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Understory plants are one of the important components of forest biological diversity and play important roles in
forest function. Although convincing evidence exists that mixed-species plantations are more conducive to in-
crease the productivity and stability of forest ecosystems than monocultures, the effect of mixed-species plan-
tations on the understory plant diversity (UPD) remains uncertain. This study conducted a meta-analysis based on
205 paired observations of plant species mixtures and corresponding monocultures from 76 peer-reviewed
studies to assess the impact of tree mixtures on the UPD in China. The results showed that the UPD was on
average 18.2 % higher in mixed-species plantations than in monocultures. This positive mixture effect increased
over time, but it would take at least ten years for the effect size of UPD to change from negative to positive. In
terms of different mixed forest types, tree-shrub mixtures were more beneficial to maintain the UPD than tree-
tree mixtures, and this positive effect was more significant over time. In addition, the response ratio of UPD
decreased with mean annual temperature (MAT) and precipitation (MAP), but this relationship was not signif-
icant. Therefore, our results suggested that planting mixed-species plantations was a more effective approach to
enhance the UPD than monocultures in China. This study revealed the characteristics of UPD under different
afforestation modes and could provide a scientific basis for forest management.

1. Introduction

Biodiversity is considered to be one of important factors of improved
ecosystem productivity, stability, resilience and nutrient dynamics
(Isbell et al., 2015; Carranza et al., 2020). Maintaining and enhancing
biodiversity have become an important goal of sustainable forest man-
agement (Lindenmayer et al., 2000; Man and Bell, 2018). As an
important component of forest ecosystems, understory plants play a
vital role in maintaining forest biodiversity, nutrient cycles and energy
flow and supplying many other forest products and ecosystem services
(Nilsson and Wardle, 2005; Mestre et al., 2017; Wei et al., 2020). To
meet the increasing demands of society for wood and fiber production,
the total area of forest plantations globally has increased sharply from
167.5 million hectares in 1990 to 277.9 million hectares in 2015
(Bremer and Farley, 2010; Payn et al., 2015; Dai et al., 2017). However,
due to limitations imposed by tree survival rates and human needs, most
plantations are single species, which reduces biodiversity, soil fertility,
and ecosystem stability (Lamb et al., 2005; Felton et al., 2010). In the
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face of climate change and resource scarcity, there is a growing interest
in mixed-species plantations (Hulvey et al., 2013; Metz et al., 2016).
Convincing evidence indicates that due to niche division and/or pro-
motion processes, mixed forests can increase vegetation productivity,
nutrient cycling rate, and resilience against biological stressors (e.g.,
pests or diseases) compared with monocultures (Pretzsch and Schutze,
2016; Coll et al., 2018; Liu et al., 2018). However, effects of mixed-
species plantations on the understory plant diversity (UPD) remain un-
certain (Houle, 2007; Butler et al., 2008; Molder et al., 2008).

The multi-species forest structure usually directly affects the type,
composition, and biomass of understory vegetation by impacting the
resource levels under the canopy (such as light, soil moisture and nu-
trients) (Barbier et al., 2008; Piwczynski et al., 2016). According to the
niche complementarity hypothesis, the multi-species forest structure
may promote the UPD as a result of increased resource heterogeneity
and reduced interspecific competition (Bartels and Chen, 2013; Danescu
et al., 2016; Yuan et al., 2018). Similarly, certain studies have shown
that higher site tree heterogeneity in mixed forests increases the
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availability of growth-restricted resources, including light and soil nu-
trients, thereby increasing the diversity and biomass of understory
species (Barbier et al., 2008; Gamfeldt et al., 2013; Jonsson et al., 2019).
In contrast, mixed forests usually result in uneven resource distribution
due to functional redundancy between species, leading to fierce
competition between overstory and understory vegetation (Zhang et al.,
2016; Sercu et al., 2017). For example, studies have shown that due to
canopy overlap in mixed forests, the light utilization rate of the under-
story vegetation decreases, which in turn has a negative impact on the
diversity of understory plants (Ligot et al., 2016; Ali and Yan, 2017;
Forrester et al., 2018). In addition, divergent empirical findings of tree
mixture effects on the UPD could also result from the type of plants,
stand age, topographic conditions, soil physicochemical properties, and
climatic conditions (Bartels and Chen, 2010; Chavez and Macdonald,
2010; Jin et al., 2019; Wang et al., 2019). Therefore, the quantitative
synthesis of the results across multiple studies may help determine the
overall effect of tree mixtures on the UPD and determine the source of
variation (Gurevitch et al., 2018).

In the past two decades, the Chinese government has launched many
ecological projects and implemented land-use policies to improve the
environmental conditions and habitat quality of terrestrial ecosystems
(Liu et al., 2003; Yuan et al., 2014; Deng et al., 2017), including the
Grain for Green Project (GGP) and the Three North Shelterbelt Project
(TNSP). Although these ecological projects have significantly increased
vegetation coverage and effectively improved ecosystem services (e.g.,
carbon sequestration, soil and water retention) in China, most of the
plantation forests are composed of a single tree species, which often
have a negative impact on the ecological environment of the region (Cao
et al., 2011; Sang et al., 2013). It is worth noting that afforestation of a
single species usually severely consumes soil water and nutrients, which
in turn results in lower species abundance and biomass under forests
(Chen et al., 2005; Zhang et al., 2010; Wang and Cao, 2011). Compared
with monocultures, mixed-species plantations usually have higher pro-
ductivity and better soil quality, and the conversion of monocultures to
mixed forests has become an important forest management approach
(Lang et al., 2014; Yu et al., 2019). However, whether planting mixed-
species plantations in China is conducive to increase the UPD is still
unknown. In addition, although the factors affecting the UPD have been
studied, these studies have focused on specific locations or vegetation
types (Lu et al., 2011; Wang et al., 2019), and few studies have fully
explored the differences in the UPD and their influencing factors be-
tween mixed-species plantations and monocultures in China.

In this study, we conducted a meta-analysis of 205 paired observa-
tions of plant monocultures and mixtures from 76 studies to investigate
the effects of tree diversity on the UPD in China. Specifically, we want to
address the following questions: (1) Are there differences in the UPD
under different afforestation modes (monocultures and mixed-species
plantations)? (2) How do mixed types, stand age and climate affect
changes in UPD? This study provides a reference for the scientific
management of forest ecosystems and biodiversity protection.

2. Materials and methods
2.1. Data collection

Peer-reviewed publications were searched and collected through
online databases, including the Web of Science and China National
Knowledge Infrastructure (CNKI). The search date was February 1,
2021. To include more research, we focused on the Shannon-Wiener
diversity index as the response measure. This index effectively reflects
species richness and species uniformity and has become a classic indi-
cator of species diversity (Spellerberg and Fedor, 2003; Song et al.,
2016). The following keywords were used: “mixed forest” or “mixed
plantation” or “mixed species” or “afforestation” or “afforestation mode”
or “forest management” or “shrub” or “monoculture” and “understory
vegetation” or “diversity” or “understory species” or “understory plant”
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and “China”. To avoid publishing bias, we set the following criteria.

(1) The study reported the UPD in tree mixtures and had corre-
sponding monocultures as control plots for comparison;

(2) Mixed-species plantations and the corresponding paired mono-
cultures had the same initial climatic and soil properties;

(3) Only data from field monitoring studies were included, excluding
laboratory control experiments; and

(4) The study focused only on artificial afforestation, excluding
natural forests.

Finally, a total of 205 paired data points from 76 papers on the UPD
under different afforestation modes were included in the study (Fig. 1;
Supporting Information). The data were extracted from the tables in the
literature or extracted through SigmaScanPro version 5.0 (Systat Soft-
ware Inc., Point Richmond, CA, USA) if the data were displayed as
graphic. We also extracted other information for each study, such as
latitude, longitude, mean annual temperature (MAT), mean annual
precipitation (MAP), sample size, stand age, and vegetation types.
Additionally, the types of mixed-species plantations were divided into
two categories: tree-tree mixtures and tree-shrub mixtures.

2.2. Meta-analysis

The response ratio (RR) of natural logarithmic transformation was
used to quantify the response of UPD to tree mixtures (Hedges et al.,
1999), as shown in Equation (1):

RR =1In (?) (€]

c

where X; and X, are the UPD in mixed-species plantations and the cor-
responding monocultures in each study, respectively.

The calculation of effect size and subsequent inferences in a meta-
analysis may depend on how individual observations are weighted
(Chen et al., 2019; Zheng et al., 2021). However, in our dataset (Sup-
porting Information), only ten studies reported the sampling variance of
UPD. More importantly, weights based on sampling variance may assign
extreme importance to some individual observations, which may cause
the average RR to depend mainly on a small number of studies (Ma and
Chen, 2016). Therefore, to better describe the characteristics of the data,
we used the number of replications for weighting (Pittelkow et al., 2015;
Chen et al., 2020). The weighting factor (W) for each study was calcu-
lated by Equation (2):

_ N; X N,

= 2
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where W represents the weight associated with each RR observation,
and N; and N, are the number of replications in mixed-species planta-
tions and the corresponding monocultures, respectively.

The mean value of the response ratio (MR) was estimated from the
weighted average of the individual RR between the mixed-species
plantations and the corresponding monocultures by Equation (3)
(Zhou et al., 2018; Sun et al., 2020):

S Wi % RR:
Z:’:l Wi

MR = 3

The standard error of MR (SEyg) was calculated by Equation (4) (Li
et al., 2019):

C)

where RR; and W; represent the response ratio and the weight of the ith
observation, respectively. The 95% confidence interval (CI) is MR +
1.96 SEpg. If the 95% CI does not include zero, the observed effect size is
considered to be significantly different from zero (Li et al., 2019; Kuang
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Fig. 1. Distribution of study sites reporting understory plant diversity included in this meta-analysis.

et al., 2021). We also calculated the percentage change of the response
variable based on the formula (exp (MR) _ 1) x 100% (Chen et al., 2020).

The following model (Equation (5)) was used to determine the
overall effect of the mixed type (M) and stand age (A) and their inter-
action on the response ratio:

RR =By +f*M+fye A+ B3 sM X A+ Tyugy + € 5)
where f8, 754y, and € are coefficients, the random effect factor of ‘study’,
and sampling error, respectively. To verify the linear assumption of
continuous predictors, the Akaike information criterion (AIC) was used
to statistically compare linear and logarithmic functions, taking the

predictor of interest as a fixed effect and “study” as a random effect
(Chen et al., 2020). Furthermore, the maximum likelihood method with
the Ime4 package was used to fit the mixed model, and W was used as the
weight of each corresponding observation (Bates et al., 2015).

To further examine whether climatic factors affect RR, we tested the
influence of MAT and MAP on RR by adding the terms of MAT and MAP
to Equation (5). We also checked the AIC values of models with and
without A x climate factor (MAT or MAP) and M x climate factor
interaction terms. Since the model with no interaction term has the
lowest AIC, we chose the model with no interaction between climate
factors and A or M to avoid overfitting. All statistical analyses and
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graphical drawings were performed in R version 3.5.1 (R Core Team,
2018).

3. Results

Overall, mixed-species plantations had a 18.2% (95% CIL: 12.7%—
23.8%) higher UPD than monocultures (Fig. 2a). For different types of
mixed forest types, the UPD of tree-tree mixtures and tree-shrub mix-
tures was 16.0 % (95% CI: 9.4%-22.7%) and 21.8 % (95 %CL 12.4%-
31.2%) higher than that of monocultures, respectively (Fig. 2b). In
addition, the improvement in UPD for tree-shrub mixtures was signifi-
cantly higher than that for tree-tree mixtures (P = 0.04, Fig. 2b).

The mixture effect on the UPD increased significantly with the in-
crease of stand age, similarly among different mixed types (Fig. 3, P <
0.001). Specifically, this mixture effect on the UPD shifted from negative
to positive approximately ten years after stand establishment (P <
0.001) (Fig. 3a). For different mixed types, this positive effect increased
more obviously over time in tree-shrub mixtures (Fig. 3b; P = 0.001).

The response ratio of the UPD decreased with the increase of MAT
and MAP (Fig. 4). However, there was no significant difference in this
relationship (MAT, P = 0.54; MAP, P = 0.49; Fig. 4), indicating that the
UPD response to tree mixtures was consistent across climatic gradients.

4. Discussion

Our results showed that the UPD of mixed-species plantations was
significantly higher than that of monocultures in China (Fig. 2). Simi-
larly, Vockenhuber et al. (2011) also found that a positive association
between tree diversity and herb species richness in central German de-
ciduous stands. Marialigeti et al. (2016) observed that forest stands with
high tree diversity usually featured higher herb species richness in
Hungary. Generally, due to the differentiation of the niche and the dif-
ferences in rotation periods, the multi-species forest structure often af-
fects the UPD by influencing the light, water and nutrient use efficiency
and the heterogeneity among forests (Zhang and Chen, 2015; Danescu
et al., 2016). Firstly, multi-species forest structure usually leads to het-
erogeneity of light in forest, resulting in the coexistence of both shade-
intolerant and shade-tolerant species, thereby increasing the diversity
of understory plants (Yu and Sun, 2013; Ligot et al., 2016; Tinya and
Odor, 2016). Secondly, mixed forests may affect soil moisture by
adjusting rainfall redistribution and root characteristics (Breshears
et al.,, 1997; Zhao et al., 2018). For example, the multi-species forest
structure can increase the soil moisture content and hydraulic conduc-
tivity by increasing the buffer and retention capacity of the forest can-
opy and litter layer (Robichaud 2000; Jin et al., 2011). In addition, the
differences in the growth period and the distribution of root systems of
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multiple species lead to a reduction in overall competition for water
(Schwendenmann et al. 2015). Thirdly, mixed forests can increase soil
nutrients by increasing the decomposition rate of litter and the root
turnover rate, which are beneficial to the growth of understory species
(Gartner and Cardon, 2004; Gong et al., 2020a).

Our findings showed that the response ratio of UPD increased with
planting age (Fig. 3). Previous studies have shown that multi-species
would tend to have a positive impact on ecosystem function through
increased mixing effects and environmental heterogeneity over time
(van Ruijven and Berendse, 2005; Cardinale et al., 2007). Moreover, this
meta-analysis found that it would take at least ten years for mixed-
species plantations to significantly improve the UPD (Fig. 3). This
result may be due to mixed plantations usually consuming more re-
sources (such as light and soil water) than monocultures, while the
positive impact of tree diversity on nutrient cycling and energy flow
between forests is lagging. Ampoorter et al. (2015) indicated that plant
mixtures did not significantly influence herb layer species richness in the
early stage. In addition, two experimental studies from tropical regions
concluded that mixed forests with young trees have higher light inter-
ception than any monoculture (le Maire et al., 2013; Sapijanskas et al.,
2014), which may reduce the diversity and biomass of understory
plants. Overall, these findings indicate that the study duration needs to
be long enough (based on Fig. 3 > 10 years) to correctly estimate the
impact of tree diversity on the UPD.

Interestingly, we also found that the increase in UPD under tree-
shrub mixtures was significantly higher than that under tree-tree mix-
tures, and this positive effect was more significant over time (Fig. 2b and
Fig. 3b), which might be attributed to the more obvious niche differ-
entiation and heterogeneity of tree-shrub mixtures, thereby leading to
the overstory and understory vegetation having more resources to share
in horizontal and vertical spaces (Kovacs et al., 2017; Gong et al.,
2020Db). For example, the shrub layer can slow evaporation by reducing
the wind speed, resulting in a more even temperature gradient and
higher humidity in the forest (Unterseher and Tal, 2006; Bigelow and
North, 2012). In addition, the complementary shrub layer can increase
the light transmittance of the forest floor and soil nutrient content
(England et al., 2016; Sercu et al., 2017), thereby increasing the UPD.

We also found that the response ratio of UPD decreased with MAT
and MAP (Fig. 4). This phenomenon is consistent with the stress gradient
hypothesis (SGH); that is, when the environment is restricted, the
complementary effects between species may increase (Bertness and
Callaway, 1994; Brooker et al., 2008). Because of the limitation of hy-
drothermal conditions in arid and semiarid areas, afforestation usually
causes the consumption of soil moisture, which directly causes a decline
in vegetation diversity (Hiers et al., 2007; Cao, 2011). In contrast, due to
the division of the niche in mixed-species plantations, the hydrothermal

1.0 b
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-0.5-
P =0.04
TS I
Mixed tree types

Fig. 2. Effects of different afforestation modes and mixed tree types on the changes in understory plant diversity. Note: TS: tree-shrub mixtures; TT: tree-tree
mixtures; RR: log response ratio. MR: mean value of log response ratio; N: number of observations.
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Fig. 3. Effects of stand age on the changes in understory plant diversity. Note: TS: tree-shrub mixtures; TT: tree-tree mixtures; RR: log response ratio. The 95%
confidence intervals (CIs) are shaded in gray. The sizes of the circles represent the relative weights of corresponding observations. The red dashed line represents the
log response ratio = 0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Effects of climate on the changes in understory plant diversity. Note: MAT: mean annual temperature; MAP: mean annual precipitation; RR: log response
ratio. The 95% confidence intervals (CIs) are shaded in gray. The sizes of the circles represent the relative weights of corresponding observations.

conditions in the area might be improved by adjusting the microclimate
between the forests, which is more conducive to the growth of under-
story plants (Cavanaugh et al., 2011; Edwards et al., 2014). Similarly,
Wang et al. (2019) indicated that due to sufficient water and light
conditions in humid areas, the relationship between the overstory and
understory vegetation was more likely to be a mutual relationship rather
than a competitive relationship. However, we also found that the
response of MAT and MAP to tree mixtures was not statistically signif-
icant (Fig. 4), similar to the reported effects of species mixtures on
aboveground and underground productivity (Zhang et al., 2012), soil
respiration and soil microbes (Chen et al., 2019), and soil carbon (Chen
et al., 2020). In addition, previous research showed that the develop-
ment of understory plant communities was not driven by the macro-
climate (MAT and MAP) change rate (Zellweger et al., 2020).

5. Conclusion

Mixed-species plantations, especially tree-shrub mixtures, lead to
greater UPD in China than monocultures. In addition, stand age and
climate (MAT and MAP) will also affect the response of UPD to tree
mixtures. In particular, this positive effect on the UPD increases over
time, and is strongly dependent on mixed types. These results provide
references for scientifically based plantation management. In the
context of climate change and frequent droughts, planting mixed-species
plantations is an effective measure to increase the UPD. In addition, to
better understand the impact of tree mixtures, more long-term obser-
vations are needed in the future to study the characteristics of UPD

changes with recovery time.
CRediT authorship contribution statement

Chen Gong: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Visualization, Writing - original draft,
Writing-review & editing. Qingyue Tan: Data curation, Formal analysis,
Investigation, Methodology, Visualization, Writing-review & editing.
Guobin Liu: Formal Analysis, Software, Supervision, Validation, Project
administration, Writing-review & editing. Mingxiang Xu: Conceptual-
ization, Funding acquisition, Methodology, Project administration, Re-
sources, Investigation, Supervision, Validation, Writing-review &
editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by the National Key Research and Devel-
opment Program of China (2017YFC0504601, 2017YFC0506503); and
the National Natural Science Foundation of China (Grant No. 41771318,
41830758).



C. Gong et al.

Author contributions

C.G., Q. T., and M.X., conceived the study. Q. T., G.L., and M.X.,
designed the study. C.G., and M.X., analyzed the data, all authors wrote
and edited the manuscript.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foreco.2021.119545.

References:

Ali, A., Yan, E.R., 2017. The forest strata-dependent relationship between biodiversity
and aboveground biomass within a subtropical forest. For. Ecol. Manage. 401,
125-134.

Ampoorter, E., Baeten, L., Vanhellemont, M., Bruelheide, H., Scherer-Lorenzen, M.,
Baasch, A., Erfmeier, A., Hock, M., Verheyen, K., 2015. Disentangling tree species
identity and richness effects on the herb layer: first results from a German tree
diversity experiment. J. Veg. Sci. 26, 742-755.

Barbier, S., Gosselin, F., Balandier, P., 2008. Influence of tree species on understory
vegetation diversity and mechanisms involved - A critical review for temperate and
boreal forests. For. Ecol. Manage. 254, 1-15.

Bartels, S.F., Chen, H.Y.H., 2010. Is understory plant species diversity driven by resource
quantity or resource heterogeneity? Ecology 91, 1931-1938.

Bartels, S.F., Chen, H.Y.H., 2013. Interactions between overstorey and understorey
vegetation along an overstorey compositional gradient. J. Veg. Sci. 24, 543-552.

Bates, D., Machler, M., Bolker, B.M., Walker, S.C., 2015. Fitting Linear Mixed-Effects
Models Using Ime4. J Stat Softw 67, 1-48.

Bertness, M.D., Callaway, R., 1994. POSITIVE INTERACTIONS IN COMMUNITIES.
Trends Ecol. Evol. 9, 191-193.

Bigelow, S.W., North, M.P., 2012. Microclimate effects of fuels-reduction and group-
selection silviculture: Implications for fire behavior in Sierran mixed-conifer forests.
For. Ecol. Manage. 264, 51-59.

Breshears, D.D., Rich, P.M., Barnes, F.J., Campbell, K., 1997. Overstory-imposed
heterogeneity in solar radiation and soil moisture in a semiarid woodland. Ecol.
Appl. 7, 1201-1215.

Bremer, L.L., Farley, K.A., 2010. Does plantation forestry restore biodiversity or create
green deserts? A synthesis of the effects of land-use transitions on plant species
richness. Biodivers. Conserv. 19, 3893-3915.

Brooker, R.W., Maestre, F.T., Callaway, R.M., Lortie, C.L., Cavieres, L.A., Kunstler, G.,
Liancourt, P., Tielborger, K., Travis, J.M.J., Anthelme, F., Armas, C., Coll, L.,
Corcket, E., Delzon, S., Forey, E., Kikvidze, Z., Olofsson, J., Pugnaire, F.I., Quiroz, C.
L., Saccone, P., Schiffers, K., Seifan, M., Touzard, B., Michalet, R., 2008. Facilitation
in plant communities: the past, the present, and the future. J. Ecol. 96, 18-34.

Butler, R., Montagnini, F., Arroyo, P., 2008. Woody understory plant diversity in pure
and mixed native tree plantations at La Selva Biological Station, Costa Rica. For.
Ecol. Manage. 255, 2251-2263.

Cao, S., Chen, L., Shankman, D., Wang, C., Wang, X., Zhang, H., 2011. Excessive reliance
on afforestation in China’s arid and semi-arid regions: Lessons in ecological
restoration. Earth-Sci. Rev. 104, 240-245.

Cao, S.X., 2011. Impact of China’s Large-Scale Ecological Restoration Program on the
Environment and Society in Arid and Semiarid Areas of China: Achievements,
Problems, Synthesis, and Applications. Crit. Rev. Environ. Sci. Technol. 41, 317-335.

Cardinale, B.J., Wright, J.P., Cadotte, M.W., Carroll, I.T., Hector, A., Srivastava, D.S.,
Loreau, M., Weis, J.J., 2007. Impacts of plant diversity on biomass production
increase through time because of species complementarity. Proc. Natl. Acad. Sci. U.
S. A. 104, 18123-18128.

Carranza, D.M., Varas-Belemmi, K., De Veer, D., Iglesias-Muller, C., Coral-Santacruz, D.,
Mendez, F.A., Torres-Lagos, E., Squeo, F.A., Gaymer, C.F., 2020. Socio-
environmental conflicts: An underestimated threat to biodiversity conservation in
Chile. Environ. Sci. Policy 110, 46-59.

Cavanaugh, M.L., Kurc, S.A., Scott, R.L., 2011. Evapotranspiration partitioning in
semiarid shrubland ecosystems: a two-site evaluation of soil moisture control on
transpiration. Ecohydrology 4, 671-681.

Chavez, V., Macdonald, S.E., 2010. The influence of canopy patch mosaics on understory
plant community composition in boreal mixedwood forest. For. Ecol. Manage. 259,
1067-1075.

Chen, C., Chen, H.Y.H., Chen, X.L., Huang, Z.Q., 2019. Meta-analysis shows positive
effects of plant diversity on microbial biomass and respiration. Nat. Commun. 10, 10.

Chen, G.S., Yang, Y.S., Xie, J.S., Guo, J.F., Gao, R., Qian, W., 2005. Conversion of a
natural broad-leafed evergreen forest into pure plantation forests in a subtropical
area: Effects on carbon storage. Ann. For. Sci. 62, 659-668.

Chen, X.L., Chen, H.Y.H., Chen, C., Ma, Z.L., Searle, E.B., Yu, Z.P., Huang, Z.Q., 2020.
Effects of plant diversity on soil carbon in diverse ecosystems: a global meta-analysis.
Biol. Rev. 95, 167-183.

Coll, L., Ameztegui, A., Collet, C., Lof, M., Mason, B., Pach, M., Verheyen, K.,
Abrudan, L., Barbati, A., Barreiro, S., Bielak, K., Bravo-Oviedo, A., Ferrari, B.,
Govedar, Z., Kulhavy, J., Lazdina, D., Metslaid, M., Mohrens, F., Pereira, M.,
Peric, S., Rasztovits, E., Short, ., Spathelf, P., Sterba, H., Stojanovic, D., Valsta, L.,
Zlatanov, T., Ponette, Q., 2018. Knowledge gaps about mixed forests: What do

Forest Ecology and Management 498 (2021) 119545

European forest managers want to know and what answers can science provide? For.
Ecol. Manage. 407, 106-115.

Dai, E.F., Wang, X.L., Zhu, J.J., Xi, W.M., 2017. Quantifying ecosystem service trade-offs
for plantation forest management to benefit provisioning and regulating services.
Ecol. Evol. 7, 7807-7821.

Danescu, A., Albrecht, A.T., Bauhus, J., 2016. Structural diversity promotes productivity
of mixed, uneven-aged forests in southwestern Germany. Oecologia 182, 319-333.

Deng, L., Liu, S.G., Kim, D.G., Peng, C.H., Sweeney, S., Shangguan, Z.P., 2017. Past and
future carbon sequestration benefits of China’s grain for green program. Glob.
Environ. Change-Human Policy Dimens. 47, 13-20.

Edwards, D.P., Tobias, J.A., Sheil, D., Meijaard, E., Laurance, W.F., 2014. Maintaining
ecosystem function and services in logged tropical forests. Trends Ecol. Evol. 29,
511-520.

England, J.R., Paul, K.I., Cunningham, S.C., Madhavan, D.B., Baker, T.G., Read, Z.,
Wilson, B.R., Cavagnaro, T.R., Lewis, T., Perring, M.P., Herrmann, T., Polglase, P.J.,
2016. Previous land use and climate influence differences in soil organic carbon
following reforestation of agricultural land with mixed-species plantings. Agric.
Ecosyst. Environ. 227, 61-72.

Felton, A., Lindbladh, M., Brunet, J., Fritz, O., 2010. Replacing coniferous monocultures
with mixed-species production stands: An assessment of the potential benefits for
forest biodiversity in northern Europe. For. Ecol. Manage. 260, 939-947.

Forrester, D.I., Ammer, C., Annighofer, P.J., Barbeito, 1., Bielak, K., Bravo-Oviedo, A.,
Coll, L., del Rio, M., Drossler, L., Heym, M., Hurt, V., Lof, M., den Ouden, J.,
Pach, M., Pereira, M.G., Plaga, B.N.E., Ponette, Q., Skrzyszewski, J., Sterba, H.,
Svoboda, M., Zlatanov, T.M., Pretzsch, H., 2018. Effects of crown architecture and
stand structure on light absorption in mixed and monospecific Fagus sylvatica and
Pinus sylvestris forests along a productivity and climate gradient through Europe.
J. Ecol. 106, 746-760.

Gamfeldt, L., Snall, T., Bagchi, R., Jonsson, M., Gustafsson, L., Kjellander, P., Ruiz-
Jaen, M.C., Froberg, M., Stendahl, J., Philipson, C.D., Mikusinski, G., Andersson, E.,
Westerlund, B., Andren, H., Moberg, F., Moen, J., Bengtsson, J., 2013. Higher levels
of multiple ecosystem services are found in forests with more tree species. Nat.
Commun. 4, 8.

Gartner, T.B., Cardon, Z.G., 2004. Decomposition dynamics in mixed-species leaf litter.
Oikos 104, 230-246.

Gong, C., Tan, Q.Y., Liu, G.B., Xu, M.X., 2020a. Mixed-species plantations enhance soil
carbon stocks on the loess plateau of China. Plant Soil 16.

Gong, C., Tan, Q.Y., Xu, M.X,, Liu, G.B., 2020b. Mixed-species plantations can alleviate
water stress on the Loess Plateau. For. Ecol. Manage. 458, 9.

Gurevitch, J., Koricheva, J., Nakagawa, S., Stewart, G., 2018. Meta-analysis and the
science of research synthesis. Nature 555, 175-182.

Hedges, L.V., Gurevitch, J., Curtis, P.S., 1999. The meta-analysis of response ratios in
experimental ecology. Ecology 80, 1150-1156.

Hiers, J.K., 2007. Forest floor depth mediates understory vigor in xeric Pinus palustris
ecosystems (vol 17, pg 806, 2007). Ecol. Appl. 17, 1257-1257.

Houle, G., 2007. Determinants of fine-scale plant species richness in a deciduous forest of
northeastern North America. J. Veg. Sci. 18, 345-354.

Hulvey, K.B., Hobbs, R.J., Standish, R.J., Lindenmayer, D.B., Lach, L., Perring, M.P.,
2013. Benefits of tree mixes in carbon plantings. Nat. Clim. Chang. 3, 869-874.
Isbell, F., Craven, D., Connolly, J., Loreau, M., Schmid, B., Beierkuhnlein, C., Bezemer, T.
M., Bonin, C., Bruelheide, H., de Luca, E., Ebeling, A., Griffin, J.N., Guo, Q.F.,

Hautier, Y., Hector, A., Jentsch, A., Kreyling, J., Lanta, V., Manning, P., Meyer, S.T.,

Mori, A.S., Naeem, S., Niklaus, P.A., Polley, H.W., Reich, P.B., Roscher, C.,
Seabloom, E.W., Smith, M.D., Thakur, M.P., Tilman, D., Tracy, B.F., van der
Putten, W.H., van Ruijven, J., Weigelt, A., Weisser, W.W., Wilsey, B., Eisenhauer, N.,
2015. Biodiversity increases the resistance of ecosystem productivity to climate
extremes. Nature 526, 574-U263.

Jin, T.T., Fu, B.J., Liu, G.H., Wang, Z., 2011. Hydrologic feasibility of artificial
forestation in the semi-arid Loess Plateau of China. Hydrol. Earth Syst. Sci. 15,
2519-2530.

Jin, Y.S., Hu, Y.K., Wang, J., Liu, D.D., Lin, Y.H., Liu, G., Zhang, Y.H., Zhou, Z.Q., 2019.
Diversity of Understory Communities in Boreal Forests: Influences of Forest Type,
Latitude, and Spatial Scale. Forests 10, 11.

Jonsson, M., Bengtsson, J., Gamfeldt, L., Moen, J., Snall, T., 2019. Levels of forest
ecosystem services depend on specific mixtures of commercial tree species. Nat.
Plants 5, 141-+.

Kovacs, B., Tinya, F., Odor, P., 2017. Stand structural drivers of microclimate in mature
temperate mixed forests. Agric. For. Meteorol. 234, 11-21.

Kuang, W.N., Gao, X.P., Tenuta, M., Zeng, F.J., 2021. A global meta-analysis of nitrous
oxide emission from drip-irrigated cropping system. Glob. Change Biol. 27,
3244-3256.

Lang, A.C., von Oheimb, G., Scherer-Lorenzen, M., Yang, B., Trogisch, S., Bruelheide, H.,
Ma, K., Haerdtle, W., 2014. Mixed afforestation of young subtropical trees promotes
nitrogen acquisition and retention. J. Appl. Ecol. 51, 224-233.

Lamb, D., Erskine, P.D., Parrotta, J.A., 2005. Restoration of degraded tropical forest
landscapes. Science 310, 1628-1632.

le Maire, G., Nouvellon, Y., Christina, M., Ponzoni, F.J., Goncalves, J.L.M., Bouillet, J.P.,
Laclau, J.P., 2013. Tree and stand light use efficiencies over a full rotation of single-
and mixed-species Eucalyptus grandis and Acacia mangium plantations. For. Ecol.
Manage. 288, 31-42.

Li, Z.L., Cui, J., Mi, Z.R., Tian, D.S., Wang, J.S., Ma, Z.L., Wang, B.X., Chen, H.Y.H.,
Niu, S.L., 2019. Responses of soil enzymatic activities to transgenic Bacillus
thuringiensis (Bt) crops - A global meta-analysis. Sci. Total Environ. 651,
1830-1838.


https://doi.org/10.1016/j.foreco.2021.119545
https://doi.org/10.1016/j.foreco.2021.119545
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0005
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0005
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0005
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0010
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0010
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0010
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0010
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0015
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0015
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0015
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0020
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0020
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0025
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0025
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0030
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0030
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0035
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0035
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0040
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0040
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0040
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0045
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0045
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0045
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0050
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0050
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0050
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0055
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0055
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0055
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0055
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0055
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0060
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0060
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0060
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0065
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0065
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0065
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9025
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9025
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9025
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0070
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0070
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0070
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0070
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0075
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0075
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0075
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0075
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0080
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0080
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0080
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0085
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0085
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0085
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0090
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0090
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0095
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0095
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0095
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0100
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0100
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0100
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0105
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0105
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0105
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0105
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0105
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0105
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0105
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0110
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0110
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0110
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0115
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0115
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0120
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0120
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0120
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0125
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0125
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0125
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0130
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0130
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0130
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0130
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0130
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0135
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0135
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0135
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0140
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0140
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0140
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0140
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0140
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0140
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0140
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0145
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0145
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0145
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0145
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0145
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0150
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0150
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0155
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0155
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0160
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0160
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0165
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0165
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0170
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0170
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0180
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0180
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0185
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0185
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0190
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0190
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0190
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0190
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0190
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0190
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0190
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0190
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0195
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0195
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0195
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0200
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0200
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0200
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0205
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0205
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0205
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0210
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0210
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0215
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0215
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0215
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9005
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9005
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9005
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0220
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0220
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0225
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0225
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0225
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0225
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0230
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0230
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0230
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0230

C. Gong et al.

Ligot, G., Ameztegui, A., Courbaud, B., Coll, L., Kneeshaw, D., 2016. Tree light capture
and spatial variability of understory light increase with species mixing and tree size
heterogeneity. Can. J. For. Res. 46, 968-977.

Lindenmayer, D.B., Margules, C.R., Botkin, D.B., 2000. Indicators of biodiversity for
ecologically sustainable forest management. Conserv. Biol. 14, 941-950.

Liu, C.L.C., Kuchma, O., Krutovsky, K.V., 2018. Mixed-species versus monocultures in
plantation forestry: Development, benefits, ecosystem services and perspectives for
the future. Glob. Ecol. Conserv. 15, 13.

Liu, J.G., Ouyang, Z.Y., Pimm, S.L., Raven, P.H., Wang, X.K., Miao, H., Han, N.Y., 2003.
Protecting China’s biodiversity. Science 300, 1240-1241.

Lu, X.T., Yin, J.X., Tang, J.W., 2011. Diversity and composition of understory vegetation
in the tropical seasonal rain forest of Xishuangbanna, SW China. Rev. Biol. Trop. 59,
455-463.

Ma, Z.L., Chen, H.Y.H., 2016. Effects of species diversity on fine root productivity in
diverse ecosystems: a global meta-analysis. Glob. Ecol. Biogeogr. 25, 1387-1396.

Man, R.Z., Bell, F.W., 2018. Temporal changes of understory plant community in
response to pre- and post-harvesting herbicide treatments and partial cutting in
aspen-dominated boreal mixedwood stands. Eur. J. For. Res. 137, 337-348.

Marialigeti, S., Tinya, F., Bidlo, A., Odor, P., 2016. Environmental drivers of the
composition and diversity of the herb layer in mixed temperate forests in Hungary.
Plant Ecol. 217, 549-563.

Mestre, L., Toro-Manriquez, M., Soler, R., Huertas-Herrera, A., Martinez-Pastur, G.,
Lencinas, M.V., 2017. The influence of canopy-layer composition on understory
plant diversity in southern temperate forests. For. Ecosyst. 4, 13.

Metz, J., Annighofer, P., Schall, P., Zimmermann, J., Kahl, T., Schulze, E.D., Ammer, C.,
2016. Site-adapted admixed tree species reduce drought susceptibility of mature
European beech. Glob. Change Biol. 22, 903-920.

Molder, A., Bernhardt-Romermann, M., Schmidt, W., 2008. Herb-layer diversity in
deciduous forests: Raised by tree richness or beaten by beech? For. Ecol. Manage.
256, 272-281.

Nilsson, M.C., Wardle, D.A., 2005. Understory vegetation as a forest ecosystem driver:
evidence from the northern Swedish boreal forest. Front. Ecol. Environ. 3, 421-428.

Payn, T., Carnus, J.M., Freer-Smith, P., Kimberley, M., Kollert, W., Liu, S.R., Orazio, C.,
Rodriguez, L., Silva, L.N., Wingfield, M.J., 2015. Changes in planted forests and
future global implications. For. Ecol. Manage. 352, 57-67.

Pittelkow, C.M., Liang, X.Q., Linquist, B.A., van Groenigen, K.J., Lee, J., Lundy, M.E., van
Gestel, N., Six, J., Venterea, R.T., van Kessel, C., 2015. Productivity limits and
potentials of the principles of conservation agriculture. Nature 517, 365-U482.

Piwczynski, M., Puchalka, R., Ulrich, W., 2016. Influence of tree plantations on the
phylogenetic structure of understorey plant communities. For. Ecol. Manage. 376,
231-237.

Pretzsch, H., Schutze, G., 2016. Effect of tree species mixing on the size structure,
density, and yield of forest stands. Eur. J. For. Res. 135, 1-22.

R Core Team, 2018. R Core Team R: A Language and Environment for Statistical
Computing R Foundation for Statistical Computing. Austria, Vienna.

Robichaud, P.R., 2000. Fire effects on infiltration rates after prescribed fire in Northern
Rocky Mountain forests. USA. J. Hydrol. 231, 220-229.

Sang, P.M., Lamb, D., Bonner, M., Schmidt, S., 2013. Carbon sequestration and soil
fertility of tropical tree plantations and secondary forest established on degraded
land. Plant Soil 362, 187-200.

Sapijanskas, J., Paquette, A., Potvin, C., Kunert, N., Loreau, M., 2014. Tropical tree
diversity enhances light capture through crown plasticity and spatial and temporal
niche differences. Ecology 95, 2479-2492.

Schwendenmann, L., Pendall, E., Sanchez-Bragado, R., Kunert, N., Holscher, D., 2015.
Tree water uptake in a tropical plantation varying in tree diversity: interspecific
differences, seasonal shifts and complementarity. Ecohydrology 8, 1-12.

Sercu, B.K., Baeten, L., van Coillie, F., Martel, A., Lens, L., Verheyen, K., Bonte, D., 2017.
How tree species identity and diversity affect light transmittance to the understory in
mature temperate forests. Ecol. Evol. 7, 10861-10870.

Song, Q.F., Wang, B., Wang, J.S., Niu, X., 2016. Endangered and endemic species
increase forest conservation values of species diversity based on the Shannon-Wiener
index. iForest 9, 469-474.

Forest Ecology and Management 498 (2021) 119545

Spellerberg, L.F., Fedor, P.J., 2003. A tribute to Claude Shannon (1916-2001) and a plea
for more rigorous use of species richness, species diversity and the 'Shannon-Wiener’
Index. Glob. Ecol. Biogeogr. 12, 177-179.

Sun, Y., Wang, C.T., Xu, X., Ruan, H.H., 2020. Responses of plants to polybrominated
diphenyl ethers (PBDEs) induced phytotoxicity: A hierarchical meta-analysis.
Chemosphere 240.

Tinya, F., Odor, P., 2016. Congruence of the spatial pattern of light and understory
vegetation in an old-growth, temperate mixed forest. For. Ecol. Manage. 381, 84-92.

Unterseher, M., Tal, O., 2006. Influence of small scale conditions on the diversity of
wood decay fungi in a temperate, mixed deciduous forest canopy. Mycol Res 110,
169-178.

van Ruijven, J., Berendse, F., 2005. Diversity-productivity relationships: Initial effects,
long-term patterns, and underlying mechanisms. Proc. Natl. Acad. Sci. U. S. A. 102,
695-700.

Vockenhuber, E.A., Scherber, C., Langenbruch, C., Meissner, M., Seidel, D.,
Tscharntke, T., 2011. Tree diversity and environmental context predict herb species
richness and cover in Germany’s largest connected deciduous forest. Perspect Plant
Ecol 13, 111-119.

Wang, H., Zhang, M.T., Nan, H.W., 2019. Abiotic and biotic drivers of species diversity in
understory layers of cold temperate coniferous forests in North China. J. For. Res. 30,
2213-2225.

Wang, Y., Cao, S., 2011. Carbon Sequestration May Have Negative Impacts on Ecosystem
Health. Environ. Sci. Technol. 45, 1759-1760.

Wei, L.P., Archaux, F., Hulin, F., Bilger, 1., Gosselin, F., 2020. Stand attributes or soil
micro-environment exert greater influence than management type on understory
plant diversity in even-aged oak high forests. For. Ecol. Manage. 460, 15.

Yu, W.J., Deng, Q.H., Kang, H.Z., 2019. Long-term continuity of mixed-species
broadleaves could reach a synergy between timber production and soil carbon
sequestration in subtropical China. For. Ecol. Manage. 440, 31-39.

Yu, M., Sun, O.J., 2013. Effects of forest patch type and site on herb-layer vegetation in a
temperate forest ecosystem. For. Ecol. Manage. 300, 14-20.

Yuan, W, Li, X,, Liang, S., Cui, X., Dong, W., Liu, S., Xia, J., Chen, Y., Liu, D., Zhu, W.,
2014. Characterization of locations and extents of afforestation from the Grain for
Green Project in China. Remote Sens Lett 5, 221-229.

Yuan, Z.Q., Ali, A., Wang, S.P., Gazol, A., Freckleton, R., Wang, X.G., Lin, F., Ye, J.,
Zhou, L., Hao, Z.Q., Loreau, M., 2018. Abiotic and biotic determinants of coarse
woody productivity in temperate mixed forests. Sci. Total Environ. 630, 422-431.

Zellweger, F., De Frenne, P., Lenoir, J., Vangansbeke, P., Verheyen, K., Bernhardt-
Romermann, M., Baeten, L., Hedl, R., Berki, L., Brunet, J., Van Calster, H.,
Chudomelovaa, M., Decocq, G., Dirnbock, T., Durak, T., Heinken, T., Jaroszewicz, B.,
Kopecky, M., Malis, F., Macek, M., Malicki, M., Naaf, T., Nagel, T.A., Ortmann-
Ajkai, A., Petrik, P., Pielech, R., Reczynska, K., Schmidt, W., Standovar, T.,
Swierkosz, K., Teleki, B., Vild, O., Wulf, M., Coomes, D., 2020. Forest microclimate
dynamics drive plant responses to warming. Science 368, 772-+.

Zhang, K.R., Dang, H.S., Tan, S.D., Wang, Z.X., Zhang, Q.F., 2010. Vegetation community
and soil characteristics of abandoned agricultural land and pine plantation in the
Qinling Mountains. China. For. Ecol. Manage. 259, 2036-2047.

Zhang, Y., Chen, H.Y.H., 2015. Individual size inequality links forest diversity and above-
ground biomass. J. Ecol. 103, 1245-1252.

Zhang, Y., Chen, H.Y.H., Reich, P.B., 2012. Forest productivity increases with evenness,
species richness and trait variation: a global meta-analysis. J. Ecol. 100, 742-749.

Zhang, Y., Chen, H.Y.H., Taylor, A.R., 2016. Aboveground biomass of understorey
vegetation has a negligible or negative association with overstorey tree species
diversity in natural forests. Glob. Ecol. Biogeogr. 25, 141-150.

Zhao, F.Z., Wang, J.Y., Zhang, L., Ren, C.J., Han, X.H., Yang, G.H., Doughty, R., Deng, J.,
2018. Understory plants regulate soil respiration through changes in soil enzyme
activity and microbial C, N, and P stoichiometry following afforestation. Forests 9,
14.

Zheng, L.T., Chen, H.Y.H., Biswas, S.R., Bao, D.F., Fang, X.C., Abdullah, M., Yan, E.R.,
2021. Diversity and identity of economics traits determine the extent of tree mixture
effects on ecosystem productivity. J. Ecol. 109, 1898-1908.

Zhou, Z.H., Wang, C.K., Luo, Y.Q., 2018. Effects of forest degradation on microbial
communities and soil carbon cycling: A global meta-analysis. Glob. Ecol. Biogeogr.
27, 110-124.


http://refhub.elsevier.com/S0378-1127(21)00635-6/h0235
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0235
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0235
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0240
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0240
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0245
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0245
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0245
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0250
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0250
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0255
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0255
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0255
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0260
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0260
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0265
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0265
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0265
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0270
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0270
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0270
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0275
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0275
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0275
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0280
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0280
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0280
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0285
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0285
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0285
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0290
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0290
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0295
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0295
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0295
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0300
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0300
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0300
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0305
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0305
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0305
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0310
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0310
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9020
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9020
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0315
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0315
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0320
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0320
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0320
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0325
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0325
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0325
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0330
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0330
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0330
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0335
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0335
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0335
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0345
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0345
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0345
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0350
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0350
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0350
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0355
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0355
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0360
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0360
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0360
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0365
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0365
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0365
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0370
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0370
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0370
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0370
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0375
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0375
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0375
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0380
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0380
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0385
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0385
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0385
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9010
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9010
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9010
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0390
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0390
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0395
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0395
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0395
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0400
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0400
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0400
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0405
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0405
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0405
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0405
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0405
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0405
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0405
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0410
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0410
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0410
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0415
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0415
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0420
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0420
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0425
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0425
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0425
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0430
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0430
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0430
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0430
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9015
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9015
http://refhub.elsevier.com/S0378-1127(21)00635-6/h9015
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0435
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0435
http://refhub.elsevier.com/S0378-1127(21)00635-6/h0435

	Impacts of tree mixtures on understory plant diversity in China
	1 Introduction
	2 Materials and methods
	2.1 Data collection
	2.2 Meta-analysis

	3 Results
	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Author contributions
	Appendix A Supplementary material
	References:


