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Abstract: Eucalyptus plantations harbor great potential for supporting ecosystem services, but this
prospect is weakened under long-term traditional silviculture regimes. To reform these traditional
silviculture regimes, we carried out a long-term Eucalyptus eco-silviculture experiment. However,
the derived benefits and mechanisms that arise in mixed species stands under the eco-silviculture
regime are not fully understood. Here, we evaluated tree carbon storage (TCS), understory vegetation
carbon storage (UCS), floor litter carbon storage (FLCS), soil organic carbon storage (SOCS), and
ecosystem carbon storage (ECS) in seven-year-old mono-specific plantations of a Eucalyptus hybrid (E.
urophylla × E. grandis) and Castanopsis hystrix, as well as mixed plantations of these two trees under
an eco-silviculture regime in southern China. The results showed that the tree height, diameter at
breast height (DBH), volume, and biomass of eucalypt trees and C. hystrix in the mixed plantation
were significantly higher than that of the trees in the corresponding single-species plantations. The
mixed-species plantation had the largest TCS (84.33 Mg ha−1), FLCS (4.34 Mg ha−1), and ECS
(313.31 Mg ha−1), as well as a higher SOCS (233.98 Mg ha−1), but the lowest UCS (0.96 Mg ha−1),
among the three plantation types. The mixture effects analysis revealed significant synergistic effects
(non-additive effect, NAE > 0) on TCS, SOCS, and ECS, and significant antagonistic effects (NAE < 0)
on UCS. These synergistic effects were mainly due to the complementary ecological niches of the
two species in the mixed-species plantation, which could potentially enable them to maximize the
use of local resources, and to increase stand productivity and litter production. These results imply
that beyond the gains in timber production obtained by having both Eucalyptus and C. hystrix trees
growing in the same plantation stand, such mixed-species plantations enhance carbon sequestration
to a greater extent than mono-specific plantations of either Eucalyptus or C. hystrix trees. In conclusion,
we suggest planting mixed plantations of species with complementary ecological niches under an eco-
silviculture regime, to effectively resolve the contradiction between timber production and ecosystem
services, and, thereby, also promote the sustainable development of Eucalyptus plantations.

Keywords: carbon storage; mixed-species plantation; Eucalyptus plantation; synergistic effect;
silviculture regime

1. Introduction

There are 294 million hectares of planted forests worldwide, accounting for 7% of
the global forest area [1]. China has more than 80.03 million hectares of tree plantations,
of which at least 44% consist of non-native tree species such as Eucalyptus spp., Acacia
spp., and so forth [1–3]. Today, there are more than 5.46 million hectares of Eucalyptus
plantations in China, of which 2.56 million hectares are located in Guangxi Province

Forests 2022, 13, 733. https://doi.org/10.3390/f13050733 https://www.mdpi.com/journal/forests

https://doi.org/10.3390/f13050733
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://doi.org/10.3390/f13050733
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f13050733?type=check_update&version=1


Forests 2022, 13, 733 2 of 17

alone [4]. The use of eucalypt trees under intensive management is particularly important
for rapid fiber production in the southern regions of China, where growth rates of other
planted tree species are relatively low, and natural forests are under strict government
protection. Eucalyptus has become the fastest developing and best localized type of mono-
specific plantation of exotic species in Guangxi, due to its adaptability to a variety of
environments, rapid growth, and high yield [3,4]. Although they constitute only 1.16%
of China’s total forest area [1], Eucalyptus plantations are estimated to supply about 41%
of the country’s demand for roundwood [3]. In Guangxi, Eucalyptus plantations have
great potential to support ecosystem services with respect to (1) accelerating restoration of
degraded forest ecosystems [5], (2) reducing the harvesting pressure on natural forests [6],
(3) providing sustainable sources of wood supplies [7], (4) promoting carbon storage with
more than 40 million tons of carbon sequestrated every year [3], and (5) supporting the
wood processing industry of RMB 500 billion [3].

Yet, the impact of Eucalyptus plantations upon the ecological environment remains
a controversial topic in China and abroad [4,7–9]. The core and key outstanding issue
being debated is how Eucalyptus plantations are managed. Their current management
follows a traditional silviculture regime, one that relies on high-intensive disturbances (e.g.,
controlled burning, mechanical site preparation, fertilization, and herbicide applications at
a high frequency and high dosage), high economic input (an investment of RMB 30,000
per hectare for a five-to-seven-year stand rotation), and successive short rotations with
high generation [3,4]. These intensive forest management activities severely disrupt for-
est ecosystem functioning, and, in turn, have exacerbated a suite of ecological problems,
namely the considerable degradation of soil quality [10], reduced species diversity of plant
communities [11,12], and greater risk of exotic plant invasions in the understory [4,13,14],
in addition to sharp declines in wood productivity and carbon storage over time [15]. Col-
lectively, this leads to weakened ecosystem functions and services of Eucalyptus plantations,
and a strong imbalance between their timber production and other ecological services, thus
affecting their sustainable management. Hence, it is imperative the traditional silviculture
regime of Eucalyptus plantations in China be reformed [3].

Recently, we put forward a definition for an eco-silviculture regime, and carried out
a long-term Eucalyptus (E. urophylla × E. grandis) eco-silviculture experiment [3]. The
core of this regime is to establish mixed-species plantations of Eucalyptus and precious
native tree species, which considers in tandem the application of ecological forestland
clearing, site preparation, stand tending, fertilization, and pest and disease control measures.
It recognizes trade-offs and generates synergies between timber production and other
ecosystem services, so as to maintain the biodiversity, productivity, carbon sequestration,
and soil quality across the ecosystem, landscape, and watershed scales.

Mixed plantations of Eucalyptus and Castanopsis hystrix are now common across south-
ern China. These two species occupy different niches and exhibit resource partitioning
(i.e., complementary ecological niches), resulting in the maximal use of resources [16–18]:
Eucalyptus is a fast-growing exotic species to China with shade-intolerance and a deeper
root system, whereas C. hystrix is a relative slow-growing native species with moderate
shade-tolerance and a shallow root system. In addition, Eucalyptus has low leaf productivity
and produces less litter with poor quality and a slow decomposition rate [19]. Nevertheless,
the higher-quality C. hystrix litter can stimulate the decomposition of more recalcitrant
litter of eucalypt trees in the mixed plantations [20,21]. Due to this complementarity, mixed
plantations could be more productive and support more ecosystem carbon storage than
would mono-specific planted forests [22]. Many studies have reported that plantation
stands of mixed species may have more advantages than mono-specific plantations, such
as higher diversity, productivity, and greater carbon storage [23–25], as well as a stronger
resistance to biotic and abiotic stresses [26,27]. However, the actual benefits derived from
mixed stands will depend on their tree species’ composition, given that such benefits are
found inconsistent across studies of tree-mixture effects [25,28,29]. In addition, the derived
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benefits and mechanisms that arise in mixed species stands under an eco-silviculture regime
are not yet fully understood.

Productivity of tree plantations is a function of the supply, capture, and efficiency of
their use of resources [30]. Species interactions in mixed-species stands can influence each
of these variables [31]. The importance of resource-use efficiency in determining forest
productivity has been clearly demonstrated in monocultures; however, substantial knowl-
edge gaps remain for mixtures [32]. Given this context, we hypothesized the following: (i)
Due to mixed species complementarity, to improve the resource use efficiency and stand
productivity, we expected the carbon sequestration in trees and the forest floor litter to
be higher in mixed-species plantations than mono-specific plantations. (ii) Considering
the low resource quality and quantity of Eucalyptus litter and fast tree growth rates in
Eucalyptus plantations, a large amount of soil organic carbon (SOC) is converted into plant
biomass carbon, so we expected that SOC stock would be lower in Eucalyptus stands than
those in pure C. hystrix plantations or the mixed-plantation type. (iii) Due to the potentially
positive effect of mixtures on increasing total forest canopy cover, and knowing that C.
hystrix forms a broader canopy than do hybrid Eucalyptus trees, we expected to find lower
carbon storage in the understory vegetation in pure C. hystrix and mixed Eucalyptus/C.
hystrix plantations, under the low-intensity disturbance of the eco-silviculture regime.

2. Materials and Methods
2.1. Study Area and Experimental Design

This research was conducted at the Qing Mountain Station (21◦57′47”–22◦19′27” N,
106◦39′50”–106◦59′30” E) of Guangxi Youyiguan Forest Ecosystem National Research
Station at the Experimental Center of Tropical Forestry, Chinese Academy of Forestry, in
Pingxiang City of the Guangxi Zhuang Autonomous Region in southern China. This region
is characterized by a subtropical monsoon climate, with a mean annual precipitation of
1300 mm and a mean annual temperature of 22.3 ◦C [33]. The study area’s elevation spans
240 to 280 m, and its loamy soil is formed from granitic parent material, classified as a
Ferrosol based on the Chinese system of soil classification, which is equivalent to an Oxisol
based on the USDA Soil Taxonomy (USDA, 1996).

Our experiment started in February 2012 and used a randomized block design with
three plantation types, each replicated five times, which were installed soon after the clear-
cutting of a Pinus massoniana mono-specific plantation in November 2011. The area of each
block was 6 ha, with 2 ha for each plantation, and the distance between any two blocks
was at least 500 m (Figure 1, see Table 1 for the abbreviations of the plantation types). The
plantation types included pure Eucalyptus (E. urophylla× E. grandis) plantations (PEU), pure
C. hystrix plantations (PCH), and mixed Eucalyptus and C. hystrix plantations (MEC). The
initial planting density was of 1667 tree ha−1 in each plantation, with 2 m × 3 m spacing
between trees; their proportion in the mixed Eucalyptus/C. hystrix stands was 2:1. All these
plantations followed the management practices of an eco-silviculture regime, consisting of
low-intensity disturbances (i.e., manual clearing, site preparation, and weeding [no heavy
machinery], base fertilizer of 250 g/tree, top-dressing of 714 kg/ha in spring 2013, with no
herbicide applications), and low economic input (an investment of RMB 15,000 per hectare
for a 7-year stand rotation, which is only half of the traditional silviculture regime). The
stands of all the plantations had similar soil types, topography, and management histories.
According to our examination prior to planting, there were no significant differences in the
topographic features, soil properties, and microbial community phospholipid fatty acids
(PLFAs) among the plantation sites (Table 2).
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Figure 1. A schematic plot of study area and experimental design. PEU, PCH, and MEC indicate 
pure Eucalyptus plantation, pure C. hystrix plantation, and mixed Eucalyptus and C. hystrix planta-
tion, respectively. Numbers following the abbreviations of the plantations indicate replications. 

Table 1. Abbreviations, full name and unit of plantation types, soil properties, soil microbial com-
munity, tree characteristics, and carbon storage. 

Component Abbreviation Full Name Unit 

Plantation type 
PEU pure Eucalyptus plantation  

PCH pure C. hystrix plantation  

MEC mixed Eucalyptus and C. hystrix plantation  

Soil property 

SBD soil bulk density g cm−3 
SWC soil water content % 
SOC soil organic carbon  g kg−1 
TN soil total nitrogen g kg−1 
TP soil total phosphorus g kg−1 
AN soil available nitrogen mg kg−1 
AP soil available phosphorus mg kg−1 
AK soil available potassium mg kg−1 
DOC soil dissolved organic carbon mg kg−1 
DON soil dissolved organic nitrogen mg kg−1 

Tree characteristic 
DBH diameter at breast height cm 
H tree height  m 

Carbon storage 

SCS stem carbon storage Mg ha−1 
BaCS bark carbon storage Mg ha−1 
BrCS branch carbon storage Mg ha−1 
LCS leaf carbon storage Mg ha−1 
RCS root carbon storage Mg ha−1 
TCS tree carbon storage Mg ha−1 
UCS understory carbon storage Mg ha−1 
FLCS floor litter carbon storage Mg ha−1 
SOCS soil organic carbon storage Mg ha−1 
ECS ecosystem carbon storage Mg ha−1 

 

  

Figure 1. A schematic plot of study area and experimental design. PEU, PCH, and MEC indicate
pure Eucalyptus plantation, pure C. hystrix plantation, and mixed Eucalyptus and C. hystrix plantation,
respectively. Numbers following the abbreviations of the plantations indicate replications.

Table 1. Abbreviations, full name and unit of plantation types, soil properties, soil microbial commu-
nity, tree characteristics, and carbon storage.

Component Abbreviation Full Name Unit

Plantation type
PEU pure Eucalyptus plantation
PCH pure C. hystrix plantation

MEC mixed Eucalyptus and C. hystrix
plantation

Soil property

SBD soil bulk density g cm−3

SWC soil water content %
SOC soil organic carbon g kg−1

TN soil total nitrogen g kg−1

TP soil total phosphorus g kg−1

AN soil available nitrogen mg kg−1

AP soil available phosphorus mg kg−1

AK soil available potassium mg kg−1

DOC soil dissolved organic carbon mg kg−1

DON soil dissolved organic nitrogen mg kg−1

Tree characteristic
DBH diameter at breast height cm
H tree height m

Carbon storage

SCS stem carbon storage Mg ha−1

BaCS bark carbon storage Mg ha−1

BrCS branch carbon storage Mg ha−1

LCS leaf carbon storage Mg ha−1

RCS root carbon storage Mg ha−1

TCS tree carbon storage Mg ha−1

UCS understory carbon storage Mg ha−1

FLCS floor litter carbon storage Mg ha−1

SOCS soil organic carbon storage Mg ha−1

ECS ecosystem carbon storage Mg ha−1
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Table 2. Background data of topographic features, soil properties, and microbial community phospho-
lipid fatty acids (PLFAs), in the 0–10 cm depth layer in different plantations. Mean ± standard error
(n = 5). F-values are results of one-way ANOVA. See Table 1 for the abbreviations of soil properties.

Content Factor PEU PCH MEC F(4,12) p

Topographic
features

Longitude 22◦10′4.62” N 22◦9′59.7” N 22◦9′46.8” N
Latitude 106◦41′39.8” E 106◦41′41.7” E 106◦41′48.5” E

Elevation (m) 253 242 257
Slope aspect Northwest North Northwest

Slope gradient (◦) 19 20 20

Soil properties

Soil type Latosol Latosol Latosol
pH 4.50 ± 0.17 4.47 ± 0.11 4.51 ± 0.09 0.19 0.831

SBD (g cm−3) 1.21 ± 0.02 1.19 ± 0.06 1.19 ± 0.01 0.93 0.422
SWC (%) 32.16 ± 3.52 32.93 ± 3.07 32.83 ± 3.12 0.29 0.756

SOC (g kg−1) 21.57 ± 1.42 22.03 ± 2.54 21.96 ± 1.78 1.99 0.179
TN (g kg−1) 1.23 ± 0.15 1.24 ± 0.08 1.25 ± 0.05 0.76 0.490
TP (g kg−1) 0.36 ± 0.08 0.34 ± 0.11 0.35 ± 0.07 3.33 0.071

AN (mg kg−1) 15.27 ± 1.23 14.90 ± 1.14 14.64 ± 1.25 1.48 0.266
AP (mg kg−1) 35.62 ± 3.53 37.23 ± 3.36 36.52 ± 3.88 0.47 0.636
AK (mg kg−1) 64.18 ± 6.55 63.78 ± 5.21 64.93 ± 3.42 1.86 0.197

DOC (mg kg−1) 348.56 ± 15.24 340.21 ± 13.53 342.35 ± 11.62 0.90 0.431
DON (mg kg−1) 42.48 ± 3.04 44.65 ± 3.19 43.16 ± 2.11 1.77 0.212

Microbial
community

PLFAs

Total PLFAs (nmol g−1) 50.42 ± 3.86 51.65 ± 3.21 50.89 ± 3.34 2.75 0.104
Bacteria PLFAs (nmol g−1) 39.25 ± 2.71 40.16 ± 2.63 38.87 ± 2.85 2.66 0.110
Fungal PLFAs (nmol g−1) 3.62 ± 0.25 4.05 ± 0.32 3.75 ± 0.33 4.23 0.041

2.2. Overstory Survey and Timber Production Estimates

In June 2019, a 400 m2 (20 m × 20 m) sampling plot was randomly established in each
of the three treatments (PEU, PCH, and MEC) within each block. In each plot, for each
tree, we measured its height (m) with a digital clinometer (Vertex IV, Haglöf Inc., Langsele,
Sweden) and its diameter at breast height (DBH; stem diameter at 1.3 m above ground
level) with a diameter tape. The stand density in 2019 averaged 1595 trees ha−1 in PEU,
1660 trees ha−1 in PCH, and 1625 trees ha−1 in MEC (overall, 1095 trees were Eucalyptus, and
530 were C. hystrix), and it was similar among the three treatments (p > 0.05). Environmental
factors were also recorded (elevation, slope, aspect, slope position, etc.).

Timber production was estimated using stand volume (SV), the latter estimated by
the summing the individual tree volume (ITV) of each plot. ITV was estimated using the
Equation (1) published by Meng [34] and Liu [35]:

ITV = f e × (H + 3) × π × (1/4) × DBH2 (1)

where f e is the experimental form factor, H is the tree height (m), and DBH is the diameter
at breast height (cm). The f e was fixed here at a value of 0.4, following other studies using
the same Eucalyptus hybrid and C. hystrix [35].

2.3. Overstory and Understory Biomass Measurements

Trees in each plantation were divided into 12 to 19 groups based on DBH; groups
corresponded to 1.0 cm intervals, from the smallest to the largest DBH. One to three sample
trees were selected from each group, to represent the stand-specific DBH range in each
stand, and, then, destructively sampled for biomass measurements. In total, 50 trees in
PEU, 17 in PCH, and 55 of Eucalyptus and 12 of C. hystrix in MEC, were, thus, selected and
harvested. The aboveground portions of these sampled trees were subdivided into stems,
bark, branches, and leaves. The belowground portion of each tree was totally dug out
and subdivided into stump, thick roots (diameter > 2.0 cm), medium-thick roots (diameter
of 0.5–2.0 cm), and fine roots (diameter < 0.5 cm). The total fresh weight of each part of
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the trees was estimated in the field, subsampled separately with 500 g. The subsamples
were transported to the lab and immediately dried at 85 ◦C, until a constant weight was
reached to determine moisture content. To ensure that the woody components could be
dried completely, the woody samples (stems, bark, branches, stump, and thick roots) were
split into 0.5 mm thick and 5 cm long. The total dry weight of each aboveground and
belowground component was calculated for each sample tree.

Based on the biomass of sample trees, we found that an allometric relationship between
the biomass of a given tree component (W), DBH, and tree height (H) was best predicted
by the equation W = a(DBH2H)b, for which the coefficient of determination (R2) ranged
from 0.7142 to 0.9843. Table 3 shows that under the F-test for these non-linear regression
models, all the fitted equations were highly significant (p < 0.01). The biomass of each tree
component was then calculated, according to the allometric equations listed in Table 3.

Table 3. Allometric equations used to calculate the biomass of the different tree components.

Plantation Species Component Allometric Equation
Correlation
Coefficient

(R)
F-Value

PEU Eucalyptus Stem W = 0.03040 × (DBH2H)0.9320 0.968 709.10 **
Bark W = 0.00503 × (DBH2H)0.8887 0.961 577.04 **

Branches W = 0.00196 × (DBH2H)0.9836 0.826 102.78 **
Leaves W = 0.000223 × (DBH2H)1.1627 0.767 68.73 **
Roots W = 0.00445 × (DBH2H)1.0069 0.951 452.86 **

PCH C. hystrix Stem W = 0.04350 × (DBH2H)0.8886 0.996 1767.57 **
Bark W = 0.01005 × (DBH2H)0.8102 0.986 526.73 **

Branches W = 0.02211 × (DBH2H)0.8333 0.958 168.53 **
Leaves W = 0.14336 × (DBH2H)0.4479 0.894 59.97 **
Roots W = 0.03544 × (DBH2H)0.7768 0.977 316.78 **

MEC Eucalyptus Stem W = 0.02529 × (DBH2H)0.9576 0.960 624.13 **
Bark W = 0.00950 × (DBH2H)0.8079 0.953 522.27 **

Branches W = 0.00350 × (DBH2H)0.9167 0.871 166.05 **
Leaves W = 0.00292 × (DBH2H)0.8382 0.654 39.59 **
Roots W = 0.00877 × (DBH2H)0.9219 0.947 456.27 **

C. hystrix Stem W = 0.05568 × (DBH2H)0.8618 0.979 233.62 **
Bark W = 0.00606 × (DBH2H)0.8607 0.978 217.75 **

Branches W = 0.12859 × (DBH2H)0.6434 0.869 30.89 **
Leaves W = 0.01528 × (DBH2H)0.8817 0.873 25.63 **
Roots W = 0.05587 × (DBH2H)0.7277 0.946 84.99 **

For PEU, n = 50; for PCH, n = 17; for MEC: eucalypt, n = 55 and C. hystrix, n = 12. ** p < 0.01.

Four quadrants of understory vegetation (each 5 m × 5 m) and litter (each 1 m × 1 m)
were established randomly within each plot. For all live plants, their species identity,
abundance (counts), height, and coverage were recorded. Coverage was the ratio of the
area of vertical projection of the aboveground part of a species to the area of the quadrant.
A destructive harvesting method was used to measure the biomass in the aboveground and
belowground portions of the shrub and herbaceous layers from the 5 m × 5 m quadrants.
The fresh weights of the aboveground and belowground components of the shrubs and
herbaceous plants were directly obtained. At the same time, the litter samples were
collected from the 1 m × 1 m quadrants and weighed. Immediately, the litter, aboveground,
and belowground components of the shrubs and herbaceous plants were evenly mixed,
respectively, and subsampled separately with 500 g. The subsamples were transported to
the lab and immediately dried at 85 ◦C until a constant weight, to determine the density of
dry biomass per hectare (Mg ha−1).
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2.4. Measuring the Carbon Content of Plant and Soil Components

The oven-dried samples of the aboveground and belowground components of trees
(Eucalyptus and C. hystrix), understory (shrubs, herbaceous plants), and litter were passed
through a 1-mm sieve in the laboratory, and the organic carbon content was determined
using the K2Cr2O7–H2SO4 calefaction procedure [36].

In each plot, mineral soil samples were extracted from five depths (0~20 cm, 20~40 cm,
40~60 cm, 60~80 cm, and 80~100 cm) using a stainless-steel corer (8.7-cm diameter). In each
plot, nine soil cores were collected at each depth and bulked into one composite sample.
Soil samples were taken to the laboratory, air-dried at room temperature (25 ◦C), passed
through a 1-mm mesh sieve to remove coarse living roots and gravel, and, then, ground
prior to their chemical analysis. Meanwhile, three additional soil cores for each soil depth
were sampled from each plot to quantify the soil bulk density. Soil organic carbon (SOC)
concentration was determined by the K2Cr2O7–H2SO4 calefaction procedure.

2.5. Carbon Storage Measurements

The amount of carbon stored in Eucalyptus and C. hystrix trees (TCS), the understory
vegetation (UCS), and floor litter (FLCS) was calculated separately, as carbon content
multiplied by biomass [24]. Soil organic carbon stocks (SOCS) for each soil depth were
calculated as carbon content multiplied by soil mass (soil depth × bulk density values).
Total SOCS values were determined by adding the SOCS values of each depth together.
Finally, total ecosystem carbon storage (ECS) was calculated by summing the TCS, UCS,
FLCS, and total SOCS.

2.6. Statistical Analysis

One-way analysis of variances (ANOVAs) with least square difference (LSD) were
conducted to examine the differences in growth (including tree height, DBH, volume),
biomass (e.g., trees, understory, and litter), and carbon storage (e.g., TCS, UCS, FLCS, SOCS,
and ECS) among the three different plantations. Before ANOVAs, the raw data for all these
variables were tested for normality with the Shapiro–Wilk test and for homogeneity of
variances with Bartlett’s test. Data were transformed (natural log or square root) when
required, to meet assumptions of normality and homogeneity of variance. Two-sample
t-tests were conducted to examine the differences in tree height, DBH, volume, biomass,
and carbon content of eucalypt and C. hystrix trees growing in mono-specific and mixed-
plantation types. All statistical analyses were carried out in SPSS 20.0 software (SPSS, Inc.,
Chicago, IL), with significance set at p < 0.05. Values are presented throughout as the
mean ± standard error (SE) (n = 5).

To further evaluate mixed-species plantation effects on carbon storage, we calculated
the relative effects (RE) of mixing species in the stands, by comparing the observed values
(OV) with the predicted values (PV) of carbon storage. RE was estimated following
Wardle [37] in equation (2):

RE = [(OV − PV)/PV] × 100 (2)

where OV is the observed values in the mixed-species plantation, and PV is the average
values in the corresponding monocultures. When RE differs from zero, it would indicate
non-additive effects (NAE) of mixing species on carbon storage. Negative and positive
deviations from zero are inferred as antagonistic and synergistic effects, respectively. One-
sample Student’s t-tests with 95% confidence intervals were used to test whether RE differed
significantly from zero [31].

3. Results
3.1. Tree Growth

Both species extremely grew significantly greater in mixture than as a monoculture
(Table 4). Compared with its mono-specific plantation, the tree height, DBH, volume, and
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biomass of Eucalyptus in the mixed plantation increased by 7.53%, 7.05%, 19.72%, and
20.20%, respectively, while that of C. hystrix in the mixed plantation increased 17.72%,
24.33%, 61.29%, and 86.05%, respectively. These results supported our first hypothesis, that
mixing Eucalyptus and C. hystrix could increase the growth of Eucalyptus and C. hystrix trees
in their mixed plantation.

Table 4. Tree height, diameter at breast height (DBH), volume, and biomass of eucalypt trees and
Castanopsis hystrix growing in mono-specific and mixed-plantation types.

Factor
Eucalyptus C. hystrix

PEU MEC PCH MEC

Tree height (m) 19.52 ± 0.15 20.99 ± 0.20 ** 9.93 ± 0.13 11.69 ± 0.23 **
DBH (cm) 13.62 ± 0.16 14.58 ± 0.17 ** 7.89 ± 0.15 9.81 ± 0.23 **

Volume (m3 tree−1) 0.142 ± 0.004 0.170 ± 0.005 ** 0.031 ± 0.002 0.050 ± 0.003 **
Biomass (kg tree−1) 104.62 ± 2.65 125.75 ± 3.46 ** 31.75 ± 1.33 59.07 ± 2.80 **

Values shown are the mean ± standard error (n = 5). The ** indicates a significant difference between the same
species in the mono-specific and mixed plantation types (p < 0.01; two-sample t-test).

3.2. Carbon Content of Tree, Understory, Litter, and Soil

The carbon content of different tree components did not significantly differ among
plantation types or between tree species, according to the ANOVAs and two-sample t-tests
(Table 5).

Table 5. Carbon content (%) in different components of Eucalyptus and Castanopsis hystrix trees in
different plantation types.

Component
Eucalyptus C. hystrix

PEU MEC PCH MEC

Stem 47.06 ± 2.58 51.12 ± 1.18 ns 50.92 ± 0.74 50.84 ± 1.22 ns
Bark 38.39 ± 2.34 44.07 ± 1.90 ns 48.56 ± 0.61 47.54 ± 0.70 ns

Branch 44.15 ± 1.62 48.46 ± 1.34 ns 51.41 ± 0.29 50.49 ± 1.76 ns
Leaf 48.53 ± 2.26 51.36 ± 2.53 ns 49.96 ± 0.42 46.03 ± 2.48 ns
Root 44.12 ± 1.43 48.11 ± 1.11 ns 48.11 ± 0.76 49.35 ± 2.20 ns

Values shown are the mean ± standard error (n = 5). The ‘ns’ indicates no significant difference detected between
the same species in mono-specific and mixed plantation types (p > 0.05; two-sample t-test).

Average carbon content values of the understory vegetation aboveground and be-
lowground in PEU (42.29% and 37.62%, respectively) were significantly lower than those
in PCH (46.54% and 44.15%, respectively) and MEC (46.83% and 43.04%, respectively)
plantations (p < 0.05). The mean carbon content of the litter layer was significantly lower in
PEU (37.63%) and PCH (40.29%) than in MEC (47.16%) (p < 0.05) (Table 6).

Carbon content of the soil horizons decreased with greater depth (Table 6). Topsoil
(0–20 cm depth) had a carbon content that was more than 4.3 times that of the substrate
(80–100 cm depth). The mean carbon content of the entire 100-cm soil profile (all five layers)
and of each soil horizon of the PCH and MEC plantations were significantly greater than
that of the soil layers in PEU (p < 0.05) (Table 6). However, the carbon content of various
soil horizons did not significantly differ between PCH and MEC stands (p > 0.05), except
for the topsoil (0–20 cm) (p > 0.05) (Table 6).
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Table 6. Carbon content (%) in the understory vegetation, litter, and soil layers.

Layer Component PEU PCH MEC F(2,12) p

Understory Aboveground 42.29 ± 0.30 b 46.54 ± 0.30 a 46.83 ± 0.37 a 61.29 0.000
Belowground 37.62 ± 0.45 b 44.15 ± 0.91 a 43.04 ± 0.39 a 30.85 0.000

Litter 37.63 ± 1.93 b 40.29 ± 2.32 b 47.16 ± 1.07 a 7.08 0.009

Soil

0–20 cm 2.00 ± 0.09 c 3.40 ± 0.15 a 2.70 ± 0.17 b 25.95 0.000
20–40 cm 0.75 ± 0.09 b 1.89 ± 0.14 a 1.58 ± 0.11 a 26.95 0.000
40–60 cm 0.66 ± 0.06 b 1.21 ± 0.20 a 1.39 ± 0.17 a 6.02 0.015
60–80 cm 0.30 ± 0.08 b 0.90 ± 0.12 a 1.17 ± 0.16 a 13.33 0.001

80–100 cm 0.47 ± 0.06 b 1.19 ± 0.35 a 1.10 ± 0.10 a 3.42 0.067
Mean 0.83 ± 0.01 b 1.72 ± 0.20 a 1.59 ± 0.13 a 31.64 0.000

Values shown are the mean ± standard error (n = 5). Different letters indicate significant differences (one-way
ANOVA, p < 0.05, least square difference analysis) among different plantations.

3.3. Carbon Storage
3.3.1. Tree Carbon Storage

When we examined the various tree components (stems, bark, and roots), their carbon
storage was significantly lower in PCH than either PEU or MEC (p < 0.05), but similar
between the latter plantations (p > 0.05) (Figure 2). For branches and leaves, their carbon
storage was significantly higher in MEC than either PEU or PCH (p < 0.05), but similar
between the latter plantations (p > 0.05) (Figure 2). In total, tree carbon storage (TCS)
was greater in mixed-species (84.33 Mg ha−1) than mono-specific plantation stands (PEU:
76.57 Mg ha−1, PCH: 25.59 Mg ha−1), being significantly higher than PCH but similar
with PEU (Figure 3). These results supported our first hypothesis, that the mixed species
plantation would have more TCS than either mono-specific plantation.
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Figure 3. Amounts of carbon stored by trees, understory, litter (above the X-axis), and soil (below the
X-axis) in the three plantation types. Numbers in the bars indicate the mean value (n = 5). Different
letters indicate significant differences (ANOVA, p < 0.05, least square difference analysis) among
different plantations. TCS, tree carbon storage; UCS, understory carbon storage; FLCS, floor litter
carbon storage; SOCS, soil organic carbon storage.

3.3.2. Understory and Floor Litter Carbon Storage

The UCS was greater in PEU (2.55 Mg ha−1) and PCH (1.65 Mg ha−1) than in MEC
(0.96 Mg ha−1) (Figure 3). However, these differences were only significant for PEU vis-à-
vis PCH and MEC (p < 0.05), while the latter two plantations had non-significant differences
in UCS (p > 0.05). These results supported our third hypothesis, that the mixed-species
plantation would have less UCS than either mono-specific plantation. Figure 3 also shows
that the FLCS was greater in MEC (4.34 Mg ha−1) and PCH (4.03 Mg ha−1) than in the PEU
plantation (2.99 Mg ha−1), but the difference was only significant for MEC compared with
the PEU plantation (p < 0.05).

3.3.3. Soil Carbon Storage

The SOCS was greater in the PCH and MEC plantations at a total of 224.00 and
223.98 Mg ha−1, respectively; while it was substantially lower in PEU at 123.85 Mg ha−1.
PEU stored significantly less SOCS than did either PCH or MEC (p < 0.05). These results
supported our second hypothesis, that the PEU plantation would incur reduced carbon
storage in its soil horizons than PCH and MEC. In the stands of the three plantations, the
carbon storage in their soil layers decreased as depth increased, a result consistent with the
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distribution of the soil’s carbon content. Topsoil stored the most carbon. Across the three
plantations, 30.24%–42.77% of the total carbon storage in the soil occurred at a depth of
0–20 cm (Figure 3).

3.3.4. Whole Ecosystem Carbon Storage

The ECS of the plantation ecosystem (i.e., TCS + UCS + FLCS + SOCS) was significantly
greater in MEC (313.61 Mg ha−1) than PEU (205.96 Mg ha−1) and PCH (255.27 Mg ha−1)
plantations (p < 0.05) (Figure 3).

As Figure 3 shows, the rank order of ECS is soil > trees > litter > understory. The
TCS in the three plantation types accounted for total carbon storage levels of 37.18%,
10.02%, and 26.89%, respectively, in PEU, PCH, and MEC. The FLCS accounted for 1.45%,
1.58%, and 1.39%, while SOCS accounted for 60.13%, 87.75%, and 71.42%, respectively; the
corresponding values for UCS were low, being 1.24%, 0.65%, and 0.31%.

3.4. Admixing Effects on Whole Ecosystem Carbon Storage

In the admixing effects analysis, we found significant synergistic effects (NAE > 0) on
all tree components’ carbon storage and TCS, with values for NAE that ranged from +51% to
+66% (Figure 4). Whereas, significantly antagonistic effects (NAE < 0) were detected upon
UCS. There were significant synergistic effects on SOCS and ECS, with an increase of +29%
and +36%, respectively. When decomposed into various soil compartments, significant
positive values for NAE of species mixing were observed for the 20–40 cm (+24%), 40–60 cm
(+55%), and 60–80 cm (+104%) layers.
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Figure 4. Non-additive effects of the mixed plantation on carbon storage (mean ± SE, n = 5) in
various vegetation compartments and soil horizons. NAE values that differed significantly from zero,
according to one-sample Student’s t-tests, are indicated by * (p < 0.05), ** (p < 0.01), or *** (p < 0.001);
‘ns’, non-significant. SCS, stem carbon storage; BaCS, bark carbon storage; BrCS, branch carbon
storage; LCS, leaf carbon storage; RCS, root carbon storage; TCS, tree carbon storage; UCS, understory
carbon storage; FLCS, floor litter carbon storage; SOCS, soil organic carbon storage; ECS, ecosystem
carbon storage.
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4. Discussion
4.1. Effects of Mixing Species on Tree Growth and Productivity

Our results suggest that the productivity of mixed-species stands was the greatest
(12,047 kg ha−1 year−1 of carbon) when compared to mono-specific plantations (Eucalyptus
and C. hystrix, 10,938 and 3656 kg ha−1 year−1 of carbon, respectively), but this difference
was significant only in comparison with the C. hystrix plantation. Our study also found
that Eucalyptus and C. hystrix trees attained greater tree heights, diameters, volumes, and
biomass in the stands sampled in the mixed-species plantation. These results are similar to
previous investigations in the same study region [22,24,38].

Forest canopy structure is considered a major factor in the observed decrease in
biomass and carbon stock potential of plantations [39]. Some earlier studies have reported
a close association between forest canopy structure and plantation stands’ growth and
productivity levels [40]. A higher canopy density may intensify competition for light,
which can then inhibit further plant growth [41,42]. Meanwhile, a lower canopy density
is beneficial to understory vegetation, but intensifies competition for water and nutrients
among understory plants [39,43]. In our study, the forest canopy was more open in the pure
Eucalyptus plantation after seven growing seasons, with its understory vegetation growing
rapidly, further intensifying competition for water and nutrients between eucalypt trees
and understory plants under an eco-silviculture regime, which may result in its decreasing
productivity. In contrast, the forest canopy was more closed in the pure C. hystrix plantation
after seven growing seasons, further intensifying competition for water, nutrients, and light
among the different individual trees. Competition for light induced more carbon to be
allocated to tree height growth rather than diameter growth [44]. Therefore, this could have
contributed to the decreased productivity of C. hystrix monocultures. Our study also found
that the forest canopy structure was improved significantly in the mixed-species plantation
after just seven growing seasons, with a distinctive dual forest canopy strata developed.
Eucalyptus trees formed the upper canopy stratum, while C. hystrix trees composed the
lower canopy stratum. In addition, Eucalyptus trees were more deeply rooted, while C.
hystrix trees were superficially rooted. Accordingly, mixing the trees of Eucalyptus and C.
hystrix can improve the resource use efficiency of these two species, and, thereby, increase
the growth and productivity of the mixed plantation.

4.2. Effect of Plantation Types on Whole Ecosystem Carbon Stocks

Ecosystem carbon stocks (ECS) can be influenced by many factors, such as climate,
soil, plantation types, and management practices [45,46]. In this study, however, plantation
type was considered as a major factor capable of influencing ECS under similar climate
and soil conditions as well as identical management practices. Our results suggest that the
mixed plantation of Eucalyptus (E. urophylla × E. grandis hybrid) and C. hystrix significantly
increased the ECS under the applied eco-silviculture regime, when compared with the
mono-specific Eucalyptus and C. hystrix plantations. This finding is consistent with the
theory that mixed stands are more productive than monocultures [47], but the differing
components of the ECS (i.e., TCS, UCS, FLCS, SOCS) were distinctly different. The mixed
Eucalyptus and C. hystrix plantation harbored the largest TCS, FLCS, and ECS, higher SOCS,
and the smallest UCS. The mono-specific Eucalyptus plantation held the highest UCS and a
high TCS, but had the lowest FLCS, SOCS, and ECS. However, the mono-specific C. hystrix
plantation had the highest SOCS, in addition to a high UCS, FLCS, and ECS, yet also had
the lowest TCS.

Our results clearly demonstrate that the mixed Eucalyptus and C. hystrix plantation
can significantly impact whole ecosystem carbon stocks. Firstly, mixing the two tree species
significantly increased the growth and productivity of the plantation, which may result in
a larger TCS. Secondly, increased stand productivity, especially in terms of more branches
and leaves, can also increase litter production [28,48], leading to a greater accumulation
of organic matter on the forest floor [49,50], which may augment the FLCS. Thirdly, the
increase in decomposition rates of mixed litters of different species could also increase the
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SOCS [31,51]. Finally, concurrent increases in the TCS, FLCS, and SOCS would translate
into a greater ECS. Mixing tree species could enhance forest canopy coverage, limiting light
transmission, which would reduce the carbon stock held in understory vegetation. We can
attribute these positive effects to the favorable stand structure and microclimatic conditions
provided by mixing Eucalyptus and C. hystrix trees in the mixtures. These include more
available canopy space, a multi-tiered canopy structure with less intensive competition for
light and nutrients [52], improved litter quantity and quality [3], enhanced soil microbial
community diversity and enzyme activity [53], and accelerated biogeochemical cycling of
nutrients [54].

In the case of the mono-specific Eucalyptus plantation, firstly, Eucalyptus is a fast-
growing species with high nutrient-consumption rates. Secondly, because the eco-silviculture
regime reduces the clearance of understory vegetation, competition between eucalypt trees
and understory vegetation for water and fertilizer is increased. Thirdly, eucalypt leaves
have low productivity, produce less litter, are of poor quality, and provide fewer nutrient
returns [19]. In addition, among the three plantations, mono-specific Eucalyptus plantation
had the highest soil bulk density (1.59 ± 0.02 g/cm3), which may inhibit plant root growth
and nutrient uptake by altering the micro-conditions of soil [55,56], thereby decreasing
plant growth and the TCS. Moreover, since Eucalyptus stands grow rapidly, a large amount
of SOC is converted to plant biomass carbon [14,15]. Diminished litter mass, a faster de-
composition rate, and poor soil micro-environment in the mono-specific Eucalyptus stands
could lead to reduced accumulation of organic matter in soil, which may result in the
significantly decreased SOCS [14,15], and, further, declines in its ECS.

However, C. hystrix, a slow-growing shallow-rooted species, does not maximize
its use of local resources, resulting in lower productivity and TCS, as well as a higher
litter production and decomposition rate [57]. This could explain why the pure C. hys-
trix plantation had the greatest soil organic carbon content among the three plantations
(1.72% ± 0. 20%), which may result in lower TCS and higher SOCS [22], and, thus,
lower ECS.

4.3. Tree Species Mixture Effects on Whole Ecosystem Carbon Stocks

Although non-additive effects have been widely used in decomposition studies of
mixed-species’ litter [37,58–61], they are rarely conducted to analyze plantation productivity
and ecosystem carbon stocks [31]. Non-additive effects from litter mixing studies suggest
that both synergistic and antagonistic interactions can occur [61]; however, synergistic
effects tend to occur mainly in mixed-species plantations [31]. For example, Chomel [31]
found significant synergistic effects on aboveground and soil carbon stocks in a mixed
plantation of hybrid poplar and white spruce, which could be attributed to the higher
biomass of poplar and the greater litter accumulation on the soil surface, in mixtures
compared with monoculture. In our study, by comparing the predicted carbon stock from
mono-specific stands and observed carbon stock in mixed-species stands, we showed
that mixing Eucalyptus and C. hystrix trees affected whole ecosystem carbon stocks via
synergistic and antagonistic interactions. Furthermore, the synergistic effects were mainly
achieved through carbon sequestration in trees (including whole-tree components) as well
as in the 20–40 cm, 40–60 cm, and 80–100 cm layers of soil. By contrast, the antagonistic
effects were realized mainly via carbon storage loss in understory vegetation. Our results
agree with those obtained by Chomel [31], and they suggested that both synergistic and
antagonistic interactions occurred when mixing tree species. These findings suggested
that non-additive effects of mixed species may be common in forest ecosystems, chiefly
manifesting as synergistic effects.

Many previous studies also reported that stands of mixed species could support
increased carbon stocks [22,38]. These studies relied on simple comparisons between mixed
stands and pure stands of their productivity and carbon stocks, for which positive effects
of mixing species were detected [22,38,62,63]. In our study, the growth of both eucalypt
and C. hystrix trees was significantly improved in the mixed plantation compared to the
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pure plantations, resulting in a sufficient increase in productivity and ecosystem carbon
storage. Therefore, C. hystrix did not affect Eucalyptus growth and its carbon storage values;
rather, adding C. hystrix to Eucalyptus benefitted overall Eucalyptus wood production.

5. Conclusions

Our results confirmed that both Eucalyptus (E. urophylla × E. grandis hybrid) and C.
hystrix trees’ growth are significantly enhanced in mixed-species plantations compared
to mono-specific plantations, under an experimental eco-silviculture regime. The mixed
Eucalyptus and C. hystrix plantation supported the largest TCS, FLCS, and ECS, higher SOCS,
and the smallest UCS in the three plantations. Significant synergistic effects on TCS, SOCS,
and ECS, as well as significant antagonistic effects on UCS, were detected for the mixed
plantation. These synergistic effects should be related to the complementary ecological
niches of the two species (i.e., Eucalyptus and C. hystrix) in their mixed-species plantation,
which could enable them to maximize resource utilization. This could increase stand
productivity, and such increases in stand productivity can also increase litter production,
thereby leading to the greater accumulation of organic matter on the forest floor, with a
positive effect by mixed species’ litter on decomposition rates. This may result in augmented
SOCS, and, consequently, an increased ECS.

Besides the increase in the yield of Eucalyptus and precious timber, our results also
indicated that mixing Eucalyptus and C. hystrix enhanced ecosystem carbon storage. This
should be a key strategy to offset CO2 emissions and improve plantations’ general man-
agement in southern China. Therefore, we suggest establishing mixed plantations of tree
species with complementary ecological niches under an eco-silviculture regime, to pro-
mote the sustainable development of Eucalyptus plantations. However, these synergistic
effects were found in just seven years, following reforestation under an eco-silviculture
regime. Therefore, in order to determine the long-term trend of these positive effects,
further monitoring and study of the experimental plantations is necessary.
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