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Abstract 17 

A diversification strategy of introducing two or more species is becoming increasingly 18 

prevalent in forest plantations previously dominated by single-species compositions. Improving 19 

productivity and enhancing other ecosystem services are the main reasons for this conversion. 20 

While mixing effects in temperate forests and plantations are well supported by empirical data, 21 

such information is scarce for tropical forest plantations. We analyzed the quantitative 22 

aboveground biomass - structure - tree diversity relationship in a tropical mixed-forest plantation 23 



in Northern Vietnam to gain insight into ecosystem service provision trade-offs. The study site 24 

was located in an abandoned Acacia mangium and Acacia auriculiformis (established in 2012) 25 

plantation in Northern Vietnam. A one-hectare permanent plot was installed in which all trees were 26 

identified individually by species, measured (diameter and height), and georeferenced. The 27 

descriptive analysis found that the study area contains 110.66 tons/ha of biomass in the 28 

aboveground tree compartments. The structural and species diversity analysis indicated high 29 

richness and high evenness compared to other forest plantations in the study area. A set of models 30 

was fitted and ranked to determine the relationship between aboveground biomass and structural 31 

and specific diversity. The results indicate that the Shannon index and height differentiation index 32 

were significant for both species while basal area was only significant for the Acacia mangium 33 

model. According to the model sensitivity analysis, aboveground biomass – and therefore carbon 34 

concentration – decrease as species diversity increases.   35 
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1. Introduction 44 

 Until recently, most forest plantations only included one tree species but it is becoming more 45 

frequent to use two or more tree species during the planting phase. Plantation diversification can 46 



also be achieved by incorporating individuals from different tree species that have been sourced 47 

from adjacent patches or have sprouted and germinated in the local seed bank. Thus, it is not 48 

unusual in tropical forest plantations to observe that the main planted species (Acacia sp., Pinus 49 

sp. Eucalyptus sp, …) is mixed with native tree species (Pryde et al., 2015). This creates potential 50 

for complementarity in resource acquisition (Lu et al. 2018) and ecological gains (Erskine et al., 51 

2006). Forest plantations can compensate carbon emissions efficiently by storing CO2 in the tree 52 

biomass. Forest biomass estimation is important for its many applications in a range of ecosystem 53 

services, from trade to timber use (Morgan and Moss 1985) to analysis of the global carbon cycle. 54 

Due to difficulties in collecting information on belowground biomass, most studies predict 55 

biomass based solely on aboveground data (Lu 2006).  56 

Vietnam is one of the few global south countries with a low level of energy consumption. 57 

Biomass energy plays a very important role in fulfilling Vietnam’s Nationally Determined 58 

Contribution commitment (Socialist Republic of Vietnam, 2022), its green growth strategy (The 59 

Prime Minister of Vietnam 2020) and in working towards achieving the UN Sustainable 60 

Development Goals. Approximately 90% of domestic energy consumption in rural areas is derived 61 

from biomass such as fuelwood, agricultural residues (e.g. rice straw and husks), and charcoal 62 

(SNV Netherlands Development Organisation, Vietnam 2012). In Vietnam, studies on biomass 63 

and forest carbon stocks have been receiving attention since 1988, when Vietnam became a Partner 64 

Country of the United Nations Collaborative Programme on Reducing Emissions from 65 

Deforestation and Forest Degradation in Developing Countries, known as UN-REDD. 66 

Implementation of REDD+ requires knowledge of local biomass and carbon stocks, and Vietnam 67 

has made substantial efforts to participate. This includes remarkable achievements such as forest 68 

stratification resulting in the identification of two ecological zones, eight ecological regions and 69 



47 ecological sub-regions in Vietnam (Vũ et al. 2011a) along with development of tree allometric 70 

equations for estimating above-ground forest biomass in several ecoregions (Bảo et al. 2012; 71 

Nguyễn et al. 2012a, c, b; Phùng et al. 2012; Vũ et al. 2012). Many other works have focused on 72 

tree biomass estimation and some case studies involve research on grass and shrub carbon stock 73 

in Acacia mangium, Acacia auriculiformis, Eucalyptus urophylla, Acacia hybrid or Pinus kesiya 74 

plantations (Võ 2007, 2009; Nguyễn and Võ 2008). Vietnam stands out for having achieved a net 75 

increase in forest cover in recent years (Pham et al. 2019), largely due to the expansion of 76 

plantations (Vũ et al. 2011a). 77 

In the past 20 years, many studies have focused on the relationship between species diversity 78 

and ecosystem functions. One of the most common topics addresses the connection between 79 

productivity and species richness (Mittelbach et al. 2001; Hooper et al. 2005; Keddy 2005, Huang 80 

et al, 2018). Interrelationships between biodiversity and the carbon cycle are believed to be an 81 

important consideration for climate change loss and damage mitigation, in addition to diminishing 82 

the alteration of natural ecosystems (Midgley et al. 2010). Many studies have reported that the 83 

relationship between tree species diversity and productivity is generally positive (Huang et al, 84 

2018). A strong positive relationship between tree-species richness and net basal area growth has 85 

been determined for conifer stands in western North America (Edgar and Burk 2001), subtropical 86 

forests in Asia (Huang et al, 2018) and various mixtures in Europe (Lopez-Marcos et al, 2021, del 87 

Río et al, 2022). Tree species richness in production forests has also resulted in positive 88 

relationships with multiple ecosystem services.  Gamfeldt et al. (2013) reported that trees in a 89 

mixed forest of five species produced up to 50% more biomass than a monoculture. The negative 90 

effect of biodiversity loss on forest productivity also highlights the potential advantages of mixed 91 

species over monocultures (Liang et al. 2016a). However, other studies have found neutral effects 92 



or even a negative relationship between aboveground tree biomass (AGB) and species diversity 93 

(Chen and Klinka 2003; Szwagrzyk and Gazda 2007; Cavard et al. 2010; Bourdier et al. 2016). 94 

Despite the many studies on  the productivity – species diversity relationship, there is still a 95 

research gap concerning the relationship between forest stand structural diversity and productivity. 96 

Stand structure can be described in terms of the stand density or vertical and horizontal tree 97 

distribution patterns. Research has found augmented structural aspects in mixed species stands, 98 

leading to higher productivity compared to monocultures (Riofrío et al. 2017), as well as a positive 99 

relationship (weak correlation) between AGB and stand structural diversity in boreal forests 100 

(Wang et al. 2011).  101 

In Central Himalayan tropical forest sites, biomass carbon stock can also be driven by a 102 

complex mechanism involving multiple factors. There, large trees and selective species were found 103 

to act as key regulators while factors such as structural attributes, species richness, and species 104 

diversity had a significant positive influence (Kaushal and Baishya 2021). However, the positive, 105 

negative, or null effects of mixed-species on productivity depends on diversity, biomass yield and 106 

species identity. The relationship between tree biomass and diversity can also vary among the 107 

species analyzed. (Chen and Klinka 2003; Lindén and Agestam 2003; Baeten et al. 2019; Bravo 108 

et al. 2021). 109 

Research on the relationship between diversity and productivity in forest ecosystems has 110 

focused mainly on species diversity or stand structure. Although the two factors may may interact, 111 

it is not always possible to isolate the effect of each factor on productivity (Ishii et al. 2004; Vila 112 

et al. 2005; Dănescu et al. 2016; Bohn and Huth 2017a; Díaz-Yáñez et al. 2017; Ercanli 2018). 113 

However, a combined analysis of species diversity and stand structure might illustrate 114 



aboveground biomass or carbon sequestration in tree communities better than species diversity or 115 

stand structure alone.  116 

The main objective of this study was to analyze the relationship between aboveground 117 

biomass and stand diversity. To achieve that, a one-hectare permanent plot was established in a 118 

forest plantation in Northern Vietnam, in which all individual trees were identified, measured, and 119 

geo-positioned. From this data, forest biomass and biodiversity metrics were obtained. We 120 

hypothesized that increased levels of structural and species diversity would lead to enhanced 121 

aboveground biomass in tropical forest plantations, then tested the hypothesis at the Acacia 122 

plantation in northern Vietnam. 123 

2. Materials and Methods 124 

2.1 Study site 125 

The study area was located in the Hoa Lac Campus of Vietnam National University, in the 126 

Thach That Commune, located 40 km from Hanoi (latitude 21o0’35.0”N and longitude 127 

105o30’51.2”E) (Fig. 1). The Hoa Lac forest is a transitional area between the mountainous and 128 

midland areas in the North and the Northern plains. The climate at the study site is characterized 129 

as monsoon tropical with wet, cold winters and hot, humid summers (Fig. 1). The stratigraphy of 130 

the study area consists of a clay-loam layer extending to a depth of 5 meters below the ground 131 

surface, with heterogeneous mixed-clay layers under that. The geological profile includes 132 

Precambrian, Paleozoic, Mesozoic, and Kainozoic rocks. Soil types include red-yellow, brown-133 

red and yellow feralite soils, red-brown basaltic soils, alluvial soils, valley soils, and gleysols 134 

(Nguyễn et al. 2009).  135 

A one-hectare permanent plot was established within the 563 ha forest patch on the campus, 136 

using a Marteloscope design (Schuck et al. 2015). The Hoa Lac Marteloscope was established in 137 



2018, following the installation protocol of the BioEcon Project (Bravo et al. 2018). It consists of 138 

a 100m x 100m plot divided into 16 permanent subplots or quadrats measuring 25 × 25 m each 139 

(Fig. 1).  140 

To set up the Hoa Lac Marteloscope, the four outer corners were established with GPS and 141 

the corners of the 16 inner quadrats were marked. The Marteloscope is on a nearly flat area so no 142 

slope correction was needed. Species identity, diameter at breast height, total height, and the 143 

position of every tree with a diameter at breast height (dbh) of 5 cm or more was recorded. Tree 144 

Biomass (total and per compartment: stem, branches, and leaves) was calculated from previously 145 

developed allometric biomass equations; see Appendix A for a complete list of equations (Brown 146 

et al. 1989; Nguyễn et al. 2012a; Phạm 2014; Ounban et al. 2016; Traoré et al. 2018). Tree 147 

component biomass values were computed for each individual tree and summed up to generate a 148 

summary of tree biomass for each quadrat and for the Marteloscope as a whole. 149 

[FIGURE 1, insert around here] 150 

2.2 Structural and species diversity 151 

Various tree diversity and mixture measurements were computed for each tree with R version 152 

3.5.3, using the “vegan” and “spatstat” packages (Baddeley et al. 2015; Oksanen et al. 2019; R 153 

Core Team 2019) to estimate species richness and diversity, species intermingling and horizontal 154 

and vertical tree distribution patterns (del Río et al. 2018) (Appendix B).  155 

• Species richness and diversity 156 

o Simpson’s diversity index (Sm) (Simpson, E 1949): indicates the probability 157 

of any two individuals randomly selected from a large population belonging 158 

to different species. 159 



o Shannon diversity index (Sh) (Shannon et al. 1949): reflects how abundance 160 

is distributed among the constituent species of the community.  161 

o Berger-Parker index (D) (Berger and Parker 1970): focuses on quantifying 162 

the abundance of each species in the stand. 163 

o Evenness index (E) (Pielou 1975): compares the actual diversity value 164 

(Shannon’s index) to the maximum possible diversity value, when all species 165 

are equally common. 166 

• Species intermingling 167 

o Segregation index (S) (Pielou 1961): describes the relative mixing of two 168 

species regardless of their spatial pattern. This method is based on nearest-169 

neighbor distances and compares the observed number of mixed pairs with 170 

the number expected under random conditions.  171 

o Mingling index (Mi) (Füldner 1995): describes the species pattern around the 172 

reference tree. 173 

o Spatial diversity status (MS) (Pielou 1977): is an improved mingling index 174 

that considers both spatial mingling and the number of tree species.  175 

Tree spatial distribution patterns and population structures result directly from complex 176 

dynamics involving species characteristics and environmental factors along with the intraspecific 177 

or interspecific interactions of individual trees over a long period. Tree spatial distribution patterns 178 

depend on the small-scale biological characteristics of the tree and large-scale environmental 179 

heterogeneity factors such as soil, pH, nutrition, water, canopy cover, and terrain (Condit et al. 180 

2000).  181 



Spatial diversity will be examined through the analysis of vertical and horizontal spatial 182 

patterns. 183 

• Vertical spatial pattern 184 

o Vertical species profile (A) (Pretzsch 1995): based on the Shannon index 185 

(Shannon et al. 1949), it considers the presence of a species in different height 186 

zones along with the proportion of a species within a stand.  187 

o Height differentiation index (TH) (Gadow 1993): measures size differences 188 

between a reference tree and neighboring trees on a continuous scale to 189 

describe the spatial distribution of tree sizes.  190 

• Horizontal spatial pattern 191 

o L-function (Besag 1977): defines the spatial distribution of the trees.  192 

o Aggregation index (R) (Clark and Evans 1954): the ratio of the observed 193 

mean nearest neighbor distance in the pattern to the expected mean distance 194 

in a random tree distribution.  195 

o Uniform angle index (W) (Gadow 1993): describes the degree of regularity 196 

in the spatial distribution of individual trees.  197 

2.4 Data analysis: Model selection and sensitivity analysis 198 

A set of linear models were fitted to gain insight into the relationship between stand 199 

complexity and individual tree biomass by independently defining a set of models for Acacia 200 

mangium and Acacia auriculiformis (Appendix C). Other species were not considered in the 201 

statistical analysis process due to their small sample sizes. The response variable was tree 202 

aboveground biomass, and the candidate explanatory variables were the basal area of each quadrat, 203 



the number of trees per hectare for each quadrat and the different indixes for species richness and 204 

diversity, species intermingling and vertical and horizonal patterns (Table 1). 205 

[TABLE 1, insert around here] 206 

A correlation analysis was conducted to check the correlation between the explanatory 207 

variables. Only the pairs of variables with a correlation coefficient of −𝟎. 𝟓 ≤ 𝒓 ≤ 𝟎. 𝟓 were 208 

included together in the fitted models, to avoid collinearity. The three general model structures 209 

tested are presented below (eq.1 to 3), in which 𝛃𝐢 represents the estimated parameters and 𝐗𝐢 210 

represents different explanatory variables. Models were log transformed when needed to ensure a 211 

linear structure (See Appendix C for the complete structure of tested models). 212 

AGB = β0 + ∑ βiXin
i=1 + ε (1) 

AGB = 𝑒β0+∑ βiXini=1  + ε (2) AGB = β0 × X1β1 × … × Xnβn + ε (3) 

Optimal model selection was based on Akaike’s information criterion (AIC), Bayesian 213 

information criterion (BIC), coefficient of determination (𝑅2) and mean square error (MSE) 214 

(Akaike 1973; Schwarz 1978; Bravo et al. 2009; Wang et al. 2011). All statistical analyses were 215 

conducted with R version 3.5.3 (R Core Team 2019). After selecting the best model, we conducted 216 

a sensitivity analysis to quantify the variability between model outputs and inputs. Specifically, 217 

we assessed the sensitivity of tree aboveground biomass to fluctuations in parameters and the data 218 

used to build the model. This was done by keeping one independent variable at its average value 219 

and observing the behavior of the dependent variable when the remaining independent variables 220 

varied. The analysis provided crucial insights into the broader relationship between predictor 221 

variables and tree biomass.  222 



3. Results 223 

3.1 Site description  224 

Seven different tree species were found in the Hoa Lac Marteloscope (446 trees/ha plus 61 225 

standing dead trees/ha) including Acacia mangium, Acacia auriculiformis, Eucalyptus 226 

camaldulensis, Senna siamea, Litsea glutinosa, Aporosa villosa and Averrhoa carambola. Of 227 

these, Acacia mangium and Acacia auriculiformis were the two most abundant species, with 300 228 

and 108 individuals respectively (Table 2). The standing dead tree species could not be identified 229 

due to their level of decay.  230 

[TABLE 2, insert around here] 231 

3.2 Stand diversity 232 

The Shannon Index, Simpson diversity index, evenness index, and Berger-Parker index were 233 

calculated for each quadrat, as presented in Fig. 2. The Shannon Index, which indicates species 234 

richness and evenness, ranged from 2.55 to 3.71 with a median value of 3.43. Only 25% of the 235 

Shannon index values were below 3.22, indicating a mean abundance of more than 3 species. 236 

Similarly, the Simpson index ranged from 0.90 to 0.97, with a median of 0.96, indicating high 237 

diversity in the study area. As mentioned earlier, the Shannon index also reflects species evenness: 238 

as species richness and evenness increase, diversity – as quantified by the Shannon index – also 239 

increases. The evenness index result also clearly indicated high or complete evenness in the 240 

community, with values ranging between 0.90 and 1. The Berger-Parker index illustrated the 241 

importance of the most abundant species, with values ranging from 1.156 to 2.21. 242 

[FIGURE 2, insert around here] 243 

Tree distribution, as depicted by the mingling index, varied considerably throughout the 16 244 

quadrats (Fig. 3). A higher component in the 0.25-value class can be observed in quadrats 2, 7, 13, 245 



14, 16, indicating that only two of four nearest neighbors j belong to species other than the 246 

reference tree i. This is indicated by greater prevalence of weak mingling; or low small-scale 247 

mixture. However,  small monospecific groups were more present in quadrats 8 and 12, which on 248 

the mingling index had 0-value. We observed a general mingling value distribution trend towards 249 

monospecific groups in quadrats 2, 7, 8, 11, 12, 13, 14 and 16; towards mean mingling in quadrats 250 

1, 4, 6, 10 and 15; and towards multi-specific groups in quadrats 3, 5 and 9. 251 

[FIGURE 3, insert around here] 252 

The spatial diversity index (MSi) measures tree species richness along with an important 253 

spatial characteristic of each quadrat. The reference trees in quadrats 7, 11, 13, 14 and 16 were 254 

more likely to have neighbors of the same species (Fig. 4a), as reflected in the low MSi value. 255 

Meanwhile, quadrats 3, 6, 9 and 10 had a high MSi value, indicating high diversity, and the 256 

reference trees were observed to be more likely to have neighbors of different species. The height 257 

differentiation index (TH) had a relatively low value (Fig. 4b), despite the presence of outliers with 258 

high values in certain quadrats. Examination of the TH class based on the two most abundant 259 

species (Fig. 5) revealed that more than 40% of the TH values fell within the ranges of 0 to 0.2 260 

and 0.2 to 0.4. This explains why only limited height differences were observed between 261 

neighboring trees. 262 

[FIGURE 4, insert around here] 263 

The L-function line deviates very slightly from the expected values (red-line) (Fig. 6); when 264 

r is small, the actual values are just below the expected values. While this may suggest uniform 265 

distribution, it is more accurate to interpret it as reflecting random distribution because the 266 

deviations are not significant enough to be considered uniform. For bigger r, the actual values 267 

mostly coincide with the expected values, indicating random distribution. This can be observed in 268 



almost all quadrats, but since the deviation from the expected value is small, it would be very easy 269 

to mistakenly interpret this L-function line as random, uniform or clumpy distribution. Therefore, 270 

an extra test from the Clark and Evans aggregation index (R) was needed. For the entire 271 

Marteloscope, 𝑅 = 1.110826 indicated random distribution. For each quadrat, R ranged from 272 

0.8248 to 1.199, indicating that all quadrats and species in the Marteloscope displayed a tendency 273 

towards random distribution. Though the study area had once been a plantation, the results from 274 

functions and indixes depicting horizontal spatial patterns indicate that the trees in the 275 

Marteloscope followed a trend towards random (Poisson) distribution. 276 

[FIGURE 5, insert around here] 277 

[FIGURE 6, insert around here] 278 

3.3 Model selection 279 

Only models that met regression assumptions such as homogeneity of variance, normality, 280 

linearity, and non-autocorrelation with a high goodness of fit were selected (Table 3). The 𝑅2 was 281 

low for all models, indicating a weak relationship between AGB and the predictor variables. 282 

Despite the low goodness-of-fit, low R2 values were acceptable because the fitted models were not 283 

intended to predict fit but to explain the relationship between aboveground biomass and species 284 

diversity. After comparing AIC, BIC, 𝑅2 and MSE, Model (1.1) for Acacia mangium and Model 285 

(2.1) for Acacia auriculiformis were selected as the optimal models for explaining the relationship 286 

between tree AGB and species diversity. 287 

[TABLE 3, insert around here] 288 

 289 

The results of the sensitivity analysis for the selected models (1.1) and (2.1) indicate a 290 

negative relationship between AGB and species diversity, as represented by a given set of values 291 



for the basal area of each quadrat (G) and the height differentiation index (TH). The stand-level 292 

relationship between yield and density is based on the empirical law (Assmann et al. 1970) that 293 

yield increases with increasing density until it reaches a plateau and remains stable, then decreases 294 

with increasing density. The diversification of forest plantations, at the time of planting and 295 

through seedlings incorporated from nearby forests, allows for greater functional complexity in 296 

the soil. This facilitates more efficient carbon storage and nutrient supply to the trees (Meier and 297 

Bowman 2008; Lehmann et al. 2020). However, beyond a certain diversity level a reduction in 298 

yield can be observed because carbon sequestration was derived from tree AGB. So species 299 

diversity will have a similar negative effect on carbon storage in Acacia mangium and Acacia 300 

auriculiformis. Goodness of fit for the basal area of each quadrat only occurred in the selected 301 

model for Acacia mangium, which was probably due to species distribution. In the study plot, 302 

higher levels of species diversity predicted lower levels of biomass. Accordingly, increased 303 

differences in tree height among individual trees in the stand also coincided with lower biomass 304 

levels (Fig. 7). 305 

[FIGURE 7, insert around here] 306 

4. Discussion 307 

The species diversity-productivity model developed in this study holds substantial value in 308 

the context of contemporary efforts to refine tools and models for quantitative silviculture, 309 

particularly in mixed stands. The information provided here can lead to quantitative improvements 310 

in forest productivity and the potential for assessing the efficiency of ecosystem functions and 311 

services. The study directly addresses current concerns about the scarcity of information for mixed 312 

plantations and the surge of interest to understand and refine the dynamics of these forest systems.  313 



While the results of the sensitivity analysis of the models fitted for Acacia mangium and 314 

Acacia auriculiformis show that species richness and diversity negatively affected tree AGB and 315 

carbon sequestration, Li et al. (2018) indicated the opposite result across forest strata in their work 316 

on the relationship between species richness and aboveground biomass in a primary Pinus kesiya 317 

forest, which was generalized to all forest vegetation strata. Global research by  Liang et al. 318 

(2016b) highlighted the negative impact of biodiversity loss on forest productivity, indicating that 319 

species loss in forest ecosystems worldwide could substantially reduce forest productivity and 320 

forest carbon absorption rates, compromising the global forest carbon sink. Another interesting 321 

contrast to the results of this study is found in Day et al. (2013), who observed that the trend of 322 

species diversity to AGB varied at different locations within the study area. While some high-323 

diversity plots had relatively low biomass, other low-diversity plots had high biomass because the 324 

study areas were located in several types of forest with different plot management approaches, 325 

altitude and climate conditions. Though the correlation was only weakly significant, the author 326 

claimed that there was evidence of a general positive relationship between species diversity and 327 

between biomass compartments. A study by Riofrío et al. (2016) on the effects of specific mixtures 328 

(Pinus sylvestris L. and Pinus pinaster Ait.) also reported that species mixing positively modified 329 

the aboveground forest yield. Positive relationships between biomass and tree species diversity 330 

were also found when examining data from managed forests dominated by relatively young 331 

secondary stands in forest plots in Catalonia, NE Spain (Vilà et al. 2005). Research results also 332 

corroborate this relationship in north-central USA (Caspersen and Pacala 2001), in simulations of 333 

German mixed-forests (Bohn and Huth, 2017 ), and for the entire range of forested ecosystems 334 

across Canada (Zhang et al, 2015 and 2017). This general trend of a positive biodiversity-335 

productivity relationship has been confirmed on a global scale (Liang et al. 2016a) by combining 336 



data across different forest biomes (Global Forest Biodiversity permanent sample plots, 337 

https://www.gfbinitiative.org/). This positive correlation between species diversity and 338 

productivity might result from a niche interpretation in which a greater species diversity means 339 

resources are used more effectively due to their complementary in space and time (del Río et al. 340 

2017; Williams et al. 2017).  341 

However, it is not unusual to find a lack of positive correlation between species diversity 342 

and biomass. Our study indicates a negative relationship between aboveground biomass and 343 

carbon concentration in an unmanaged mixed-forest plantation. Authors working in diverse 344 

terrestrial ecosystems have reported analogous outcomes. Szwagrzyk and Gazda (Szwagrzyk and 345 

Gazda 2007) found a similar relationship trend in natural stands in Central Europe, as did Suo et 346 

al. (2008) for two types of Quercus forest in China. Although the evenness index was included in 347 

the candidate model, no relationship with AGB was found due to the roughly similar species 348 

proportions in our study area. The Shannon index, which accounts for both abundance and 349 

evenness of the species, presented negative correlations with tree AGB. Zhang et al. (2012) found 350 

that species evenness together with species richness was able to explain forest productivity. Stand 351 

density – the total number of trees per hectare – can also significantly impact diversity-productivity 352 

relationships, along with stand biomass and basal area. When stand density is very low, 353 

interactions between trees – whether competitive or complementary – will  be weak. Some studies 354 

have shown that stand density can be a stronger determinant of productivity than species richness 355 

(Paquette and Messier 2011; Vilà et al. 2013). In contrast, the Shannon index and height 356 

differentiation index were significant for both species in our study but only the selected model for 357 

Acacia mangium showed goodness of fit for the basal area of each quadrat. This was probably due 358 

to the distribution of each species. However, the biomass-diversity relationship can be affected by 359 

https://www.gfbinitiative.org/


various factors, such as similarity in functional traits between analyzed species (both were 360 

Acacias), species complementarity (Riofrío et al. 2016; Bravo et al. 2021), site conditions (Huber 361 

et al. 2014), stand density (Condés and del Río 2015) or environmental conditions (Wang and 362 

Kimmins 2002; Manso et al. 2014) that were not fully explained by the indicators included in our 363 

analysis. Shifting the approach from diversity in species identity to diversity in functional traits 364 

could lead to results more consistent with the literature that associates higher diversity with higher 365 

biomass growth and yield (Roscher et al. 2012; Hisano and Chen 2020). 366 

Carbon sequestration in forests is acknowledged as having a relevant role in reducing the 367 

effect of global climate change. However, carbon sequestration is usually not the only objective in 368 

forest management. Vihervaara et al. (2012) made the noteworthy observation that local 369 

stakeholders have not sufficiently prioritized assessment of a plantation’s effects on biodiversity 370 

and ecosystem degradation, particularly in relation to carbon cycles, despite their profound 371 

regional and global impacts and implications. Forest managers must also consider other ecosystem 372 

services from different perspectives – carbon storage, biodiversity conservation, local climate 373 

regulation, timber production, cultural, and aesthetic value – in their search for adequate 374 

management regimes (Bellassen and Luyssaert 2014; Ruiz-Peinado et al. 2017). Some studies 375 

affirm that unmanaged forests may store more carbon than managed forests, depending on forest 376 

stand conditions, structure, species composition, age, etc. (Krug et al. 2012; Pukkala 2017; Ruiz-377 

Peinado et al. 2017). Moreover, forests commonly face challenges to concurrently generate 378 

multiple positive ecosystem services, which involve trade-offs and competing functions. 379 

Maximizing one ecosystem service may lead to notable declines in other services (Bennett et al. 380 

2009). Therefore, understanding multiple forest attributes is crucial for identifying the impacts of 381 

forest management on different forest ecosystem services. Our research outcomes suggest that 382 



promoting Acacia monocultures rather than mixed stands would increase tree biomass but reduce 383 

species diversity. Such changes in stand species composition can lead to a huge trade-off between 384 

productivity and biodiversity.  385 

Our result (negative relation between diversity and yield), along with prior research findings 386 

to the contrary (Jactel et al. 2018), opens up new questions about forest diversity in relation to 387 

carbon sequestration and biomass yield and how to identify optimal diversity levels for both (Jacob 388 

et al. 2010; Bohn and Huth 2017c). Further research is needed on diversity-density-yield 389 

relationships to understand their dynamics and interaction patterns in tropical forest plantations. 390 

Disentangling cause and effect is integral to the challenge of maintaining species diversity while 391 

also favoring productive stands. 392 

Acknowledgements 393 

This study was funded by the Erasmus+ BioEcoN project, the Erasmus+ International Credit 394 

Mobility KA107 program, the European Union Horizon 2020 CARE4C project, and the Junta de 395 

Castilla y León (Spain) through the projects “CLU-2019-01 and CL-EI-2021-05 iuFOR Unit of 396 

Excellence of the University of Valladolid”. The authors acknowledge Cristóbal Ordóñez, 397 

Narangarav Dugarsuren, Bui Quang Thanh, Tran Van Thuy, Nguyen Ta Nam and Doan Van Ve 398 

for their generous assistance during the research. Special thanks to the staff and students of 399 

Vietnam National University - University of Sciences who were involved in the planning, 400 

establishment, and measurement of the Marteloscope. 401 

 402 

References 403 



Akaike H (1973) Information theory and an extension of the maximum likelihood principle. 404 

Proceedings of the 2nd international symposium on information theory. Second International 405 

Symposium on Information Theory 267–281 406 

Assmann E, Gardiner SH, Davis PW (1970) The principles of forest yield study : studies in 407 

the organic production, structure, increment and yield of forest stands. Oxford : Pergamon 408 

press 409 

Baddeley A, Rubak E, Turner R (2015) Spatial Point Patterns: Methodology and Applications 410 

with R. Chapman and Hall/CRC Press, London 411 

Baeten L, Bruelheide H, van der Plas F, et al (2019) Identifying the tree species compositions 412 

that maximize ecosystem functioning in European forests. Journal of Applied Ecology 413 

56:733–744. https://doi.org/10.1111/1365-2664.13308 414 

Bảo H, Võ H, Nguyễn TTH, et al (2012) Part B-1: Tree allometric equations in Evergreen 415 

broadleaf forests in the South Central Coastal region, Viet Nam Hanoi, Viet Nam ii Tree 416 

allometric equation development for estimation of forest above-ground biomass in Viet Nam-417 

Evergreen Broadleaf Forests 418 

Bellassen V, Luyssaert S (2014) Managing forests in uncertain times. Nature 506:153–5 419 

Bennett EM, Peterson GD, Gordon LJ (2009) Understanding relationships among multiple 420 

ecosystem services. Ecol Lett 12:1394–1404. https://doi.org/10.1111/j.1461-421 

0248.2009.01387.x 422 

Berger WH, Parker FL (1970) Diversity of planktonic foraminifera in deep-sea sediments. 423 

Science (1979) 168:1345–1347. https://doi.org/10.1126/science.168.3937.1345 424 



Besag JE (1977) Discussion on Dr Ripley’s Paper. Journal of the Royal Statistical Society: 425 

Series B (Methodological) 39:192–212. https://doi.org/https://doi.org/10.1111/j.2517-426 

6161.1977.tb01616.x 427 

Bohn FJ, Huth A (2017a) The importance of forest structure to biodiversity–productivity 428 

relationships. R Soc Open Sci 4:160521 429 

Bohn FJ, Huth A (2017b) The importance of forest structure to biodiversity-productivity 430 

relationships. R Soc Open Sci 4:. https://doi.org/10.1098/rsos.160521 431 

Bohn FJ, Huth A (2017c) The importance of forest structure to biodiversity–productivity 432 

relationships. R Soc Open Sci 4:160521. https://doi.org/10.1098/rsos.160521 433 

Bourdier T, Cordonnier T, Kunstler G, et al (2016) Tree size inequality reduces forest 434 

productivity: An analysis combining inventory data for ten European species and a light 435 

competition model. PLoS One 11:. https://doi.org/10.1371/journal.pone.0151852 436 

Bravo F, Ariza AM, Dugarsuren N, Ordóñez C (2021) Disentangling the relationship between 437 

tree biomass yield and tree diversity in mediterranean mixed forests. Forests 12:1–16. 438 

https://doi.org/10.3390/f12070848 439 

Bravo F, Olivar J, Ordóñez C, et al (2018) BioEcoNet Marteloscope guidelines 440 

Bravo F, Ordóñez CA, Bravo-Oviedo A (2009) Forest and carbon sequestration in Atlantic, 441 

Mediterranean and Subtropical areas in Spain. IOP Conf Ser Earth Environ Sci 442 

Brown S, Gillespie AJR, Lugo AE (1989) Biomass Estimation Methods for Tropical Forests 443 

with Applications to Forest Inventory Data. Forest Science 35:881–902 444 

Caspersen JP, Pacala SW (2001) Successional diversity and forest ecosystem function. 895–445 

903 446 



Cavard X, Bergeron Y, Chen HYH, Paré D (2010) Mixed-species effect on tree aboveground 447 

carbon pools in the east-central boreal forests. Canadian Journal of Forest Research 40:37–448 

47. https://doi.org/10.1139/X09-171 449 

Chen HYH, Klinka K (2003) Aboveground productivity of western hemlock and western 450 

redcedar mixed-species stands in southern coastal British Columbia. For Ecol Manage 451 

184:55–64. https://doi.org/https://doi.org/10.1016/S0378-1127(03)00148-8 452 

Clark PJ, Evans FC (1954) Distance to Nearest Neighbor as a Measure of Spatial 453 

Relationships in Populations. Ecology 35:445–453. https://doi.org/10.2307/1931034 454 

Condés S, del Río M (2015) Climate modifies tree interactions in terms of basal area growth 455 

and mortality in monospecific and mixed Fagus sylvatica and Pinus sylvestris forests. Eur J 456 

For Res 134:1095–1108. https://doi.org/10.1007/s10342-015-0912-0 457 

Condit R, Ashton PS, Baker P, et al (2000) Spatial Patterns in the Distribution of Tropical 458 

Tree Species. Science (1979) 288:1414–1418. 459 

https://doi.org/10.1126/science.288.5470.1414 460 

Dănescu A, Albrecht AT, Bauhus J (2016) Structural diversity promotes productivity of 461 

mixed, uneven-aged forests in southwestern Germany. Oecologia 182:319–333. 462 

https://doi.org/10.1007/s00442-016-3623-4 463 

Day M, Baldauf C, Rutishauser E, Sunderland TCH (2013) Relationships between tree 464 

species diversity and above-ground biomass in Central African rainforests : implications for 465 

REDD. Environ Conserv 41:64–72. https://doi.org/10.1017/S0376892913000295 466 

del Río M, Pretzsch H, Alberdi I, et al (2018) Characterization of Mixed Forests. In: Bravo-467 

Oviedo A, Pretzsch H, del Río M (eds). Springer International Publishing, Cham, pp 27–71 468 



del Río M, Pretzsch H, Ruíz-Peinado R, et al (2017) Species interactions increase the 469 

temporal stability of community productivity in Pinus sylvestris–Fagus sylvatica mixtures 470 

across Europe. Journal of Ecology 105:1032–1043. https://doi.org/10.1111/1365-2745.12727 471 

Díaz-Yáñez O, Mola-Yudego B, González-Olabarria JR, Pukkala T (2017) How does forest 472 

composition and structure affect the stability against wind and snow? For Ecol Manage 473 

401:215–222. https://doi.org/10.1016/j.foreco.2017.06.054 474 

Edgar CB, Burk TE (2001) Productivity of aspen forests in northeastern Minnesota, U.S.A., 475 

as related to stand composition and canopy structure. Canadian Journal of Forest Research 476 

31:1019–1029. https://doi.org/10.1139/x01-029 477 

Ercanli İ (2018) Positive effect of forest structural diversity on aboveground stand carbon 478 

stocks for even-aged Scots pine (Pinus sylvestris L.) stands in the Sarıçiçek Forest, Northern 479 

Turkey. Scand J For Res 33:455–463. https://doi.org/10.1080/02827581.2018.1444196 480 

Erskine PD, Lamb D, Bristow M (2006) Tree species diversity and ecosystem function: Can 481 

tropical multi-species plantations generate greater productivity? For Ecol Manage 233:205–482 

210. https://doi.org/10.1016/j.foreco.2006.05.013 483 

Füldner K (1995) Zur Strukturbeschreibung in Mischbeständen. Forstarchiv 66:235–240 484 

Gadow K v. (1993) Zur Bestandesbeschreibung in der Forsteinrichtung. Forst und Holz 48 485 

(21):602–606 486 

Gamfeldt L, Snäll T, Bagchi R, et al (2013) Higher levels of multiple ecosystem services are 487 

found in forests with more tree species. Nat Commun 4:. 488 

https://doi.org/10.1038/ncomms2328 489 



Hisano M, Chen HYH (2020) Spatial variation in climate modifies effects of functional 490 

diversity on biomass dynamics in natural forests across Canada. Global Ecology and 491 

Biogeography 29:682–695. https://doi.org/10.1111/geb.13060 492 

Hooper DU, Chapin III FS, Ewel JJ, et al (2005) Effects of biodiversity on ecosystem 493 

functioning: a consensus of current knowledge. Ecol Monogr 75:3–35. 494 

https://doi.org/10.1890/04-0922 495 

Huber MO, Sterba H, Bernhard L (2014) Site conditions and definition of compositional 496 

proportion modify mixture effects in Picea abies – Abies alba stands. Canadian Journal of 497 

Forest Research 44:1281–1291. https://doi.org/10.1139/cjfr-2014-0188 498 

Ishii HT, Tanabe S-I, Hiura T (2004) Exploring the Relationships Among Canopy Structure, 499 

Stand Productivity, and Biodiversity of Temperate Forest Ecosystems 500 

Jacob M, Leuschner C, Thomas FM (2010) Productivity of temperate broad-leaved forest 501 

stands differing in tree species diversity. Ann For Sci 67:503–503. 502 

https://doi.org/10.1051/forest/2010005 503 

Jactel H, Gritti ES, Drössler L, et al (2018) Positive biodiversity–productivity relationships 504 

in forests: climate matters. Biol Lett 14:20170747. https://doi.org/10.1098/rsbl.2017.0747 505 

Keddy P (2005) Putting the Plants Back into Plant Ecology: Six Pragmatic Models for 506 

Understanding and Conserving Plant Diversity. Ann Bot 96:177–189. 507 

https://doi.org/10.1093/aob/mci166 508 

Krug J, Koehl M, Kownatzki D (2012) Revaluing unmanaged forests for climate change 509 

mitigation. Carbon Balance Manag 7:1. https://doi.org/10.1186/1750-0680-7-11 510 

Lehmann J, Hansel CM, Kaiser C, et al (2020) Persistence of soil organic carbon caused by 511 

functional complexity. Nat Geosci 13:529–534. https://doi.org/10.1038/s41561-020-0612-3 512 



Liang J, Crowther TW, Picard N, et al (2016a) Positive biodiversity-productivity relationship 513 

predominant in global forests. Science (1979) 354:. https://doi.org/10.1126/science.aaf8957 514 

Liang J, Crowther TW, Picard N, et al (2016b) Positive biodiversity-productivity relationship 515 

predominant in global forests. Science (1979) 354:. https://doi.org/10.1126/science.aaf8957 516 

Lindén M, Agestam E (2003) Increment and yield in mixed and monoculture stands of Pinus 517 

sylvestris and Picea abies based on an experiment in southern Sweden. Scand J For Res 518 

18:155–162. https://doi.org/10.1080/02827580310003722 519 

Lu D (2006) The potential and challenge of remote sensing-based biomass estimation. Int J 520 

Remote Sens 27:1297–1328. https://doi.org/10.1080/01431160500486732 521 

Lu H, Mohren GMJ, del Río M, et al (2018) Species mixing effects on forest productivity: A 522 

case study at stand-, species- and tree-level in the Netherlands. Forests 9:. 523 

https://doi.org/10.3390/f9110713 524 

Manso R, Morneau F, Ningre F, Fortin M (2014) Effect of climate and intra-and inter-specific 525 

competition on diameter increment in beech and oak stands. Forestry 88:540–551. 526 

https://doi.org/10.1093/forestry/cpv020 527 

Meier CL, Bowman WD (2008) Links between plant litter chemistry, species diversity, and 528 

below-ground ecosystem function. Proceedings of the National Academy of Sciences 529 

105:19780–19785. https://doi.org/10.1073/pnas.0805600105 530 

Midgley GF, Bond WJ, Kapos V, et al (2010) Terrestrial carbon stocks and biodiversity : key 531 

knowledge gaps and some policy implications. 264–270. 532 

https://doi.org/10.1016/j.cosust.2010.06.001 533 



Mittelbach GG, Steiner CF, Scheiner SM, et al (2001) What is the observed relationship 534 

between species richness and productivity? Ecology 82:2381–2396. 535 

https://doi.org/10.1890/0012-9658(2001)082[2381:WITORB]2.0.CO;2 536 

Morgan WB, Moss PA (1985) Biomass energy and urbanisation: Commercial factors in the 537 

production and use of biomass fuels in tropical Africa. Biomass 6:285–299. 538 

https://doi.org/10.1016/0144-4565(85)90054-X 539 

Nguyễn ĐH, Lê TG, Đào NT, et al (2012a) PART B-2: Tree allometric equations in 540 

Evergreen broadleaf and Bamboo forests in the North East region, Viet Nam 541 

Nguyễn ĐH, Nguyễn VB, Nguyễn ĐB, Nguyễn CT (2012b) PART B-5: Tree allometric 542 

equations in Evergreen broadleaf, Deciduous, and Bamboo forests in the South East region, 543 

Viet Nam UN-REDD 544 

Nguyễn ĐH, Nguyễn VS, Nguyễn PH, et al (2012c) PART B-3: Tree allometric equations in 545 

Evergreen broadleaf forests in North Central Coastal region, Viet Nam 546 

Nguyễn NL, Vũ NT, Tạ VS, et al (2009) Đánh giá tác động môi trường Khu CNC Hòa Lạc. 547 

Bộ Khoa học và Công nghệ 548 

Nguyễn VK, Võ ĐH (2008) Study on carbon sequestration of Homogeneous hybrid Acacia 549 

plantation in some Northern Provinces. Nông nghiệp và Phát triển Nông thôn 4:77–81 550 

Oksanen J, Blanchet FG, Friendly M, et al (2019) vegan. Community ecology package 2:5–551 

6 552 

Ounban W, Puangchit L, Diloksumpun S (2016) Development of general biomass allometric 553 

equations for Tectona grandis Linn.f. and Eucalyptus camaldulensis Dehnh. plantations in 554 

Thailand. Agriculture and Natural Resources 50:48–53. 555 

https://doi.org/10.1016/j.anres.2015.08.001 556 



Paquette A, Messier C (2011) The effect of biodiversity on tree productivity: from temperate 557 

to boreal forests. Global Ecology and Biogeography 20:170–180. 558 

https://doi.org/10.1111/j.1466-8238.2010.00592.x 559 

Pham TT, Moira M, Nguyen TH, et al (2019) The context of REDD+ in Vietnam: Drivers, 560 

agents and institutions [2nd edition] 561 

Phạm XT (2014) Biomass allometric equation for Acacia auriculiformis forest in Quang Binh 562 

province. Tạp chí Thông tin Khoa học & Công nghệ Quảng Bình 3:42–45 563 

Phùng VK, Nguyễn TD, Phạm MT, et al (2012) PART-4: Tree allometric equations in 564 

Evergreen broadleaf and Bamboo forests in the North Central Coastal region, Viet Nam UN-565 

REDD 566 

Pielou EC (1975) Ecological diversity. New York : Wiley 567 

Pielou EC (1961) Segregation and Symmetry in Two-Species Populations as Studied by 568 

Nearest- Neighbour Relationships. British Ecological Society 36:339–355 569 

Pielou EC (1977) Mathematical Ecology, 2nd edition. Wiley 570 

Pretzsch H (1995) Analyse und Reproduktion räumlicher Bestandsstrukturen. Methodische 571 

Überlegungen am Beispiel niedersächsischer Buchen-Lärchen-Mischbestände Analysis and 572 

Reproduction of Spatial Stand Structures. Methodic Thoughts on the basic of Mixed Beech-573 

Larch Stands. Centralblatt für das gesamte Forstwesen 112:91–117 574 

Pryde EC, Holland GJ, Watson SJ, et al (2015) Conservation of tropical forest tree species in 575 

a native timber plantation landscape. For Ecol Manage 339:96–104. 576 

https://doi.org/10.1016/j.foreco.2014.11.028 577 



Pukkala T (2017) Does management improve the carbon balance of forestry? Forestry: An 578 

International Journal of Forest Research 90:125–135. 579 

https://doi.org/10.1093/forestry/cpw043 580 

R Core Team (2019) R: A language and environment for statistical computing. R Foundation 581 

for Statistical Computing, Vienna, Austria. 582 

Riofrío J, del Río M, Bravo F (2016) Mixing effects on growth efficiency in mixed pine 583 

forests. Forestry: An International Journal of Forest Research 90:381–392. 584 

https://doi.org/10.1093/forestry/cpw056 585 

Riofrío J, del Río M, Pretzsch H, Bravo F (2017) Changes in structural heterogeneity and 586 

stand productivity by mixing Scots pine and Maritime pine. For Ecol Manage 405:219–228. 587 

https://doi.org/https://doi.org/10.1016/j.foreco.2017.09.036 588 

Roscher C, Schumacher J, Gubsch M, et al (2012) Using plant functional traits to explain 589 

diversity-productivity relationships. PLoS One 7:. 590 

https://doi.org/10.1371/journal.pone.0036760 591 

Ruiz-peinado R, Bravo-oviedo A, López-senespleda E, et al (2017) Forest management and 592 

carbon sequestration in the Mediterranean region : A review. 26:1–25 593 

Schuck A, Krumm F, Kraus D (2015) Intergrate+ Marteloscope - Description of parameters 594 

and assessment procedure. 595 

Schwarz G (1978) Estimating the Dimension of a Model. The Annals of Statistics 6:461–464. 596 

https://doi.org/10.1214/aos/1176344136 597 

Shannon CE, Weaver W, Blahut RE (1949) The mathematical theory of communication. 598 

Urbana: University of Illinois press 117:379–423. https://doi.org/10.2307/3611062 599 

Simpson, E H (1949) Measurement of diversity. Nature 688 600 



SNV Netherlands Development Organisation Vietnam (2012) Biomass Business 601 

Opportunities Viet Nam 602 

Socialist Republic of Vietnam (2022) Nationally determined contributions (NDCs) 603 

Suo AN, Ju TZ, Ge JP (2008) Relationship between species richness and biomass on 604 

environmental gradient in natural forest communities on Mt. Xiaolongshan, northwest China. 605 

For Stud China 10:212–219. https://doi.org/10.1007/s11632-008-0041-7 606 

Szwagrzyk J, Gazda A (2007) Above-ground standing biomass and tree species diversity in 607 

natural stands of Central Europe. Journal of Vegetation Science 18:555–562. 608 

https://doi.org/10.1111/j.1654-1103.2007.tb02569.x 609 

The Prime Minister of Vietnam (2020) Decision No.: 1658/QD-TTg Approving National 610 

Green Growth Strategy for 2021 - 2030 Period, with a vision by 2050 611 

Traoré S, Djomo AN, N’guessan AK, et al (2018) Stand Structure, Allometric Equations, 612 

Biomass and Carbon Sequestration Capacity of Acacia mangium Wild. (Mimosaceae) in Cote 613 

d’Ivoire. Open J For 08:42–60. https://doi.org/10.4236/ojf.2018.81004 614 

Vihervaara P, Marjokorpi A, Kumpula T, et al (2012) Ecosystem services of fast-growing 615 

tree plantations: A case study on integrating social valuations with land-use changes in 616 

Uruguay. For Policy Econ 14:58–68. https://doi.org/10.1016/j.forpol.2011.08.008 617 

Vilà M, Carrillo-Gavilán A, Vayreda J, et al (2013) Disentangling Biodiversity and Climatic 618 

Determinants of Wood Production. PLoS One 8:e53530. 619 

https://doi.org/10.1371/journal.pone.0053530 620 

Vila M, Inchausti P, Vayreda J, et al (2005) Confounding Factors in the Observational 621 

Productivity – Diversity Relationship in Forests. Ecological Studies 176:65–86 622 



Vilà M, Inchausti P, Vayreda J, et al (2005) Confounding Factors in the Observational 623 

Productivity-Diversity Relationship in Forests. In: Scherer-Lorenzen M, Körner C, Schulze 624 

E-D (eds) Forest Diversity and Function: Temperate and Boreal Systems. Springer Berlin 625 

Heidelberg, Berlin, Heidelberg, pp 65–86 626 

Võ ĐH (2007) Kết quả nghiên cứu sinh khối cây cá lẻ Mỡ trồng thuần loài vùng Trung tâm 627 

Bắc bộ Việt Nam. Tạp chí Nông nghiệp và Phát triển Nông thôn 14:37–23 628 

Võ ĐH (2009) Study on the carbon sequestration ability of Urophylla plantations in Vietnam. 629 

Nông nghiệp và Phát triển Nông thôn 1:102–106 630 

Vũ TP, Nguyễn TML, Nguyễn NL, et al (2011a) Final Report on Forest Ecological 631 

Stratification in Vietnam 632 

Vũ TP, Nguyễn VX, Đặng TT, et al (2012) PART B-6: Tree allometric equations in Evergreen 633 

broadleaf, Deciduous, and Bamboo forests in the Central Highland region, Viet Nam UN-634 

REDD. UN -REDD Programme Vietnam 1–62 635 

Vũ TP, Vũ TD, Pham MC, et al (2011b) Report on Vietnam profile development for 636 

measurement and monitoring for REDD implementation 637 

Wang JR, Kimmins JP (2002) Height growth and competitive relationship between paper 638 

birch and Douglas-fir in coast and interior of British Columbia. For Ecol Manage 165:285–639 

293. https://doi.org/10.1016/S0378-1127(01)00630-2 640 

Wang W, Lei X, Ma Z, et al (2011) Positive relationship between aboveground carbon stocks 641 

and structural diversity in spruce-dominated forest stands in New Brunswick, Canada. Forest 642 

Science 57:506–515 643 



Williams LJ, Paquette A, Cavender-Bares J, et al (2017) Spatial complementarity in tree 644 

crowns explains overyielding in species mixtures. Nat Ecol Evol 1:63. 645 

https://doi.org/10.1038/s41559-016-0063 646 

Zhang Y, Chen H, Taylor A (2015) Aboveground biomass of understorey vegetation has a 647 

negligible or negative association with overstorey tree species diversity in natural forests. 648 

Global Ecology and Biogeography 25:141–150 649 

Zhang Y, Chen HYH, Reich PB (2012) Forest productivity increases with evenness , species 650 

richness and trait variation : a global meta-analysis. Journal of Ecology 100:742–749. 651 

https://doi.org/10.1111/j.1365-2745.2011.01944.x 652 

Zhang Y, Chen HYH, Taylor AR (2017) Positive species diversity and above-ground biomass 653 

relationships are ubiquitous across forest strata despite interference from overstorey trees. 654 

Funct Ecol 31:419–426. https://doi.org/10.1111/1365-2435.12699 655 

  656 



Tables 657 

 658 

Table 1:  Descriptive statistics for the response variable and candidate explanatory 
variables 

Variables Mean Max Min St.Dev 

AGB 218.26 3010.28 6.92 258.84 

G 20.628 43.233 11.057 5.916 

N 546.15 720.00 272.00 126.66 

Sh 3.36 3.71 2.55 0.29 

Sm 0.96 0.97 0.90 0.02 

E 0.96 1.00 0.90 0.02 

D 1.64 2.21 1.16 0.35 

R 1.08 1.20 0.82 0.10 

Mi 0.48 1.00 0.00 0.33 

MS 0.19 0.60 0.00 0.15 

W 0.50 1.00 0.00 0.22 

S 0.22 1.00 -0.03 0.17 

A 2.46 3.42 0.00 0.59 

TH 0.26 0.91 0.04 0.14 

Response variables: AGB: tree aboveground biomass (kg); G: basal area of each quadrat (m2/ha) 
Candidate explanatory variables: N: number of trees per hectare; Sh: Shannon index; Sm: Simpson index; E: 
evenness index; D: Berger-Parker index; R: aggregation index; Mi: mingling index; MS: spatial diversity status; 
W: uniform angle index; S: segregation index; A: vertical species profile; TH: height differentiation index.  

 659 

Table 2: General characteristics of each species in the Hoa Lac 1 ha Marteloscope 660 

Species n dbh ht  AGB C CO2 

Mean  Median Max  Min Mean  Median  Max Min  

Acacia mangium 300 20.61 19.74 78.62 6.05 15.06 14.90 24.00 1.70 65.71 32.86 120.45 

Acacia auriculiformis 108 22.07 21.96 49.97 6.68 15.24 15.00 22.50 6.00 23.70 11.85 43.45 

Eucalyptus 

camaldulensis 

15 17.76 18.14 30.88 7.00 15.41 13.50 22.00 8.50 2.05 1.02 3.75 

Senna siamea 18 38.87 39.15 75.12 15.92 12.00 11.75 16.00 7.50 13.64 6.82 25.00 

Litsea glutinosa 3 11.46 11.46 15.60 7.32 8.60 6.80 12.50 6.50 0.15 0.08 0.28 

Aporosa villosa 1 11.46 - - - 4.70 - - - 0.02 0.01 0.04 

Averrhoa carambola 1 11.46 - - - 7.50 - - - 0.04 0.02 0.07 

Dead trees 61 15.35 13.85 56.98 6.37 9.25 9.00 17.50 1.30 - - - 

n: number of individuals; dbh: diameter at breast height (cm); ht: total height (m); AGB: total aboveground biomass of each species (tons); C: 
weight of carbon of each species (tons); CO2: weight of carbon dioxide sequestered of each species (tons) 



 661 

Table 3: The 10 best-fitted models for Acacia mangium and Acacia auriculiformis 662 

 663 

 664 

 665 

 666 

  667 

No. Model 𝜷𝟎 𝜷𝟏 𝜷𝟐 𝜷𝟑 p-value 𝑹𝟐 MSE AIC BIC 

Acacia mangium 

1.1 AGB = 𝑒β0+β1G2+β2Sh2+β3TH2
 6.0982 0.0011 -0.1135 -1.5549 0.0965 <0.0001 0.5754 691.7097 710.0246 

1.2 AGB = 𝑒β0+β1G2+β2Sh+β3TH2
 7.2306 0.0011 -0.7249 -1.5399 0.0950 <0.0001 0.5763 692.2072 710.5220 

1.3 AGB = 𝑒β0+β1G2+β2Sh0.5+β3TH2
 9.5096 0.0011 -2.5781 -1.5319 0.0941 <0.0001 0.5769 692.4921 710.8070 

1.4 AGB = 𝑒β0+β1G2+β2Sh2+β3 1A 6.7986 0.0010 -0.1370 -1.2259 0.0931 <0.0001 0.5775 692.8318 711.1466 

1.5 AGB = 𝑒β0+β1G2+β2Sh+β31A 8.1637 0.0010 -0.8762 -1.2104 0.0915 <0.0001 0.5785 693.3443 711.6591 

1.6 AGB = 𝑒β0+β1G2+β2 1Sh+β3TH2
 2.6432 0.0011 7.0914 -1.5056 0.0911 <0.0001 0.5788 693.4847 711.7995 

1.7 AGB = 𝑒β0+β1G2+β2Sh0.5+β31A 10.9158 0.0010 -3.1168 -1.2001 0.0906 <0.0001 0.5791 693.6558 711.9706 

1.8 AGB = 𝑒β0+β1G2+β2Sh2+β3 1√A 7.2766 0.0010 -0.1370 -1.5461 0.0898 <0.0001 0.5796 693.9139 712.2287 

1.9 AGB = 𝑒β0+β1G2+β2Sh+β3 1√A 8.6284 0.0010 -0.8756 -1.5201 0.0882 <0.0001 0.5806 694.4456 712.7604 

1.10 AGB = 𝑒β0+β1G2+β2Sh0.5+β3 1√A 
11.3680 0.0010 -3.1122 -1.5035 0.0872 <0.0001 0.5812 694.7653 713.0802 

Acacia auriculiformis 

2.1 AGB = 𝑒β0+β1TH2+β2Sh2
 6.7131 -4.1277 -0.1248 - 0.1697 0.0001 0.6928 272.1988 282.5390 

2.2 AGB = 𝑒𝛽0+𝛽1𝑇𝐻2+𝛽2𝑆ℎ 7.8752 -4.0985 -0.7675 - 0.1693 0.0001 0.6932 272.2584 282.5985 

2.3 AGB = 𝑒β0+β1TH2+β2 1Sh 3.2154 -4.0410 6.9505 - 0.1672 0.0001 0.6949 272.5302 282.8704 

2.4 AGB = 𝑒β0+β1TH2+β2√N 7.1477 -4.2258 -0.3151 - 0.1658 0.0001 0.6961 272.7099 283.0501 

2.5 AGB = 𝑒β0+β1TH2+β2Sm2
 11.277 -3.9718 -6.5268 - 0.1656 0.0001 0.6962 272.7349 283.0751 

2.6 AGB = 𝑒β0+β1TH2+β2Sm 16.9614 -3.9665 -12.1873 - 0.1653 0.0001 0.6965 272.7778 283.1180 

2.7 AGB = 𝑒β0+β1TH2+β2N2
 5.9042 -4.2948 -0.0005 - 0.1616 0.0001 0.6996 273.2468 283.5870 

2.8 AGB = 𝑒β0+β1TH2+β2√E 26.7711 -3.6725 -21.9943 - 0.1541 0.0002 0.7058 274.2061 284.5463 

2.9 AGB = 𝑒β0+β1TH2+β2E 16.1278 -3.6734 -11.3612 - 0.1541 0.0002 0.7058 274.2122 284.5524 

2.10 AGB = 𝑒β0+β1TH2+β2E2
 10.8051 -3.6752 -6.0591 - 0.1540 0.0002 0.7059 274.2263 284.5665 

AGB: tree aboveground biomass (kg); TH: height differentiation index; Sh: Shannon index; Sm: Simpson diversity index; N: number of trees per hectare; E: evenness index; G: basal area of each 
quadrat (m2/ha); A: vertical species profile 



Figures 668 

 669 

Fig. 1: Hoa Lac Marteloscope study area location in northern Vietnam (21º0’35.0” N and 105º30’51.2”E). The climate 670 
diagram displays monthly average temperature in degrees Celsius (°C) (red line) and precipitation in millimeters (mm) 671 
(blue line), using Walter and Lieth climate diagram standards. Data for 1970-2000 was obtained from the gridded 672 
dataset of Climatic Research Unit (CRU) at the University of East Anglia (https://crudata.uea.ac.uk/cru/data/hrg/). 673 
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 675 

Fig. 2 Stand diversity indicxes for the Marteloscope 676 
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 678 

Fig. 3 Percentage frequency distribution of the mingling index (Mi) in each quadrat 679 
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Fig. 4: Tree distribution pattern at the study site 681 
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 684 

Fig. 5: TH classes of the two most abundant species 685 
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 687 

Fig. 6: L – function for all quadrats  688 
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Sensitivity analysis 

M–del 1.1 - Acacia mangium 

(see https://plot.ly/~dtnmahbu/1/#/  

for 3D version) 
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M–del 2.1 - Acacia auriculiformis 

(see https://plotly.com/~dtnmahbu/43/  

for online version) 
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