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Abstract 22 

Aims The mechanism by which species diversity drives productivity in different ecosystems is 23 

controversial, possibly due to the confounding effects of key environmental variables. Karst ecosystems 24 

are fragile and are at great risk of species loss. In these ecosystems, soil depth is a key driver of 25 

community diversity and productivity. However, the influence of soil depth on the relationship between 26 

species diversity and productivity in karst ecosystems remains unclear. 27 

Methods We established artificial karst herbaceous communities with different soil depths and species 28 

richness levels and determined how two biodiversity effects—complementarity effect (effect of positive 29 

interactions among species) and selection effect (effect due to dominance of productive species)—30 

contributed to productivity. 31 

Results Soil depth, species diversity, and different species combinations were significant predictors of 32 

productivity. Species diversity significantly positively affected productivity at all three soil depths, with 33 

the effect size of species diversity being the greatest in medium-depth soil. Net diversity effects were 34 

greater than 0 in all multi-species communities, indicating that complementarity and selection effects 35 

both positively influenced productivity. However, complementarity effect had a greater contribution to 36 

productivity than selection effect in all multi-species communities. Furthermore, the contribution of 37 

complementarity effect increased with increasing soil depth, while that of selection effect decreased. 38 

Conclusions Soil depth influences the relationship between species diversity and productivity in karst 39 

herbaceous communities. Furthermore, complementarity effect is the major mechanism by which 40 

diversity increases community productivity, particularly in shallow soil. Therefore, environmental 41 

variables should be seriously considered when studying the relationship between species diversity and 42 

function in other ecosystems. 43 
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Introduction 47 

Recent ecological research has often revolved around the controversy of the impact of species 48 

diversity on ecosystem functions (Loreau et al. 2001). Productivity is an important manifestation of 49 

ecosystem function (Chen and Qian 1997); therefore, the effect of species diversity on productivity has 50 

been extensively investigated. However, many previous studies have demonstrated that the relationship 51 

between species diversity and productivity varies among different natural communities, with studies 52 

finding positive, negative, unimodal, and no correlations (Redmann 1975; Zobel and Liira 1997; Yang et 53 

al. 2002; Hooper et al. 2005; Ruiz-Benito et al. 2014; Morandi et al. 2020). 54 

The mechanism behind the effect of species diversity on productivity has also been widely studied, 55 

and the main mechanisms can be divided into two categories: complementarity effects and selection 56 

effects (Hector 1999; Gillman and Wright 2006; Forrester 2014). The former suggests that plant 57 

communities consisting of multiple species, which have different resource requirements and utilization 58 

patterns, have a higher overall ability to utilize limited resources, thus having greater productivity. In 59 

contrast, the latter, also named sampling effects, suggests that communities assembled with high-60 

diversity plant mixtures have a higher chance of containing and becoming dominated by the species that 61 

achieves the highest productivity when grown alone, thus providing increasingly integrated productivity 62 

of the community (Hector et al. 1999, Tilman 1999a, Tilman 1999b, Van der Putten et al. 2000, Liu 2019). 63 

A number of studies have reported that complementarity and selection effects may operate in combination 64 



 

 

rather than separately (Loreau et al. 2002, Dai 2007). However, there is still a significant research gap in 65 

understanding the relationship between species diversity and productivity and its mechanism in karst 66 

plant communities. Recently, the species diversity of karst regions have been threatened by human 67 

activities, especially in a socio-economic context where the demand for resources is growing. Hence, it 68 

is increasingly imperative to determine the effect of species diversity on productivity in karst regions. 69 

It has been reported that abiotic factors may affect the impact of species diversity on productivity 70 

(Bärlocher and Corkum 2003, Zhang and Zhang 2003). For example, Tilman (1995) found that 71 

community productivity was negatively related with species diversity during normal rainfall years, but 72 

positively related with species diversity during drought years in artificial grassland simulation 73 

experiments. Reich et al. (2001) indicated that increasing the CO2 concentration and content of nitrogen 74 

fertilizer significantly enhanced the positive effect of species diversity on productivity in grassland 75 

diversity experiments. Wu et al. (2018) conducted research in widely distributed secondary forests of 76 

subtropical regions, providing evidence that species richness and productivity showed a significant linear 77 

positive correlation under steep slopes but were uncorrelated under shallow slopes. Moreover, various 78 

other abiotic factors can affect the degree to which species diversity impacts the complementarity and 79 

selection effects and, therefore, community productivity (Fridley 2002, Cahill et al. 2010). 80 

Karst is formed by chemical (dissolution of bedrock, such as limestone, dolomite, and gypsum) and 81 

physical processes (water erosion and disaggregation), and occupies more than 10% of the terrestrial 82 

surface (Legrand 1973). Karst landscapes are characterized by patchy soil and bare rock due to slow rates 83 

of bedrock weathering, and it takes about 300–800 years to create 1 cm of residual soil (Zhu 1997, Nie 84 

et al. 2011, Liu et al. 2018). In addition, the rate of soil formation is low and the permeability is high due 85 

to the high porosity of the underlying bedrock (Fu et al. 2016, Dai et al. 2017). Therefore, poor soil 86 



 

 

resources are the key factor limiting community species diversity and productivity in karst ecosystems. 87 

Previous studies have found that soil depth can impact species diversity and community productivity in 88 

karst regions (Liu et al. 2020). However, how soil depth influences the mechanisms by which plant 89 

diversity affects community productivity in karst regions is still unknown. Therefore, we established 90 

artificial karst herbaceous communities with different soil depths and species richness levels, calculated 91 

the net biodiversity effect on productivity, and then partitioned this effect into the complementarity effect 92 

and selection effect. The main objectives were to examine: 1) the effects of soil depth, species diversity, 93 

and different species combinations on karst herbaceous community productivity; 2) the relationship 94 

between species diversity and productivity and the extent to which this relationship is affected by karst 95 

soil depth; 3) the contribution of the complementarity effect and selection effect to productivity in karst 96 

ecosystems with different soil depths. 97 

Materials and Methods 98 

Experimental materials 99 

In our experiment, four typical karst plants, Bidens pilosa L., Xanthium sibiricum Patrin ex Widder., 100 

Setaria viridis (L.) Beauv, and Arthraxon hispidus (Thunb.) were selected as study plants to construct 101 

experimental herbaceous communities with different species diversity levels and three soil depths. The 102 

species are common in the karst plant communities of southwestern China, and all have traits that benefit 103 

the construction of artificial herbaceous communities, such as sufficient seeds and high emergence rates. 104 

The plant seeds and soil were collected from Zhongliangshan Haishi Park in Chongqing, a typical karst 105 

region in southwestern China. The experimental soil was a limestone soil (for initial soil chemistry, see 106 

Table 1) 107 



 

 

Experimental design 108 

According to previous studies, soil depths of less than 30 cm are common, and the mean minimum 109 

soil depth is approximately 3.1 cm on the karst slopes of southwestern China (Yang et al. 2014, Zhang et 110 

al. 2018, Liu et al. 2019). Therefore, we designed a random block experiment with soil depths of 5 cm 111 

(shallow), 15 cm (medium), and 30 cm (deep) in our experiment. The three soil depths are appropriate 112 

for the rooting depths of the herbaceous plants used in the experiment (Li et al. 2017). Four levels of 113 

species richness were established by sowing seeds, ranging from monocultures to higher diversity 114 

assemblages. Each level of species richness contained different species combinations to investigate the 115 

effects of species combinations. In each level of species richness, the total quantity and density of seeds 116 

sown was kept constant, but the number of seeds of each species varied (Table 2). To prevent random 117 

interference, all treatments were replicated three times following a randomized complete block design. 118 

In total, 99 artificial herbaceous communities were established (11 community compositions × 3 soil 119 

depths × 3 replicates). 120 

The original test containers were plastic boxes with dimensions of 54 cm × 38 cm × 41 cm (length 121 

× width × height). The plastic boxes were cut to a height of 5 cm (shallow soil treatment), 15 cm (medium 122 

soil treatment), or 30 cm (deep soil treatment). The bases of the plastic boxes were pierced with 28 holes 123 

and covered with permeable geotextile to restrict root growth while ensuring water drainage. The 124 

containers were then filled with soil and placed in the Experimental Ecology Garden at Southwest 125 

University, Beibei, Chongqing, China (106° 24' E, 29° 49' N). According to the experimental design, 126 

seeds were sown randomly over the test containers and then covered with a thin layer of soil on May 10, 127 

2018. When all experimental herbaceous communities were established in mid-June, we investigated the 128 

species composition and number of each herbaceous community, and subsequently artificially corrected 129 



 

 

the number of each species in the communities to conform to the experimental design. 130 

Growth measurements 131 

The experiment was conducted from mid-May to mid-October 2018, and all containers were 132 

watered daily with a manual sprinkler during the experimental period. On 5 October, we recorded the 133 

number of each component species in the containers. The harvest method was used to determine the fresh 134 

and dry weights of the species in the containers. All species harvested from containers were taken back 135 

to the laboratory and cleaned with water gently, then divided into aboveground and belowground tissue. 136 

The tissues were oven dried at 80 °C to a constant mass and weighed to obtain aboveground and 137 

belowground biomass. Community productivity was measured as total dry aboveground and 138 

belowground biomass harvested in early October.  139 

Separation of species diversity effects 140 

According to the dichotomy of Loreau and Hector (2001), the increase in productivity (net 141 

biodiversity effects) in a multi-species community can be decomposed into the complementarity effect 142 

and the selection effect. The specific formula is: 143 

𝛥𝑌 = 𝑌𝑂 − 𝑌𝐸 = 𝛴𝑖 𝑅𝑌𝑂𝑖𝑀𝑖 − 𝛴𝑖 𝑅𝑌𝐸𝑖𝑀𝑖 = 𝛴𝑖 𝛥𝑅𝑌𝑖𝑀𝑖  144 

= 𝑁𝛥𝑅𝑌𝑀 + 𝑁 𝑐𝑜𝑣( 𝛥𝑅𝑌, 𝑀), 145 

where 𝛥𝑌 is the net biodiversity diversity effect and is measured by the difference between the observed 146 

yield of a mixture and its expected yield under the null hypothesis that there is no selection effect or 147 

complementarity effect; 𝑌𝑂 is the total observed yield of the mixture, which is the sum of the observed 148 

yield of component species in the mixture; 𝑌𝐸  is the total expected yield of the mixture, which is the sum 149 

of the expected yield of component species in the mixture; 𝑅𝑌𝑂𝑖 = 𝑌𝑂𝑖/𝑀𝑖  represents the observed 150 

relative yield of species i in the mixture; 𝑌𝑂𝑖 is the observed yield of species i in the mixture; 𝑀𝑖 is the 151 



 

 

yield of species i in the monoculture; 𝑅𝑌𝐸𝑖 is the expected relative yield of species i in the mixture, 152 

which is simply its proportion seeded; 𝛥𝑅𝑌 is the deviation from the expected relative yield of species 153 

i in the mixture; 𝑁 is the number of species in the mixture; 𝑁𝛥𝑅𝑌𝑀 measures the complementarity 154 

effect; and 𝑁 𝑐𝑜𝑣( 𝛥𝑅𝑌, 𝑀) measures the selection effect. 155 

Statistical Analysis 156 

Normal Q–Q charts and Kolmogorov–Smirnov tests were used to test the normality of productivity 157 

(referred to as the total aboveground and belowground biomass in this experiment) for all experimental 158 

herbaceous communities. Community productivity conformed to a normal distribution (Supplementary 159 

material Appendix 1 Fig. A1). Then, a mixed linear model was constructed to analyze the effects of soil 160 

depth, species diversity, and their interaction on the productivity and average height of communities, 161 

where soil depth and species diversity were both fixed effects, and species combination and abundance 162 

were random effects. The fitness of the model was evaluated using 𝑅𝑐 2   (the proportion of variance 163 

explained by the full model) and 𝑅𝑚 2 (the proportion of variance explained by only the fixed effects) 164 

(Nakagawa and Schielzeth 2013). The mixed linear model was performed using R 3.5.3 (R Core Team 165 

2019), with the "lmerTest" (Kuznetsova et al. 2015), "lme4" (Bates et al. 2019), and "Sjstats" packages 166 

(Lüdecke 2020). 167 

Regression analysis was performed to determine the quantitative relationship between species 168 

diversity and community productivity among different soil depths. The multi-species effect, which 169 

represents the consequences of species diversity for herbaceous community productivity among different 170 

soil depths, can be calculated by the natural logarithm of the ratio of multispecies polyculture productivity 171 

to monoculture productivity (Hedges et al. 1999). The equation is as follows: 172 

Ln𝑅=Ln (𝑋𝑡𝑋𝑐) = Ln𝑋𝑡 − Ln𝑋𝑐, 173 



 

 

where Ln𝑅  represents the degree of influence, and Ln𝑋𝑡  and Ln𝑋𝑐  are the productivity of a multi-174 

species polyculture and monoculture, respectively. 175 

Two-way ANOVA was performed to analyze how different soil depths and species diversity affect 176 

multi-species community diversity, complementarity, and selection effects. Duncan’s multiple range test 177 

was used to determine significant differences among treatments, with significance set at the 5% 178 

probability level. Statistical analyses were conducted using Microsoft Excel 2010 and SPSS 22.0 (IBM 179 

SPSS Statistics, Armonk, NY, USA), and the figures were plotted using Origin 8.5 (Origin, Northampton, 180 

MA, USA). 181 

Results  182 

The fixed effects, including soil depth, species diversity, and their interaction, all imposed a 183 

significant influence on karst herbaceous community productivity (p < 0.05) (Table 3). The plant 184 

community productivities of different species combinations in deep soil were significantly higher than 185 

those in shallow soil (Figure 1). Additionally, the random effects and species combination also 186 

significantly affected community productivity, but community abundance had no significant effect on 187 

community productivity (Table 3). Productivity differed significantly among monoculture communities, 188 

with the monoculture of Xanthium sibiricum being the highest while the monoculture of Arthraxon 189 

hispidus was the lowest (Figure 1). It is worth mentioning that the highest productivity among the multi-190 

species communities occurred when species diversity was greatest, referring to the mixture of X. 191 

sibiricum + S. viridis + A. hispidus + B. pilosa (Figure 1). 192 

Herbaceous community productivity increased linearly with increasing species diversity at different 193 

soil depths (shallow soil: R2 = 0.37, p < 0.01; medium soil: R2 = 0.39, p < 0.01; deep soil: R2 = 0.38, p < 194 



 

 

0.01). The community productivity in the mixture with the most species was significantly greater than 195 

that of the others, and the average productivity was 2.17, 2.50, and 2.32 times the average productivity 196 

of monocultures, in shallow, medium, and deep soil, respectively (Figure 2). Species diversity exerted a 197 

positive influence on community productivity in all communities at different soil depths, but the effect 198 

size of species diversity being the greatest in medium-depth soil (Figure 3). 199 

The net biodiversity effects (species diversity ≥ 2) on productivity were always greater than 0 in all 200 

multi-species communities: the complementarity effect ranged from 3.26 to 17.22 and therefore had a 201 

positive impact on all multi-species productivity; the selection effects ranged from -4.36 to 17.76, 202 

indicating that it had a positive effect on productivity in 89% of multi-species communities (Figure 4). 203 

As soil depth and species diversity increased, the net biodiversity effect, complementarity effect, and 204 

selection effect all significantly increased in multi-species communities (Figure 4). Among different soil 205 

depths and species diversities, the impact of the complementarity effect was greater than that of the 206 

selection effect. As soil depth increased, the proportion of net biodiversity effects that were 207 

complementarity effects decreased, while the proportion that were selection effects increased (Figure 5). 208 

Discussion 209 

Effects of soil depth and species diversity on karst herbaceous community productivity 210 

Biotic and abiotic conditions are both important factors affecting community productivity. The 211 

mixed linear model revealed that soil depth, species diversity, and their interaction all had a critical effect 212 

of community productivity (Table 3 and Figure 1). The soil fertility hypothesis states that the more soil 213 

nutrient resources, the higher the community productivity (Wright et al. 2011, Quesada et al. 2012). Soil 214 

depth is a key factor in determining nutrient resources, as deeper soil contains a higher availability of 215 



 

 

soil resources (Wu et al. 2018). The yellow limestone soil from the karst area in this experiment had low 216 

soil fertility (Zeng 2019), with increasing soil depth not only increasing living space of plant, but also 217 

greatly increasing overall soil nutrients (Belcher et al. 1995). Therefore, the productivity in deep soil 218 

significantly exceeded that in shallow soil, regardless of the species richness of the community. 219 

Consistent with a large number of former studies, our experiment indicated that species diversity had a 220 

positive effect on plant community productivity (Tilman et al. 2001, Potter and Woodall 2014, Liang et 221 

al. 2016). Moreover, we also observed that the relationship between species diversity and productivity 222 

was linear at the three soil depths in our experiment. This may be because communities with higher 223 

diversities contain a range of species possessing different traits (such as root length, root density, crown 224 

height, photosynthesis rate, growth rate, etc.), which can therefore exploit a range of resources ensuring 225 

efficient resource exploitation. Thus, a higher diversity leads to greater community productivity (Hooper 226 

1998). 227 

The species combinations (or species characteristics) also had a considerable impact on the 228 

productivity of the experimental herbaceous communities (Table 3). The same species can have different 229 

interactions with others in communities with different species combinations because of different species 230 

had different function traits (Jiang and Zhang 2006). This could explain why there were large variations 231 

in productivity among communities with the same diversity level but different species combinations 232 

(Figure 1). There were no significant differences in abundance, owing to the uniform seed amount and 233 

daily management in all experimental herbaceous communities. Consequently, there was no effect of 234 

community abundance on productivity and average height in our experiment. 235 

Soil depth influenced the magnitude of the effect of species diversity on community productivity 236 

Across all three soil depths, species diversity had a positive impact on plant community productivity. 237 



 

 

To some extent, high species diversity likely alleviated the negative effect of shallow soil on plant 238 

community productivity in the karst region. Numerous studies have indicated that the lower the 239 

availability of soil nutrients, the stronger the impact of species diversity on plant community productivity 240 

(Pretzsch et al. 2013, Ali and Yan 2017). In this study, we also found that the impact of species diversity 241 

on community productivity varied with soil depth (Figures 1b, 2, and 3). This could be because deeper 242 

soil increased soil nutrients and living space of plant, directly increasing community productivity, but 243 

experimental herbaceous communities with fewer species in deep soil could not effectively improve the 244 

niche dimension, therefore species diversity in deep soil, where resources and space were more abundant 245 

than in medium-depth soil, showed weaker positive effects (Harpole and Tilman 2007, Dai et al. 2009). 246 

At the same time, the limited resource availability in shallow soil restricted the opportunities of species 247 

to exploit complementary resources, especially for the key species, leading to positive effects in shallow 248 

soil being lower than those in medium-depth soil. 249 

Soil depth influences the mechanisms by which species diversity affects karst herbaceous 250 

community productivity 251 

We found a positive complementarity effect in all multi-species communities and a positive 252 

selection effect in 89% of multi-species communities, indicating that the complementarity and selection 253 

effects were compatible and both positively influenced productivity to some extent. In multi-species 254 

communities dominated by the complementarity effect, the interactions between species contributed 255 

more to the ecosystem function, while for communities dominated by the selection effect, dominant 256 

species contributed more. In addition, complementarity and selection effects may lead to different 257 

ecological conditions during community succession (Huston 1997). Plant communities with a single 258 

dominant species are more easily affected by the selection effect. If habitats are altered to the detriment 259 



 

 

of dominant species (e.g., as a result of natural stress or human disturbance), the ecological function of 260 

the community may be damaged irreversibly because the dominant species might not be quickly replaced 261 

by another species. Conversely, if complementarity effects dominate, habitat changes that are negative 262 

for one dominant species have less of an effect because there are other dominant species with similar 263 

functions which can maintain community stability. Consistent with other short-term grassland diversity 264 

experiments, the complementarity effect contributed more to community productivity in our 265 

experimental herbaceous communities, indicating that this is the main mechanism by which species 266 

diversity affects community productivity in karst areas. Moreover, the ecosystem functions of the 267 

experimental communities were relatively stable even though they were subjected to environmental 268 

stress. 269 

The contribution of the complementarity and selection effects to productivity can be affected by 270 

environmental factors. Several studies have suggested that complementarity effects play a more 271 

important role in low-productivity communities or harsh environments, where competition barely affects 272 

species interactions (Warren et al. 2009, Paquette and Messier 2011). This was consistent with our results. 273 

Deep soil has enough nutrients and water for plant growth, which can decrease the spatial diversity of 274 

resource utilization, and therefore decrease the spatial function of complementarity effects (Abrams 1995, 275 

Fridley 2001, He et al. 2013). This could explain why, with increasing soil depth, the contribution of the 276 

complementarity effect to the net biodiversity effect decreased, while the contribution of the selection 277 

effect increased. 278 

Conclusions 279 

In karst regions with poor soil resources, an increase in soil depth and species diversity can enhance 280 



 

 

herbaceous community productivity. Community productivity was significantly affected by species 281 

combinations under the same level of species diversity. Therefore, it may be feasible to enhance 282 

community productivity by protecting soil resources and species diversity in karst regions. Moreover, 283 

different plant species combinations need to be considered in the management of degraded karst 284 

ecosystems. Our study also demonstrates that the effect of species diversity on community productivity 285 

differs depending on soil depth, emphasizing the need to consider environmental factors when studying 286 

the relationship between species diversity and ecosystem function.  287 

The complementarity and selection effects both positively affected community productivity, with 288 

the contribution of the complementarity effect being greater than that of the selection effect. As a result, 289 

the plant community was stable despite environmental stress. Considering complementary effect and 290 

selection effect can result in different ecology conditions, it is very critical to clarify their contribution to 291 

community productivity in a dynamic environment. 292 

Supplementary material: Appendix A. 293 

Declarations of interest: none 294 
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Figures

Figure 1

Plant community productivity in different soil depths for all plots with different species combinations.
Data are mean ± SE. S: shallow soil depth; M: medium soil depth; D: deep soil depth. Asterisks indicate
signi�cant differences among the soil depths: *, p < 0.05; **, p < 0.01; ***, p < 0.001. BP, Bidens pilosa; XS,
Xanthium sibiricum; SV, Setaria viridis; AH, Arthraxon hispidus.



Figure 2

The relationship between plant species richness and community productivity in (a) shallow soil depth, (b)
medium soil depth, and (c) deep soil depth. Statistical signi�cance of the regression models is indicated
by * at p < 0.05 and ** at p < 0.01. Different lowercase letters indicate signi�cant differences among
species diversity at p < 0.05. Grey shading represents 95% credible intervals.



Figure 3

The effect size of species diversity on plant community productivity in different soil depths. Data are
mean ± SE. S: shallow soil depth; M: medium soil depth; D: deep soil depth.



Figure 4

The net biodiversity effect (a), complementarity effect (b), and selection effect (c) of each species
richness level in different soil depths. Data are mean ± SE. S: shallow soil depth; M: medium soil depth; D:
deep soil depth. Different capital letters indicate signi�cant differences among species richness levels at
p < 0.05. Different lowercase letters indicate signi�cant differences among soil depths at p < 0.05.



Figure 5

The contribution (%) of the complementarity effect and selection effect to the net biodiversity effect for
different species richness levels and soil depths. Data are mean ± SE. S: shallow soil depth; M: medium
soil depth; D: deep soil depth.
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