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Summary 

The composition of tree species might influence microbial diversity considerably, yet 

investigation of the consequences of changes in diversity on stability of the microbial 

community is still in its early stages. Understanding how diversity governs 

community stability is vital for predicting the response of an ecosystem to 

environmental changes. Phylogenetic diversity (PD) describes the distinct evolution 

of species in a community, and might be useful for estimating the effects of 

biodiversity on ecosystem function and stability. High-throughput 16S rRNA gene 

sequencing was used to examine soil bacterial phylogenetic distances, phylogenetic 

diversity and interactions between individuals in five single-species plantations and 

three mixed-species plantations. The plantations were established on the same initial 

substrate, and sampling was at 68 relatively spatially independent sites. Our results 

showed that mixed tree species enhanced soil bacterial phylogenetic diversity and 

community stability, and that phylogenetic diversity had a positive effect on stability 

of the soil microbial community. We also found evidence that microbial communities 

characterized by distantly related species with weak interactions were more stable in 

mixed plantations than communities with strong interactions in single-species 

plantations. These results may be explained by the ‘insurance hypothesis’, that large 

phylogenetic diversity of microbial communities which share different ecological 

niches insures them against decline in their stability. This is because, even if some 

microbial species fail to deal with environmental change, others might not necessarily 

be affected similarly. Our findings demonstrate that phylogenetic diversity is the main 

controlling factor of the variation in stability across sites and requires more attention 

in sustainable forest management.  

Keywords: Single-species plantations, Mixed-species plantations, Phylogenetic 
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distance, Interaction, Diversity–stability relation 

Highlights 

 Mixed species considerably improved stability of soil bacterial community.

 Bacterial phylogenetic diversity was greater in mixed- than in single-species

plantations.

 Mixed species resulted in weak microbial interactions in a community.

 There was a strong relation between phylogenetic diversity and stability.

Introduction 

Community stability is an important goal in the conservation of biodiversity and the 

effective management of natural resources (Cardinale et al., 2012). The stability of 

ecosystems is controlled by the stability of populations and communities that 

contribute to ecosystem functions (McCann, 2000). However, attempts to quantify the 

relations between diversity and stability are not consistent. In theory, increases in 

diversity give rise to increases in ecosystem complexity and stability (Yachi & Loreau, 

1999). Several studies have shown positive diversity–stability relations among 

microbial communities (e.g. McCann, 2000; Roger et al., 2016). Conversely, Jiang 

(2007) suggested that microbial diversity is of little importance to ecosystem stability 

because most microbial taxa are functionally redundant. Wertz (2007) also supported 

this view by finding no soil microbial diversity–stability relations after artificially 

reducing microbial diversity. An explanation for the contradictory findings might be 

that species diversity is important only when these species occupy different niches or 

their functional contributions to the ecosystem differ (Cadotte et al., 2012).  

Recent studies have suggested that promoting stability and productivity through 
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biodiversity results from increased niche differentiation (Zuppinger-Dingley et al., 

2014). Phylogenetic diversity describes the distinct evolution of species and 

phylogenetic distances in a community, which can be used as an alternative for 

measuring ecological niches (Webb et al., 2002; Cadotte et al., 2012). Communities 

with weak phylogenetic diversity usually have large niche overlap and are more likely 

compete for similar resources. In contrast, communities with large phylogenetic 

diversity are expected to have more niche differentiation and use complementary 

resources, and thus are more stable against fluctuations in the environment and 

resources (Cadotte et al., 2012). There are two possible explanations for why 

increasing phylogenetic diversity could bring about greater community stability in a 

microbial community. First, species in a microbial community with weak 

phylogenetic diversity (i.e. short phylogenetic distances between microbial 

individuals) share similar niches and thus have similar environmental sensitivity and 

ability to survive, resulting in weak stability because most species respond 

synchronously to environmental change (Yachi & Loreau, 1999). In contrast, species 

in a microbial community with large phylogenetic diversity (i.e. long phylogenetic 

distances between microbial individuals) have different ecological niches (i.e. 

complementary environment and resource use). This maintains a highly stable 

microbial community because even if some species are unsuccessful in the face of 

environmental change, others might not be affected (referred to as the ‘insurance 

hypothesis’; Yachi & Loreau, 1999). Second, microbial communities with large 

phylogenetic diversity (i.e. species occupying distinct niches) could result in weak 

interactions among individuals because of the reduction in positive relations arising 

from co-aggregation (Cadotte et al., 2012). Increasing community stability is usually 

accompanied by decreases in average interactions. This is because strong interactions 
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among species might result in the community shifting as a whole and then follow by 

amplification of the community response to environmental fluctuations (May, 1972; 

Yachi & Loreau, 1999). 

Previous studies on stability of the microbial community have mainly focused on 

the relation between diversity and stability, but have not accounted for the importance 

of interactions between different microbial species in a community (Faust & Raes, 

2012). Soil microbes can form networks through various types of interactions. 

Understanding the interactions between different species or populations within a 

given community is essential for estimating and predicting community stability 

(McCann, 2000). Network analysis can quantify microbial interactions (e.g. 

mutualism, competition and other complex ecological relations (Faust & Raes, 2012), 

and can be used to study community stability and predict community behaviour in 

altered conditions. 

To meet the ever-growing demand for forest products, to achieve carbon 

sequestration goals and avoid excessive harvesting of natural forests, planted forests 

are rapidly becoming a major component of worldwide afforestation and reforestation 

(Pan et al., 2011). Nevertheless, there are serious concerns regarding monospecific 

plantations, including the loss of biodiversity and potential declines in ecosystem 

stability (Sicardi et al., 2004). In contrast to single-species plantations, mixed-species 

plantations are likely to have greater productivity and stability (Kelty, 2006). For 

example, outbreaks of phytophagous insects are common in single-species plantations 

but are rare in diverse tropical forests, and even in mixed plantations (McCann, 2000). 

Given the myriad of interactions between above- and below-ground communities and 

their well-known effects on ecosystem function (Barberán et al., 2015), it is often 

assumed that the composition of belowground microbial communities and 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
aboveground plant communities will reflect one another. 

The functional traits of dominant trees species could influence the composition, 

activity and diversity of soil microbial communities through changes in microclimate 

of the soil-inhabiting microorganisms, production of litter and root exudates, and 

interactions with root symbiotic organisms such as mycorrhizal fungi (Prescott & 

Grayston 2013). Recent studies have demonstrated there are strong relations between 

the soil microbial community and factors such as pH, organic matter content, N 

content and the C:N ratio (Rousk, et al., 2010). Soil bacterial taxa inhabit soil niches 

at a very small scale, and thus are expected to have close connections with soil 

properties (Vos et al., 2013). Recent studies have suggested that dominant trees affect 

the composition, activity and diversity of the soil bacterial community, resulting 

possibly from changes in soil properties (Prescott & Grayston, 2013). Although many 

studies have examined the effects of different plant types or a range of disturbances 

on soil microbial community composition, structure and functioning (Griffiths & 

Philippot, 2013), few studies have focused on the changes to soil microbial 

community complexity and stability.  

Our study evaluated the stability, phylogenetic diversity and interactions between 

different species of soil microbial communities in single- and mixed-species 

plantations at the Experimental Center of Tropical Forestry, in subtropical China. This 

site was chosen because it has served as a model to investigate the nature and 

ecosystem function of single- and mixed-species plantation for over a decade (Kang et 

al., 2005; Huang et al., 2014). We hypothesized that a more complex composition of 

tree species would improve stability of the soil microbial community through 

phylogenetic diversity and interactions between microbial species. We first tested 

whether mixed-species plantations had increased phylogenetic diversity and reduced 
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interactions among microbial species compared with single-species plantations. 

Second, we evaluated whether mixed-species plantations had more stable microbial 

communities than single-species plantations. Lastly, we modelled the relations 

between microbial phylogenetic diversity and stability.  

Materials and methods 

Study site description and experimental design 

This study was carried out at the Experimental Center of Tropical Forestry (22º10′N, 

106º50′E), Chinese Academy of Forestry, in Pingxiang City, Guangxi Zhuang 

Autonomous Region, People’s Republic of China. The average annual rainfall is 1400 

mm, occurring primarily from April to September, and the average annual air 

temperature is 21ºC. The Experimental Center contains 16 000 ha of artificial 

plantations, comprising 30 tree species, including single- and mixed-species 

plantations. The soil has formed by the weathering of granite and is classified as a red 

soil according to the Chinese soil classification system, which is equivalent to an 

Oxisol in the USDA Soil Taxonomy (Huang et al., 2014). 

The climate is similar across the study area, as was the initial composition of the 

parent material, therefore, the composition of tree species has been the major factor 

influencing differences in soil development (plant and soil development processes at 

the study site, see Figure S1, Supporting Information). Historically, the study site had 

a typical subtropical evergreen forest before the establishment of a Cunninghamia 

lanceolata (lamb.) Hook. plantation in the 1950s. Single- and mixed-species tree 

plantations were established in 1983, following clear-cutting of the C. lanceolata 

plantation. In this study, five single-species plantations and three mixed-species 

plantations were selected based on their similarities in topography, soil texture, stand 
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age and management history. The five single-species plantations included Pinus 

massoniana Lamb., Castanopsis hystrix Miq., Eucalyptus urophylla S.T. Blake, 

Erythrophleum fordii Oliv., and Gmelina arborea Roxb., whereas the three mixed 

plantations were of P. massoniana and C. hystrix, E. urophylla and E. fordii, and E. 

fordii and G. arborea. All eight plantations comprised evenly-aged stands, except for 

the E. urophylla plantation, which was a second rotation.  

The study area was mostly covered by a mosaic of forest patches, and planting 

measures resulted in single- and mixed-species tree patches randomly distributed over 

the hills. Each patch typically covered 1–3 ha. The typical distances between replicate 

patches of the same species was 1−10 km, whereas adjacent patches of different 

species were usually located 0.5−1 km apart. Eight to nine independent forest patches 

were chosen at random for each stand type. Samples for each stand type were from 

different patches rather than duplicate sampling within one patch. In each patch, a plot 

of 20 m × 20 m was established at least 25 m away from the edge of the patch. All 

understory vegetation in the study area was removed twice a year. The main 

characteristics of the stand and sampling sites are summarized in Table 1.  

Soil sampling and property measurements 

In June 2014, approximately 400 g of soil samples were collected at depths of 0–10 

cm from six random locations per plot, and then mixed to form a composite soil 

sample in each plot. Visible roots and residues were removed prior to homogenizing 

the soil fraction of each sample, which was then kept on ice. Fresh soil samples were 

sieved through a 2-mm mesh and stored at –20º C for DNA extraction. Soil properties, 

including pH, moisture, TOC, TN, NH4
+
-N, NO3

–
-N, TP, AP and microbial biomass 

C were measured using methods that have been described previously (Zhang et al., 
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2016).  

DNA extraction and MiSeq sequencing of 16S rRNA gene amplicons 

Soil DNA was extracted using an MO BIO Power Soil DNA Extraction kit (MO BIO 

Laboratories, Carlsbad, CA, USA) according to the manufacturer’s instruction. The 

universal primers 515F (5'-GTGCCAGCMGCCGCGGTAA-3') with 12 nt unique 

barcode at 5'-end and 806R (5'-GGACTACHVGGGTWTCTAAT-3') were used in 

PCR amplification. The detailed procedures of PCR amplification, gel extraction and 

MiSeq sequencing were performed as described previously (Zhang et al., 2016).  

Sequence analyses 

T h e  s e q u e n c e  d a t a  w e r e  s o r t e d  u s i n g  t h e  Q I I M E  P i p e l i n e 

( h t t p : / / q i i m e . o r g / t u t o r i a l s / t u t o r i a l . h t m l ) .  

Methods for sequences, quality control and filtering were described in detail by Zhang 

et al. (2016). Re-sampling to the same sequence depth (7000 sequences per sample) 

for bacteria was performed using daisychopper.pl 

(http://www.festinalente.me/bioinf/downloads/daisychopper.pl). Samples of reads of < 

7000 sequences were removed based on sample DNA sequencing results. Therefore, 

the number of samples of the C. hystrix, G. arborea single-species plantations, the E. 

fordii and G. arborea mixed plantation and the E. fordii and G. arborea mixed 

plantation was eight, whereas for the others it was nine. Operational taxonomic units 

(OTUs) were classified at the threshold of 97% sequence similarity. A weighted 

UniFrac distance metric and microbial alpha diversity based on phylotype richness 

were produced using the QIIME pipeline (Lozupone & Knight, 2005). 

Phylogenetic distance of bacterial community measures 

To characterize phylogenetic community composition within each sample, we 
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quantified mean nearest taxon distance (MNTD) and mean pairwise distance (MPD) 

using ses.mntd and ses.mpd in the package picante. The MNTD is the average of 

the shortest phylogenetic distance for each species to its closest relative in the 

assemblage (Webb et al., 2002; Kembel et al., 2011). It is given by:  

MNTD = ∑ min ( ) 

where is the relative abundance of OTU i in community k, nk is the number of 

OTUs in k,  is the average of all phylogenetic distances between OTU i and all 

other OTUs j that are also in k and min( ) is the minimum phylogenetic distance. 

The MPD is the average of all phylogenetic distances connecting species together in a 

sample (Webb et al., 2002). It is given by: 

  MPD =∑

Phylogenetic diversity (PD) is defined as the sum of the lengths of the phylogenetic 

branches represented by a set of co-occurring species (Faith, 1992; Cadotte et al., 

2008). 

Statistical analysis 

A t-test was used to examine the differences in phylogenetic diversity and soil 

variables between the single- and mixed-species plantations. Before this, the 

assumptions of normality and homogeneity of the variances of the residuals were 

tested by the Shapiro–Wilk and Levene tests. In addition, we plotted quantiles of the 

residuals against quantiles of a distribution (Q–Q plot) to identify any departures from 

a normal distribution. Among these variances, the Q–Q plot of phylogenetic diversity 

(PD) in single-species plantations indicated a positively skewed distribution. After 

transformation to square roots, the points in the Q–Q plot formed a relatively straight 
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line, suggesting that the data were then close to being normally distributed. The 

overall structural changes of bacterial communities were evaluated by principal 

coordination analysis (PCoA) in Fast UniFrac 

(http://unifrac.colorado.edu/static/welcome.html). Pearson correlation analysis was 

applied to evaluate the correlation between diversity and stability as well as the 

relation between bacterial communities and environmental variables. Variation 

partitioning analysis (VPA) was performed to partition the relative influence of 

phylogenetic diversity and topological features on bacterial community stability, 

assuming that these factors could have different contributions on bacterial community 

stability. The total variance of community stability was partitioned into four 

components as suggested by Borcard et al. (1992) and Yang et al. (2013): (i) variation 

explained by phylogenetic diversity groups (MNTD, MPD and PD), (ii) variation 

explained by links and distance between microbial species in molecular ecological 

networks (MENs), (iii) variation explained by modules and connectors in MENs and 

(iv) unexplained variation. Similarly, VPA was also used to quantify the relative 

contributions of soil variables on bacterial phylogenetic diversity, presupposing that 

the effects of various soil factors on bacteria are different. The total variance of 

phylogenetic diversity was partitioned into four components: (i) variation explained 

by soil nitrogen content, (ii) variation explained by soil phosphorus content, (iii) 

variation explained by soil carbon content and (iv) unexplained variation. The R
2
 

values were used to calculate the variation in microbial community explained by each 

of the soil environmental factors. All analyses were performed in R (R Core Team, 

2013). 

Network analysis of bacterial communities 

To understand the interactions among different species within a community, and their 
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responses to environmental changes, molecular ecological networks (MENs; Deng et 

al., 2012) were constructed by random matrix theory (RMT)-based methods, 

following the molecular ecological network analyses pipeline (MENAP; 

http://ieg2.ou.edu/MENA). The OTUs detected in less than four of the eight or nine 

replicates from each stand type were removed to ensure reliable correlations. 

Modularity in the network could originate from specific interactions (e.g. predation or 

pollination), resource partitioning, ecological niche overlap, habitat heterogeneity, 

natural selection, convergent evolution and phylogenetic relatedness. To characterize 

the modularity properties, each network was separated into modules using fast greedy 

modularity optimization. For each network, the number of sub-modules (NM), total 

links (TL), positive correlation links (PCL), negative correlation links (NCL), average 

connectivity (AK), average path distance (GD) and modularity were calculated using 

the window ‘global network properties’ and ‘module separation and modularity 

calculation’ on the website (http://ieg2.ou.edu/MENA). The topological roles of 

different nodes were divided into the following four subcategories according to 

within-module connectivity (Zi) and among-module connectivity (Pi) (Zhou et al., 

2011): (i) peripheral nodes were defined as nodes with Zi ≤ 2.5 and Pi ≤ 0.62, (ii) 

connectors were defined as nodes with Zi > 2.5 and Pi ≤ 0.62, (iii) module hubs were 

defined as nodes with Zi > 2.5 and Pi > 0.62 and (iv) network hubs were defined as 

nodes with Zi > 2.5 and Pi > 0.62. From an ecological perspective, peripheral nodes 

might represent specialist connectivity within the same or similar ecological niche, 

whereas module hubs and connectors represent generalist links among different 

ecological niches, and network hubs represent super generalists, acting as both 

connectors and module hubs (Faust & Raes, 2012). Cytoscape 3.0.2 software was 

used to visualize the network graphs (Saito et al., 2012).   
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Determination of ecosystem stability  

Stability is measured specifically by the coefficient of variation of biomass or 

diversity (Wang & Loreau, 2014). A smaller coefficient of variation indicates greater 

ecosystem stability, which means that microbial diversity or community biomass 

varied less under environmental stress (Wang & Loreau, 2016). To evaluate the effect 

of mixed tree species on stability of the soil microbial community, we used the 

coefficient of variation (CV) of microbial diversity (or microbial biomass) as indices 

of soil ecosystem stability. The alpha (α = CV
2

species) and beta variation (β = CV
2

distance) 

of the bacterial community in each sample were calculated based on the method used 

by Wang & Loreau (2014). In this framework, alpha variation represents local shifts 

in species diversity within a meta-community, which was based on richness of the 

OTUs, Shannon’s diversity index and microbial biomass C. Beta variation represents 

the spatial variation in community structure, which was based on the weighted 

UniFrac distance of the bacterial community within each group.   

Results 

Phylogenetic diversity of soil bacterial communities 

We found that MNTD, MPD and PD were significantly larger in the mixed 

plantations of P. massoniana and C. hystrix, E. urophylla and E. fordii, and E. fordii 

and G. arborea than in the single-species plantation of P. massoniana, C.hystrix, E. 

urophylla, E. fordii and G. Arborea (P < 0.001, Figure 1, Table S1, Supporting 

Information). However, the variation in Chao1 richness (a non-parametric estimator 

that calculates the minimum number of OTUs present in a sample), Shannon's 

diversity index and observed species among different plantation types were not 

significant (Table S2, Supporting Information).  
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Topological features of the soil bacterial community   

In MENs, a module is a group of OTUs that have similar ecological niches or niche 

overlap and are well connected among themselves, but are less linked with OTUs 

belonging to other modules. The number of joint submodule (nodes ≥ 7) nodes in the 

mixed plantations was larger than that in the single-species plantations. This result 

might indicate that soil microbial communities have more ecological niches in the 

mixed- than in the single-species plantations (Figure 2, Table S3, Supporting 

Information).  

Total links, positive correlation links and average connectivity in the 

mixed-species plantations were less than in the single-species plantations, whereas 

negative interactions between two individual nodes in a community increased in 

response to the mixed tree species (Table S3, Supporting Information, Figure 2). 

Average path distances were greater in the mixed- than single-species plantations.  

The number of module hubs and connectors in the mixed-species plantations was 

obviously larger than that in the single-species plantations (Table S3), indicating that 

the links between different niches or nutrient concentrations increased in response to 

the mixed tree species. However, the number of peripheral nodes showed no distinct 

change in response to the mixed tree species.  

Stability of the soil bacterial community  

A smaller coefficient of variation (CV) represents greater ecosystem stability. The 

coefficients of variation for microbial biomass C, richness of OTUs, Shannon’s 

diversity index, and beta diversity in the mixed plantations of P. massoniana and C. 

hystrix, E. urophylla and E. fordii, and E. fordii and G. arborea were markedly 

smaller than those in the single-species plantations of P. massoniana, C.hystrix, E. 
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urophylla, E. fordii and G. Arborea (Figure 3). This was further supported by the 

results of the PCoA which showed that the distances between bacterial community 

structures were larger in single- than mixed-species plantations (Figure S2, 

Supporting Information), indicating less variation in microbial community structure in 

mixed species plantations.  

Relation between phylogenetic diversity and bacterial community stability 

Pearson correlation coefficients were used to determine the relations between 

phylogenetic diversity (or topological features) and bacterial community stability. The 

MNTD, MPD, PD, positive and negative correlation links, average connectivity and 

connectors were strongly related to community stability (based on the CV of beta 

diversity), whereas Chao1 richness, Shannon's diversity index, observed species, 

peripheral nodes, number of sub-modules and module hubs had only weak effects 

(Table S4, Supporting Information). The relations between phylogenetic diversity and 

stability of the bacterial community based on CV_microbial biomass C, CV_OTU 

richness and CV_Shannon’s diversity supported this result (Table S4, Supporting 

Information).   

The results of variance partitioning analysis (VPA) showed that a total of 69.4% 

of community variation could be explained by these selected variables (MNTD, MPD, 

PD, total links, positive and negative correlation links, average path distance, average 

connectivity, modules and connectors, Figure 4), indicating that they were major 

factors in shaping microbial community stability. Phylogenetic diversity groups 

(MNTD, MPD and PD) had the largest contribution (32.7%), followed by links and 

distance between microbial species (total links, positive and negative correlation links, 

average path distance and average connectivity at 10.4%). In contrast, modules and 

connectors had a smaller contribution to the variation in community stability (Figure 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
4). This result was further confirmed by the contribution of phylogenetic diversity and 

topological features on bacterial community stability, represented by the CV of 

microbial biomass C, richness of OTUs and Shannon’s diversity index (Figure S3, 

Supporting Information). 

Effects of soil properties on bacterial phylogenetic diversity 

Plantation type had a significant effect on soil physicochemical properties (Tables S5, 

S6, Supporting Information). Soil TOC, TN, NO3
–
-N and TP contents were larger in 

mixed- than single-species plantations (Table S6, Supporting Information). Soil 

NH4
+
-N and AP concentrations showed similar trends in response to mixed tree 

species, except that they were larger in the E. fordii single-species plantation than in 

the E. urophylla and E. fordii mixed plantation. The soil C/N ratio was significantly 

smaller in the mixed- than single-species plantations, but the C/N ratio was larger in 

the E. urophylla and E. fordii mixed plantation than the E. fordii single-species 

plantation. Soil pH and moisture did not vary significantly between single- and 

mixed-species plantations (Table S6, Supporting Information). 

Pearson’s correlation coefficients between soil variables and phylogenetic 

diversity showed that the observed variation in bacterial phylogenetic diversity was 

moderately but significantly correlated with soil variables, except for pH and moisture 

(r < 0.14, P < 0.01, Table 2). There was a negative correlation between soil C/N ratio 

and phylogenetic diversity, whereas other soil variables, such as soil TOC, NO3
–
-N 

and AP, were positively correlated (Table 2). The VPA analysis was performed to 

quantify the relative contributions of soil variables to the changes in phylogenetic 

diversity. Soil TN, NH4
+
-N and NO3

–
-N explained 22.7% of the variation, soil organic 

C and the C/N ratio explained 13.6%, and soil TP and AP explained 11.7% of the 

variation, leaving 31.6% of the variation unexplained (Figure S4, Supporting 
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Information).  

Discussion 

Plantations of mixed tree species improved bacterial phylogenetic diversity   

Phylogenetic distance can be used to represent similarities, differences and ecological 

niches of species (Webb et al., 2002; Cadotte et al., 2008). Our results showed that 

mixed tree species increased MNTD, MPD and PD of soil bacterial communities 

more than single-species plantations (Figure 1, Table S1). In addition, MENs 

demonstrated that there were more sub-modules (one sub-module represents one 

ecological niche) in mixed- than single-species plantations (Figure 2, Table S3). All 

these results suggest that there were more ecological niches in the mixed- than 

single-species plantations. This was not a surprise, considering that bacterial taxa, 

especially the prevailing unicellular bacteria, inhabit soil niches at a very small scale 

that often have close connections to soil properties (Vos et al., 2013). Evidence 

suggests that multi-species plantations might mitigate reduction in site productivity 

and, in some cases, can even improve the quality of soil resources (Montagnini, 2000). 

In this study, plant nutrient contents were greater in mixed plantations (Table S6), and 

more importantly, the observed increases in bacterial phylogenetic diversity were 

explained by changes in soil properties, such as NO3
−
-N and NH4

+
-N. Soil pH has 

been identified as the most important factor affecting soil bacterial communities 

(Ferrenberg et al., 2013). However, we did not find a significant effect of pH on 

bacterial communities, because it was similar across the different plantations. Thus, 

our study suggests that mixed-species plantations increased bacterial phylogenetic 

diversity by improving soil conditions and supplying more heterogeneous resources 

for soil microorganisms. 
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   There were no significant differences in species richness between single- and 

mixed-species plantations in spite of more niches occurring in the mixed-species 

plantations. There was only one condition under which there were more niche 

overlaps in a single-species plantation. Indeed, there were more niche overlaps in 

single- than mixed-species plantations in this study (Figure 2, Table S3). An increase 

in the number of niche overlaps might result in an increase in positive relations 

between species (Faust & Raes, 2012). If this is correct, the number of positive 

correlations should be larger in the single- than mixed-species plantations, which we 

observed in this study. Therefore, our findings suggest that mixed tree species might 

affect phylogenetic diversity and interactions between species, but not species 

richness.  

Phylogenetic diversity–stability relations and underlying mechanisms 

Microbial ecologists face challenges in evaluating stability of the soil microbial 

community because of complexity and variability of the soil. Alpha and beta variation 

are used to reflect ecosystem stability at spatial scales in a meta-community (Wang & 

Loreau, 2016). Smaller values of alpha or beta variation represent greater ecosystem 

stability, which means that microbial diversity or community structure has less 

variation under environmental stress (Wang & Loreau, 2014). Our data showed that 

the coefficients of variation of biomass, alpha and beta variation of bacterial 

communities were smaller in mixed- than single-species plantations (Figure 3), 

suggesting that mixed tree species enhanced stability of the soil microbial community. 

In accord with this, previous studies have suggested that mixed tree species could 

improve stability of the soil microbial community through greater microbial diversity 

and more resistant taxa because of increased resource availability (Royer-Tardif et al., 

2010). 
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Diversity, however, is not always directly responsible for stability. Pfisterer & 

Schmid (2002) found an inverse relation between plant species richness resistance to 

drought. Similarly, Griffiths et al. ( 2001) found that increasing the number of 

grassland plant species from one to six did not alter soil functional stability. Studies 

have shown that a positive diversity–stability correlation is not a pure diversity effect, 

and have indicated that ecosystem function and stability are more directly related to 

functional diversity (Cadotte et al., 2012; Blüthgen et al., 2016). In this study, we 

have shown that phylogenetic diversity (i.e. niche differentiation) is better at 

explaining the variation in ecosystem stability than species richness (Figure 4, Table 

S4).  

There are two underlying mechanisms to explain why greater phylogenetic 

diversity in communities would result in increased stability of the bacterial 

community. First, large phylogenetic distances in soil bacterial communities reflect 

communities with more differentiation between ecological niches and a greater 

potential to use resources in complementary ways (e.g. partitioning of soil resources; 

Cadotte et al., 2012; Zuppinger-Dingley et al., 2014). In this study, soil microbial 

communities with large phylogenetic diversity shared more ecological niches and 

were more stable in mixed plantations (Figures 2 and 3, Table S3). It is possible that 

species in a microbial community with more differentiation of ecological niches 

protect communities (or ecosystems) from decline, because some species will 

maintain community stability even if others fail (Yachi & Loreau, 1999). Second, 

microbial communities with short phylogenetic distances among individuals could 

lead to large connectivity among species, resulting in the community shifting as a 

whole against environmental changes and then decreasing the stability of the 

microbial community (May, 1972). Our results revealed that microbial assemblages 
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with large phylogenetic diversity in the mixed plantations were associated with 

smaller average connectivity and clustering coefficients, and showed more stability 

than communities with the strong connectivity in single-species plantations (Figure 4, 

Tables S3 and S4). We also found that the mixed plantations had more connectors and 

module hubs (Table S3), which represent links among different ecological niches and 

trophic levels from an ecological perspective (Faust & Raes, 2012). Therefore, 

bacterial communities with more connectors and module hubs in mixed plantations 

exhibit more potential to use resources in complementary ways, and thus improve the 

stability of the microbial community. 

Conclusions 

Phylogenetic diversity determines phylogenetic distances and interactions among 

species within a community, which is useful for estimating the effects of biodiversity 

on ecosystem functions. Our results suggested that mixed tree species had a positive 

effect on stability of the bacterial community, which could be achieved through 

greater phylogenetic diversity. This is probably because species in a microbial 

community with long phylogenetic distances result in weak interactions between 

individual species, which serves to protect the community from a decline in stability. 

Even if some species fail against environmental fluctuations, others might not 

necessarily change (i.e. the insurance hypothesis). We verified this further by showing 

that microbial communities with large phylogenetic diversity in mixed-species 

plantations had weak interactions, whereas those with small phylogenetic diversity in 

single-species plantations had stronger interactions. Our study suggested that 

microbial phylogenic diversity and interactions between individual species could 

complement surveys on diversity when evaluating the potential effects of changes in 

vegetation on microbial communities.  
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Supporting Information 

The following supporting information is available in the online version of this article: 

Table S1 Results from t-tests for the difference in phylogenetic diversity between the 

single- and mixed-species plantations.  

Table S2 Means and levels of significance of alpha diversity for the bacterial 

community in the single- and mixed-species plantations.  

Table S3 Topological properties of the empirical MENs of soil prokaryotic 

communities under single- and mixed-species plantations 

Table S4 Pearson correlations between soil bacterial diversity (or interaction) and 

stability.  

Table S5 Soil properties at single- and mixed-species plantations.  

Table S6 Summary results from t-tests for the soil variables between the single- and 

mixed-species plantations.  

Figure S1 Plant and soil development processes at the study site.  

Figure S2 Principal coordinate analysis (PCoA) of weighted UniFrac distances of 

bacterial communities for single- and mixed-species plantations. 

Figure S3 Variation partitioning analysis to partition relative influence of 

phylogenetic structure and topological features on the stability of the bacterial 

community.  

Figure S4 Variation partitioning analysis to partition relative influence of soil 

variables on soil bacterial phylogenetic diversity. 
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Tables 

Table 1  Characteristics of the single- and mixed-species plantations (mean and standard error)  

PM, Pinus massoniana; CH, Castanopsis hystrix; ES, Second-rotation plantation of Eucalyptus 

urophylla; EF, Erythrophleum fordii; GA, Gmelina arborea; MPC, mixed plantation of P. massoniana 

and C. hystrix; MEE, mixed plantation of E. urophylla and E. fordii; MEG, mixed plantation of E. 

fordii and G. arborea.  

 

  

Plantation type PM CH ES EF GA MPC MEE MGE 

Stem density /tree hm2 404.4 ± 

6.5 

415.7 ± 

6.4 

558.1 ± 

8.3 

410.3 ± 

5.7 

379.6 ± 

4.5 

400.6 ± 

4.5 

567.5 ± 

9.8 

466.9 ± 

8.6 

Mean of diameter at breast 

/cm 
25.7 ± 1.3 26.3 ± 

0.5 

19.4 ± 0.7 20.3 ± 1.1 26.7 ± 0.8 28.4 ± 0.9 12.5 ± 1.2 23.4 ± 

0.7 

Mean height /m 18.4 ± 2.1 18.3 ± 2.5 21.5 ± 1.5 17.5 ± 1.9 18.6 ± 2.4 19.3 ± 2.1 18.4 ± 1.6 20.5 ± 

0.9 

Slope degree /º 35.3 ± 3.9 32.4 ± 4.4 28.4 ± 3.7 29.4 ± 1.5 24.3 ± 5.3 29.7 ± 6.2 31.4 ± 7.3 26.4 ± 

4.9 

Elevation /m 545.3 ± 

4.3 

562.8 ± 

7.2 

147.5 ± 

6.5 

345.4 ± 

7.3 

213.4 ± 

8.8 

176.3 ± 

6.7 

234.2 ± 

9.3 

373.8 ± 

5.5 
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Table 2  Pearson’s correlation coefficients between soil environmental variables and phylogenetic 

diversity  

Correlation 

coefficient 

TOC 

g kg
-1

 

TN/ 

g kg
-1

 

C/N / 

% 

NH4
+
-N /

mg kg
-1

NO3
−
-N /

mg kg
-1

AP / 

mg kg
-1

TP / 

g kg
-1

 

Soil 

pH 

SM / 

% 

MNTD r  0.36 0.48 −0.34 0.68 0.39 0.31 0.25 0.14 − 0.04

P < 0.001 < 0.001 < 0.001 < 0.001 0.001 0.01 0.04 0.24 0.74 

MPD r 0.45 0.21 − 0.44 0.42 0.79 0.22 0.57 0.12 0.12 

P <0.001 0.06 < 0.001 0.001 < 0.001 < 0.001 0.001 0.33 0.32 

PD r 0.38 0.37 − 0.36 0.30 0.64 0.12 0.55 0.02 0.04 

P < 0.001 < 0.001 0.01 0.02 < 0.001 0.33 < 0.001 0.86 0.75 

MNTD, mean nearest taxon distance; MPD, mean pairwise distance; PD, Phylogenetic diversity; TOC, 

total organic carbon; TN, total nitrogen; C/N, soil carbon/ nitrogen ratio; NH4
+-N, ammonium nitrogen;

NO3
–-N, nitrate nitrogen; TP, soil total phosphorus; AP, available phosphorus; Soil pH, soil pH value; 

SM, soil moisture. 

Figures 

Figure 1  Mean nearest taxon distance (MNTD), mean pairwise distance (MPD) and 

phylogenetic diversity (PD) of bacterial communities in single- and mixed-species 

plantations. PM, P. massoniana; CH, Castanopsis hystrix; ES, Second-rotation 

plantation of Eucalyptus urophylla; EF, Erythrophleum fordii; GA, Gmelina arborea; 

MPC, mixed plantation of P. massoniana and C. hystrix; MEE, mixed plantation of E. 

urophylla and E. fordii; MEG, mixed plantation of E. fordii and G. arborea. 

Figure 2  The molecular ecological networks (MENs) of bacterial communities in 

single- and mixed-species plantations. Molecular ecological networks (MENs) 
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represents various biological interactions in an ecosystem in which different nodes 

(OTUs) are linked by edges (interactions). Number in the circles is the module 

number. Red line means positive correlation, and grey line means negative 

correlation. 

Figure 3  The coefficient of variation (CV) of microbial biomass C, richness of 

OTUs, Shannon’s diversity index and beta diversity under single- and mixed-species 

plantations. The large variable coefficients indicate less stability in a microbial 

system. 
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Figure 4  Variation partitioning analysis partitions the relative influence of 

phylogenetic structure and topological features on prokaryotic community stability. 

The variables are divided into phylogenetic structure groups (MNTD, MPD and PD), 

links and distance between microbial species (total, positive and negative correlation 

links, and average connectivity and average path distance) and modules and 

connectors in MENs (number of sub-modules, connectors and module hubs). The 

circles represent individual groups of variables by partitioning the effects of other 

groups. The geometric areas of the circles are proportional to the percentage? 

respective effect as indicated by the numbers. The rectangles between the circles 

represent the joint effect of the circles on both sides of them. The portion unexplained 

by any of the tested variable groups is shown in the rectangle at the bottom of the 

figure. 
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