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Introduction

In 2012, nearly half of all industrial round wood harvested worldwide was removed from planted forests, the majority of which were large-scale tree plantations [START_REF] Payn | Changes in planted forests and future global implications[END_REF]. Large-scale tree plantations, most of which are located in Asia and the Americas, can occupy anywhere from hundreds of hectares to hundreds of thousands of hectares and are generally under government or commercial management [START_REF] Kanowski | TFD Review: Intensively Managed Planted Forests[END_REF]. Such plantations often comprise a single species or a few productive, and predominantly exotic, tree species that are intensively managed for varying commercial purposes, mainly for timber and pulpwood, but also for biofuels and carbon credits [START_REF] Ingram | Evaluating the impacts of plantations and associated forestry operations in Africa -methods and indicators[END_REF][START_REF] Malkamäki | The socioeconomic impacts of large-scale tree plantations on local communities. A systematic review protocol[END_REF]. Nearly three quarters of the world's industrial forest plantations are composed of Pinus (42%) and Eucalyptus species (26%) [START_REF] Payn | Changes in planted forests and future global implications[END_REF]. However, concerns have arisen about the economic and environmental costs of fertilizers and pesticides, productivity losses from pests and diseases and reduced biodiversity in these monospecific production systems [START_REF] Fao | Mixed and pure forest plantations in the tropics and subtropics[END_REF]. Mixed-species plantations have the potential to address these concerns while simultaneously improving nutrient cycling (e.g. [START_REF] Koutika | Nitrogen dynamics in a nutrient-poor soil under mixed-species plantations of eucalypts and acacias[END_REF][START_REF] Liu | Tree species composition influenced microbial diversity and nitrogen availability in rhizosphere soil[END_REF][START_REF] Tchichelle | Biomass production, nitrogen accumulation and symbiotic nitrogen fixation in a mixed-species plantation of eucalypt and acacia on a nutrient-poor tropical soil[END_REF], soil fertility (e.g. [START_REF] Montagnini | Accumulation in above-ground biomass and soil storage of mineral nutrients in pure and mixed plantations in a humid tropical lowland[END_REF], biomass production (e.g. [START_REF] Epron | Partitioning of net primary production in Eucalyptus and Acacia stands and in mixed-species plantations: Two case-studies in contrasting tropical environments[END_REF][START_REF] Pretzsch | Productivity of mixed versus pure stands of oak (Quercus petraea (Matt.) Liebl. and Quercus robur L.) and European beech (Fagus sylvatica L.) along an ecological gradient[END_REF] and carbon sequestration (e.g. [START_REF] Wang | Assessing the effects of vegetation types on carbon storage fifteen years after reforestation on a Chinese fir site[END_REF][START_REF] Koutika | Changes in N and C concentrations, soil acidity and P availability in tropical mixed acacia and eucalypt plantations on a nutrient-poor sandy soil[END_REF] as well as providing other benefits through a diversification of products, improved risk management and protection from pests and diseases [START_REF] Forrester | Mixed-species plantation of nitrogen-fixing and non-nitrogen-fixing trees[END_REF][START_REF] Kelty | The role of species mixtures in plantation forestry[END_REF][START_REF] Bauhus | From observations to evidence about effects of mixedspecies stands[END_REF]. Mixed-tree plantations containing N2fixing tree species are also thought to provide an additional benefit: a reduced need for nitrogen fertilization thanks to symbiotic N2 fixation (Forrester et al., 2006a;[START_REF] Piotto | A meta-analysis comparing tree growth in monocultures and mixed plantations[END_REF][START_REF] Bouillet | Eucalyptus and Acacia tree growth over entire rotation in single-and mixed-species plantations across five sites in Brazil and Congo[END_REF].

However, the success of mixed-tree plantations (i.e. when the mixture is more productive than the monoculture) is highly variable (e.g. [START_REF] Bauhus | Aboveground and belowground interactions in mixed plantations of Eucalyptus globulus and Acacia mearnsii[END_REF] for a positive effect, Parrotta, 1999 for a negative effect and [START_REF] Debell | Benefits of Eucalyptus-Albizia mixtures vary by site on Hawaii Island[END_REF] for no effect). If the interspecific competition in the mixture is more intense than the intra-specific competition in the monoculture, the mixture is likely to be less productive. On the other hand, niche sharing and facilitation, especially when N2-fixing species are introduced, are expected to promote biomass production in the mixture. However, it is very difficult to predict which kind of interaction will be preponderant and to guarantee the success of the mixture (Forrester et al., 2006a). According to the stress gradient theory [START_REF] Bertness | Positive interactions in communities[END_REF], positive effects (complementarity) should prevail over negative effects (competition) in a mixture under stressful abiotic conditions. Positive interactions between species (i.e. facilitation and competition reduction) are generally more prevalent in sites with low nutrient availability [START_REF] Forrester | The spatial and temporal dynamics of species interactions in mixed-species forests: From pattern to process[END_REF].

First of all, the design of the mixed-species plantation must be adapted to local conditions to maximize the chances of success. Many options have been illustrated in the literature (Forrester et al., 2006a;[START_REF] Piotto | A meta-analysis comparing tree growth in monocultures and mixed plantations[END_REF]. Under tropical latitudes, the N2-fixing species introduced with the economic target species (almost exclusively a eucalypt) most often belong to the Acacia genus, though species from the Leucaena, Casuarina, Albizia or Enterolobium genera are also occasionally used. Under temperate latitudes, N2-fixing species mostly belong to the Robinia or Alnus genera, and more rarely to the Caragana genus, while the non-fixing species are more diverse: species from the Populus, Salix, Pinus and Pseudotsuga and other genera are used. N2-fixing species are mainly legumes (Fabaceae Lindl. family) in which N2 fixation is realized through their symbiosis with bacteria from the genus Rhizobium, except species from the Alnus and Casuarina genera, which form their symbiosis with bacteria from the genus Frankia. The mixing design can take the form of an additive series, where the density of the non-fixing species is kept constant, or a replacement series, where the N2-fixing trees replace certain non-fixing trees to keep the total planting density constant. Tested proportions used to evaluate experimentally mixture effects range from 11 to 75% of N2-fixing trees, but a fifty-fifty mixture remains the most widely used option (e.g. [START_REF] Bi | Inter-specific competition between seedlings of Pinus radiata, Eucalyptus regnans and Acacia melanoxylon[END_REF].

This study aimed to provide updated and complementary information compared to previously published reviews or meta-analyses, about eucalypt -acacia mixtures (Forrester et al., 2006a), and about forest mixed-species plantations in general [START_REF] Piotto | A meta-analysis comparing tree growth in monocultures and mixed plantations[END_REF][START_REF] Jactel | Positive biodiversity-productivity relationships in forests: climate matters[END_REF][START_REF] Zhang | Forest productivity increases with evenness, species richness and trait variation: a global meta-analysis[END_REF].

All these studies suggested that mixed stands were globally more productive than pure ones. [START_REF] Zhang | Forest productivity increases with evenness, species richness and trait variation: a global meta-analysis[END_REF] calculated that mixed-species forests are globally 15% more productive than the average of their component monocultures, and [START_REF] Jactel | Positive biodiversity-productivity relationships in forests: climate matters[END_REF] estimated that polycultures were 24% more productive than monocultures. However, these two meta-analyses reported that the positive effect of the mixtures was independent of the presence of N2-fixing species in the mixture.

We carried out a quantitative study compiling the data available in the scientific literature about all kinds of mixed-tree plantations which included N2-fixing species and undertook a meta-analysis -a set of statistical tools that makes it possible to combine the outcomes of independent studies to evaluate the overall effect of a particular factor and to test the influence of covariates on this effect [START_REF] Gurevitch | Statistical issues in ecological meta-analyses[END_REF]. Our main objectives were to calculate a mean effect of mixed-tree plantations on biomass production compared to the monoculture of the non N2-fixing species from the data reported in the literature. We then sought to evaluate the effects of plantation attributes in terms of (1) climate (temperate vs. tropical), (2) the species used (eucalypt vs. other non N2-fixing species, and leguminous species vs. other N2-fixing species), (3) the proportion of N2-fixing species compared to the non-fixing species (high, low or equal proportions), and (4) the developmental stage for short rotation stands (juvenile or shortly after planting vs. nearing rotation age). Planting density was not tested since only two studies compared this factor. Only replacement series designs were considered in order to hold planting density constant. We chose to compare the mixed-tree plantations to the monocultures of the non N2-fixing species and not to the monocultures of the N2-fixing species because we considered that if the N2-fixing monoculture was more productive than the mixture, the mixture would be useless in economic terms. We tested the following hypotheses: (1) globally, mixed-tree plantations including an N2-fixing species should be more productive than the monoculture because of the additional nitrogen symbiotically fixed; (2) this better performance of the mixture should be more marked under temperate latitudes where soil nitrogen is generally considered to be less available than in tropical latitudes [START_REF] Martinelli | Nitrogen stable isotopic composition of leaves and soil: Tropical versus temperate forests[END_REF]; (3) a balanced mixing proportion (50/50) would give the best results as this proportion would provide enough N2-fixing trees to promote biomass production of the nonfixing species and not too many N2-fixing trees lowering overall stand biomass production; (4) older developmental stages should give better results than juvenile stages since the interactions between species are likely to be limited in very young plantations; it has also been shown that synergistic effects between species are long lasting [START_REF] Forrester | Growth dynamics in a mixed-species Eucalyptus globulus and Acacia mearnsii[END_REF][START_REF] Zhang | Forest productivity increases with evenness, species richness and trait variation: a global meta-analysis[END_REF].

Materials and methods

Data collection

We examined existing literature up to December 2017 via an online scientific citation indexing service (Web of Science, Clarivate Analytics, U.S.A.) with various combinations of relevant terms such as:

(mixed or mixture or mixing), (pure or monoculture), (tree plantation or forest) and (N-/ N2-/ nitrogenfixing or N / N2 / nitrogen fixation), and Latin names of the most frequently used tree N2-fixing genera.

We also surveyed the cited references in the relevant articles we retrieved. Studies were retained if they met the following conditions: (1) studies used a replacement series design in order to hold planting density constant; (2) a monoculture of the non N2-fixing species was present under the same conditions as the mixture;

(3) sufficient information on environmental conditions and experimental design was given; and (4) production data per unit area were presented in terms of aboveground dry matter, stem volume, stem volume index or basal area. Almost all studies that met these conditions deal with short rotation forests.

Mean production data were extracted from the articles for the mixed-tree plantation and the non N2fixing monoculture; when presented, standard deviations or standard errors were also extracted. In some cases, means and standard deviations were extrapolated from graphs with the computer tool Plot Digitizer 2.6.6 (http://plotdigitizer.sourceforge.net/). This program allows quickly digitizing values off a graph just by clicking on each data point and by comparing them to a scale. Forty articles reporting 148 case studies (differing in mixing proportions, planting densities, species or plantation age) on 34 experimental sites worldwide were found (Table 1 and Appendix A for soil characteristics). The sites were positioned on Google Maps using the GeoFree website (www.geofree.fr) (Appendix B).

Data analysis

For each case study, effect size (log-transformed response ratio, RR) was calculated as the log of the ratio between the mean aboveground biomass (or volume or basal area) in the mixture (M) and in the monoculture of the non N2-fixing species (NF):

RR = log(M/NF)
Log response ratios and their corresponding variances were calculated in R with the "escal" function in the Metafor package [START_REF] Viechtbauer | Conducting meta-analyses in R with the metafor package[END_REF]. A positive RR value indicated that production was higher in the mixture than in the monoculture. For studies that reported only mean values, standard deviations were imputed from the weighted average of the standard deviations from the other studies [START_REF] Robertson | Beyond classical meta-analysis: can inadequately reported studies be included?[END_REF]. Many studies included in our meta-analysis provided more than one effect size (e.g. comparisons of different species, mixture proportions, planting densities or ages). Effect sizes originating from the same given site cannot be considered statistically independent [START_REF] Nakagawa | Methodological issues and advances in biological meta-analysis[END_REF]. To account for this non-independence, we included "site" as a random factor in the model, calculated with the "rma" function in the Metafor package. We first ran the model on the whole dataset, then restricted the dataset to eucalypt for the non-fixing genera (104 case studies), or to Fabaceae for the nitrogen-fixing family (117 case studies). Log response ratios were back-transformed to provide a direct estimate of the magnitude of tree mixture effect as a percentage of the decrease or increase in biomass production compared to the non-fixing monoculture.

We tested the significance of several explanatory variables (moderators) to account for variations in RR. We first split the dataset into temperate versus tropical climates. We considered a site as tropical when its latitude is below 25° and as temperate when its latitude is above 30°. This separation can be considered as arbitrary, but it separated the species without ambiguity, since almost all were found exclusively in one of the two climatic zones. The only exception was E. saligna that was found in both climate zones, consistent with its distribution area, but which was associated with a different N2 fixing species). We could have distinguished several climatic subzones within each main zone (e.g. Mediterranean in temperate) but the number of sites within each zone would have been too low. We also tested the effects of mixing proportion by retaining only those studies with at least three mixing proportions, i.e. low (33% or less of N2-fixing trees), equal (50%) and high (66% or more). This represented 69 case studies (23 per mixing proportion). We also compared young (measurements taken a maximum of two years after planting) and older (measurements taken at up to the end of a rotation) stands. Only short rotation stands (composed of eucalypts and poplars) were included in the analysis because only one study compared ages for species grown for saw timber production. Sixty case studies allowed this comparison (30 case studies per development stage).

To verify the lack of publication bias, Rosenberg's fail-safe number [START_REF] Rosenberg | The file-drawer problem revisited: A general weighted method for calculating fail-safe numbers in meta-analysis[END_REF] was calculated corresponding to the number of case studies with a null effect size to be added to the meta-analysis to reduce the mean effect to zero. The number was 11597, a much greater value than Rosenthal's conservative critical value (750, [START_REF] Rosenthal | The file drawer problem and tolerance for null results[END_REF], indicating that our results are robust to publication and that our meta-analysis does not represent a bias where researchers were not more inclined to investigate species mixtures with synergistic effects between the species rather than to investigate mixtures where antagonistic effects prevailed.

Results

Dataset characteristics

The studies included in our analysis contain a wide range of species (Table 1). At tropical latitudes, the non-fixing species belong exclusively to the Eucalyptus genus (5 species and 2 interspecific hybrids), while at temperate latitudes, a wider diversity of genera is represented: Populus (3 species and 3 interspecific hybrids), Eucalyptus (3 species), Pinus (2 species), Quercus, Salix, Pseudotsuga and Picea (1 species each). The N2-fixing species under tropical conditions mainly belong to the Acacia genus (4 species), and, less frequently, to the Leucaena, Albizia, Casuarina and Enterolobium genera. Under temperate conditions, N2-fixing species were from the Alnus (3 species), Acacia (2 species), Robinia or Caragana (1 species each) genera. All the N2-fixing species belong to the Fabaceae family and establish symbiosis with the proteobacteria Rhizobium, except for Casuarina and Alnus which belong to other families and establish symbiosis with the actinobacteria Frankia. Overall, the non N2-fixing species were eucalypts in 70% of the case studies, while the N2-fixing species were legumes in 79% of the case studies.

The 148 case studies are fairly well distributed between temperate and tropical conditions: 80 vs. 68 case studies, respectively. The 34 experimental plantations are located on all continents, with quite a high concentration in Brazil, in eastern Australia and in Pacific Northwest (Appendix B). It is noteworthy that some large regions (e.g. China and Africa) are underrepresented in the international literature.

Plantation ages range between two and 23 years, with the majority of the case studies dealing with two-to-four-year-old plantations. Planting densities ranged between 625 and 90,000 trees per ha, but most plantations had densities between 1000 and 2500 trees per ha. Fixing / non-fixing species mixing proportions were fifty-fifty in most cases, but proportions of one third to two thirds or one quarter to three quarters (and conversely) also occurred in several studies.

Grand mean effect size

The grand mean effect size calculated on the whole dataset (0.17 ± 0.06) was significantly positive (P < 0.01, Fig. 1), mixed-tree plantations being 18% more productive than the non N2-fixing species monocultures (after back-transformation of the log response ratio). However, the magnitude of the effect varied significantly according to climate, the species concerned, mixing proportion and the development stage of the plantation. Biomass production was 24% higher in mixed-tree plantations than in monocultures under temperate latitudes (P < 0.05), while it was only 12% higher under tropical latitudes (not significantly different from zero); however, effect size did not significantly differ between tropical and temperate conditions (P = 0.42). Mixed eucalypt plantations were 24% more productive than their monocultures (P < 0.05). The number of case studies with species other than eucalypts was too small to make statistical comparisons possible; the mixture effect on production averaged only 11%. In terms of N2-fixing species, mixed-tree plantations composed of leguminous species (Fabaceae) were 19% more productive than monocultures (P < 0.05); similar results were found when all N2-fixing species were combined. Here also, the number of case studies with N2-fixing species other than Fabaceae was too small to make statistical comparisons possible.

When only those studies containing three mixing proportions (high, low and equal) were retained in the analysis, the mixture effect on growth was 18%; however due to the limited number of case studies in this category, the effect was non-significantly different from zero (Fig. 2). However, both high and equal proportions resulted in biomass production 27% higher than the monoculture, a significantly higher effect size than the mean effect size of the low proportion (4%, P < 0.01).

Finally, when only studies comparing young and older short rotation plantations were retained in the analysis, young mixtures were 24% more productive than the monoculture while mixtures nearing rotation age were 17% more productive. Yet again, due to the small number of case studies, neither effect was significantly different from zero (P = 0.07) or significantly different from each other (P = 0.51) (Fig. 3).

Effect size per site

Fig. 4 represents the mean effect size for each of the 34 sites inventoried from the literature. The sites showed a wide range of effect sizes, ranging from highly positive to highly negative (Fig. 4). Most plantations showing negative or null effects were beyond the 95% confidence interval of the global effect size calculated on the whole dataset. Both the most successful and the worst-performing mixed plantations were located in temperate zones. Under temperate conditions, positive effects were highly significant in the USA, Australia and Canada, with one exception in Harris, Canada, where the mixture effect was significantly negative. Under tropical conditions, effects were weakly positive or negative, with the exception of the six plantations located in Congo, Thailand, Puerto Rico and Hawaii (three sites) where the effect was strongly positive.

Biomass production of the non N2-fixing species monoculture, expressed in Mg ha -1 year -1 and calculated as the biomass at the oldest age of the plantation divided by this age, was negatively correlated to effect size (r = -0.61, n = 25, Fig. 5); when only eucalypt plantations were included, the correlation coefficient rose to 0.84 (n = 15). The correlation was not tested for significance because of the inter-dependence of the two variables.

Discussion

Are mixed plantations more productive than monocultures?

In line with our first hypothesis, a significant positive mixture effect on biomass production was revealed: tree plantations with introduced N2-fixing species were, on average, 18% more productive than the corresponding monoculture of the non-fixing species. Previous meta-analyses focusing on forest mixtures in general have reported a positive effects of mixture over monoculture, but this effect was independent of the presence of N2-fixing species in the mixture [START_REF] Jactel | Positive biodiversity-productivity relationships in forests: climate matters[END_REF][START_REF] Zhang | Forest productivity increases with evenness, species richness and trait variation: a global meta-analysis[END_REF]. We therefore cannot confirm that the positive effect of the mixture we found was always related to N2 fixation. Other differences in plant functional traits promoting a more efficient resource exploitation and utilization (complementarity effects) may also account for the positive effect of the mixture in our study (e.g. reduced competition for water, improved light interception or light use efficiency, [START_REF] Forrester | The spatial and temporal dynamics of species interactions in mixed-species forests: From pattern to process[END_REF].

The positive mixture effect on biomass production was significantly different from zero for temperate plantations (21%), but not for tropical ones. The lack of correlation between site effect size and either the mean annual temperature or the annual rainfall (data not shown) suggests that the difference between temperate and tropical plantations may be more related to edaphic characteristics than to climate characteristics, thus supporting our second hypothesis based on soil nitrogen being generally less available under temperate than tropical conditions [START_REF] Martinelli | Nitrogen stable isotopic composition of leaves and soil: Tropical versus temperate forests[END_REF]. On average, it has indeed been shown that more N circulates annually through lowland tropical forests, and does so at higher concentrations, than through temperate forests [START_REF] Vogt | Production, turnover, and nutrient dynamics of aboveground and belowground detritus of world forests[END_REF]. Comparable data on rates of nitrogen mineralization and leaching losses also generally show greater rates of nitrogen cycling in many lowland tropical forests [START_REF] Neill | Nitrogen dynamics in soils of forests and active pastures in the western Brazilian amazon basin[END_REF]. However, exceptions exist under certain tropical conditions; quite high positive effect sizes were observed, notably in Congo, Thailand, Puerto Rico and Hawaii [START_REF] Epron | Partitioning of net primary production in Eucalyptus and Acacia stands and in mixed-species plantations: Two case-studies in contrasting tropical environments[END_REF][START_REF] Wichiennopparat | Contribution of acacia to the growth and nutrient status of eucalypts in mixed-species stands at Ratchaburi, Thailand[END_REF][START_REF] Parrotta | Productivity, nutrient cycling, and succession in single-and mixed-species plantations of Casuarina equisetifolia, Eucalyptus robusta, and Leucaena leucocephala in Puerto Rico[END_REF]DeBell et al., 1985, respectively). In Congo, the plantation was located on an arenosol, a soil type with very low nutrient content [START_REF] Mareschal | Mineralogical and physico-chemical properties of Ferralic Arenosols derived from unconsolidated Plio-Pleistocenic deposits in the coastal plains of Congo[END_REF]; in Thailand, the podsolic soil carrying the mixed-tree plantation had previously been covered in degraded open woodland of no economic value; in Puerto Rico, the soil was sandy and had been subjected to frequent, and often intense, disturbance for at least a century.

For these three sites, the success of the mixed-tree plantations (compared to the monoculture of the non N2-fixing species) can be attributed to the harsh soil conditions and nutrient limitations. It should be noted that, in Puerto Rico, the higher overall biomass production in the mixture was mostly due to growth in the N2-fixing species, not in the eucalypt target species, thus limiting the economic interest of the mixture. Interestingly, two tropical mixed-tree plantations in Hawaii were significantly successful even though there were no indication of soil N limitations at these sites [START_REF] Debell | Mixed plantations of Eucalyptus and leguminous trees enhance biomass production[END_REF][START_REF] Debell | Benefits of Eucalyptus-Albizia mixtures vary by site on Hawaii Island[END_REF]; this indicates that harshness of soil conditions and N limitation are not the only factors involved in the success or failure of a mixed-tree plantation.

Concerning mixture proportion (third hypothesis), low proportions of N2-fixing species in the mixture had no significant impact on biomass production, while high and equal proportions had a more pronounced, and equal, effect (+ 27%). While for commercial production, the planting density of the species of greater economic value is typically between 70 and 80%, the fifty -fifty mixture proportion may be the most cost-effective option when the target species is not the N2-fixing species, as higher proportions give similar results and lower proportions do not significantly improve production. This assumes that planting stock of both the N2-fixing and the target species cost the same. If this is not the case, it might also influence the proportions used in the mixture. Finally, the mixture effect was slightly, but not significantly, higher in older than younger plantations. With long-term monitoring (i.e. 11 years), [START_REF] Forrester | Growth dynamics in a mixed-species Eucalyptus globulus and Acacia mearnsii[END_REF] showed that differences between mixed and pure stands of eucalypt and acacia increased with time, indicating that the synergistic effects of the acacias were long-lasting, and that these effects started rapidly as biomass production peaked early in acacias. [START_REF] Zhang | Forest productivity increases with evenness, species richness and trait variation: a global meta-analysis[END_REF] showed that effect size increased weakly between 1 to 20 years, mostly in tropical plantations. They observed a stronger increase with age between 65 and 75 years, reflecting canopy transition in boreal and temperate forests. The limited age range present in our study did not allow us to consider similar age effects.

It should be noted that our analysis assumes that the biomass from the N2-fixing species is as desirable for the market as that of the target species, but this may not always be true. Moreover, even if wood production is higher in mixed stands, the economic value of the wood may be lower if the amount of wood produced from the species of higher economic value is lower. However, reliable economic analyses of mixed stands, especially those including their ecological stability, are still scarce [START_REF] Nichols | Mixed-species plantations: Prospects and challenges[END_REF][START_REF] Knoke | Admixing broadleaved to coniferous tree species: a review on yield, ecological stability and economics[END_REF].

Interaction mechanisms underlying mixture effects

Facilitative and competitive processes have been shown to depend on resource availability, with higher competition in fertile environments and greater facilitation under harsh conditions [START_REF] Paquette | The effect of biodiversity on tree productivity: from temperate to boreal forests[END_REF]. The balance between negative and positive interactions in mixtures shifts in relation with soil fertility [START_REF] Boyden | Competition and facilitation between Eucalyptus and nitrogen-fixing Falcataria in relation to soil fertility[END_REF]Forrester et al., 2006b;[START_REF] Bouillet | Eucalyptus and Acacia tree growth over entire rotation in single-and mixed-species plantations across five sites in Brazil and Congo[END_REF]. We confirmed this pattern; a general negative correlation occurred between biomass production in the monoculture and mixture effect size, meaning that the sites where the mixture was the most successful were those where conditions were the least favourable for growth, in agreement with the stress gradient theory postulated by [START_REF] Bertness | Positive interactions in communities[END_REF]. This overall effect has also been reported in individual studies comparing contrasting sites in the USA, Australia, Canada and Brazil [START_REF] Binkley | Ecosystem production in Douglas-fir plantations -Interaction of red alder and site fertility[END_REF][START_REF] Forrester | Mixed-species plantation of nitrogen-fixing and non-nitrogen-fixing trees[END_REF][START_REF] Moukoumi | Intercropping Caragana arborescens with Salix miyabeana to satisfy nitrogen demand and maximize growth[END_REF]Bouillet et al., 2013, respectively). In [START_REF] Moukoumi | Intercropping Caragana arborescens with Salix miyabeana to satisfy nitrogen demand and maximize growth[END_REF], the differences in the success of the mixed-tree plantations at different sites in Canada were probably once again due to soil N limitation; these differences were probably exacerbated by the high planting density (around 15,000 trees per ha) which likely provoked a rapid shading of the N2-fixing species by the dominant non-fixing species at the most productive site, leading to canopy decline and dieback in the N2-fixing species. The more positive response to mixing in eucalypt plantations than in plantations with other non-fixing species may be due to lower competition for light; indeed, most eucalypt species have an intrinsically low leaf area index and pendulous leaf position [START_REF] King | The functional significance of leaf angle in Eucalyptus[END_REF][START_REF] Nouvellon | Within-stand and seasonal variations of specific leaf area in a clonal Eucalyptus plantation in the Republic of Congo[END_REF].

More light can therefore reach the lower part of the canopy when the eucalypts grow taller than the N2-fixing species. Mixed-eucalypt plantations may still fail, however, when competition for another environmental resource is the driving force, as when water availability is low, for example [START_REF] Nouvellon | Production and carbon allocation in monocultures and mixed-species plantations of Eucalyptus grandis and Acacia mangium in Brazil[END_REF][START_REF] Le Maire | Tree and stand light use efficiencies over a full rotation of single-and mixed-species Eucalyptus grandis and Acacia mangium plantations[END_REF].

A balance between mixture success and high biomass production

When observing the relationship between site productivity and mixture effect size, it is noteworthy that the outliers are all sites where, despite low productivity, the mixture effect size was negative or only moderately positive. In other words, we found no studies where a highly productive site was associated with a successful mixture. This indicates that harsh conditions are required to promote the success of a mixture, but are not sufficient to ensure it. Outliers in the relationships included sites with non-fixing species other than eucalypts (poplar, pine, willow, Douglas fir); when only eucalypt sites were retained, the correlation coefficient was improved (r = 0.84). For sites without eucalypts, no general pattern is obvious because only a few case studies occur for each of the four genera. However, when site conditions are harsh enough to promote mixture success, failure is likely to be due to other factors such as the varying ecological requirements of the two species [START_REF] Marron | Prevalence of interspecific competition in a mixed poplar/black locust plantation under adverse climate conditions[END_REF]. Based on their review of eucalypt / acacia mixtures, [START_REF] Forrester | On the success and failure of mixed-species tree plantations: lessons learned from a model system of Eucalyptus globulus and Acacia mearnsii[END_REF]Forrester et al., ( , 2006a) ) identified three major factors contributing to the success of mixed-tree plantations: compatibility between height growth rates of the two species, choice of an adequate N2-fixing species, and appropriate site selection. Based on our results, it appears that site condition is the main factor influencing mixture success, and that biomass production of the non N2-fixing monoculture is a good proxy for site conditions. On the other hand, the choice of the N2-fixing species does not seem to be of great importance. We found no difference between mixture effect on growth with legumes (associated with Rhizobium) and with other N2-fixing species (associated with Frankia), with the caveat that 87% of the N2-fixing species were legumes in the case studies we inventoried, indicating that other N2-fixing species are underrepresented in the literature.

Conclusions

We found that mixed-tree plantations with N2-fixing tree species were 18% significantly more productive than the corresponding monocultures of the non-fixing species. This mixture effect was significantly more evident under temperate than under tropical conditions (with a few exceptions).

Intermediate mixing proportion gave the best results, with an equal effect for a high proportion of N2fixing species. In line with the stress gradient theory, mixed plantations were more productive than monoculture under conditions unfavourable for growth; so, the success of the mixture seemed to be conditioned to a low biomass production. However, almost all studies included in this meta-analysis dealt with short rotation forests. Any extrapolation to forests managed on longer rotations should therefore be done with care.

Our analysis also highlighted some research gaps in the scientific literature: (i) To isolate the underlying drivers, replicating experimental trials with the same combination of N2-fixing and target species along soil fertility and/or soil water availability gradients would be appropriate; (ii) Tree species associated with Frankia actinobacteria are underrepresented in the literature and more experimental trials are needed to test the potential of these species for improving growth in forest plantations. Native nitrogen fixing species may be more easily accepted in ecological contexts where exotic legume trees are either unadapted or undesirable because of their invasiveness; (iii) Our study focused on experiments using the replacement series design but the additive-series design would be more suitable when the non-fixing species is much more productive than the N2-fixing species (the density of the most productive species would not be reduced and no production would be lost), or when only the production of the non-fixing species is of interest for commercial purposes; (iv) Finally, mixing N2-fixing tree species with non-fixing tree species potentially increases biomass production, especially in temperate climates. However, regional socio-economic studies are still needed to convince managers -especially those responsible for short rotation plantations for bioenergy -that mixtures can mitigate some of the negative environmental impacts of monocultures without having a negative impact on an owner's income.

Table 1. Main characteristics of the 30 mixture sites identified from the literature: location (country, state, locality, geographic coordinates, altitude), climate (mean annual precipitation, MAP; mean annual temperature, MAT), N2-fixing and non-fixing species, mixture proportion, age of stand at the last measurement, planting density and bibliographical references. NA stands for "not available" when data are not provided. 
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