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ABSTRACT
There is considerable evidence that biodiversity promotes multiple ecosystem functions (multifunctionality), thus ensuring the delivery of ecosystem services important for human well-being. However, the mechanisms underlying this relationship are poorly understood, especially in natural ecosystems. We developed a novel approach to partition biodiversity effects on ecosystem multifunctionality into three mechanisms and applied this European forest data. We show that throughout Europe, tree diversity is positively related with multifunctionality when moderate levels of functioning are required, but negatively when very high function levels are desired. For two well-known mechanisms, ‘complementarity’ and ‘selection’, we detect only minor effects on multifunctionality. Instead a third, so far overlooked mechanism, the ‘jack-of-all-trades’ effect, caused by the averaging of individual species effects on function, drove observed patterns. Simulations demonstrate that jack-of-all-trades effects occur whenever species effects on different functions are not perfectly correlated, meaning they may contribute to diversity-multifunctionality relationships in many of the world’s ecosystems.

INTRODUCTION
There is considerable evidence that communities with high biodiversity are better able to deliver ecosystem functions and services than species poor communities (1-4) and that this relationship is even stronger when multiple functions are considered (multifunctionality (5-15)). For individual ecosystem functions, two mechanisms have been identified by which biodiversity can promote them: (i) increased functioning due to resource partitioning or facilitation (‘complementarity’), and (ii) the greater likelihood of diverse communities being dominated by a competitively superior, high performing species (‘selection’) (16-18). However, it remains an open question whether these or other mechanisms also drive the relationship between diversity and ecosystem multifunctionality. 
Multifunctionality measures are calculated from the values of multiple individual functions (5-15). It therefore follows that the mechanisms that promote levels of individual functions in diverse communities (complementarity and selection) should also underlie relationships between biodiversity and ecosystem multifunctionality. However, to date this has never been quantified due to a lack of analytical tools. Additionally, we propose that a third and not mutually exclusive mechanism, which we term ‘the jack-of-all-trades effect’, may underlie diversity-multifunctionality relationships. This mechanism gets its name from an English language saying ‘Jack-of-all-trades, master-of-none’ in which Jack is a tradesman who can perform many trades to an adequate level, but is not extremely highly skilled in any. Ecologically, this mechanism relies upon the assumptions that different species promote different functions and that species effects on ecosystem functioning are proportional to their abundance in a community (19, 20). In such cases, the ecosystem functioning of a multispecies mixture will equal the biomass-weighted average of the function levels of monocultures of its component species (Fig. 1). As a result, in the absence of other biodiversity effects, such as complementarity or selection, function levels in diverse communities are expected to be intermediate and never as extremely low or high as in some monocultures (Fig. 1). In other words, a diverse community (‘Jack’) would have moderate levels of most or all ecosystem functions (‘trades’) but this averaging would also prevent it from having the highest possible levels of any function, making it a ‘master-of-none’. Hence, this jack-of-all-trades effect might underlie both positive and negative relationships between biodiversity and multifunctionality, when it is defined as the number of functions performing above certain threshold levels (as done in e.g. 7, 8, 12, 15). This proposed jack-of-all-trades mechanism is broadly analogous to the averaging effects underlying the ‘portfolio effects’ that drive both higher stability of financial assets when partitioned across multiple stocks (21) and higher temporal stability of biomass production in diverse communities (22, 23). In all these cases, a high diversity decreases variability, either across multiple functions (jack-of-all-trades effects) or across time (21-23), through averaging mechanisms. 

In this study we used a novel approach that does not require data on species-specific contributions to plot-level functioning, to quantify the relative importance of selection, complementarity and jack-of-all-trades mechanisms in driving biodiversity effects on forest multifunctionality. The first step in doing this was to elucidate the observed relationships between tree diversity and both individual functions and multifunctionality in European forests. Forests play a vital role in delivering numerous ecosystem services, including timber provision, recreation and the regulation of pests, floods, water quality and climate (11, 24-25). Data were collected in 209 mature forest plots located in six European countries (Spain, Italy, Romania, Poland, Germany, Finland), representing all major European forest types (26). These contained 15 regionally dominant tree species (Fig. 2; Supplementary Table 1). As the study aimed to quantify biodiversity effects on ecosystem functioning, plots were selected to differ as much as possible in tree diversity, while minimizing any (co-)variation in other drivers of ecosystem function, including altitude, soil texture, soil pH and species composition and evenness (26). Hence, although observational, our study aimed to mimic the design of biodiversity experiments by selecting monocultures of all species present in mixed cultures and by having a balanced number of compositions at each level of species richness. However, in contrast to many synthetic community assemblages in experiments, the age structure of the communities is not uniform and the assembly history is unknown. In each plot, tree species richness and 16 ecosystem functions or properties (‘functions’ hereafter) were measured (see Fig. 2). We quantified multifunctionality as the number of ecosystem functions in a plot with levels exceeding a certain threshold (7), expressed as a percentage of observed maximum functioning across all plots from the same country. Because the relationship between biodiversity and multifunctionality can depend on the level of functioning required (12, 15), we calculated ninety-nine multifunctionality variables, covering threshold values ranging from 1 to 99% (12) and using a novel partitioning approach, we quantified the contributions of different mechanisms to biodiversity-multifunctionality relationships. Our results showed that jack-of-all-trades effects cause positive relationships between tree diversity and multifunctionalty when low levels of functioning are required, but negative relationships when very high levels of functioning are desired. Simulation analyses show that in the absence of effects of complementarity or selection, such patterns are always to be expected as long as different species support different functions, meaning that, in addition to other well-known mechanisms, jack-of-all-trades effects may drive relationships between biodiversity and multifunctionality in many of the world’s ecosystems.

RESULTS
Using mixed effects models, in which we tested for potentially confounding covariates including  species evenness, soil pH, community composition, proportion of coniferous trees, altitude and country (the latter capturing the effects of numerous covariates such as temperature, rainfall and the regional species pool) and retained those factors with significant effects (i.e. proportion of coniferous trees, altitude, community composition and country), we found that (i) only two out of sixteen individual ecosystem functions were significantly related to diversity and hence (ii) the average relationship between individual ecosystem functions and tree diversity was non-significant (Fig. 3B). In contrast, we found strong relationships between multifunctionality and tree diversity. At low to intermediate thresholds (1-45%), tree diversity was significantly positively related to ecosystem multifunctionality (Fig. 3A, Supplementary Table 2), a finding that is consistent with studies performed in grasslands and freshwater systems (6-8, 12, 14, 15). Positive relationships with biodiversity peaked at the 37% threshold, where each additional tree species was associated with 0.52 extra ecosystem functions (Fig. 3C, Supplementary Table 2). This relationship was reversed and became negative at much higher (76-99%) thresholds (Fig. 2D, Supplementary Table 2). For example, at a 90% performance threshold, an increase from one to five tree species was associated with a loss of 1.5 ecosystem functions. Hence our results show a pattern where diverse tree communities can provide almost all functions at intermediate levels (Fig. 3C), but only one at high levels (Fig. 3D). In contrast, species poor forests provide fewer functions above intermediate thresholds, but relatively more at high thresholds, in line with the jack-of-all-trades hypothesis (Fig. 3C,D). Additional analyses demonstrated that these diversity-multifunctionality relationships were insensitive to the identity of the functions included (Supplementary Fig. 2, Supplementary Table 3), independent of covariates (Supplementary Fig. 3) and consistently linear (Supplementary Fig. 3), across different countries and forest types (Supplementary Table 2, Supplementary Fig. 4). We therefore provide strong evidence that biodiversity affects forest multifunctionality more strongly than it does individual ecosystem functions.
As a next step we investigated why diversity-multifunctionality relationships were stronger than those between biodiversity and individual ecosystem functions. We did this by developing a new analytical approach that estimates the effects of complementarity, selection and jack-of-all-trades mechanisms on both individual ecosystem functions and ecosystem multifunctionality. This was achieved by using monoculture data to simulate artificial communities in which the three biodiversity-multifunctionality mechanisms were sequentially removed (Box 1), thus eliminating their effect. We first investigated, for each threshold, the extent to which biodiversity affects multifunctionality in the absence of complementarity. This was done by calculating expected function values for mixed communities based on biomass-weighted function values obtained from monoculture plots, thus eliminating non-additive diversity effects. Any deviation between observed functioning and these expected function values, where non-additive effects were excluded, were then attributed to complementarity effects (Box 1; eqn4). In this simulation biodiversity–multifunctionality relationships were remarkably similar to observed patterns (Fig. 4): biodiversity promoted multifunctionality at low to intermediate levels of functioning, but decreased it at higher levels of functioning. However, in this complementarity-free simulation, diversity decreased multifunctionality over an even larger range of threshold values (61-99%; Fig. 4A) than it does in real forests (Fig. 2A), thus demonstrating that the ‘master-of-none’ negative biodiversity effect at high thresholds, (Fig. 1) is ameliorated by positive complementarity (Fig. 4D). These weakly positive effects of complementarity on multifunctionality were not surprising, given that effects of complementarity on individual functions were, on average, also weakly positive (Fig. 3B). 

Box 1. Partitioning of biodiversity effects on multifunctionality
We partitioned biodiversity effects on ecosystem multifunctionality by calculating expected levels of multiple functions in the absence of certain mechanisms, based on the relative biomass of different species in mixtures. Although our approach was inspired by other partitioning approaches (e.g. 18), it is not mathematically equivalent, a key difference being that our approach does not need information on species-level contributions to plot-level functioning. We first calculated expected values for each single ecosystem function in (a) the absence of complementarity () and then (b) in the absence of both selection and complementarity (), when assuming that effects of species on ecosystem functioning are proportional to their relative biomass (19, 20). 
 						
  
(eqn1)
(eqn2)
where S is the number of species present in the plot,  is the observed relative abundance (biomass) of species i in the mixture,  is the value of function j and species i in a monoculture plot and  is the expected relative abundance of species i in the mixture.  is defined as 1/S, so that in the absence of selection, each constituent species of a mixed culture is expected to have equal abundance. Although true initial abundance is unknown in observational studies, values of 1/S will minimize bias. Note that this partitioning approach was applied to other functions than standing biomass itself, to avoid circularity.
In addition, to estimate jack-of-all-trades effects, we calculated the expected function value if the mixture was replaced by a monoculture of a randomly selected species found in the mixture:
	
(eqn3)
On average,  values do not deviate from  values, but averaging of function values of the species forming a mixture prevents  values from being as extreme as  monoculture values, which can cause positive biodiversity-multifunctionality relationships when multifunctionality is quantified as the number of functions exceeding moderate thresholds, but negative relationships at higher thresholds (Fig. 1). With these expected ecosystem function values we can calculate the effects of complementarity () and selection () on individual ecosystem functions as:
						
		
(eqn4)
(eqn5)
where  is the observed value of function j. Hence, our approach defines positive complementarity as the higher performance of a polyculture than would be expected from the monocultures from its constituent species and it defines positive selection as the dominance of high performing species in polycultures. Expected and observed multifunctionality values (,  and ) are then calculated as (12): 
				
(eqn6)
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(eqn8)
	
(eqn9)
In this formulation functions contribute a value of one to multifunctionality if their value exceeds a threshold  and a value of zero when they do not. Observed and expected multifunctionality values can then be used to calculate the effects of complementarity (), selection () and jack-of-all-trades mechanisms (), as well as net effects of diversity, on multifunctionality (MEN):
		
	
		
	
(eqn10)
(eqn11)
(eqn12)
(eqn13)
For more details of how this approach was applied to the forest plot data, we refer to the methods section. For worked out examples of this approach, see Figs. S1 and S7.

Next, we investigated how tree diversity would affect multifunctionality if, in addition to complementarity, selection was also excluded. In the absence of selection, relative biomass of individual species in mixtures is unrelated to the functioning of their monocultures (16-18). Following this, we calculated expected functioning as before, but using equal biomass for all species present instead of actual species biomass (Box 1). Removing effects of selection made little difference to expected ecosystem functioning (Fig. 3A vs Fig. 3B), indicating that selection had little impact on the tree diversity-multifunctionality relationship (Fig. 3D). Selection mechanisms on individual functions showed similar patterns: effects were weak and non-significant (Fig. 2B). However, note that selection may have been underestimated due to our study design, which only included plots with a high evenness in abundance (26) and in which earlier competitive exclusion remains undetected. It is also important to note that since our statistical approach (Box 1) did not consider effects of tree diversity on total biomass when quantifying effects of complementarity, complementarity effects that operate through biomass overyielding, e.g. via the provision of additional food for herbivores, might have been overlooked. Overyielding of biomass production has been as demonstrated in our study area (27)). However, as ‘net effects’ (i.e. effects of complementarity + selection) of biodiversity were calculated in a manner similar to previous approaches (18), any underestimation of complementarity would be transferred to selection effects. Given that section effects were generally weak (Fig. 4D) and most functions where not strongly related to annual biomass production (max r2 = 0.18, Fig. 2B; Table S5), such biases were probably minor in our study. Nevertheless, in cases where many ecosystem functions are strongly related to biomass production, care should be taken when using our analytical approach. Future studies, in which tree communities are monitored from establishment and for longer periods, could investigate whether the effects of complementarity and selection on diversity-multifunctionality relationships are stronger than those found here. 
Finally, to remove jack-of-all-trades effects, we calculated multifunctionality using function values from a randomly selected monoculture from one of the observed component species (Box 1). This removes the effect of averaging the extreme function values of monocultures that may occur in species mixtures (Fig. 1). As a result of this, replacing observed function values by randomly selected monoculture values caused the diversity-multifunctionality relationship to disappear (Fig. 4C), thus suggesting that the jack-of-all-trades effect is an important mechanism underlying the diversity-multifunctionality relationship in European forests. Correspondingly, jack-of-all-trades effects were almost identical to the overall effect of diversity on multifunctionality (Fig. 4D), with significantly positive effects at low (1-51%), but negative effects at high (61-99%) thresholds. Additional analyses showed that positive jack-of-all-trades effects at moderate threshold levels were consistent across countries (Supplementary Table 2; Supplementary Fig. 5), while effects of selection and complementarity were strong in some individual countries, but overall less strong than jack-of-all-trades effects due to a less consistent presence. Hence our results demonstrate an important role for the jack-of-all-trades effect, which causes diverse tree communities to be jacks-of-nearly-all trades (functions) (Fig. 3C), but a master of only one (Fig. 3D). In contrast, this mechanism makes species poor forests jacks-of-many trades, but a master of  a few (Fig. 3C,D).
Finally, we investigated whether jack-of-all-trades effects could be a general ecological phenomenon, by performing simulations where we created theoretical communities and varied the strength of correlation between the effects of species on different ecosystem functions. By randomly assembling communities, we created null expectations for scenarios where complementarity and selection are absent. Previous studies have shown that tradeoffs in the effects of species on different functions can constrain the maximum level of multifunctionality that is achievable (8). Our simulations extend these findings by showing  that the ‘jack-of-all-trades, but master-of-none’ relationship (Fig. 3A) can be expected as long as species effects on different ecosystem functions are not strongly, positively correlated (Fig. 5; Supplementary Table 4). Only when ecosystem functions are perfectly, positively correlated ( = 1), a case that is equivalent to studying a single function, does the jack-of-all-trades relationship became so inconsistent (i.e. with very large confidence intervals) that it is rarely significant. In the European forests we studied, correlation coefficients between ecosystem functions among monocultures were weak (|| = 0.265; Fig. 2; Supplementary Table 5), thus explaining the strong jack-off-all-trades patterns.

DISCUSSION
While it is now widely established that biodiversity can promote the delivery of multiple ecosystem functions simultaneously (15), no previous study has quantified the contribution of different underlying mechanisms to this relationship. Doing so is interesting because previous studies have demonstrated that relationships between biodiversity and ecosystem multifunctionality are often stronger than relationships between biodiversity and individual ecosystem functions (6, 7). This suggests that in addition to the well-known mechanisms that promote individual ecosystem functions in diverse communities, other mechanisms that have not been previously quantified, might boost multifunctionality in diverse communities even further.  Our study confirmed this idea, by showing that in European forests, jack-of-all-trades effects caused communities with many tree species to have higher multifunctionality when moderate levels of functioning are required, but lower multifunctionality when very high levels of multifunctionality are desired. In addition, our simulation study showed that this mechanism could potentially be general and therefore contribute, together with other mechanisms, to relationships between biodiversity and multifunctionality in many of the world’s ecosystems.
Averaging effects similar to the jack-of-all-trades mechanisms we described here have been previously proposed to affect relationships between biodiversity and individual functions (28), although the likely inconsistency in the strength of these effects, compared to other diversity effects, on individual functions may have precluded further attention. Our study confirms these earlier findings, by demonstrating that when species effects on different ecosystem functions are maximally positively correlated (a case that is mathematically equivalent to a single-function scenario, as different functions are substitutable), then jack-of-all-trades effects are generally too inconsistent to be statistically detectable. However, our simulations also showed that when species effects on different ecosystem functions are weakly positively correlated or even negatively correlated, jack-of-all-trades effects are more consistent and statistically detectable over a large range of thresholds, as our data on European forest plots confirmed. These weakly positive or even negative correlations between ecosystem functions are to be expected as fundamental trade-offs in life history strategies, e.g. the ‘fast-slow’ spectrum of plants (29), mean that a species’ capacity to support some functions at high levels will compromise its ability to support others. For example, a slow growing tree is likely to produce high quality timber and slowly decomposing litter, although it has a low rate of biomass accumulation. We therefore hypothesize that jack-of-all trades effects, while forming a statistical null expectation, also have a biological basis and their strength, that, like other diversity effects, is likely to be modified by the degree of life history strategy variation within the species pool. Accordingly, the ‘jack-of-all-trades effect’ can be viewed as a  formalization of the notion that functional differences between species are the reason that diversity-multifunctionality relationships are even stronger than relationships between diversity and single ecosystem functions (6-7, 9, 11-12, 14). These ideas also have empirical support; a range of  studies suggest that low correlations among species effects on different ecosystem functions are commonplace in a wide range of terrestrial and aquatic ecosystems, and among taxa ranging from plants to bacteria (7-8, 30), thus indicating the potential generality of jack-of-all-trades effects in driving biodiversity-multifunctionality relationships. In line with these patterns, clear ‘jack-of-all-trades-but-master-of-none’ patterns have been observed in some studies (12, 14, 15), while in others effects of biodiversity on multifunctionality were positive over an even larger range of threshold values (12-15) and the ‘master-of-none’ downturn was only observed at extremely high thresholds. While this does not imply an absence of jack-of-all-trades effects in these studies, it does indicate that complementarity and/or selection mechanisms can be strong enough to overcome the negative averaging effects seen at high thresholds. 
Our finding that (i) the so far overlooked jack-of-all-trades effect is an important and widespread mechanism driving biodiversity-multifunctionality relationships in European forests and that (ii) this mechanism is likely to occur whenever species differ in their functional effects, is not only of fundamental importance, but could also have important implications for ecosystem management. Whenever species effects on individual ecosystem functions are not strongly positively correlated, positive effects of biodiversity on multifunctionality can be expected as long as only moderate levels of function are desired, even in the absence of other diversity-function mechanisms. Our simulations demonstrate that jack-of-all-trades effects are possibly a near universal mechanism throughout the world’s ecosystems. In turn this indicates that conserving or promoting biodiversity in almost any ecosystem should ensure at least moderate levels of ecosystem multifunctionality. Finally, we should stress that jack-of-all-trades effects are not mutually exclusive to other biodiversity mechanisms. This was illustrated in our own system, where positive complementarity avoided significantly negative diversity-multifunctionality relationships over a large range (61-75%) of high threshold values. While the detected effects of complementarity and selection were relatively modest in our system, they have been found to be strong for some individual functions in our system (27, but see 31 and 32, who describe inconsistent or neural effects) and in many other systems (4), where data on historical community compositions may have improved their detectability. Hence, in many systems, complementarity and selection may extend positive biodiversity effects towards even higher thresholds. 

METHODS
Plot selection and community characterization
In total, 209 mature forest plots measuring 30 x 30 meters were used for this study, which is part of the FunDivEurope (26) project. These plots were primarily established to investigate the role of the richness of regionally common and economically important ‘target’ species on ecosystem functioning (26) and were hence selected to differ as much as possible in the richness of these. In total, there were 15 target species (Fig. 2) across all 209 plots and between 1 and 5 abundant target species within plots. Target species contributed to more than 90% of the tree biomass in the plots and therefore we expected them to be most important for ecosystem functioning. Plots were distributed over 6 European countries: Finland, Germany, Italy, Poland, Romania and Spain (Supplementary Fig. 6), thereby covering six main European forest regions (26). Hence, per region, there were approximately 40 plots, as power-analyses indicated that this should be sufficient to statistically detect existing diversity-functioning relationships (26). Plots were carefully selected so that correlations between tree species richness and community composition, topography and potentially confounding soil factors were minimized (26), thus ensuring robust tests of diversity-multifunctionality relationships. Most forest plots were historically used for timber production but are now managed by low frequency thinning or with minimal intervention (26). Hence, species compositions and diversity patterns in forests are predominantly management driven and/or are the result of random species assembly, from the regional species pool. This design reduces the risk that other factors confound biodiversity effects on multifunctionality. All sites are considered as mature forests.
At each richness level, each target tree species was present in at least one plot, allowing us to statistically test for compositional effects (presence/absence of species) on multifunctionality. Since species evenness might also affect ecosystem functioning (33), all plots were selected to have target species with similar abundances (with Pielou’s evenness values above 0.6 in > 91% of the plots). To reach this goal, we a priori (26) decided to exclude locally rare target species (<2 individuals per plot) in richness measures. 
To describe community composition and to estimate biomass values of each tree in each plot, we identified all stems ≥7.5 cm in diameter to species and permanently marked them (12,939 stems in total). For each stem we recorded diameter (to the nearest 0.1cm, using diameter tape) and height (to the nearest 0.1m, using a vertex hypsometer, Häglof AB, Sweden). In addition, we estimated the crown illumination index (CI) to characterize the dominance of each crown (34). Diameter, height and CI measurements were used to estimate the aboveground biomass of each tree based on published biomass functions (see Supplementary Material). All selected equations were species-specific, and whenever possible we chose functions developed for trees growing in similar forest types to those found at our sites. Plot-level biomass estimates were obtained by summing the biomass of all standing trees within a plot. Based on the biomass and abundance estimates, we found that non-target tree species on average contributed to only 6.25% of the individuals and 8.61% of the tree basal area in a plot. In monoculture plots, the target species contributed to 88.6% of the individuals and 95.3% of the tree basal area in a plot.

Measurement of covariates
In each plot, altitude was recorded during plot selection. In addition, between May and October 2012, in each plot forest floor soil pH was determined in a solution of 0.01M CaCl2 at a ratio of 1:10 for the forest floor material and 1:2.5 for the mineral soil. The solution was shaken for two hours and the pH values were read with a pH meter (827 pH labs Metrohm AG, Herisau, Switzerland).

Measurement of ecosystem functions and properties
In each plot, 16 ecosystem functions and properties (‘ecosystem functions’ or EFs hereafter), which we used to calculate multifunctionality, were measured. The measured EFs were wood quality, timber production, tree regeneration, root biomass, wood decomposition, litter decomposition, microbial biomass, soil carbon stock, resistance to drought, resistance to insect herbivory, resistance to mammal browsing, resistance to pathogen damage, bird diversity, bat diversity, understory plant diversity and earthworm biomass. All measured EFs have established links to supporting, provisioning, regulating or cultural ecosystem services. For details about measurements of functions, we refer to the Supplementary Material.

Calculating multifunctionality
Prior to analyses, all individual EF variables were standardized by transformation as follows: , with EF indicating the final (transformed) ecosystem function value and raw EF indicating raw (untransformed) ecosystem function values. This way each transformed EF variable had a minimum of zero and a maximum of 1. Multifunctionality was then defined as the number of EFs in a plot that had a value above a threshold: ; where n is the number of EFs and T is the threshold value. Threshold values were defined as a certain integer percentage of maximum functioning (7-8, 12-15) within the country where the focal plot was located; multifunctionality was systematically calculated for all integer threshold levels from 1 to 99%; this is the most comprehensive approach to study ecosystem multifunctionality (12). Although other studies defined ‘maxima’ as slightly lower than actually observed maximum values (8, 12), we chose to explore expected diversity-multifunctionality relationships in the absence of complementarity and selection (Fig. 4) over an as large range of thresholds as theoretically possible, thereby demonstrating the symmetry of jack-of-all-trades effects (Fig. 4), hence our choice for actually observed maxima. In plots with one (n=28), two (n=1) or three (n=1) missing EF values, we calculated the proportion of functions measured which exceeded the threshold multiplied with 16. Multifunctionality values are shown in Supplementary Data 1.

Partitioning biodiversity effects
We developed a new approach that partitions net effects of biodiversity on individual functions into effects of complementarity and selection and that additionally partitions net effects of biodiversity on multifunctionality into effects of complementarity, selection and jack-of-all-trades mechanisms. While it was inspired by other approaches quantifying effects of complementarity and selection on diversity-functioning relationships (e.g. 18), our approach here is not mathematically equivalent, as we made a necessary adjustment to make it applicable to functions that are not measured at the species level within plots (e.g. biogeochemical process rates).
For this, we first calculated expected values of individual ecosystem functions under (i) the absence of complementarity (EF1), (ii) the absence of both complementarity and selection (EF2) and (iii) the absence of complementarity, selection and the jack-of-all-trades effect (EF3). To calculate these, we used equations 1, 2 and 3 in Box 1. RYOi (of eqn 1) equals YOi/Mi, where YOi is observed biomass in mixture of species i and where Mi is the biomass value of a randomly selected monoculture plot of species i from the country in which the mixture is located. Similarly, Fi,j values (used in eqn 1, 2 and 3) were EF values from the same randomly selected monoculture plot that was used as the input for Mi. Exceptions were made for Quercus robur/petraea and Betula sp. observed in mixtures in Poland and for Acer pseudoplatanus observed in German mixtures: as these species did not occur in monocultures in their focal countries, Mi and Fi,j were respectively biomass and EF values from a randomly selected monoculture plot of species i from another country than the one from the focal plot. RYEi values were set at 1/S where S is the species richness in the focal plot: we assumed that without selection, all species have an equal biomass in the focal plot. Although initial biomass might have been different, plots were selected to be as even as possible in their species proportions (see above) and so this assumption should minimize bias when estimating selection effects. For all other calculations to partition biodiversity effects, we refer to Box 1. As partitioning biodiversity effects involved a randomization procedure (random selection of monoculture values), these effects were calculated 100 times: for each plot and each threshold value, final complementarity, selection and jack-of-all-trades effects equaled the average value of these 100 runs.
To validate the ability of our approach to detect significant effects of complementarity or selection when observed relationships between diversity and ecosystem functioning are significant, we also applied our approach to an independent dataset (35). This confirmed that when relationships between diversity and functioning are significantly positive or negative (p<0.05), the effects of selection and complementarity are also significant and in the same direction (Supplementary Fig. 7). 

Testing for richness effects on ecosystem functioning
To analyze richness-multifunctionality relationships we first created full general Linear Mixed Models (LMMs) for each (99 in total) threshold value, with multifunctionality as the response variable and seven potentially confounding factors as fixed effects/random effects. The fixed factors were: richness of target species, richness of non-target species, Pielou’s species evenness, proportion of evergreen/coniferous trees, soil pH and altitude. Country (representing several climatic factors such as temperature and rainfall, as well as regional differences in species pools) and species composition (a factor listing all species present in the given plot) were included as random factors and a richness x country interaction effect was also calculated: we fitted random richness-slopes for each country. By including many potentially confounding variables in the LMMs, we greatly reduced the chances of detecting spurious diversity-multifunctionality relationships. As the proportion of evergreen species and coniferous species were highly collinear (only one non-conifer was evergreen, Quercus ilex), it would be problematic to put both as predictors in the same model. Therefore, for each threshold value of multifunctionality, we first compared models using Akaike Information Criterion (AIC) values and selected the model with the lowest AIC. LMMs with the proportion of coniferous trees were always (99 out of 99 tests) more parsimonious and therefore, in subsequent analyses, we did not include the proportion of evergreen trees as a covariate. We then tested whether fitting random slopes for species richness improved explanatory power, again using AIC to compare models. AIC values were lower for models without random slopes in 99 out of 99 tests, therefore random slopes were subsequently omitted from analyses. We then tested for significance of fixed effects using stepwise, backward model selection, in which we compared fuller models with more simple ones using likelihood ratio tests. We always retained species richness in the models, to derive effect sizes for all models, but we removed covariates which were non-significant in ≥80 out of 99 different models. By being conservative with omitting covariates, we reduced the chance of finding spurious richness-multifunctionality relationships whilst retaining the same model structure for all thresholds to allow comparison between them. Based on these criteria, altitude and proportion of coniferous trees were kept as covariates in the LMMs. We then investigated whether richness-covariate interaction effects or quadratic richness effects were significant using likelihood ratio tests for each threshold value. As all of these were non-significant in at least 82 (out of 99) cases, interaction and quadratic effects were not included in final LMMs. The final LMM structure, with altitude and the proportion of coniferous species as covariates and country and species composition as random factors was then used to investigate the effects of richness on multifunctionality, for all 99 threshold values (12). In addition, we used the same model structure to investigate effects of richness on individual functions and their partitioned biodiversity effects and on multifunctional effects of complementarity, selection and jack-of-all-trades mechanism. We kept the model structure the same for all partitioned diversity effects and for both individual EFs and multifunctionality, so that we could compare the biodiversity effects of different mechanisms on different types of ecosystem functioning. To test whether relationships were consistent across countries, for country-based subsets of the data we also ran LMMs with the same structure (but without country as a random effect) to test for (partitioned) biodiversity effects on multifunctionality. Effect sizes for net richness effects or partitioned diversity effects were quantified and significance was assessed with likelihood ratio tests. We assumed a Gaussian error distribution for all models and checked whether this assumption was met (see respectively Supplementary Fig. 8 for the error distributions (approximating Gaussian distributions) and Supplementary Fig. 9 for the residuals vs. fitted values (indicating homoscedasticity)). Model parameters were estimated using a Restricted Maximum Likelihood approach, while Maximum Likelihood estimates were used when comparing models with L-ratio tests. 
To investigate whether relationships between diversity and multifunctionality were sensitive to the types of ecosystem functions considered in this study, we performed additional analyses in which multifunctionality was based on 15, rather than 16 functions. Hence, we performed 16 additional analyses, with in each analysis another function excluded from multifunctionality. As in the main analyses, we ran LMMs where multifunctionality was predicted by species richness, altitude and the proportion of coniferous trees (fixed factors) and by country and species composition as random factors. We used a multiple threshold approach (12) to investigate for each multifunctionality variable how the strength and significance of the diversity-multifunctionality relationship depended on the minimal threshold of functioning desired. Results are presented in Supplementary Fig. 2 and Supplementary Table 3.

Biodiversity and multifunctionality in simulated communities
With the ‘mvrnorm’ function in R 3.1.0, 15 artificial ecosystem functions were created, and each followed a standardised normal (μ = 0, σ = 1) distribution. This was repeated several times so that they varied in their degree of correlation with each other with correlation coefficients of -0.07; 0.00; 0.25; 0.50; 0.75 or 1.0 (respective  values (36): 0.00; 0.07; 0.30; 0.53; 0.77; 1.00). We simulated 20 values for each EF, corresponding to a regional pool of 20 species each with randomly assigned monoculture values of ecosystem functioning. 100 artificial communities were then created with 1, 2, 3, 4 or 5 randomly selected species (each richness level was replicated 20 times) from the species pool. To eliminate potential selection effects (that is, species impacts on ecosystem functioning are not correlated with abundance), each species in a given community had the same abundance (, where S is species richness) in mixture. Ecosystem functioning (EF) was then calculated as: , where S is the species richness i and  is randomly assigned monoculture performance of species i. By randomly selecting species with equal abundance and by assuming that species effects on ecosystem functioning were additive, we created null expectations for diversity-functioning relationships in the absence of complementarity or selection effects. Multifunctionality was calculated in the same way as for multifunctionality of observed forest plots: . For each threshold value of multifunctionality (12), we ran LMMs with multifunctionality as the response variable and richness as the predictor. This procedure was repeated 100 times for each correlation coefficient between ecosystem functions, and average effect sizes of biodiversity were calculated for each threshold and correlation coefficient.
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FIGURE LEGENDS
Figure 1. Hypothetical example where the mixing of two species causes a ‘jack-of-all-trades, but master-of-none’ effect in diverse communities. The two monocultures (left panels) each support two functions at high levels and two functions at low levels. In the absence of complementarity or selection, the mixing of the two species results in a combined functioning that is intermediate between monoculture function values of the component species. As a result, when multifunctionality is quantified as the number of functions exceeding a moderate threshold value (e.g. a value of 50, as indicated by multifunctionality T50), a positive diversity-multifunctionality relationship is found, while this relationship is negative at a higher threshold value of 90. For hypothetical examples where jack-of-all-trades effects operate in combination with other diversity effects, we refer to Supplementary Fig. 1.

Figure 2. Left: Scaled average ecosystem function values for each monoculture, after correcting for country differences in functions. Values indicate the proportion of the maximum value observed in any monoculture. Correcting for country differences in functions was done by calculating residuals (average species function value – average country function value). See also Supplementary Table 1. Right: species-level correlation coefficients between ecosystem functions, after correcting for country differences in functions. Negative correlations are shown in blue, positive ones in red. Significance correlations: * = P < 0.05; ** = P < 0.01; *** = P < 0.001. , is a metric describing the strength of matrix relationships (36), that takes asymmetry into account (e.g. with > 2 variable, an average correlation coefficient of -1 is impossible) and is standardized between 0 (most negative relationships possible) and 1 (all correlations equal 1). The value calculated confirms that relationships between species effects on ecosystem functions are generally weak. See also Supplementary Table 5.

Figure 3. The effects of tree biodiversity on observed ecosystem multifunctionality (MFobs) and individual ecosystem functions (n = 209 plots). A: the biodiversity effect (increase in number of functions above a threshold level per extra species) as a function of the multifunctionality threshold. The dotted, horizontal line indicates a biodiversity effect of zero. The grey polygon indicates the 95% confidence interval. B: average (across functions) overall effects of diversity, and effects of complementarity and selection (±SE) on individual ecosystem functions are non-significant (all P > 0.05). C;D: the multifunctionality value (number of functions above a 40% (C) or 90% (D) threshold value) as a response to species richness (both P < 0.05).

Figure 4. The biodiversity effect on multifunctionality partitioned into different mechanisms (n = 209). The expected biodiversity effect is shown for a scenario where (A) complementarity (MFexp1), (B) both complementarity and selection (MFexp2) and (C) complementarity, selection and the jack-of-all-trades effects (MFexp3) are excluded. D: The net biodiversity effect on multifunctionality (blue line), partitioned into complementarity (red), selection (yellow) and the jack-of-all-trades (green) effects. The dotted, horizontal lines show a biodiversity effect of zero. The grey polygon represents the 95% confidence area in A-C, while points significantly deviating from zero are extra-large in D.

Figure 5. The biodiversity effect as a function of the multifunctionality threshold value in theoretical communities. Artificial communities were created by randomly drawing species from an artificial, regional species pool.  Average correlation coefficients between ecosystem function values of these monocultures are -0.07 (A), 0.00 (B), 0.50 (C) and 1.00 (D), while  values (36), which indicate overall correlation strength, range from zero (indicating lowest possible  average correlation coefficients) to 1 (maximally positive correlations, equivalent to a single-function scenario). The observed average correlation value among functions in monocultures in European forests was 0.027 (||=0.265; Fig. 1). The dotted, horizontal line shows the x-axis, where the biodiversity effect is zero.
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