 

“model= lme (net legume effect ~ CSV*SETUP, random=~1|laboratory, weights=varIdent (form 405 

= ~1|laboratory))”; n = 84; 14 laboratories × 6 CSV treatments). As within-laboratory SD data 406 

allowed us to account for the inherent collinearity of some of the response variables, we further 407 

tested the impact of the CSV on the first and second principal components (PC1 and PC2) 408 

derived from a principal component analysis (“prcomp” function in R) using scaled and centered 409 
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values from all twelve response variables. PC1 and PC2 were then analyzed with the same 410 

mixed-effects model used to analyze the within-laboratory SDs from individual variables. The 411 

relationship between within- and among-laboratory SD also was analyzed with a mixed-effects 412 

model to test for effects on among-laboratory SD of CSV, within-laboratory SD, and their 413 

interactions, and with the source response variable entering the model as a random factor.   414 

As we observed a slight increase in reproducibility of within-laboratory SD for the CSV-415 

AB treatment, we further tested the effect of this treatment on the statistical power for detecting 416 

the net legume effect in each individual laboratory. This analysis was performed with the 417 

“power.anova.test” function as available in the “base” package. We computed the statistical 418 

power of detecting a significant net legume effect (using a one-way ANOVA for the legume 419 

treatment) for CTR and CSV-AB for each laboratory and response variable. This allowed us to 420 

calculate the average statistical power for the two treatments and the extent to which the number 421 

of replicate microcosms needs to be increased for CSV-AB to achieve the same statistical power 422 

as for CTR.  423 

 424 

Additional references for methods 425 

27. Keuskamp, J. a., Dingemans, B. J. J., Lehtinen, T., Sarneel, J. M. & Hefting, M. M. Tea 426 

Bag Index: a novel approach to collect uniform decomposition data across ecosystems. 427 

Methods Ecol. Evol. 4, 1070–1075 (2013). 428 

28. Team, R. C. R: A Language and Environment for Statistical Computing. (R Foundation 429 

for Statistical Computing, 2016). 430 

29. Pinheiro, J., Bates, D., DebRoy, S. & Sarkar, D. NLME: Linear and nonlinear mixed 431 

effects models. R Packag. version 3.1-122, http//CRAN.R-project.org/package=nlme 1–432 
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30. Zuur, A. F., Ieno, E. N., Walker, N., Saveliev, A. a & Smith, G. M. Mixed Effects Models 434 

and Extension in Ecology with R. (2009). doi:10.1007/978-0-387-87458-435 
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Table 1 | Impact of experimental treatments on among- and within-laboratory SD. Mixed 436 

effects table output showing the impact of controlled systematic variation (CSV), experimental 437 

SETUP (glasshouse vs. growth chamber) and their interaction on among- and within-laboratory 438 

SD. Complementary analyses assessing the impact of experimental treatments on within-439 

laboratory SD can be found in Extended Data Table 3. 440 

 441 

Source   Among-laboratory SD  Within-laboratory SD 

 df  F P  F P 

CSV 5/121  4.58 0.001  2.27 0.052 

SETUP 1/121  1195.70 <0.001  9.38 0.003 

CSV×SETUP 5/121  2.48 0.035  0.27 0.926 

 442 

  443 
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Figures  444 

Fig. 1 | Experimental design of one block. Grass monocultures of Brachypodium distachyon 445 

(green shades) and grass-legume mixtures with the legume Medicago trunculata (orange-brown 446 

shades) were established in 14 laboratories, with the shades of green and orange-brown 447 

representing distinct genotypes. Plants were established in a substrate with equal proportions of 448 

sand (black spots) and soil (white), with the sand being either mixed with the soil or concentrated 449 

in sand columns to induce environmental CSV. Combinations of three distinct genotypes were 450 

used to establish biotic CSV. Alongside a control (CTR) with no controlled systematic variability 451 

(CSV) and containing one genotype in a homogenized substrate (soil-sand mixture), five 452 

different types of environmental or biotic CSV were used as treatments: 1) within-microcosm 453 

environmental CSV (CSV-WE) achieved by spatially varying soil resource distribution through 454 

the introduction of six sand patches into the soil; 2) among-microcosm environmental CSV 455 

(CSV-AE), which varied the number of sand patches (none, three or six) among replicate 456 

microcosms; 3) within-microcosm biological CSV (CSV-WB) that used three distinct genotypes 457 

per species planted in homogenized soil in each microcosm; 4) among-microcosm biological 458 

CSV (CSV-AB) that varied the number of genotypes (one, two or three) planted in homogenized 459 

soil among replicate microcosms; and 6) both environmental and biotic CSV (CSV-WEB) within 460 

microcosms that used six sand patches and three plant genotypes per species in each microcosm. 461 

The “× 3” indicates that the same genotypic and sand composition was repeated in three 462 

microcosms per block. The spatial arrangement of the microcosms in each block was re-463 

randomized every two weeks. The blocks represent two distinct chambers in growth chamber 464 

setups, whereas in glasshouse setups the blocks represent two distinct growth benches in the 465 

same glasshouse.  466 

 467 

 468 
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Fig. 2 | Reproducibility as affected by experimental treatments. a, Effects of CSV and 470 

SETUP on among-laboratory SD. Lower values indicate enhanced reproducibility. Filled bars 471 

and dashed bars represent glasshouse (n = 6) and growth chamber setups (n = 8), respectively. 472 

The P value shown in a represents the result of an a priori planned contrast (Welch’s t-test) 473 

between CTR and CSV-AB treatment levels in the growth chamber setup b, Overall effect of 474 

SETUP on among-laboratory SD. c, CSV effects on the mean rank difference from the grand 475 

mean (resulted from pooling all 14 laboratories; see Extended Data Fig. 4). Lower difference 476 

from the grand mean indicates increased reproducibility. A Kruskal-Wallis test on the ranked 477 

differences from the grand mean for the twelve response variables found a significant effect of 478 

CSV on the mean ranks (χ2
5,66 = 18.03, P = 0.003), with the lowest mean rank difference (i.e., the 479 

closer to the grand mean) for the CSV-AB treatment and the highest mean rank difference for the 480 

CTR treatment. Bars with error bars represent means ± 1 s.e.m., n = 12 (representing the z-scored 481 

SD of the twelve measured response variables). 482 
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Fig. 3 | Within-laboratory SD of the net legume effect. a, Effects of CSV and SETUP on 495 

within-laboratory SD. Filled bars and dashed bars represent glasshouse (n = 6) and growth 496 

chamber setups (n = 8), respectively. b, Overall effect of SETUP on within-laboratory SD. c, 497 

Relationship between within- and among-laboratory SD in growth chambers for CTR and CSV-498 

AB. d, Relationship between within- and among-laboratory SD in glasshouses for CTR and 499 

CSV-AB. The twelve data points per CSV treatment (c, d) represent z-scored SD of the twelve 500 

measured response variables. None of the regressions are significative at P < 0.05. Bars with 501 

error bars represent means ± 1 s.e.m., n = 12. See Extended Data Fig. 6 for a graph presenting 502 

the regression lines for all CSV treatments. 503 

 504 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 10, 2016. ; https://doi.org/10.1101/080119doi: bioRxiv preprint 

https://doi.org/10.1101/080119
http://creativecommons.org/licenses/by-nc-nd/4.0/

