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Although decades of research suggest that higher species richness improves ecosystem functioning and stability, planted forests are predominantly monocultures. To determine whether diversification of plantations would enhance aboveground carbon storage, we systematically reviewed over 11,360 publications, and acquired data from a global network of tree diversity experiments. We compiled a maximum dataset of 79 monoculture to mixed comparisons from 21 sites with all variables needed for a meta-analysis. We assessed aboveground carbon stocks in mixed-species planted forests vs. (a) the average of monocultures, (b) the best monoculture, and (c) commercial species monocultures, and examined potential mechanisms driving differences in carbon stocks between mixtures and monocultures. On average, we found that aboveground carbon stocks in mixed planted forests were 70% higher than the average monoculture, 77% higher than commercial monocultures, and 25% higher than the best performing monocultures, although the latter was not statistically significant. Overyielding was highest in four-species mixtures (richness range 2–6 species), but otherwise none of the potential mechanisms we examined (nitrogen-fixer present vs. absent; native vs. non-native/mixed origin; tree diversity experiment vs. forestry plantation) consistently explained variation in the diversity effects. Our results, predominantly from young stands, thus suggest that diversification could be a very promising solution for increasing the carbon sequestration of planted forests and represent a call to action for more data to increase confidence in these results and elucidate methods to overcome any operational challenges and costs associated with diversification.

KEYWORDS
 tree diversity, aboveground carbon stocks, biodiversity, ecosystem functioning, plantation, forest, climate mitigation, nature-based solution


1. Introduction

There is growing momentum to restore forest cover to meet climate change mitigation, biodiversity conservation, and sustainable development goals (Griscom et al., 2017; Seddon et al., 2020; Di Sacco et al., 2021). Restoration of forest cover can store substantial carbon within the forest (Cook-Patton et al., 2020), as well as potentially in harvested wood products that are substituted for fossil fuels and/or carbon-intensive products such as concrete or steel (Forster et al., 2021). Although experimental and theoretical work demonstrates that diverse plant systems are more productive and stable through time compared to monocultures, as well as better able to support diverse animal assemblages and provide other critical ecosystem services (Cardinale et al., 2012; Tilman et al., 2014; Messier et al., 2022), many national forest restoration commitments focus on monoculture plantations. Indeed, 45% of forest restoration commitments from tropical countries involve establishing monoculture plantations, despite diversification of plantations being a key policy recommendation (Lewis et al., 2019; Pörtner et al., 2021).

In contrast, growing evidence suggests a positive relationship between diversity and productivity in natural (e.g., Liang et al., 2016; Xu et al., 2020) and planted forest systems (e.g., Ewel et al., 2015; Huang et al., 2018; Feng et al., 2022). Others found that primary production in mixed forests exceeds that in monocultures by about 15%–20% (Zhang et al., 2012; Jactel et al., 2018). There are multiple mechanisms that can explain why mixed plantations might outperform monocultures. Although monoculture species are often selected for their high yield and ease of management (Nabuurs et al., 2018), they may lack resilience to perturbation (Jactel et al., 2017, 2021), which could compromise their long-term carbon storage potential (Hutchison et al., 2018; Osuri et al., 2020; Messier et al., 2022), especially under future climate conditions. For example, in a tree planting experiment over 15 years in Panama, growth in mixed stands was more stable in response to climatic extremes, and tree mortality was lower, compared to monocultures (Hutchison et al., 2018). There is also evidence that carbon capture can be more stable through time and recover more rapidly after drought in species-rich natural forests, compared to species-poor plantations (Osuri et al., 2020; Pardos et al., 2021). The simple act of mixing species with different functional traits can also result in more reliable levels of establishment, compared to a mosaic of monocultures of different species, where some may perform poorly (Tuck et al., 2016). Finally, diversification of forests is expected to increase resistance to pests and disease (Jactel and Brockerhoff, 2007; Gamfeldt et al., 2013; van der Plas et al., 2016; Jactel et al., 2021), which could also improve carbon stability and storage.

Alongside increased resilience to perturbation, there are other mechanisms that may lead to greater carbon accumulation in mixed-species planted forests compared to monocultures. Species mixtures may demonstrate “complementarity,” whereby niche differentiation or facilitation among individual species enhances overall performance (Loreau and Hector, 2001; Feng et al., 2022). For example, variation in crown architecture complementarity can achieve overyielding in mixed-species planted forests (Jucker et al., 2015; Williams et al., 2017). Complementarity may also be higher among native species that have coevolved (Cook-Patton and Agrawal, 2014; Zuppinger-Dingley et al., 2014). However, non-native plantation species might be expected to outperform native plantation species; plantation species (e.g., Eucalyptus and Pinus species) are often planted outside their native range and selected for their fast growth rates (Heryati et al., 2011; Marron and Epron, 2019). Species with particular traits can also enhance the overall productivity of a mixture. For example the presence of nitrogen-fixing species can enhance nitrogen availability for species unable to fix nitrogen, boosting carbon accumulation potential (Loreau and Hector, 2001; Mayoral et al., 2017). However, species mixing could lead to lower productivity in diverse stands where a lower yielding species dilutes a monoculture of a fast-growing, commercially valuable species. Mixing lower yielding species with a very high yielding species could lead to lower stand-level carbon accumulation because the diverse stand would fail to demonstrate “transgressive overyielding,” where diverse systems outperform even the most productive monoculture.

Planted forests can provide timber and other forest products, support local communities and provide an economic income, while helping to alleviate pressure on primary and semi-natural forest (McEwan et al., 2020; Messier et al., 2022). Given the dominant practice of establishing plantations as monocultures and the anticipated benefits of mixed-species planting for carbon accumulation (Beugnon et al., 2021) and biodiversity (Ampoorter et al., 2020), we need a robust examination of how carbon stocks compare in mixed planted forests relative to monocultures. Here, we present results of a meta-analysis, combining data from the Tree Diversity Network (TreeDivNet) (Verheyen et al., 2016) with data from peer-reviewed publications identified via a comprehensive literature search, to assess the effect of diversification on carbon stocks in planted forests, addressing the following research questions:

1. Are carbon stocks in mixed-species planted forests higher than in monocultures? We compared carbon stocks in mixed planted forests to carbon stocks in (a) the average of monocultures, (b) the most productive monoculture, and (c) monocultures of commercial timber species, within an experiment.

2. Does the difference in carbon storage between mixtures and monocultures increase with species richness of the mixture?

3. What are potential mechanisms driving differences in carbon stocks between mixtures and monocultures? Specifically, we compared how responses changed in stands with and without nitrogen fixers and in native versus non-native stands. We also compared tree diversity experiments to forestry plantations, hypothesizing that experiments may better control confounding factors and thus may be more likely to demonstrate any positive effect of diversity.



2. Methods


2.1. Data collation

This meta-analysis used studies compiled in a previous systematic literature review, aiming to assess carbon or biomass accumulation in establishing forests. Cook-Patton et al. (2020) compiled 10,937 studies using a systematic keyword search in Web of Science (19 April 2017) for studies published since 1975: TOPIC: (biomass OR carbon OR agb OR recover* OR accumulat*) AND (forest) AND (restorat* OR reforest* OR afforest* OR plantation* OR agroforest* OR secondary*). This initial literature set was augmented to 11,360 studies by including additional papers referenced within the original studies and datasets from Oak Ridge National Laboratory, International Centre for Research in Agroforestry, and the Chinese Academy of Forestry. Abstracts were reviewed to identify studies describing reestablishment of forest cover; these were reduced to 1,400 studies which quantified carbon or biomass stocks. Sixty-two of these studies directly compared carbon in mixed and monoculture planted forests within one study and were assessed for inclusion in our meta-analysis.

We selected the subset of studies that met our criteria for inclusion: mixed and monoculture planted forests of the same age and containing a measure of aboveground carbon or biomass, monocultures composed of a constituent species of the mixed treatment, and a specific geographic location (to classify species as native or non-native and to classify commercial species). Studies also needed to contain necessary information (mean, standard deviation, sample size) to calculate the effect size for the meta-analysis, the standardised mean difference (SMD) or “Hedges’ g” (Hedges, 1981). A total of 9 of the 62 studies met these criteria (Supplementary Table S1). Common reasons for exclusion were confounding variables in the mixed and monoculture treatments (e.g., mixed and monoculture stands of different ages) or failure to provide the metrics needed to conduct a meta-analysis. We included two additional studies from a meta-analysis by Zhang et al. (2012). We then augmented this literature-based dataset with seven additional datasets from TreeDivNet,1 made available by TreeDivNet projects in response to a call for data, bringing the total dataset to 18 studies. Some studies included multiple experiments, producing 21 independent experiments from 18 studies. The studies often included multiple distinct mixed treatments (multiple species combinations or ratios between species), yielding a total of 79 monoculture-to-mixed comparisons. Each unique species combination (based on species composition or species ratios) was defined as a treatment. We extracted from each experiment: (1) mean aboveground carbon or biomass for each treatment (calculated in the original studies using allometric equations); (2) standard deviation of the carbon or biomass measure (in some cases calculated from standard error and sample size); (3) sample size for each treatment; (4) species composition of each treatment; (5) stand age and (6) geographic location. When data were presented graphically in the papers, we extracted estimates using WebPlotDigitizer.2



2.2. Data preparation

For research question 1a, where we were comparing carbon stocks in mixed planted forests to the average of carbon stocks in constituent species monocultures, this required us to calculate the mean and standard deviation across the monocultures relevant to each mixed treatment. In 9 of the 79 comparisons, only one of the mixed treatment constituent species was planted as a monoculture, so in these cases this monoculture was used in the comparison to the mixed treatment. Where two or more monoculture treatments were available, we calculated the average carbon/biomass and standard deviation. For the TreeDivNet data we had access to the full raw data, which was used to calculate the mean and standard deviation. For the studies resulting from the literature search, we used the extracted means and standard deviations for each monoculture treatment, to calculate a mean, standard deviation and sample size across monoculture treatments. The standard deviation was calculated based on the formula [image: image] (Frey et al., 2006). The sample size of the average carbon/biomass measure was the aggregate sample size of all contributing monoculture treatments. The resulting means, standard deviations and sample sizes were used to calculate the SMDs.

For research questions 1b and 1c, the calculated (TreeDivNet studies) or extracted (studies from literature search) means, standard deviations and sample sizes from the mixed and monoculture treatments within each comparison were used to calculate SMDs. Question 1b compared carbon stocks in mixtures to the associated monoculture with the highest carbon/biomass stocks (n = 79 comparisons), again including the 9 comparisons where only a single monoculture was available. For research question 1c, we compared carbon stocks in mixtures to monocultures composed of commonly used commercial plantation species (n = 38 comparisons). We classified commercial species monocultures when there was evidence that these species were commonly used as commercial species in the study region (Supplementary Table S2). We hypothesised that, as commercially grown tree species are often selected for their high yields, they may outperform the mixed treatments. The calculated (TreeDivNet studies) or extracted (studies from literature search) means, standard deviations and sample sizes were used to calculate SMDs for the comparison to the best or commercial species monocultures.

To assess some potential mechanisms behind differences in carbon stocks between mixed and monoculture treatments we classified each mixed treatment based on its species richness, presence of a nitrogen-fixing species in the mixture (yes/no), origin of the species (all native vs. some/all species non-native) and study design (designed experiment vs. existing forestry plantations).

To also present our results in real terms we calculated the percentage of monoculture carbon in the mixed treatment for each comparison and the 95% confidence interval around this value, as SMD is on the scale of standard deviations. The carbon stocks in each treatment are presented in Supplementary Tables S3, S4. Where stocks were given as biomass in the original study, we converted these to carbon using the conversion factor of 0.47 (Aalde et al., 2006).



2.3. Meta-analysis

All data manipulation, calculations and analysis were carried out in R (R Core Team, 2020). We used the escalc function in the package metafor to calculate the SMD (Hedges’ g) in carbon or biomass for each monoculture-to-mixed comparison and the associated sampling variance (Viechtbauer, 2010). Although some studies reported biomass stocks and others carbon stocks, we assume that carbon is a constant proportion of biomass (Aalde et al., 2006). Given this assumption, the calculation of the SMD therefore converts biomass and carbon onto the same scale. We hereafter refer solely to aboveground carbon stocks in the Results and Discussion. We calculated SMDs of the mixture treatment relative to the average of the monoculture treatments (overyielding), the monoculture treatment with the highest carbon stocks in a study (transgressive overyielding) and commercial monoculture treatments (when available).

Multi-level random-effects models with restricted maximum likelihood estimation were fitted using the function rma.mv in the metafor package (Viechtbauer, 2010), model structures are summarised in Supplementary Table S3. Many of our studies contained multiple mixed treatments which were compared to the same monoculture controls (71 out of 79 comparisons shared a monoculture with at least one other comparison). We included a random effect for study site to account for this. For the comparison to the best monoculture, we also included a random effect for monoculture treatment nested within study site. For the comparison to commercial monocultures, in some cases the same mixed treatment was compared to different monocultures and there were also cases where different mixed treatments were compared to the same monoculture; we included a random effect grouping by either shared mixed or monoculture treatment, nested within study site. All comparisons within a study site were between planted forests of the same age, however study sites covered the age range 3.5 to 28 years, the random effect for study site therefore also accounts for this. A random effect for each comparison was also included, to allow heterogeneity this allows the true effect sizes to vary within study sites (Nakagawa et al., 2023). We assessed the significance of the SMDs by determining whether the 95% confidence intervals included zero.

To assess the effect of the level of diversity on SMD, we fitted a mixed-effects model with a moderator [or explanatory variable, which is assumed to modulate the magnitude of effect size (Nakagawa et al., 2023)] for species richness (2–6 species), as a discrete variable, and separately compared mixed vs. average of monoculture and mixed vs. best monoculture. For mixed vs. commercial species monoculture comparisons, there were insufficient data across the levels of species richness to fit it as a moderator. For the mixed vs. average of monocultures and mixed vs. best performing monoculture analyses we fitted separate models for two, four, and six species mixtures, to estimate the effect size for each level of species richness; mixtures with three and five species only had one monoculture-to-mixed comparison each. We also fitted a model to estimate the effect size for two species mixtures compared to commercial monocultures.

To test potential predictors of differences in carbon stocks, we fitted separate mixed-effects models with moderators for presence vs. absence of nitrogen-fixer in the mixed treatment, native vs. some or all non-native species in the mixed treatment and designed experiments vs. existing plantations. For these models we only used data from two-species mixtures, as this was the only species richness level with good representation of both factor levels (Figure 1). To estimate the overall effect size for each moderator level, we subset the data by each level of the moderator and fitted separate models for: nitrogen-fixer present, nitrogen-fixer absent, native species, non-native/mixed origin species, designed experiments, and existing plantations.

[image: Figure 1]

FIGURE 1
 Data representation for each moderator, (A) presence of nitrogen-fixer in the mixed plantation, (B) species origin of the species in the mixed plantation, (C) study design, and (D) age of plantations, used to assess differences in carbon accumulation in mixed plantations compared to the average of monocultures/best associated monoculture.


Age may mediate the effect of diversity on carbon stocks, to assess this we fitted a mixed-effects model with a continuous moderator for stand age for the mixed vs. average, best and commercial monoculture comparisons. These models were fitted using data from two-species mixtures, as this was the only species richness level with good representation across the age range (Figure 1A). A linear and quadratic fit were compared using AIC; the quadratic relationship was fitted post-hoc, based on visual inspection of the data.

We checked for publication bias using funnel plots fitted for each analysis (Supplementary Material S2) and explored the removal of the most extreme positive and negative SMDs. The impact on the interpretation of our results is discussed in Supplementary Material S2.




3. Results

From a systematic review of over 11,360 publications and compilation of data from a global network of tree diversity experiments, we were only able to compile a maximum dataset of 79 monoculture to mixed comparisons, from 21 sites, highlighting the relatively small dataset on mixed vs. monoculture plantations within the forest carbon/biomass literature. Within the 79 comparisons there were 51 unique mixed-species combinations from a pool of 54 species (Supplementary Table S4). Carbon stocks in mixed planted forests were compared to carbon stocks in the average of constituent species monocultures, the best performing constituent monoculture (from a pool of 26 species) and, for a subset of comparisons, commercial species monocultures (from a pool of 11 species). Two species mixtures were the most well represented across the diversity range (species richness 2–6) (Supplementary Figure S1). Geographically the study sites used were biased to the northern hemisphere, with no sites in Africa or South America (Figure 2). The age of study sites ranged from 3.5 to 28 years, with most comparisons from sites less than 20 years old (Figure 1D).

[image: Figure 2]

FIGURE 2
 The geographic distribution of study sites. Points are proportional to the number of independent sites in that location (where sites are spatially separate at a distance that would not be discernible at this map scale).


Our overall meta-analyses showed that aboveground carbon stocks in mixed planted forests were higher than in the average of the monocultures (pooled SMD ± 95% CI: 1.41 ± 0.66, k = 79, Figure 3) and higher than in commercial monocultures (1.06 ± 0.59, k = 38, Figure 3). Carbon stocks in mixed planted forests were on average higher than the most productive monoculture, but the confidence interval overlapped zero slightly (0.62 ± 0.63, k = 79, Figure 3). We noted that for the comparison to the best monoculture, removal of the most extreme outliers (SMD >6 and <−3) altered the confidence interval for this result (0.75 ± 0.43, k = 73) (Supplementary Material S2). Although the statistical tests are based on SMDs (in units of standard deviations), the underlying data suggest that mean carbon ±95% CI in the mixed treatments was 171% ± 27 (Supplementary Table S4) of the carbon in the average of monocultures, 174% ± 53 of the carbon in commercial monocultures (Supplementary Table S5) and 127% ± 16 of the carbon in the most productive monocultures (Supplementary Table S4). The community with the greatest relative gain in aboveground carbon was a 3.5 years-old four-species mixture comprised of Betula pendula, Fagus sylvatica, Quercus petraea and Tilia platyphyllos in Saxony-Anhalt, Germany, which contained 43.9 Mg/ha of carbon compared to an average of 6.5 Mg/ha across the monocultures and 13.7 Mg/ha in the best monoculture (Betula pendula) (Supplementary Table S4).

[image: Figure 3]

FIGURE 3
 The effect of diversification of planted forests on aboveground carbon stocks relative to the average of associated monocultures, the best associated monoculture, and monocultures of commercial species, using all comparisons and subset by level of species richness. Effect sizes are standardised mean differences. 95% confidence intervals overlapping zero suggest no statistically detectible effect of diversification. Positive values indicate higher carbon stocks in mixtures than in monocultures. Number of comparisons (k) and number of study sites (n) are shown.


The greatest positive difference in carbon stocks was seen in mixed planted forests with four species, which had greater aboveground carbon stocks than the average of monocultures (8.76 ± 3.94, k = 11, Figure 3) and most productive monocultures (3.82 ± 2.13, k = 11, Figure 3). Using the raw data, we calculated that carbon (±95% CI) in the four-species mixtures was 411% ± 86 of the carbon in the average of monocultures and 232% ± 14 of the carbon in the best monoculture. Two-species mixtures also had greater aboveground carbon stocks than the average of monocultures (0.90 ± 0.37, k = 58, Figure 3) and commercial monocultures (0.97 ± 0.63, k = 32, Figure 3), but carbon stocks were not significantly greater than the most productive monocultures (0.40 ± 0.12, k = 58, Figure 3). Carbon in two-species mixtures was 135% ± 13 of carbon in the average of monocultures and 113% ± 6 of carbon in the most productive monoculture (Supplementary Table S4). There was no clear difference in aboveground carbon stocks in six-species mixtures compared to the average of monocultures (0.11 ± 0.66, k = 8, Figure 3) and potential under-yielding relative to the most productive monoculture, although with a wide interval (−0.38 ± 0.41, k = 8, Figure 3). When we fitted a moderator for species richness for the comparison to the average of monocultures and the best monoculture, we found that the moderator was significant for the comparison of mixtures to the average of monocultures (QM = 46.79, p < 0.01, k = 79, Supplementary Figure S2A), but not for the comparison to the best monoculture (QM 8.78, p = 0.067, k = 79, Supplementary Figure S2B).

Moderators for presence vs. absence of a nitrogen-fixer in mixtures (analyses possible for two-species mixtures only) were not significant for the comparison to the average of monocultures (QM = 0.37, p = 0.54, k = 58), best monoculture (QM = 1.35, p = 0.25, k = 58) or commercial species monoculture (QM = 1.33, p = 0.25, k = 32). We used data subset by presence or absence of a nitrogen-fixing species in the mixture to estimate the pooled effect sizes for aboveground carbon stocks in each group (Figure 4A). In mixtures with a nitrogen-fixer present carbon was 145% ± 9 of the carbon in the average of monocultures and in mixtures without a nitrogen-fixer carbon was 128% ± 8 of the carbon in the average of monocultures.
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FIGURE 4
 The effect of (A) diversification with/without a nitrogen-fixing species, (B) diversification with all native or non-native/mixed origin species, and (C) study design, on aboveground carbon stocks relative to the average of associated monocultures, the best associated monoculture, and monocultures of commercial species (analysis limited to two-species mixtures). Effect sizes are standardised mean differences, calculated using data subset by presence or absence of a nitrogen-fixing species in the mixture, species origin, and study design. 95% confidence intervals overlapping zero suggest no statistically detectible effect of diversification. Positive values indicate higher carbon stocks in mixtures than in monocultures. Number of comparisons (k) and number of study sites (n) are shown.


Species origins in the mixed treatment (analyses possible for two-species mixtures only) were not significant for any of the comparisons (average of monocultures, QM = 0.94, p = 0.16, k = 58; best performing monoculture QM = 0.75, p = 0.39, k = 58; commercial monoculture QM = 0.091, p = 0.76, k = 32). Effect sizes estimated for each level of the moderator using subsets of the data confirmed that there was no clear effect of diversification based on the geographic origin of the species used (Figure 4B). In mixtures of non-native species or a mixture of non-native and native species carbon was 156% ± 8 of the carbon in the average of monocultures and in mixtures with native species only carbon was 130% ± 8 of the carbon in the average of monocultures.

The effect of study type (analyses possible for two-species mixtures only) was not significant for any of the mixed to monoculture comparisons (average of monocultures QM = 0.24, p = 0.62, k = 58; best monoculture QM = 0.63, p = 0.43, k = 58; commercial species monoculture QM = 0.46, p = 0.50, k = 32). Subsequently, overall effect sizes were estimated using subsets of the data, confirming that there were no clear differences in the effect of diversification based on study type (Figure 4C). In studies using forestry plantations, carbon in the mixed treatment was 128% ± 8 of the carbon in the average of monocultures and in experimental studies carbon in mixtures was 136% ± 7 of the carbon in the average of monocultures.

Analyses of the effect of age were possible for two-species mixtures only. Age had a better fit as a quadratic predictor rather than linear predictor for the comparison of mixed to the average of monocultures (AIC 155.9 vs. 162.6), showing a peak in the positive effect of diversification at the middle of the age range (quadratic term ±95% CI: −0.013 ± 10) (Figure 5A). For the relationship between age and SMD relative to the best monoculture, a post-hoc quadratic predictor provided a better fit than a linear predictor (AIC 149.3 vs. 158.7), showing a peak in the positive effect of diversification before a downturn after age 17 years (quadratic term −0.019 ± 10) (Figure 5B). For the relationship between age and the difference in aboveground carbon stocks for mixed treatments compared to commercial monocultures a linear relationship provided the best fit but was not statistically distinguishable from zero (QM = 0.14, p = 0.71, k = 32, Figure 5C).
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FIGURE 5
 The relationship between stand age and the standardised mean difference in aboveground carbon stocks (analysis limited to two-species mixtures) relative to (A) the average of associated monocultures, k = 58; (B) the best associated monoculture, k = 58; (C) monocultures of commercial species, k = 32. Non-significant trends shown as dashed lines.




4. Discussion

Our results, which are predominantly from young stands, indicate that mixed planted forests clearly outperformed the average of monocultures and commercial monocultures, with no carbon stock penalty even relative to the best performing monoculture. Previous meta-analyses have shown similar trends, using a mixture of studies in planted and natural forests (Piotto, 2008; Zhang et al., 2012; Jactel et al., 2018; Feng et al., 2022); our work emphasises the opportunity to maximise carbon stocks through diversification of the increasing area of planted forests worldwide (FAO, 2020). We found a peak in the diversity benefit in four-species mixtures. However, our meta-analysis also highlights the lack of data from planted forests at higher levels of tree diversity, and more data across the range of species richness is needed to better characterise this relationship. We noted that removal of the most extreme outliers altered the results for the comparison to the best monoculture, such that mixtures clearly outperformed the monoculture (Supplementary Material S2). This further emphasises the need for more data to explore these trends. Given the young age of the planted forests used in our meta-analysis (3.5–28 years), and the expectation that diversity relationships will strengthen over time, further analysis as these forests age and from older planted forests would be informative (Guerrero-Ramírez et al., 2017). Alongside the expected benefits of increased provision of other ecosystem services, enhanced resilience, and resistance to pests and disease, our results further support diversifying planted forests (Aerts and Honnay, 2011; Messier et al., 2022). A critical next step is to integrate this information with analyses of the economics of diversifying plantations (Hildebrandt and Knoke, 2011).

The greatest positive effect of diversification was in mixtures with four species. Other studies have identified a hump-shaped (Xu et al., 2020), positive (Huang et al., 2018), and positive plateauing relationship (Zhang et al., 2012; Liang et al., 2016) between tree species richness and productivity in forest systems. However, in all these studies the relationship remained positive beyond a species richness of 20, except in Zhang et al. (2012), where the relationship plateaued at six species. Our data indicates an apparent peak in the positive effect of diversification in four species mixtures, however, all but one effect size for this species richness level is from one study, where the experimental plots were aged 3.5 years. Our dataset limited exploration of the diversity gradient, and the paucity of studies with higher levels of species richness could also explain the less clear effect of diversification in mixtures with >4 species.

The selection effect may explain the lack of transgressive overyielding found in our analysis, as when the monoculture species is particularly high yielding, it is harder for the mixture to outperform this. This can often be the case in commercial plantations, where species are usually selected for their fast growth rates, as well as attributes such as wood quality (Liu C. L. C. et al., 2018). Moreover, the benefits of diversification may become more apparent over the longer term and under future climate conditions, since mixed plantations may be more likely to maintain productivity even under perturbation (Osuri et al., 2020). As the study sites used in our analysis age, diversity effects may become more pronounced, and the relationship between diversity and function has been shown to become increasingly non-saturating over time (Reich et al., 2012; Guerrero-Ramírez et al., 2017).

When we included nitrogen-fixer as a moderator in our models, which was only possible for two-species mixtures, there was no clear effect. Presence or absence of species with particularly influential functional traits are expected to have a large effect on productivity (Tilman et al., 1997) and addition of a nitrogen-fixing tree species is a reasonably common method of forest diversification, aiming to reduce the need for fertiliser inputs (Temperton et al., 2007; Richards et al., 2010; Marron and Epron, 2019). However, other studies have also found that the presence of nitrogen-fixers in a mixture does not explain overyielding (Jactel et al., 2018; Feng et al., 2022; Quesada-Ávila et al., 2023), but there is evidence that they can increase the growth rates of non-fixing species (Piotto, 2008). It has been shown that different species of nitrogen-fixers fix nitrogen at different rates and that their contribution of nitrogen fixation to a forest stand can change as forests age (Batterman et al., 2013, 2018). This may complicate the mechanism by which nitrogen-fixers contribute to overall forest productivity and accumulation of carbon stocks, which may not be captured in an analysis of presence vs. absence of a nitrogen-fixer in the mixture.

We found that non-native/mixed origin planted forests did not clearly outperform native planted forests. We expected that mixtures of native species only could lead to lower aboveground carbon stocks than mixtures including non-native species, which are often selected for their fast growth rates (Heryati et al., 2011). Fast-growing species such as Eucalyptus and Pinus make up a large proportion of planted forests, collectively comprising 75% of the world’s commercial plantations, often in locations where these species are not native (Marron and Epron, 2019). However, in many of the studies used here, the fast growing species selected for plantations were native to the study location, for example Eucalyptus globulus in Australia (Bauhus et al., 2004).

We also found that the benefit of diversification held up in both highly controlled (e.g., experiments) and less controlled environments. It has often been questioned whether the influence of biodiversity on ecosystem function observed in controlled experiments is expressed in natural and managed ecosystems, where abiotic forcing and complex interactions occur (Duffy et al., 2017; Manning et al., 2019). Both operational forestry plantations and scientific tree diversity experiments are subject to some level of control relative to naturally established forests, with biodiversity experiments more often being more tightly controlled than forestry plantations. However, we found no clear influence of the study context on the effect of diversification on carbon stocks.

We have already highlighted the lack of representation across the diversity gradient and lack of higher diversity studies. Another limitation is that the study sites contributing to our meta-analysis are relatively young, aged between 3.5 and 28 years. This is particularly notable as forests are long-lived and, in the context of production, harvesting of forest products takes place beyond the timescale of our dataset. We accounted for the differing ages of the planted forests in our analysis by including a random effect for study site; however, we also assessed the relationship between forest age and the carbon accumulation relative to monocultures for two-species mixtures. Previous meta-analyses have found that diversity effects increase over time (Cardinale et al., 2011), which has also been observed in forest systems (Guerrero-Ramírez et al., 2017; Huang et al., 2018; Urgoiti et al., 2022). We found a peak in the effect of diversity at 17 years old, however, our a-priori expectation was for a linear or saturating relationship (e.g., Reich et al., 2012; Thakur et al., 2015) and these quadratic models were fitted post-hoc following visual inspection of the data. The apparent downturn after age 17 is driven by the three comparisons at age 28, from two study sites. The effects of complementarity between species are expected to strengthen over time (Fargione et al., 2007; Reich et al., 2012). But as forests age changes in competition can also strongly influence mortality and therefore productivity (Pretzsch et al., 2023), the lack of data from older forests limits our potential to explore the relative influence of these forces with diversification on timescales relevant to the forestry industry (Huang et al., 2018). A recent meta-analysis incorporating studies over longer timescales also found that benefits of diversification increased in young stands, before decreasing after 25 years (Feng et al., 2022). Other studies support this, for example showing increasing effects of species richness on stand volume over time (Bongers et al., 2021); however this study is also limited to 10 years. One of the longest running tree diversity experiments analysed tree growth over 16 years, finding that the effect of species diversity on productivity increased over time (Schnabel et al., 2019). Longer term data from the TreeDivNet experiments used here will be an important resource for further investigation of the effects of diversification on productivity and our results highlight the importance of maintaining tree experiments over the long-term to be able to assess carbon sequestration dynamics as the trees age (Verheyen et al., 2016).

Data limitations also restricted our ability to assess the mechanisms behind differences in carbon accumulation, we were only able to assess moderators individually and for two-species mixtures only. We therefore cannot rule out collinearity between our moderators, although none of them were significant. Furthermore, there are other potential drivers of carbon accumulation that we did not explore. There are multiple traits that might underpin complementarity between species in a mixture and enhancement of carbon stocks; differences in growth rates, and canopy structure and light acquisition all lead to enhanced productivity in mixed plantations (Morin et al., 2011; Jucker et al., 2015; Williams et al., 2021; Urgoiti et al., 2023). Studies designed to manipulate functional diversity alongside species richness allow exploration of these mechanisms and have shown that, for example spatial complementarity underpinned by crown differences can be an important mechanism for explaining productivity increases with diversity (Williams et al., 2017). Establishment of future plantations using species that are selected because they are expected to be functionally complementary will be more informative than some earlier biodiversity experiments where species were selected entirely at random (Ebeling et al., 2014; Tobner et al., 2016; Liu X. et al., 2018). Conifer and broadleaf species often have dissimilar traits and mixing these two groups could be a simple way of forest managers achieving functional diversity without detailed assessment of species traits. Conifer-broadleaf mixtures have been shown to outperform conifer-only or broadleaf-only mixtures in herbivore resistance (Jactel and Brockerhoff, 2007), resistance to windthrow (Jactel et al., 2017) and enhancing productivity (Urgoiti et al., 2023).

Beyond species choices, other management decisions may influence carbon stocks, such as tree density. At low densities, the positive effect of species mixing increases as planting density increases up to a threshold, after which negative effects can emerge at high densities (Feng et al., 2022). Moreover, there are different mechanisms that could be used to establish mixed plantations. On the larger scales at which plantations are typically established, diversification could be achieved through intermixing of species at the individual tree level or through compartments/zones comprising different species. The preferred option will depend on the scale at which diversity influences carbon accumulation, resilience and delivery of ecosystem services and trade-offs with practical constraints of planting, management and harvesting practices. If increased productivity depends on complementarity between individuals of different species then intermixing of species will be important, whereas resilience to extreme climatic events or delivery of certain services may occur at the landscape scale (Aquilué et al., 2020). These uncertainties call for studies exploring the potential scale-dependence of biodiversity effects on critical ecosystem services (Gonzalez et al., 2020) to inform the types of systems that can optimize carbon storage and other ecosystem services, while minimizing practical and financial constraints.

Our study focuses on aboveground carbon stocks only, which is typically the most easily measured forest carbon pool. However, belowground carbon stocks, in tree biomass and in the soil, can be important, with soil carbon stocks ranging from up to 90% of the total carbon stock in boreal forests to 50% in tropical forests (Malhi et al., 2002). Previous studies have found a neutral or negative influence of diversity on belowground biomass. A recent study showed that, while mixtures showed overyielding aboveground, the belowground response was neutral, although the overall impact on carbon stocks remained significantly positive (Martin-Guay et al., 2020). If this result is replicated in other tree diversity studies, this emphasises that, by focussing on aboveground biomass, we may overestimate the impact of tree diversification on forest carbon accumulation (Martin-Guay et al., 2020). Further data on the impact of tree diversity on total ecosystem carbon stocks and an assessment of the responses of different carbon pools would therefore be valuable.

Diversification of plantations is one of the key actions recommended in Messier et al. (2022) and in a recent IPBES-IPCCC report on biodiversity and climate change, which aims to identify synergies and trade-offs between biodiversity protection and climate change mitigation and adaptation (Pörtner et al., 2021). The justification for use of mixed species plantations is that they will store more carbon, be more resilient to perturbation and provide greater support for associated biodiversity (Pörtner et al., 2021; Messier et al., 2022). Our study further supports the use of mixed species plantations as a method to increase carbon stocks and hence climate change mitigation (Beugnon et al., 2021). Accumulating evidence that diversification can increase carbon storage, resistance to perturbation (Hutchison et al., 2018), resilience to pests and disease (Jactel and Brockerhoff, 2007) and delivery of other ecosystem services (Gamfeldt et al., 2013), provides a strong justification for wider implementation of diversification in plantations (Messier et al., 2022). Even where mixtures do not provide substantial increases in carbon storage over monocultures (and we re-emphasise that we find no clear yield losses in mixtures relative to the best monoculture), they may nevertheless be desirable to increase levels of diversity of both the trees and associated organisms (Schuldt et al., 2018, 2019), as well as providing other potential benefits.
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