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Abstract: Establishment of mixed-forests has gained increasing attention as a way to optimize forest
production, to improve ecological benefits and as a safety net for impacts of future climate
uncertainties. However, practical knowledge about which species and what proportion of them
should be mixed is still lacking. Thus, this study was conducted with the aim of identify suitable
species for mixture with Acacia cincinnata. The mixture tested in the present study was A. cincinnata
+ Eucalyptus robusta (6:4), A. cincinnata + Acacia mangium (3:1) and monospecifc plantation of A.
cincinnata established in 2014. After 7 years of growth, we analyzed the effects of species mixture on
growth of tree species, understory vegetation and soil physico-chemical properties as well as
bacterial community structure and diversity. The results showed that species mixture had no
significant effect on growth characteristics, such as diameter and singletree volume of A. cincinnata.
However, mixed-species planting increased the total stocking volume compered to monospecific
plantation of A. cincinnata. Furthermore, stand mixture significantly increased species diversity,
biomass and nutrient stocks in the understory vegetation. The soil of mixed stand of A. cincinnata
and A. mangium had the highest C and N contents, whereas the soil of pure A. cincinnata stand had
the highest P content. The diversity of soil bacterial community were the highest in the mixed stand
of A. cincinnata and E- robusta, followed by pure A. cincinnata stand and A. cincinnata + A. mangium
stand. The relative abundance of Proteobacteria and Actinobacteria was higher in soils of mixed
stands. Furthermore, the relative abundance of Firmicutes was high in the soil of A. cincinnata + A.
mangium while the relative abundance of Verrucomicrobia was high in A. cincinnata + E. robusta
stand. As a whole, the study demonstrated that establishing mixed-species plantation enhance the
diversity and composition of understory vegetation, soil physico-chemical and soils bacterial
community; thereby increasing biodiversity, nutrient cycling and carbon sequestration in the
biomass and soil. From the viewpoints of forest productivity and ecological benefits, it is advisable
to establish a mixed plantation of A. cincinnata and A- mangium in southern China. As a whole, our
work revealed that the sustainability of mixed-species plantation relies on the interactions between
soil attributes, vegetation, and bacterial community.

Keywords: Acidobacterium; Acacia mangium; Eucalyptus robusta; mixed-species forest; soil biological
property; soil nutrients

1. Introduction

During rapid economic and social development, large-scale natural forest harvesting and
conversion of natural forests into plantations commonly occur, resulting in forest degradation, soil
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erosion, and other forest and environmental problems [1]. To circumvent land degradation, the
establishment of ecological welfare forestland was initiated in China, which is conducive to
improving the ecological environment and the ecosystem services and functions of forests, which is
of great significance to the restoration of fragile ecosystems and expansion of forest plantations [2,3].
Since China implemented classification-based forest management, a number of plantations with
highly important ecological locations or extremely fragile ecological conditions has been established
as ecological welfare forests, including water conservation forests, soil and water conservation
forests, windbreak and sand dune fixation forests, and shore restoration forests [4]. These ecological
welfare forests play an important role in territorial ecological security, biodiversity conservation, and
sustainable economic and social development [5]. However, the quality of some ecological welfare
forests in China is generally poor, and they have become low-yielding and inefficient with poor
ecosystem stability and ecological functions, making it difficult to give full play to the ecological
protection function of forests [6].

The practice of artificial afforestation shows that continuous growing of monoculture forests on
the same land results in decline of soil fertility, reduction in forest stand productivity and the
reduction of forest ecological functions [7]. Thus, mixed-species forest is opined to be a good model
for afforestation and forest stand quality improvement in today's ecological welfare forest. Several
studies have shown the advantages with mixed-species forests over monoculture forests. For
instance, Maire et al. [8] analyzed the light energy utilization efficiency of pure and mixed forests of
Eucalyptus grandis Hill ex Maiden and Acacia mangium Willd, and found that the mixed forest canopy
was more favorable to the growth of plants in the stands that use sunlight to provide nutrients for
growth. Forrester et al. [9] established 1:1 stand of E. robusta and Acacia mearnsii De Wilde and found
that mixed stand improved stand water use efficiency, canopy photosynthetic capacity, and
aboveground and underground carbon distribution. Liao et al. [10] found that a mixed forest of
Eucalyptus grandis x urophylla and A. mangium was conducive to forest growth in a relatively barren
red-soil mountainous area, and its ecological benefits, wind resistance, and disease resistance, were
better than those of a pure forest was. Chen et al. [11] found that the mixture of E. urophylla and A.
mangium can effectively increase the soil nutrient content and that the nutrient content of litter in
mixed forests exceed that of pure forests. The study by Zang et al. [12] showed that the number and
diversity of micro-organisms in the mixed forest of Acacia crassicarpa Benth and E. robusta were greater
than those in the pure forest, and afforestation of mixed A. crassicarpa and E. robusta was beneficial to
improve soil fertility and vegetation diversity.

Acacia cincinnata F. Muell is an evergreen tree of the legume family, native to the northeastern
coastal region of Australia, introduced to China in the 1970s, and widely planted in Guangdong,
Fujian, Hainan Provinces [13]. A. cincinnata has the advantages of fast growth, strong nitrogen fixing
ability, resistance to drought and barrenness, wide timber use, and short rotation of 6 - 8 years.
Therefore, it has been widely used for montane afforestation, soil and water conservation
afforestation, and coastal conservation afforestation in southern Fujian, China [14]. Owing to its
production of a large leaf litter, A. cincinnata has a good effect on improving soil fertility. It can also
be used in crop rotation planting and suitable for establishment of mixed forest with E. robusta in
southern Fujian to effectively improve the consumption of soil nutrients, fertilizer, and water on
forestland due to the rapid growth of eucalyptus trees [15]. At the same time, A. cincinnata is also an
excellent choice for establishment of mixed -forests with acacia species such as A. mangium, to
effectively improve the stability and diversity of the forest stand structure [16]. Due to the long-term
focus on the expansion of afforestation areas of A. cincinnata and insufficient attention to the
improvement of stand management practices, especially neglecting stand-tending operation, many
A. cincinnata forests in southern Fujian have become low-yielding, with poor ecosystem stability and
ecological functions [17]. It is, therefore, difficult to truly achieve the multi-functional benefits of
ecological welfare forests in maintaining water conservation, soil fertility, biodiversity conservation
and recreational landscape effects [18].

Therefore, the establishment of A. cincinnata plantations mixed with E. robusta and A. mangium
may be conducive to improving the soil fertility and water conservation capacity of barren land,
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which is of great significance for improving the ecological and economic benefits of forestland in
southern China. However, the effects of these mixtures on growth of tree species, undergrowth
vegetation diversity, soil physico-chemical and biological properties of A. cincinnata plantation are
largely unexplored. Thus, the aims of this study were to examine whether mixture of A. cincinnata
with A. mangium or E. robusta will have an impact on growth of tree species, if so which species, A.
mangium or E. robusta has the largest impact; and to evaluate the effects of mixed species planting on
understory vegetation, soil and bacterial community structure and diversity. The soil bacterial
community was explored by sequencing of the 165 rRNA gene in soils from different forest stand
types. Our research study endeavored to answer four main questions: (i) Does mixed-species planting
improve growth of tree species? (ii) Does mixed-species planting increased the diversity and biomass
of the understory vegetation as well as C, N and P concentrations in the soil, (iii) Is the bacterial
community of pure and mixed-species stands different due to their higher nutrient inputs (litter fall
and biomass) in the mixed stands? (iv) Is there any link between bacterial community and soil
attributes (C, N, P, C:N, C:P and N:P ratios? The study will provide an insight into the scientific
management of A. cincinnata mixed forest to meet a range of economic and ecological benefits in
southern China.

2. Materials and Methods

2.1. Study site

The study was conducted in Dagiutian Wutai Mountain Forest Farm, Nan'an county, Quanzhou,
Fujian, China (118°24'20"N, 25°16'45"E), which is located at an altitude of 80~1000 m. The area has a
subtropical monsoon climate with an annual average temperature of 19.5 to 21.0 °C with a frost-free
period of 350 d. The soil is red soil developed from sandstone shale with low soil fertility. The
plantations were established in 2014, and the stand density was 1110 trees hm of E. robusta (40%; 444
trees hm) and A. cincinnata (60%; 666 trees hm) forest, 1850 trees hm2 of A. mangium (25%; 463 trees
hm2) and A. cincinnata (75%; 1387 trees hm2) forest and 1230 trees hm2 of A. cincinnata forest (100%),
with a total area of about 6.13 hm?, 7.6 hm?, and 7.06 hm?, respectively.

2.2. Measurement of growth traits

In January 2021 (7 years after planting), three 20 x 20 m standard plots were set- up in each forest
stand type. Thereafter, the diameter at breast height (DBH) and tree height of each tree were
measured in the standard plot and the average volume and stand volume of each plot were
calculated. The DBH of trees was divided into DBH class of 2 cm interval [19,20]. The number of tree
in each diameter class was counted, and the average DBH of trees in each diameter class was
calculated separately for each forest stand as follows:

Di= /%Zdiz 1)

Here, N is the total number of trees in the i-th diameter class, and di is the DBH of the i-th
diameter class.

To improve the accuracy of the tree height measurements, the measured mean DBH was
substituted into the growth model and then we fitted the tree height as follows:

YA. Cincinnata = 3.2111x0.5254 (2)
YA Mangium = 4.3692x04247 (3)
YE. Robusta = 2.598x0-68% (4)

where y and x is the fitted height and DBH, respectively
The volume per tree was calculated as follows:
For Acacia, V =0.00005276x D1 882161 H1.009317
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For E. robusta, V = 0.000109154xD (1:87892:0.00569186x(D+H)) x [ (0.652598+0.00784754x(D+H))

Where D is the average DBH, H is the fitted tree height.

To calculate the volume of each diameter class, the average volume per tree of each diameter
class was multiplied by the number of trees in the diameter class. To calculate the stand volume, the
volume of each diameter class was added up in the sample plot.

2.3. Biomass and nutrient concentrations of understory vegetation

The species richness of the understory vegetation was determined by conducting an inventory
in three 1 m x 1 m plots in each forest stand type. All species were identified in situ using plant
identification manual and its cover was determined. The aboveground biomass of understory
vegetation (herbaceous plants and shrubs) was determined by harvesting all individuals in three
1mx1 m plots that were set-up in each forest stand. The underground (root) biomass was determined
by digging each plant roots. The fresh biomass samples were weighed in the field and then the
samples brought back to the laboratory where they were oven-dried at 105 °C to a constant mass for
the determination of dry mass. After crushing the samples and passing through 0.15 mm sieve to
remove impurities, the carbon (C) and nitrogen (N) concentrations were determined by Vario Max
Elemental Carbon and Nitrogen Analyzer (Elementar, Germany), and the Molybdenum-antimony
colorimetry method was used to determine the total phosphorus concentration in the biomass of
understory vegetation.

2.4. Soil analysis

Soil samples were collected from tree plots in each stand at different soil depth: 0-10 cm, 10-20
cm and 20-40 cm. The soil physical properties, including soils water content, bulk density, water
holding capacity and non-capillary and capillary porosity, were determined using the ring knife
method, keeping the soil structure intact. The chemical properties were measured using air-dried soil
(sieved at 0.15 mm). Carbon and nitrogen contents were measured with an elemental analyzer (Vario
MAX CNS, Elementar, Hanau, Germany) while P was determined after digestion by HF, HClOs, and
HNO: using the molybdenum-blue method.

2.5. Extraction and Amplification of Soil Bacterial DNA for Sequencing

The DNA in soil samples was extracted using the CTAB method, and the quality of the extracted
DNA was checked using electrophoresis in agarose gels (1% w/v in TAE buffer). After
electrophoresed for 30 min, the samples were thawed on ice, centrifuged and thoroughly mixed. The
quality of the samples was detected by Nanodrop, and 30 ng sample were taken for PCR
amplification. PCR products were purified using the Agencourt AMPure XP Nucleic Acid
Purification Kit. The V3-V4 hypervariable regions of the 165 rDNA of the bacteria were amplified.
The primer sequences were ACTCCTACGGGAGGCAGCAG and GGACTACHVGGGTWTCTAAT.
The amplification was conducted under the following reaction conditions: 5 min of initial
denaturation at 94 °C, 30 s of denaturation at 94 °C, 30 s of annealing at 55 °C, and 28 cycles of 1 min
of elongation at 72 °C. The amplified PCR products were sequenced on an Illumina MiSeq (PE300)
sequencing platform. The original sequencing data were deposited in the NCBI SRA database under
the accession number PRJNA954280. The high-quality Clean Tags sequences were obtained after
quality control filtering, and the Clean Tags sequences were clustered to produce operational
taxonomic units (OTUs) based on 97% sequence similarity. The UNITE taxonomic database and the
RDP Classifier database were used for species annotation of OUT representative sequences and
analysis of bacterial community composition at each taxonomic level to obtain information on
bacterial species in soils of different forest stand types.

2.6. Statistical analysis

The obtained OUT clustering results and species information were analyzed using Mothur
software, and the abundance index of Chao 1 and Observed species, phylogenetic diversity
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(PD_whole_tree) and Shannon’s diversity index were calculated. One-way analysis of variance
(ANOVA) was conducted to examine significant differences in growth traits of A. cincinnata, biomass
of understory vegetation, and bacterial diversity among the different forest stand types while two-
way ANOVA was conducted to determine significant differences in soil physico-chemical properties
among different soil depths and stand types. Means that exhibited significant differences were
compared using Tukey’s honestly significant test using SPSS software (version 22, IBM, New York,
USA). The relationship between soil C, N and P content and the relative abundance of the dominant
bacterial phyla was analyzed by redundancy analysis using Canoco software (version 5). All data
were expressed as the mean *+ standard error (SE).

3. Results

3.1. Growth of A. cincinnata in mixed and pure stands

Growth characters of tree species showed significant differences among forest stand types (Table
1). Diameter, height and individual tree volume of A. cincinnata did not differ between mixed-species
planting and monospecific planting. Diameter and volume of individual A. mangium and E. robusta
trees were higher than A. cincinnata in mixed-species plantings. Whereas height of E. robusta was
higher than A. cincinnata and A. mangium Compared with the pure stand of Acacia cincinnata, mixed
management was conducive to the increase of stand volume as evidenced in significantly (p < 0.05)
higher stand volume of mixed stand of A. cincinnata and A. mangium than that of pure stand of A.
cincinnata. The total volume of the standing stock was higher in A. cincinnata + A. mangium stand than
the monospecific stand of A. cincinnata. Even though it was not significant, the total volume of A.
cincinnata + E. robusta stand was relatively higher than that of monospecific stand.

Table 1. Growth of tree species under different species mixture modes. Means across the column that
were followed by different lowercase letters varied significantly (P < 0.05) among forest stand types.

Stand
Stand . Diameter . Volume per tree Total stock
tvpe* Species (cm) Height (m) (m9) volume (m3/hm?)
e cm m m3/hm
P (m3/hm?)
Acacia
o 9.6 +£0.7a 10.1+0.2a 1.06 +0.2a 18.34 + 3.03a
75Ac+ cincinnata 109.6 +
25Am ) 11.9 + 14.9b
A.mangium  11.3+0.1b 1.62 + 0.04b 91.23 £15.27c
0.1bc
Acacia
o 9.9 +0.4a 10.5+0.1a 1.12+0.1a 28.37 +12.56a 84.6 +
60Ac + 40Ercincinnata 23.9ah
.9a
E. robusta 13.4+2.3b 149 +2.16¢ 2.80 +1.01b 56.20 + 18.75b
Acacia
100Ac o 10.4 +0.1a 10.8 £ 0.01a 1.24 + 0.04a 61.12 +12.95b61.1 +9.8a
cincinnata

For stand type, 75Ac + 25Am represents 75% A. cincinnata and 25% A. mangium; 60Ac + 40Er represents 60% A.
cincinnata and 40% E. robusta; and 100Ac represents 100% A. cincinnata in the stand.

3.2. Biomass and nutrient concentrations of understory vegetation

Diversity of understory vegetation differed among forest stand types; particularly species
richness was higher in A. cincinnata + E. robusta stand than the other stands (Appendix A). Biomass
of understory vegetation varied significantly (p < 0.05) among stand types, where both above- and
belowground herbaceous biomass was higher in A. cincinnata and mixed stand of A. cincinnata and
A. mangium than mixed stand of A. cincinnata and E. robusta (Table 2). Similarly, biomass of roots,
branches and leaves of shrub species in the understory varied significantly (p < 0.05) among different
forest stand types (Table 2). Mixed stand of A. cincinnata and A. mangium resulted in higher biomass
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of roots and branches and leaves of shrub species than mixed stand of A. cincinnata and E. robusta
but similar with A. cincinnata stand.

Table 2. Biomass of herbaceous and shrub species in the understory of different Acacia cincinnata
stands (Mean * SE). Means across the column that were followed by different lowercase letters varied
significantly (P < 0.05) among forest stand types.

Herbal biomass (Kg/ha) Shrub biomass (Kg/ha)
Forest stand
Above Under Total Total
type* . root branch leaf .
ground ground  biomass biomass

1250.0 + 285.3 = 378.7 £ 1519+ 815.8 +

75Ac +25Am 820.1+200.4a429.9 + 71.2a 951.0a 186.5a 171.7a 4074 392 da

258.1 + 5125+ 141.4 = 88.0 = 284.1 +

60Ac +40Er 254.4+103.7b 12.9b 106.9b 54.6 +12.4b 52 3b 30.0ab 79.1b
11394 + 109.8 + 76.9 + 299.2 +

100Ac 752.8+123.4a386.6 + 87.7a 184 1a 3154 112.6 £ 37b 26.5b 81.7b

Nutrient concentration of different parts of the understory vegetation also varied among stand
types (Table 3). N concentration in the aboveground parts of herbaceous species was higher in the
pure stand of A. cincinnata than mixed stands while it was the opposite in the underground parts. C
and P concentrations in the aboveground parts of herbaceous species did not vary significantly
among stand types. The C concentration of underground parts was higher in mixed stands than A.
cincinnata stand while the P concentration of the underground part was higher in pure A. cincinnata
stand than mixed stands. Among understory shrub species, the concentrations of N and P in the roots
were the highest in the mixed stand of the two acacias. The concentration of P in the branch was
slightly higher in the pure than mixed stands. The concentrations of N and C in the leaf was the
highest in mixed than pure stands.

Table 3. Nutrient concentrations of understory vegetation in different Acacia cincinnata forest stand
types (Mean + SE). Means across the rows that were followed by different lowercase letters varied
significantly (P < 0.05) among forest stand types.

Forest stand type*
75Ac + 25Am 60Ac + 40Er  100Ac
N 91+11a 1l.6+1.1ab 13.7+1.3b
C  363.7 +£61.6a402.3 + 28.8a420.8 + 14.6a
P 1.0+0Ja 08+03a 1.2+0.3a
N 81+07b 71+12b 57+03a
C  244.8+26.4b282.4+40.9b 185.8+3.2a
P 08+0.1a 07+03a 15+0.0b
N 155+15c 103+0.1b 7.6+0.0a
root C  4045+184a 420.2+5.6a 420.5+0a
P
N
C
P
N
C

Vegetation  Plant Parts Nutrient

Above ground

Herbal biomass

Under ground

06+0.1b 03x01a 05x0.0b
114+13a 13.1+4.0la 12.7+0.0a
453.6 +3.9a 445.0+9.2a 450.5+0.0a
06+01a 05+02a 09+0.0b
225+0.6c 173+19> 14.3+0.0a
466.0 + 1.3c 431.7 £5.0a 449.6 £ 0.0b
P 05+0.0a 05x03a 0.7+0.0a
* For forest stand type, 75A + 25A represents 75% A. cincinnata and 25% A. mangium; 60A + 40E represents 60%
A. cincinnata and 40% E. robusta; and 100A represents 100% A. cincinnata in the stand.

Shrub biomass branch

leaf

3.3. Soil physical properties and C:N:P stoichiometry
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Soil physical properties differed significantly (p < 0.05) among soil layers and the different stand
types (Figure 1). In mixed stand of A. cincinnata and E. robusta, the soil water content was high in 20-
40 cm soil layer while it was significantly low in 10-20 cm soil layer in mixed stand of the two acacias
compared to monospecific planting of A. cincinnata and mixed stand of A. cincinnata a and E. robusta.
The bulk density in 0-10 cm soil layer was significantly higher in a mixed stand of A. cincinnata + A.
mangium than the pure stand of A. cincinnata. Of the three stand types, the maximum water holding
capacity in 0 - 10 cm soil layer was the highest in the mixed stand of A. cincinnata and A. mangium. In
the 0-10 cm soil layer, the minimum water-holding capacity of the three forest stands was in the order
pure stand of A. cincinnata < mixed stand of A. cincinnata + E. robusta < mixed stand of A. cincinnata +
A. mangium. The maximum water holding capacity, capillary water holding capacity, minimum
water holding capacity, capillary porosity, and total porosity of 20-40 cm soil layer were all improved
in mixed stands compared to pure stand of A. cincinnata. As a whole, mixture of the two acacias (A.
cincinnata + A. mangium) resulted in improved soil physical properties more than mixed stand of
Acacia cincinnata and E. robusta.

Analysis of soil stoichiometry revealed significant differences (p < 0.05) in soil C, N and P
concentrations as well as C:N, C:P and N:P ratios in different soil layer and among different forest
stands (Figure 2). The concentration of C decreased along the soil depth in all stand types; especially
in mixed stands whereas it remained the same among stands within each soil layer. In mixed stands,
the concentration of N was higher in the 0-10 cm soil layer than the other soil layers while in pure
stand of A. cincinnata the N concentration was higher in 10-20 cm soil layer than the other soil layers.
The P concentration was higher in monospecific than mixed-species stands across the soil depth. The
C:N ratio was significantly higher in mixed stand of A. cincinnata and A. mangium than in mixed stand
of A. cincinnata and E. robusta and monospecific stand. The C:P ratio was higher in the 10-20 cm soil
layer than the other soil layers in mixed stands while it remained statistically similar in the pure stand
of A. cincinnata. Similarly, the N:P ratio was higher in the upper than in the lower soil layer in mixed
stands while it was the same across the soil depth in the pure stand of A. cincinnata.
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Figure 1. Soil physical properties of Acacia cincinnata stands with different species mixture (Mean +
SE). Means followed by different lowercase letters varied significantly (P < 0.05) among soil layers
within the same forest stand type and uppercase letter denotes significant differences (P <0.05) among
forest stand types within the same soil layer.
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Figure 2. Soil Carbon, Nitrogen and Phosphorus contents and soil stoichiometry of Acacia cincinnata
under different stand mixture (Mean + SE). For the stand mixture; 75Ac + 25Am represents 75% A.
cincinnata and 25% A. mangium; 60Ac + 40Er represents 60% A. cincinnata and 40% E. robusta; and
100Ac represents 100% A. cincinnata in the stand. Means followed by different lowercase letters varied
significantly (P < 0.05) among soil layers within the same forest stand type and uppercase letter
denotes significant differences (P < 0.05) among forest stand types within the same soil layer.

3.4. Soil bacterial diversity

With 97% similarity, the number of OTU was obtained for each stand, and the total number of
OTU for A. Cincinnata + A mangium, A. cincinnata + E. robusta and A. Cincinnata stands were 1493,
1830, and 1737, respectively. There were 1,149 OTUs in all acacia stands, of which 158, 89, and 70
OTU were unique to A. cincinnata + A. mangium , A. cincinnata + E. robusta, and A. cincinnata stands
(Figure 3). The richness of soil bacteria community, as measured by Chaol and Observed_ species,
showed significant differences in response to species mixture. Both Chaol and Observed_ species
indices were higher in mixed stand of A. cincinnata and E. robusta and pure stand of A. cincinnata than
in mixed stand of A. cincinnata and A. mangium (Table 4). The phylogenetic diversity (PD_whole_tree)
showed similar pattern as Observed- species index, whereas species diversity (Shannon index)
remained similar among the different stand types.
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Figure 3. Venn diagram of the distribution of soil bacterial operational taxonomic units in different
acacia stand types.

Table 4. Soil bacterial diversity indices in three different Acacia cincinnata stands (Mean + S). Means
followed by different letters ae significantly different (P < 0.05) between forest stand types.

Forest stand*
Bacterial diversity index = 100Ac 60Ac +40Er 75Ac+25Am

Chaol 1605.5 +49.9a 1546.4 + 45.3a 1297.4 + 86.0b
Observed_ species  1327.8 +47.3a1315.9 + 76.26a1109.3 + 55.1b
PD_whole_tree 85.8+2.9a 84.8 +4.6a 71.3+3.1b

Shannon 8.1+0.2a 8.3 +0.1a 78+0.1a

*100Ac, 60Ac +40Er and 75Ac + 25Am represents A. cincinnata forest stand, A. cincinnata + E. robusta mixed forest
stand and Acacia cincinnata + Acacia mangium forest stand, respectively.

3.5. Composition of Soil Bacteria Community

The composition of bacterial community differed among the different stand types. At the
phylum level, Acidobacterium, Chloroflexi, Proteobacteria and Actinobacteria were the most
abundant bacterial among the top 11 phyla (Figure 4). The relative abundance of Acidobacterium
was relatively high in the soil, followed by the relative abundance of Chloroflexi and the relative
abundance of Proteobacteria; together accounting for about 80% of the phylum composition in pure
A. cincinnata stand and about 78% in mixed- species stand. The relative abundance of Proteobacteria
and Actinobacteria was higher in soils of mixed stands than in pure A. cincinnata stand. While the
relative abundance of Firmicutes in the soil of A. cincinnata + A. mangium stand was higher than that
of the other two forest types, and the relative abundance of Verrucomicrobia was higher in A.
cincinnata + E. robusta stand.
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Figure 4. Relative abundance of bacterial community composition at the phylum level.

3.6. Relationship between soil bacteria and C, N and P stoichiometry

To further explore what shapes bacterial community composition, redundancy analysis was
performed using soil stoichiometry as explanatory variables with the first axis explained 78% and the
second axis explained 22% of the variation (Figure 5). Actinomycetes and Plactomycetes were
positively correlated with Total N and C:P but negatively correlated with C:N. Acidobacteria was
positively related with N:P but negatively related with Total C and Total P. Chloroflexi and
Gemmatimonadetes were positively correlated with Total C and Total P but negatively correlated
with Total N, C:P and N:P. Verrucomicrobia and Proteobacteria were positively correlated with C:N
but negatively correlated with Total N.
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Figure 5. Redundancy analysis of rhizosphere soil physical and chemical properties and bacterial
community (phylum level) of Acacia cincinnata plantations.

4. Discussion

4.1. Effects of species mixture on the growth of Acacia cincinnata
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Mixed-species planting did not improve the growth of individual A. cincinnata trees in relation
to its monoculture while improved the growth of accompanying species, A. mangium and E. robusta.
However, the introduction of E. robusta or A. mangium in the A. cincinnata plantation significantly
improved stand volume of A. cincinnata trees. Mixed-species management is currently an important
afforestation method to improve productivity and the ecological benefits of plantations, as well as to
improve biodiversity [21). Reasonable mixing of species can promote stand growth due to
improvement in physico-chemical properties of the forest soil, such that the soil is looser with good
aeration and improved nutrient availability that promotes the extension of tree roots in the soil layer
[22]. In mixed-species planting management, tree growth depends on the characteristics of the species
itself and interspecific belowground interaction. Interspecific belowground interactions can be
competition or facilitation, where the latter represents that one species positively modifies the
environment of the other species; thereby benefiting its growth [23]. For instance, N2-fixing species,
such as A. cincinnata and A. mangium, can meet its nitrogen requirement through fixing atmospheric
N in their roots [24], while supplying N for accompanying species in mixed planting management
[25]. Short-term belowground N transfer from A. mangium, Nz fixing tree species, to Eucalyptus trees
has been observed in a mixed-species plantation [26]. Likewise, it was found that non-Nz-fixing trees
utilize atmospheric N fixed by the Ne-fixing trees, when grown together, presumably through
constricted root connections or organic forms of N from the litter layer. In addition, studies have
shown that competition between tree species, when grown in mixed-species model, can lead to
differentiation in horizontal or vertical root distribution [27,28]. Thus, mixing tree species with
contrasting rooting traits can result in a more effective exploration of the soil by the roots, while
spatial and temporal niche separation in the soil can result in increased root biomass [29]. One
example could be that A. cincinnata and E. robusta, when grown together, could increase the tree
height and diameter growth as well as stand volume (note that the stem density is half of that of
monospecific plantation of A. cincinnata) due to increased complementarity by spatial niche
partitioning. This is because E. robusta has deep root system, which can avoid competition in the
shallow root zone with A. cincinnata while the latter species could provide N to the former species.
This has been observed in significantly higher total stock of mixed forest of E. robusta + A. cincinnata
(84.6 m*hm?) than that of pure A. cincinnata (61.1 m3/hm?) stand as well as in a mixed-species
plantation of E. globulus and A. decurrens in Ethiopia [Error! Reference source not found.]. Similarly,
in a mixed plantation of Gmelina arborea and Cordia alliodora, it was observed that G. arborea accounted
for 40% of the total stand volume compared to 21% by C. alliodora [30].

Mixed-species did not improve the diameter growth of individual A. cincinnata tree in relation
to its monospecific planting and accompanying tree species. This result is similar with previous
studies that demonstrated lack of significant differences in diameter growth of E. urograndis and A.
mearnsii in different arrangements of monospecifc and mixed-species planting at the age of 18 months
[31]. In a study made to examine the growth of E. camaldulensis and Leucaena leucocephala in
monospecifc and mixed-species planting systems, the growth in DBH did not show significant
difference between the different planting systems, which indicates that there is a lack of positive or
negative interspecifc interactions that favored the growth in DBH of both species in different planting
arrangements [32]. Similarly, the volume growth of individual A. cincinnata tree in monoculture and
mixed-species plantations did not display significant differences between the different plantation
systems, but significantly higher volume of accompanying species was observed. Similar results have
been observed in mixed-species plantations of E. globulus and A. mearnsii [33] and in monoculture
and mixed-species plantation of E. saligna and A. mearnsii [34].

4.2. Effects of species mixture on composition and diversity of understory vegetation

Mixed-species planting; particularly A. cincinnata + E. robusta, resulted in higher diversity
(species richness) while mixed species planting of A. cincinnata and A. mangium resulted in higher
biomass of understory vegetation. Several studies showed that tree species mixture increases species
richness and biomass of the understory vegetation [35,36]. Each tree species used in mixed-species
forests has an explicit impact on the understory environment, which in turn is associated with its
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influences on resource availability (light, water and soil nutrients) and other environmental factors,
such as microclimate, precipitation throughfall and competition [37-39]. It has often been opined that
the composition and diversity of understory vegetation in mixed forests lies in between species
composition and diversity of individual monoculture communities [40]. In other words, each tree
species occurring in mixed-species forest contributes all or some of the species associated with it. In
our study, five species occurring in the understory of monospecific plantation of A. cincinnata
occurred in mixed planting of A. cincinnata and E. robusta. The effect of species admixture is usually
large when the tree species involved in mixed-species plantation change to a greater extent the
understory environment, such as light availability, soil nutrient content, litter and root turnover [41].
Furthermore, the stand density regulates species richness of the understory vegetation; i.e. increasing
stand density will lead to low species richness [42]. This is further evidenced in our study where low
stand density of A. cincinnata + E. robusta resulted in higher species richness in the understory
vegetation than the other forest stand types. However, the biomass of understory vegetation and the
N content of the roots of herbaceous species as well as shrubs were higher in mixed stand of A,
cincinnata and A. mangium. This could be related with increased N status in the soils of this stand
through atmospheric N fixation by both Acacia species. Mixed-species planting, especially A.
cincinnata and A, mangium increased the C content of the underground part of herbaceous species
and the leaves of understory shrubs; suggesting better growth of the understory vegetation under
mixed-species stand, as a mixed forest plantation contains more varied microhabitats than the
respective monocultures do [43].

4.3. Effects of species mixture on soil physical properties and C:N:P stoichiometry

As an indispensable resource affecting the growth and development of plant communities in
terrestrial ecosystems, soil provides nutrients and water for plants, and its physicochemical
properties directly affect the growth of plants [Error! Reference source not found.]. The soil
physicochemical properties are the main drivers of changes in the structure and spatial distribution
of soil microbial communities, which play a key role in ensuring the normal growth and development
of plants [Error! Reference source not found.] as well as in regulating soil nutrients and ecosystem
processes. Owing to the different biological characteristics of various tree species, different effects of
species mixture on soil physico-chemical properties are observed [44]. In this study, soil physical
properties exhibited significant differences along the soil layer among different forest types. The
average soil water content was high in 20-40 cm soil layer in mixed stand of A. cincinnata and E.
robusta, while it was significantly low in 10-20 cm soil layer in mixed stand of the two acacias
compared to monospecific planting of A. cincinnata. Generally soil water content is dependent on the
interactions between precipitation, soil evapotranspiration and surface cover [45] With increasing soil
depth, evaporation decreases whereas water infiltration increases, thus resulting in a higher soil
water content at a lower depth [46]. In addition, Eucalyptus trees, with their deep root system, can
draw more water in the deeper soil layer than the upper soil layer. Mixed forests significantly reduced
the bulk density of soil due to the interspersion of plant roots that make the soil looser and improves
soil aeration [47]. Mixed-species plantations significantly improved soil aeration and water holding
capacity as well as the soil porosity (i.e., non-capillary and capillary porosity, and total porosity) and
water holding capacity, capillary water holding capacity, maximum water holding capacity, and
minimum water holding capacity of topsoil and subsoil compared to monoculture Chinese fir
plantations [44] — a result similar to our study. Similarly, a decrease in soil bulk density, but an
increase in water holding capacity was observed in mixed-species forest during restoration of sodic
lands [48]. This can be attributed to the development of root network and increased leaf litter
production in mixed-species forests [48].

The present study also demonstrated that the C and N concentrations tended to be higher in
mixed-species than in monospecific plantations, while the opposite pattern was observed in the P
concentration. Mixed-species increases the quality and quantity of litter in the understory, enhances
the biological activity of microorganisms, and increases the concentration of organic matter [49]. The
current soil C content is the result of the balance between C input and output processes, which are
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chiefly derived from litter fall, soil microorganisms, and soil-animal and plant-root turnover [50,51].
Both A. mangium and E. robusta had substantial litter fall input, resulting in a higher C input into the
soil of mixed stands compared with pure stand of A. cincinnata. Studies have shown that litter
decomposition is dependent on micro-environmental conditions of the forest understory and
abundance and diversity of earthworms [52], which might be more conducive in the mixed stand
than monospecific stand in our case. Soil C:N ratio reflects nitrogen mineralization capacity, and a
lower value improves increased N available and soil fertility [53]. In this study, mixed stand of A.
cincinnata and E. robusta and monospecific planting of A. cincinnata significantly decreased soil C:N
ratio in both top and sub soil compared with mixed stand of A. cincinnata and A. mangium, indicating
that the effect of mixed-forests on soil nutrient status is specifies-specific. When both N2-fixing
species, A. cincinnata and A. mangium, are grown together, the N concentration in the soil will be
higher than when grown together with non-N»-fixing species, such as E. robusta, resulting in lower
C:N ratio. Similar result was reported where soils of coniferous mixed forests have lower C.N ratio
than broad-leaved mixed forest [54].

With regard to soil N and P content, mixed stands presented higher N content in the topsoil
while the P concentration was higher in monospecific than mixed-species stands across the soil depth.
Soil N is mainly derived from the decomposition of organic matter (mainly litter turnover) as well as
atmospheric N fixation; as a result, higher total N concentrations were observed in mixed stand of
both acacia species, where larger biomass of herbaceous species and N content in leaves of understory
shrub species were also recorded. It should be noted that turnover of herbaceous flora is the major
source of organic matter and the composition and diversity of soil bacterial and fungal communities
are controlled by the contents of nitrogen, cellulose and lignin in leaf litter of standing vegetation
[48]. On the other hand, the P content in the soil is strongly influenced by the mineralization of soil
microbiome, which allows more P to be stored in the soil [53]. The fact that higher total P was found
under monospecific plantation across all soil depths in the present study suggest that mixed-species
plantations are not conducive for P accumulation in the soil. The C:P ratio reflects the efficiency of
the plant's use of P [55], and N:P ratio represents the plant's nutrient limitation status [56]. We found
higher C:P ratio in the subsoil of mixed stands while higher N:P ratio in the topsoil of mixed stands.
This can be attributed to generally low availability of P in the soils of the study area itself [57]; and
hence the P content is small compared to carbon and nitrogen contents.

4.4. Effect of species mixture on abundance and diversity of soil bacterial community

Mixed forests improve soil bacterial structure and increase bacterial diversity compared to pure
forests due to differences in the degree of soil decomposition of understory litter, the soil water
content, C, N, P contents, and other soil physico-chemical properties [58,59]. In the present study,
mixed-species planting, especially A. cincinnata + E. robusta, increased the richness (Chaol and
Observed number of species) and phylogenetic diversity compared with mixed stand of A. cincinnata
and A. mangium. Despite the highest N content in A, cincinnata + A. mangium plantation, the soil
bacterial richness and diversity were the lowest compared with A. cincinnata + E. robusta. This suggest
that tree species have a significant effect on community structure than the soil environment [60]. A
similar result has reported from mixed-species plating of A. mangium and Eucalyptus in Congo [61].
Addition of N in a subtropical deciduous oak mixed forest in China resulted in a significant decline
in bacterial richness and diversity [62,63]. It was suggested that the loss of one or more bacterial
species does not dramatically affect the ecosystem functions, probably due to the high functional
redundancy of soil microbes [61]. The fact that A, cincinnata + E. robusta had the largest number of soil
bacteria, and the observed species index, and PD_whole_tree index could be linked to its high soil
moisture content, which improved the soil environment and enriched the soil bacterial community
structure [64]. The metabolic processes of different plant roots, as well as the decomposition of soil
litter, will affect soil permeability, porosity, compactness, and other soil attributes, such as C, N, and
P concentrations in the soil, which will then affect soil bacterial community structure [65]. Our result
is consistent with the study by Zang et al. [12] who demonstrated increased number and diversity of
microorganisms in the mixed forest of A. crassicarpa and E. robusta compared with the pure forest.
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Soil microbes regulate major biogeochemical cycles and can significantly affect ecosystem
functions [66]; hence, the soil environment contains a diversity of microorganisms, dominantly
Acidobacteria, Proteobacteria, Actinobacteria, Verrucomicrobia, Bacteroidetes, and Planctomycetes
[67]. In the present study, Acidobacterium, Chloroflexi, Proteobacteria and Actinobacteria dominated
the soil bacterial community in pure and mixed-species plantations. The dominance of
Proteobacteria, Acidobacteria, and Actinobacteria have been often associated with the acidic nature
of forest soils [44,68]. The relative abundance of Acidobacterium, Chloroflexi and Proteobacteria
accounted for about 80% of the phylum composition in pure A. cincinnata stand and for about 78% in
mixed-species planting of A. cincinnata and E. robusta as well as A, cincinnata and A. mangium.
Acidobacterium was the dominant bacterial phylum of the soil from pure A, cincinnata plantation, but
it had a relative abundance of only 25-35%, which was much lower than that of areas with acidic soil.
For instance, Acidobacterium accounted for 53.3%, 67.8% and 60% of the soil samples of coniferous
forest, mixed forest and broadleaf forest, respectively in the soil of Dinghu forest with pH 3.00-4.50
[69]. Soils of Fujian province, where the study was carried out, are acidic, but other soil attributes
might differ between the two sites. However, the relative abundance of Proteobacteria and
Actinobacteria was higher in soils of mixed stands than in pure A. cincinnata stand; whereas the
relative abundance of Firmicutes in the soil of A. cincinnata + A. mangium stand was higher than that
of the other two forest types, and the relative abundance of Verrucomicrobia was higher in A.
cincinnata + E. robusta stand. This suggests a shift in the bacterial community as results of different
planting systems, involving Ne-fixing trees, as reforestation, N input and availability of mineral N
are known to increase microbial diversity [70,71]. The relatively higher abundance of Firmicutes in
A. cincinnata + A. mangium stand is probably linked to enhanced soil N cycling in this stand and to
increased N content in the soil through atmospheric N fixation compared to A. cincinnata + E. robusta
stand. This has been observed in the introduction of A. mangium into Eucalyptus plantation in the
Congolese Coastal Plains, where N inputs change bacterial community structure and microbial
biomass [61]. A study made on the distribution of soil microorganisms in different vegetation types
in the new wetland of the Yellow River Delta also concluded that the different types and quantities
of rhizosphere exudates of different plants directly affected the distribution of microbial populations
[72].

N and P content is the main indicator of soil nutritional status in soil organic matter, are the most
important nutrient elements in the process of bacterial metabolism, and have the most significant
influence on the reproduction rate and quantity of bacteria [72]. Correlations between soil C, N, P
and C:N:P ratios and relative abundance of dominant phyla of bacterial community has been
detected, with specific phylum being associated with different soil attributes. According to the
redundancy analysis of soil microbial communities, it was found that soil C:P and total P had the
most significant effects on soil microbial community. Our results are consistent with previous studies
that demonstrate a positive significant link between soil attributes and bacterial communities in
Acacia and Eucalyptus mixed planting in the Congolese coastal plains [61] and in a broad-leaved
forest ecosystem in central Germany [60], which are attributed to the effects of litterfall and root
exudates. Significant differences in the distribution of soil bacterial community between Robinia
pseudoacacia L. + Ailanthus altissima mixed forest and pure forest in the Yellow River Delta were
observed [73,74] as well as in Larix gmelinii (Rupr.) Kuzen. and Pinus sylvestris var.Mongholica Litv,
and Larix gmelinii + Pinus sylvestris mixed forest [75]. As a whole, several factors create heterogeneous
environment in mixed-species stand; e.g. a shift in forest floor composition and quality and quantity
of litter fall, which in turn, results in a different composition of the soil bacterial community.

5. Conclusions

Our study demonstrated the benefit of mixed-species planting in terms of increasing forest
productivity and enhancing ecological values. Mixed-species planting of A. cincinnata and A.
mangium provided the largest stocking volume compared to monoculture of A. cincinnata. Mixed-
species planting improved the soil C, N, P contents due to increased litter fall and higher biomass of
understory vegetation, whose turnover increases the physico-chemical properties of the soil. Soil
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bacterial diversity and community structure is shaped by species mixture. Thus, mixed-species
planting of A. cincinnata and A. mangium is recommended to augment the value of ecological welfare
forests by introducing economical valuable timber species. The increased biomass of understory
vegetation could play an important in climate change mitigation through increased sequestration of
carbon in the biomass. In addition, the turnover of the herbaceous species not only improves the
nutrient status of the forest floor but also serves as bio-diverse energy sources for the soil bacterial to
flourish. In conclusion, our work revealed that the sustainability of mixed-species plantation relies
on the interactions between soil attributes, vegetation, and bacterial community.
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Appendix A

List of species recorded in the understory of different A. cincinnata stands, together with their
height and coverage.

A. cincinnata stand

Species Height (cm)Coverage (%)
Rubus corchorifolius 35 20
Pteris dispar 25 7
Digitaria sanguinalis 20 20
Dryopteris chinensis 10 10
Dicranopteris dichotoma 30 30
Glochidion puberum 50 25
Adiantum flabellulatum 5 0.5
Smilax glabra 10 0.4
Lygodium japonicum 5 4
Clerodendrum cyrtophyllum 40 5
Mean + SE 23+ 5 12.2 +3.4
A. cincinnata + E. robusta Stand
Dicranopteris dichotoma 40 70
Digitaria sanguinalis 15 2
Toxicodendron vernicifluum 27 1
Hedyotis hedyotidea 6 1
Urena lobate 15 0.4
Sapium discolor 40 2
Adiantum flabellulatum 10 0.4
Rubus corchorifolius 8 0.4
Smilaz china 5 0.5
Paederia cruddasiana 60 16
Embelia laeta 37 50
Gahnia tristis 24 5
Litsea rotundifolia var. Oblongifolia 40 6

Mean + SE 252+ 4.8 11.9+ 6.1
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A. cincinnata + A. mangium stand

Adiantum flabellulatum 15 4
Pericampylus glaucus 10 5
Embelia ribes 40 20
Gahnia tristis 90 15
Pteris dispar 10 6
Dicranopteris dichotoma 100 20
Sapium discolor 60 5
Ficus hirta Vahl 60 5
Melicope pteleifolia 110 10
Mean + SE 55+13 10 +2.2
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