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Abstract. Functional diversity and its change mechanisms are important for forest conservation. Change 

patterns of functional diversity in forest communities along altitudinal and disturbance gradients in the 

Wulingshan Nature Reserve were analyzed using several common indices. Forty-one 20 m  20 m plots 

of forest communities were established along the altitudinal gradient. Plant species, functional traits and 

environmental variables were measured and recorded. Six functional diversity indices, Functional 

Attribute Diversity (FAD), Modified Functional Attribute Diversity (MFAD), Functional diversity based 

on dendrogram (FDp and FDc), Functional evenness (FEve) and Functional divergence (FDiv), were 

employed to quantify functional diversity. The results showed a great change in functional diversity of the 

forest communities in the Wulingshan Reserve. Functional diversity was significantly correlated with 

altitude and disturbance gradients. A non-linear “humped” change pattern along the altitudinal gradient 

and a non-linear or near linear decrease pattern along the disturbance intensity gradient were identified. 

Elevation and disturbance were the key factors influencing functional diversity. Functional diversity was 

closely related to species diversity in forests. The six common indices used were all effective and 

complementary to each other in functional diversity analysis in forests. MFAD, FEve and FDiv should be 

preferred in practice. 

Keywords: environmental gradient, disturbance intensity, functional diversity index, functional traits, 

forest conservation 

Introduction 

Biodiversity and its conservation are two among the hottest topics in ecological 

studies (Austrheim, 2002). Species diversity, the measure of diversity in a community, 

is frequently studied in community ecology. Species diversity takes into consideration 

species richness and evenness, i.e. the total number of different species and the variation 

of abundance in individuals per species in a community (Perronne et al., 2014). 

However, the variation of species functions or in other words, functional diversity, has 

been poorly studied (Laliberte and Legendre, 2010). Functional diversity refers to the 

variation of species functions in a community (Petchey and Gaston, 2002; Zhang et al., 

2015a). Plant species functions can be reflected by the type, change amplitude and 

stability of plant functional traits in a community (Villéger et al., 2008). Functional 

diversity is an important driver of ecological processes in a community (Zhang et al., 

2014) and has become a key concept in ecology in recent years (Spasojevic et al., 2014; 

Rossi et al., 2020). 
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The variation of functional diversity and its mechanism is the bases for forest 

conservation and have become attractive to forest ecologists and conservators 

(Muhumuza and Byarugaba, 2009; Pavoine and Bonsall, 2011). Nature reserves in the 

mountains are significant in forest conservation and ecological protection since most 

nature forests are distributed in mountainous regions with limited area in countries like 

China (Cui et al., 2008; Zhang et al., 2015a). Variation patterns of species diversity 

along altitudinal gradient have been studied frequently (e.g. Austrheim, 2002; Zhang et 

al., 2013; Perronne et al., 2014; Bricca et al., 2019) and most of them found a “humped” 

distribution pattern showing the maximum species diversity near the middle of the 

gradient (Austrheim, 2002; Otypkova et al., 2011; Zhang et al., 2014). However, 

functional diversity and its change patterns along environmental gradients have not been 

sufficiently studied (Albert et al., 2012; Zhang et al., 2015b). 

The Wulingshan reserve is a famous eco-tourism destination for citizens in Beijing 

and Hebei Province (Xiang and Zhang, 2009). Forests are significant in the local 

economy and development and should be conserved effectively in this reserve. Some 

researches on eco-tourism resources and evaluation (Zhang et al., 2003), plant resources 

and floristic characteristics (He et al., 1992; Duan, 2009), the vertical distribution of 

forest communities (Liu and Xi, 1997), vegetation landscape patterns (Bai et al., 2006), 

and so on have been conducted in this Reserve. However, the variation of functional 

diversity associated with the major environmental gradients has not been examined. 

This study aimed to analyze the interdependencies of functional diversity, 

environmental variables and disturbance in forest communities, to compare the 

effectiveness of several common functional diversity indices, and to test the hypothesis 

that functional diversity peaks at an intermediate altitude and medium disturbance in 

forests in the Wulingshan Nature Reserve. 

Materials and methods 

Study area 

The Wulingshan Nature Reserve, located at 117°17′- 117°35′E, 40°29′- 40°36′N, is 

in the Miyun County of Beijing and Xinglong County in Hebei Province (Fig. 1). The 

reserve was established to protect the typical forest ecosystems and the northern limit of 

distribution of the rhesus macaque in 1984. It covers an area of 14,337 ha (Liu and Xi, 

1997). Its highest peak, 2116 m ASL, is in the northern part of Xinglonh County. Its 

climate is deeply affected by the warm temperate southeastern monsoon. The annual 

mean temperature is 7.6 °C; the mean monthly temperature of July is 17.7 °C, whereas 

the mean monthly temperature of January is -15.6 °C. The annual mean precipitation 

varies from 600 mm (northern slope) to 720 mm (southern slope). The main soil types 

include cinnamon soil in the lower area, brown forest soil in typical forest area and 

mountain meadow soil over the forest line of this mountain. The vegetation includes 

secondary forests with some plantations from 700 to 1900 m ASL and mountain 

meadows and scrublands above 1900 m ASL. 

 

Data collection 

Based on a general survey, 16 sampling points separated by 60-80 m in altitude were 

set up along the altitudinal gradient in forest area between 700 and 1900 m ASL in the 

Wulingshan Reserve. Two to four plots (20 m × 20 m) around each sampling point were 
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established randomly. The cover, height, individual abundance and diameter at breast 

height (DBH) for tree species and the height and cover for shrubs and herbs were 

measured and recorded for each plot. Tree height was measured using a height-meter 

(Haguang CGQ-1, 0-77 m) and shrub and herb height using a tape ruler. DBH was 

measured using a caliper (Argus PiCUS Calliper, 0-150 cm). A total of 172 plant 

species were recorded in 41 plots. 

 

 

Figure 1. Geographical location of the study area, the Wulingshan Nature Reserve, China 

 

 

Twelve plant functional traits were selected to reflect species functions in the plant 

community (Table 1). Photosynthesis pathway, pollination manner, seed dispersal, life-

form, root system and nitrogen-fixing type were identified from local flora. Leaf form, 

leaf hair, plant height, flowering date and period, and fruit maturity date were 

investigated in the field. Functional diversity indices were calculated using a data matrix 

of plant species by functional traits for each plot. There were 41 data matrices for 41 

plots in total. 

Five environmental variables, altitude, slope, aspect, soil depth and litter thickness, 

were measured and recorded for each plot. The elevation was measured using a GPS, 

the slope and aspect were measured using a compass meter, the soil depth was measured 

using a soil depth instrument and the litter thickness was measured using a ruler directly 

(Zhang et al., 2015a). The elevation, slope, litter thickness and soil depth were 

measured values, while the slope aspect was transformed to 1-8 values: 1 (337.6°-

22.5°), 2 (22.6°-67.5°), 3 (292.6°-337.5°), 4 (67.6°-112.5°), 5 (247.6°-292.5°), 6 

(112.6°-157.5°), 7 (202.6°-247.5°), and 8 (157.6°-202.5°). The greater the value, the 

more sunlight is available. 

The disturbance intensity from human activity (mainly tourism activity) was 

evaluated as scores of 1-5 based on tourist density, trampling extent on understory 

plants, distance from traveling pathway, number of pieces of garbage, and ratio of 
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human accompanying plant species in a plot: 1 (non-obvious disturbance), 2 (weak 

disturbance), 3 (medium disturbance), 4 (heavy disturbance) and 5 (very heavy 

disturbance) (Zhang et al., 2013). 

 
Table 1. Plant functional traits and their values in forest communities in the Wulingshan 

Nature Reserve, North China 

Functional trait type Data type Functional traits and values 

Photosynthesis pathway  Attribute value 
1 Crassulacean pathway, 2 C3 pathway, 3 between C3 

and C4 pathway, 4 C4 pathway 

Nitrogen-fixing  Attribute value 

0 No nitrogen-fixing, 1 Elaeagnaceae nitrogen-fixing, 2 

Leguminosae nitrogen-fixing, 3 mycorhiza nitrogen-

fixing 

Seed dispersal Attribute value 
1 Automatic spreading, 2 gravity spreading, 3 wind 

spreading, 4 animals spreading, 5 non-flowering plant 

Pollination method  Attribute value 1 Anemophilous, 2 entomophilous, 3 self-pollinated 

Life-form  Attribute value 
1 Tree, 2 shrubs, 3 woody vine, 4 perennial herb, 5 

annual herb 

Leaf form Attribute value 1 Coniferous, 2 Broad leaf, 3 non leaf 

Leaf hairs Attribute value 
0 No hair, 1 hairs on top surface, 2 hairs on back 

surface, 3 hairs on both sides 

Root system Duality value 1 Taproot system, 2 Fibre system 

Plant height  Quantitative value Measured value in m 

Flowering date Quantitative value Beginning month of flowering 

Flowering period Quantitative value Flowering months 

Fruit maturity date Quantitative value Beginning month of fruit mature 

 

 

Data analysis 

Functional diversity indices 

Six common functional diversity indices were used to calculate functional diversity 

in forest communities: 

 

Functional attribute diversity (FAD) 

FAD is a measure of species dispersion in trait space and refers to the sum of the 

pairwise species functional distances (Walker et al., 1999): 

 

 
,

S

ij

i j

FAD d=  (Eq.1) 

 

where dij is the functional distance between species i and j in functional trait space. S is 

the number of species in a plot. 

 

Modified functional attribute diversity (MFAD) 

For MFAD, the functional unit was defined by combining the species with the same 

values in all the traits into one unit. The number of species will be reduced from S to M 

(M ≤ S) (Casanoves et al., 2011). 
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where dij is the distance between functional units i and j, and M is the number of 

functional units. 

 

Functional diversity based on dendrogram (FDp and FDc) 

Functional diversity based on a dendrogram refers to the sum of branch length of the 

dendrogram produced by a clustering method based on the data matrix of S species  N 

traits in a plot. FDp is plot based functional diversity index and FDc is community 

based index (Petchey and Gaston, 2006). 

 

Functional divergence (FDiv) 

Functional divergence is related to how abundance is distributed within the volume 

of functional traits space. 
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dGi is the functional distance from species i to the gravity center of species that form the 

vertices of the convex hull, and dG  is the mean distance of the S species to the gravity 

center, and wi is the relative abundance of species i. 

 

Functional evenness (FEve) 

FEve measures the regularity of spacing between species in the functional trait space 

and the evenness of the distribution of the species abundance. The minimum spanning 

tree (MST) was used to transform a multidimensional space to a distribution on a single 

axis. This index measures both the sum of branch lengths in the MST and the evenness 

of species abundance (Villéger et al., 2008). The index: 
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There are S-1 branches in the MST of S species and each of the b branch length is 

divided by the sum of the abundance of the species linked. EWb is the weighted 

evenness, dij is the Euclidean distance between species i and j, those involved in the 
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branch b, and wi and wj are the relative abundance of these species. It is useful to 

compute the partial weighted evenness dividing by the sum of the across the 

branches. 

 

Species diversity 

Three species diversity indices, species number (as a richness index) D S= , 

Shannon-Wiener index ' lni iH P P= − , Pielou evenness index ' ln( )E H S= , were used 

to measure species diversity in a community. Where Pi is the relative abundance of 

species i, Pi = Ni / N, Ni the abundance of species i, N the sum of abundance for all 

species in a plot, S the species number present in a plot. 

Spearman correlation and regression were used to analyse the relationships of 

functional diversity, species diversity and environmental variables. 

Results 

Plant functional diversity demonstrated by the six indices showed great variations in 

forest communities in the Wulingshan Nature Reserve. FAD varied between 69.76 and 

145.62 with a mean 107.99 and a standard deviation 18.10, MFAD between 3.81 and 

5.92 with a mean 4.87 and a standard deviation 0.59, FDp between 6.44 and 9.97 with a 

mean 8.13 and a standard deviation 0.88, FDc between 6.33 and 9.95 with a mean 8.31 

and a standard deviation 0.90, FEve between 0.68 and 0.88 with a mean 0.79 and a 

standard deviation 0.05, and FDiv between 0.69 and 0.90 with a mean 0.81 and a 

standard deviation 0.05 (Fig. 2). 
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Figure 2. Variation of functional diversity in forest communities along the altitudinal gradient 

in the Wulingshan Nature Reserve, North China 

 

 

Functional diversity indices were significantly correlated with an altitudinal gradient 

(Fig. 2) and with a disturbance intensity gradient (Fig. 3) in the Wulingshan Nature 

Reserve. All six indices showed similar variation pattern with altitudinal and 

disturbance gradients. Functional diversity showed a non-linear “humped” change 

pattern along the altitudinal gradient, i.e. it increased with elevation firstly, and reached 

its maximum between 1300 and 1400 m, and then decreased gradually (Fig. 2). 

Functional diversity showed a non-linear or near linear decrease pattern along the 

disturbance intensity gradient, i.e. it was gradually decreased with the maximum value 

at the lowest disturbance community and the minimum value under the heaviest 

disturbance (Fig. 3). 

In addition to altitude and disturbance, litter thickness was also significant in 

affecting spatial variation of functional diversity in the Wulingshan Reserve (Table 2). 

The litter thickness played a special role in two functional diversity indices, FEve and 

FDiv. However, the soil depth, slope, and aspect were not significant in influencing 

functional diversity change in this reserve (Table 2). Different indices showed different 

significance for their relationships with functional diversity, but the positive or negative 

feature of the relationships was clear. Elevation, soil depth and litter thickness showed 

positive correlations, and disturbance and aspect negative correlations with the 

functional diversity indices (Table 2). 

 
Table 2. Spearman correlation coefficients between functional diversity and environmental 

variables in the Wulingshan Nature Reserve, North China 

Environmental variables  FAD MFAD FDp FDc FEve FDiv 

Elevation 0.053 0.084 0.077 0.109 0.374* 0.321* 

Slope 0.232 0.222 0.133 0.013 -0.226 -0.188 

Aspect -0.175 -0.170 -0.189 -0.276 0.004 -0.040 

Litter thickness 0.199 0.212 0.178 0.197 0.440** 0.414** 

Soil depth 0.137 0.103 0.156 0.152 0.297 0.268 

Disturbance intensity -0.342* -0.414** -0.368* -0.367* -0.747*** -0.739*** 

 

 

Functional diversity was significantly correlated with species diversity (Table 3). The 

Shannon-Wiener index was most significantly correlated with all the functional 
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diversity indices, species richness significantly correlated with all functional indices 

except FDp and FDiv, and species evenness significantly correlated with all functional 

indices except FDp and FD, in the Wulingshan Reserve (Table 3). Functional diversity 

indices were positively related to species richness, diversity and evenness, i.e. 

functional diversity increased with species diversity increase. 

 

 

 

 

Figure 3. Change of functional diversity in forest communities along the disturbance intensity 

gradient in the Wulingshan Nature Reserve, North China 

 

 

The six functional diversity indices were significantly correlated with each other and 

hence provided similar results (Table 4). Among them, MFAD, FEve and FDiv 

provided better correlations with elevation and disturbance. 



Song et al.: A comparison of several common mathematical indices for measuring functional diversity in forest communities in the 

Wulingshan Nature Reserve, North China 
- 4633 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(3):4625-4636. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1803_46254636 

© 2020, ALÖKI Kft., Budapest, Hungary 

Table 3. Spearman correlation coefficients between functional diversity and species diversity 

in the Wulingshan Nature Reserve, North China 

Species diversity FAD MFAD FDp FDc FEve FDiv 

Species richness 0.338* 0.374* 0.278 0.350* 0.330* 0.277 

Shannon-Weiner index 0.509*** 0.483** 0.317* 0.367* 0.433** 0.406** 

Species evenness 0.369* 0.339* 0.184 0.208 0.442** 0.392* 

 

 
Table 4. Spearman correlation coefficients between functional diversity indices in the 

Wulingshan Nature Reserve, North China 

 FAD MFAD FDp FDc FEve FDiv 

FAD 1.000      

MFAD 0.815*** 1.000     

FDp 0.775*** 0.826*** 1.000    

FDc 0.724*** 0.743*** 0.921*** 1.000   

FEve 0.320* 0.405** 0.322* 0.400** 1.000  

FDiv 0.341* 0.441** 0.390* 0.444** 0.948*** 1.000 

Discussion 

Functional diversity can be used as an indicator of ecosystem functioning and can 

demonstrate the relationships of species function, composition, structure and 

environmental factors (de Bello et al., 2006; Spasojevic et al., 2014). The six functional 

diversity indices all showed a great change of functional diversity in forest communities 

in the Wulingshan Nature Reserve, which suggested that forest communities varied in 

species function, composition, diversity, structure and inner environment (Zhang et al., 

2013; Rossi et al., 2020). Eight forest formations were identified from 700 to 1900 m in 

this reserve (Liu and Xi, 1997; Zhang et al., 2014). These vegetation formations were as 

follows from lower to upper hills, Form. Pinus tabulaeformis, Form. Juglans 

mandshurica, Form. Betula platyphylla, Form. Quercus mongolica, Form. Betula 

dahurica + Populus davidiana + Betula platyphylla, Form. Popolus davidiana, Form. 

Tilia mandschurica + Tilia mongolica. Form. Larix principis-rupprechtii (Cui et al., 

2008; Zhang et al., 2014). The variation of functional diversity successfully reflected 

the change of forest communities along the altitudinal gradient, which suggests that 

each community has special functional composition and diversity (Zhang et al., 2014), 

which was also proved by other studies (e.g. Perronne et al., 2014; Zhang et al., 2013, 

2015a). 

The variation of functional diversity is usually related to changes in environmental 

gradients (Zhang et al., 2015b; Bricca et al., 2019). All the six indices were significantly 

correlated with altitudinal and disturbance gradients in the Wulingshan Nature Reserve, 

which suggested that elevation and disturbance were key factors influencing functional 

diversity in this reserve (de Bello et al., 2006; Fayiah et al., 2019). This was identical 

with the conclusion that altitude and disturbance were most important factors affecting 

forest structure, diversity and distribution in this reserve (Liu and Xi, 1997; Cui et al., 

2008). All the six functional diversity indices showed the same variation pattern, non-

linear “humped” change, along the altitudinal gradient, i.e. it increased firstly, and 

reached its maximum between 1300 and 1400 m, and then decreased with elevation 
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increase (Zhang et al., 2013; Boehnke et al., 2014). This change pattern of functional 

diversity is consistent with the most commonly observed pattern that the maximum 

diversity to be appeared at intermediate altitude (Austrheim, 2002; Villéger et al., 

2008). Altitudinal gradient represents a comprehensive gradient of heat and moisture in 

mountains, i.e. the change of heat and moisture with elevation will influence the change 

pattern of functional diversity (Zhang et al., 2013; Perronne et al., 2014). All the six 

indices showed the same pattern, non-linear or near linear decrease pattern, along the 

disturbance intensity gradient in the Wulingshan Nature Reserve. The maximum 

functional diversity appeared at the lowest disturbance and the minimum functional 

diversity was under the heaviest disturbance (Zhang et al., 2014). This pattern of 

functional diversity is not consistent with the hypothesis that the maximum diversity to 

be appeared at medium disturbance (Spasojevic et al., 2014). Disturbance from tourist 

activities such as trampling, damaging plant, rubbish etc. can affect functional diversity 

directly, and it can also influence functional diversity indirectly by changing 

environmental features such as soil physical characteristics (Duivenvoorden and Cuello, 

2012). 

Besides elevation and disturbance, soil litter thickness was significantly affecting 

functional diversity in the Wulingshan Nature Reserve, which was supported by some 

other studies (Duivenvoorden and Cuello, 2012; Zhang et al., 2014). Litter thickness 

affects soil water and soil nutrients which further affect functional diversity (Otypkova 

et al., 2011). Soil depth, slope, and aspect was not significant in influencing functional 

diversity change in this reserve. Former studies showed that forest vegetation was 

significantly correlated with slope, aspect and soil depth in this reserve (Liu and Xi, 

1997; Cui et al., 2008), which suggests that the formation and maintain of functional 

diversity in community is different from that of vegetation and species diversity (Zhang 

et al., 2013) and needs special attentions in conservation (Boehnke et al., 2014). 

Functional diversity was significantly correlated with species diversity in the 

Wulingshan Reserve, which is consistent with many other studies (Ricotta and Moretti, 

2008; de Bello et al., 2009). Functional diversity and species diversity were interrelated 

with each other, but they were different and could not be replaced with each other 

(Butterfield and Suding, 2013; Zhang et al., 2015a). 

The six common indices used for measuring functional diversity were all effective in 

quantifying functional diversity and its variation in forest communities in the 

Wulingshan Nature Reserve. These indices were significantly correlated with each other 

since they all based on the functional distances between species in functional trait space 

with some theoretically differences (Casanoves et al., 2011; Song and Zhang, 2013). 

MFAD, FEve and FDiv performed better in describing the relationships of functional 

diversity with elevation and disturbance, and should be firstly used in research practice. 

Conclusions 

Functional diversity showed a great change in forest communities in the Wulingshan 

Nature Reserve, China. Elevation and disturbance were most important factors 

influencing functional diversity in forest communities. Functional diversity showed a 

non-linear “humped” change pattern along the altitudinal gradient and a non-linear or 

near linear decrease pattern along the disturbance intensity gradient. Functional 

diversity was significantly correlated with species diversity in forests in this reserve. 

The interactions between functional diversity, species diversity and phylogenetic 
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diversity should be further studied in the forest communities. Among the six common 

indices used, MFAD, FEve and FDiv should be recommended in practice in future 

study. 
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