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Abstract:



To provide more insights into the responses of the soil seed bank and vegetation to human disturbance intensity, we selected four land use types, including: native grassland (no human disturbance), abandoned artificial grassland (light human disturbance), artificial grassland (moderate human disturbance), and farmland (severe human disturbance) in a semi-arid climate of northern China. The species composition and density of the soil seed bank were measured, as well as the species composition and amount of vegetation. The native grassland had a significantly higher soil seed density and species richness than the other land use types. Moreover, the common species both in the soil seed bank and vegetation between the native grassland and other land use types gradually decreased as disturbance intensity increased. The abandoned artificial grassland and artificial grassland still had abundant soil seed banks according to their seed density (≥28.2% of the native grassland) and species richness (≥70.0% of the native grassland) to restore the vegetation. Conversely, it was hard to restore the vegetation on the farmland due to its low soil seed density (10.0% of the native grassland) and species richness (40.0% of the native grassland). In conclusion, human disturbance would generate significant negative effects on the soil seed bank in desertified regions in a semi-arid climate; however, the soil seed bank in land use types with light/moderate disturbance are more adapted to vegetation restoration compared with land use types with severe disturbance in a semi-arid region.
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1. Introduction


Desertification due to climate change and human activities in arid and semi-arid climate regions has become one of the most important global issues because of its adverse impacts on agricultural productivity, food security, environment, and quality of life [1]. It has been reported that desertification affects 1.5 × 109 people globally, which accounts for 74% of the poor throughout the world [2,3]. In China, it totally affects more than 4 × 108 people and 2.6 × 106 km2 of land [4,5]. Due to the dramatic decreasing of soil quality in desertified land, especially in soil water and nutrients, the degradation of vascular plants and the irreversible rapid decrease of vegetation cover become the most important characteristics of desertification. In the past decades, trees and shrubs planting were traditionally employed to restore vegetation and combat desertification in North China [6], but it did not perform very well, mainly due to its high cost, low survival rate, and high water consumption [7]. A nature-based solution was considered as a cost-effective long-term solution for land degradation; it focused on improving soil quality and restoring vegetation to enhance the sustainability of the degraded land [8]. Soil seed bank has been considered as a promising method for restoring vegetation [9], but its influencing factors have not yet been fully understood [10].



Soil seed bank is defined as the viable seeds that exist on the soil surface or buried in soil [11], which represents the memories of the last plant community and the development of a future plant community in the surrounding area [12]. It is generally considered that the soil seed bank is the seed resources of native vascular plants, and would supply most seedlings for vegetation regeneration [13]. Thus, the soil seed bank plays critical roles in restoring degraded vegetation and ecosystem in desertification regions [14,15]. However, the feasibility of vegetation restoration using the soil seed bank is largely dependent on its seed density [16] and species composition. For example, it was reported that the soil seed bank was sufficient to restore degraded vegetation in the Hunshandak Sandlands in northern China due to enough seeds in the soil [17], while in northeastern Hungary it was not viable to restore degraded vegetation with only the natural soil seed bank due to the lack of native species [18]. It has been proven that many factors could affect the seed density and species composition, such as seed size and shape [19], historical vegetation [20], microhabitat variation [21], human disturbance [22], season variation [23], and climate changes [24]. Many studies have been conducted in recent years that attempt to understand the effects of human disturbance on the soil seed bank [25,26]. However, most of these studies focused on the type of disturbance, including land utility [27], grazing [28], and animal eating and footing [29], rather than the intensity. Some studies reported that soil seed density possibly increased [30] or decreased [31] with increasing intensity of human disturbance, but this problem has not yet been fully investigated. Thus, further studies are necessary to determine the effects of disturbance intensity on the soil seed bank.



In this study, the responses of the soil seed bank and vegetation to human disturbance intensity were studied through field investigations and seed germination experiments in a desertified region in a semi-arid climate of North China. In order to illustrate the influence of disturbance intensity on the soil seed bank and vegetation, and evaluate the restoration potential of the soil seed bank, we calculated seed density/number of planting, species composition, and species richness of the soil seed bank and vegetation and analyzed the relationship between the soil seed bank and vegetation. The results would be helpful for vegetation restoration and desertification control in semi-arid regions of North China, and in similar regions all over the world.




2. Materials and Methods


2.1. Study Area


The study was conducted in the Kangzhuang area (40°19′N and 115°43′E), which is a desertified region in Beijing, North China. This region has a continental monsoon climate with an annual average temperature of 2–8 °C. The average annual precipitation and potential evaporation are 386.2 and 1652.3 mm, respectively [32]. Drought is followed by concentrated rainfall, sparse vegetation, loose soils, and frequent strong winds in winter and early spring, and inappropriate land-use practices in history have resulted in severe wind erosion and desertification in this region. The dominant soil in this region is fluvo-aquic soil (cambisols in FAO soil classification) and cinnamon soil (luvisols in FAO soil classification), while the main soil texture is sandy loam and loamy sand.




2.2. Experimental Design and Measurement


We selected four land use types, including native grassland, abandoned artificial grassland, artificial grassland, and farmland, to represent different human disturbance intensities, i.e., no disturbance, light disturbance, moderate disturbance, and severe disturbance, respectively.



The four land use types were all historically native grassland. The native grassland had not been used for more than 20 years. In the artificial grassland, the native grassland was reclaimed, and then alfalfa (Medicago sativa) was planted in 2000. The seeding rate was 18 kg hm−2, and row space was 25 cm. Since then, 750 kg hm−2 of fertilizer (N 5%, P 15%, K 15%) was applied every year, and the alfalfa was harvested three times a year. In the abandoned artificial grassland, the alfalfa grassland that had been planted for six years was abandoned (all management practices were stopped) in 2006. In the farmland, maize (Zea mays L.) was produced on the reclaimed native grassland in 2000 through conventional tillage practices, including deep ploughing (>30 cm), manual weed control, the usage of herbicide and fertilizer, and rain-fed irrigation. The seeding rate was 26 kg hm−2, row space was 50 cm, and 750 kg hm−2 of fertilizer (N 26%, P 10%, K 12%) was applied every year before sowing. According to the above description, the disturbance intensity of the four land use types was regarded as native grassland < abandoned artificial grassland < artificial grassland < farmland.



According to the experimental design, a representative sampling region of 15 m × 15 m was chosen in every land use type. Five replicated 1 m × 1 m sampling sites were randomly selected. The soil at 0–5 and 5–10 cm depths around the selected sampling sites was taken with an auger (10 cm in diameter) through the five-point (quincunx-shaped) sampling method in late March 2014. The soil samples (40 in total) were taken back and sieved out through a 2-mm screen to remove concretes and plant debris. Each sample was placed in a plastic germination tray (40 cm × 25 cm × 10 cm) with 3 cm depth of sterilized sand at the bottom. The sterilized sand, which was dried for 24 h at 130 °C, was used as the control to indicate airborne contamination. The soil seed bank, including the number of soil seed and species, was recorded for all of the samples through the germination method in a plant growth chamber [33]. During the experiments, the samples were watered every day to keep sufficient soil moisture. The emerging seedlings in each sample were identified and removed; and their species and number were recorded. The samples were turned over when there was no new germinating seedling after 10 days to make sure that all of the soil seeds had been germinated. The germination experiments were stopped after about five months. According to the recorded species name and number, the seed density and species richness of soil seed bank were calculated for the four land use types. The plant community of the aboveground vegetation, including the species name and number, was investigated through five replicated random quadrats (1 m × 1 m) around each sampling site of soil seed bank in August 2014, when the vegetation flourished.




2.3. Data Analyses


The experimental data were analyzed by SPSS Statistics 22.0. The final results of each land use type resulted from the mean values of the five replicates, and were expressed as mean ± SE. The differences in the soil seed bank and vegetation among the four land use types were evaluated at p < 0.05 level by the one-way ANOVA and multiple comparisons (LSD test). The numbers of seeds were log (x + 1) transformed prior to statistical analyses to satisfy the homogeneity of variance assumption. The DCA (detrended correspondence analysis) was conducted by CANOCO 5.0 to further compare the species composition of the soil seed bank and vegetation in the four land use types. The species richness was calculated from the number of one species divided by the number of total species in each sample (one plot for the soil seed bank and one quadrat for vegetation). Dominance was calculated with relative density and relative frequency.





3. Results


3.1. Soil Seed Bank in the Four Land Use Types


We identified 54 species in total from the soil seed banks of the four land use types, which belong to 21 families and 40 genuses. Most of these species were Compositae (21.6%), Poaceae (19.6%), and Chenopodiaceae (9.8%); and the 54 species were composed of 66.7% of annuals and 33.3% of perennials. The number of the identified species from the soil seed bank of the native grassland, abandoned artificial grassland, artificial grassland, and farmland was 37, 29, 26, and 18, respectively. The dominant species were Artemisia capillaris Thunb., Potentilla supina L., and Setaira viridis (L.) Beauv. in the native grassland; Artemisia capillaris Thunb., Artemisia lavandulaefolia DC, and Artemisia annua L. in the abandoned artificial grassland; Artemisia capillaris Thunb., Artemisia lavandulaefolia DC, and Salsola collina Pall. in the artificial grassland; and Amaranthus retroflexus L., Salix matsudana L., and Chenopodium aristatum L. in the farmland (Appendix A). The proportions of annuals in each of the four land use types (native grassland 67.5%; abandoned artificial grassland 62.1%; artificial grassland 61.5%; farmland 83.3%) were all higher than the proportions of perennials. Moreover, the numbers of annuals and perennials both gradually decreased with increasing disturbance intensity.



As listed in Table 1, the soil seed density significantly decreased as disturbance intensity increased. The differences of the soil seed density between every two land use types were significant (F = 14.24, p < 0.001) in most cases. The soil seeds in abandoned artificial grassland and artificial grassland were more than 28.2% of the native grassland. But in farmland, only 10% of seeds were native grassland. Furthermore, the soil seed density at 0–5 cm soil depth was 76.5%, 79.7%, 69.6%, and 59.2% of the total at 0–10 cm soil depth in the four land use types, respectively. The results indicated that the seed density both in the upper soil and deeper soil gradually decreased with increasing disturbance intensity. Also, the soil seed density at 0–5 cm soil depth was significantly (F > 6.31, p < 0.05) higher than that at 5–10 cm soil depth in all of the land use types, with the exception of the farmland. The species richness of the soil seed bank also decreased with increasing disturbance intensity. The decrease was significant (F = 16.40, p < 0.001). Compared with native grassland, there were still more than 69.6% species in the artificial grassland. However, it were only 39.2% of the species in the farmland.




3.2. Vegetation in the Four Land Use Types


We found 38 species in total in the aboveground vegetation, which belonged to 15 families and 32 genuses. The vegetation was composed of Poaceae (34.2%), Compositae (21.1%), and Leguminosae (7.9%); and the proportion of annuals and perennials were 31.6% and 68.4%, respectively. The number of the identified species from the vegetation of the native grassland, abandoned artificial grassland, artificial grassland, and farmland was 20, 17, 14, and 6, respectively. The proportion of perennials in the native grassland was higher than annuals, while in the artificial grassland and abandoned artificial grassland the proportion of annuals was higher than the proportion of perennials. These results indicated that human disturbance reduced the number of perennial plants, and increased the number of annual plants.



Species richness in the vegetation of the four land use types was native grassland (9 ± 1) > abandoned artificial grassland (8 ± 2) > artificial grassland (6 ± 0) > farmland (2 ± 0). We observed a significant (F = 13.07, p < 0.001) decrease of species richness in the vegetation with disturbance intensity, especially from artificial grassland to farmland. Moreover, the native grassland had the largest number of plants (470 plant/m2), whereas the farmland had the smallest number of plants (14 plant/m2). The total number of plants in the vegetation of the native grassland was 2.24, 1.63, and 33.57 times (F = 4.19, p < 0.001) that of the abandoned artificial grassland, artificial grassland, and farmland, respectively.




3.3. Relationship between Soil Seed Bank and Vegetation


The samples of the different disturbance intensity were separated by the first axis of the ordination plot. The values for the first DCA axis were 0.97. The high values indicated that the first axis had the most variations. This is confirmed by the value of axis1, which differed significantly among different disturbance intensities (F = 14.89, p < 0.01). In Figure 1, the soil seed bank of the farmland was far away from the others; whereas the soil seed bank of the native grassland, abandoned artificial grassland and artificial grassland had mostly overlapped each other. The results implied that there were close relationships among the soil seed banks of the native grassland, abandoned artificial grassland, and artificial grassland. However, the result of the vegetation presented in Figure 1 greatly differed from that of the soil seed bank. Except for the abandoned artificial grassland and artificial grassland, the species composition in the vegetation of the four land use types were far from each other, indicating that the relationships of the vegetation among the four land use types were not as close as that of the soil seed bank, especially for the native grassland and farmland. In Figure 1, the distance between the soil seed bank and vegetation in native grassland, alfalfa grassland, and abandoned artificial grassland were similar and less than that in the farmland. Further, the soil seed bank of the farmland was far away from the vegetation, implying that the variation of species composition between the soil seed bank and vegetation was greatest in severe disturbance intensity.


Figure 1. Detrended correspondence analysis (DCA) of species composition in the soil seed bank (n = 20) and vegetation (n = 20) of the four land use types. Ns, soil seed bank in the native grassland; Nv, vegetation in the native grassland; AAs, soil seed bank in the abandoned artificial grassland; AAv, vegetation in the abandoned artificial grassland; As, soil seed bank in the artificial grassland; Av, vegetation in the artificial grassland; Fs, soil seed bank in the farmland; Fv, vegetation in the farmland.
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From Figure 2, we can see that the amount of species recorded in the vegetation were lower than that in the seed bank. In native grassland, 20 species were found in the vegetation, which was nearly half of the species number recorded in the seed bank. There were 12 common species between the seed bank and the vegetation; there were eight species that were only recorded in the vegetation and 25 species that were only recorded in the seed bank. In the abandoned artificial grassland, there were nine common species between the soil seed bank and vegetation, eight species recorded only in the vegetation, and 19 species recorded only in the seed bank. In the artificial grassland, there were nine common species, four species only recorded in the vegetation, and 17 species recorded only in the soil seed bank. So, the results clearly showed that the common species between the soil seed bank and vegetation decreased with disturbance intensity.


Figure 2. Comparison of the dominance of the species between soil seed bank and its established vegetation. (A) Native grassland; (B) Abandoned artificial grassland; (C) Artificial grassland; (D) Farmland.
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4. Discussion


4.1. Effects of Disturbance on Soil Seed Bank and Vegetation


Our results showed that soil seed density and species richness in the four land use types were native grassland > abandoned artificial grassland > artificial grassland > farmland, implying that the soil seed bank decreased with disturbance intensity. These results agreed with the results obtained from other arid or semi-arid climate regions. For example, Zabinski et al. [34] reported that the soil seed density significantly decreased in a severely disturbed (by camping) subalpine ecosystem in Montana, USA. Li et al. [35] found that the soil seed density of grassland decreased with increasing degradation intensity in Tibet, China. Navie et al. [36] found a decrease in soil seed density at very high levels of grazing, and an increase in soil seed density at intermediate levels of grazing in Queensland, Australia. Kinloch and Friedel [24] also reported that the heavy grazing over several decades reduced the soil seed bank, but light grazing had almost no effects on the soil seed bank in Australia. Our results are quite reasonable, because it has been reported that soil seed density and species richness are closely correlated with species composition and seed dispersal of aboveground vegetation [37]. In this study, the planting and harvesting of alfalfa in the artificial grassland limited the growth of other species, and the subsequent seed production. Similarly, the agricultural practices in the farmland, including deep ploughing, weeding, and herbicide application, greatly reduced the species richness of aboveground vegetation and the number of soil seed species besides the crops. Soil seed density in the abandoned artificial grassland and artificial grassland was 53.6% and 28.2% of the native grassland; species richness in the abandoned artificial grassland and the artificial grassland was 75.0% and 70.0% compared with the native grassland. These results indicated that there still are enough seeds and species for restoration in light and moderate human disturbance. On the basis of substituting space for time, after the abandonment of alfalfa grassland for eight years, the seed density in the abandoned artificial grassland increased 117.9%, the species number of the soil seed bank increased 10.3%, and the species number of the vegetation increased 21.4% compared with the alfalfa grassland. So, it is feasible to use the soil seed bank to restore the vegetation. Wen et al. [38] researched the land degradation and restoration in different land use types, and the result indicated that after fields were abandoned, vegetation self-restored, and plant species composition moved toward that of the natural grassland community with time. Van Hall et al. [39] found that the soil quality increased after abandonment in the form of elements such as carbon and nitrogen, which improved seed germination and vegetation growth, and made more seeds disperse into the soil. So, we could improve the soil quality in the process of vegetation restoration using the soil seed bank. However, although farmland was historically native grassland, after a long period of disturbance, the vegetation had moved far away from the original succession, and the seed density, species richness, and common species in the soil seed bank of native grassland had decreased rapidly. So, it is difficult to restore vegetation only by a natural soil seed bank. Thus, it is necessary to artificially add soil seeds or transplant artificial plants in this situation. Li et al. [35] found that for the grassland, there was not enough seeds in the soil seed bank, and the similarity between the soil seed bank and vegetation was very low. As a result, it was useful to plant pioneer species in order to accelerate vegetation restoration.



The species composition of the vegetation changed with the change of land use style. Species richness reduced with disturbance intensity. Practices such as the planting, harvesting, and weeding of the vegetation are the main reasons for the decrease in vegetation species [40]. Harvesting and weeding both reduced the seed production. So, the seeds that had fallen to the soil and the seed germination both reduced.



In this study, we also found that the seed bank in the upper soil layer was mostly significant higher than that in the deeper soil layer in the native grassland, abandoned artificial grassland, and artificial grassland, which was consistent with many other studies (e.g., [41,42]). However, there was no significant differences in the soil seed bank between the upper and deeper soil layers in the farmland (with severe disturbance) due to its frequent and deep ploughing [43], which indicated that the severe disturbance totally changed the vertical distribution of the soil seed bank besides its composition.




4.2. Relationship between Soil Seed Bank and Vegetation


We found that the soil seed bank and vegetation exhibited similar trends with human disturbance intensity in this study. Compared with the native grassland, the other three land use types had decreased soil seed density, species richness, and common species, both in the soil seed bank and vegetation. Olano et al. [44] considered that the soil seed bank was primarily supplied by the dispersal of seeds from the aboveground vegetation, and in turn it was the seedling resources of the development and succession of aboveground vegetation. Thus, the soil seed bank and vegetation were originally closely correlated with each other [45]. The fate of the vegetation determined the fate of the soil seed bank. Cerdà [46] found that the vegetation distribution determined the position of seeds. In sparse vegetation, the soil eroded, and the seeds were lacking or did not germinate. As a result, the seeds did not participate in the rehabilitation of the vegetation, which finally changed the vegetation composition. Although the soil seed bank and the vegetation were closely correlated with each other, the composition of vegetation was greatly different from that of the soil seed bank in this study, possibly due to the following three reasons. First, the proportion of annuals and perennials differed in the soil seed bank and the vegetation. These differences possibly resulted in a low similarity between the soil seed bank and the vegetation. Also, it was generally reported that it was common for perennials to be lacking in the soil seed bank, which meant less common species between the soil seed bank and the vegetation [47]. Thus, the exclusive species in the soil seed bank or vegetation increased the dissimilarity between the soil seed bank and the vegetation [48]. Second, a lot of the seeds (species) in the soil of the seed bank possibly failed to germinate during the germination experiments due to the differences in environment conditions between the greenhouse and the field. Third, a different dispersal pattern leads to species differences between the soil seed bank and the vegetation. For example, Salix matsudana existed in the soil seed bank, but was not found in vegetation. This was because the seeds were spread by the wind, and can be spread far away their mother plant. No common species were found in the farmland: due to manual weed control and herbicide usage, many plants in the vegetation were removed before our investigation of the vegetation.





5. Conclusions


Our results showed that seed density and species all decreased with as human disturbance intensity in the soil seed bank increased. Common species between the soil seed bank and vegetation also decreased as disturbance intensity increased. There were still many seeds and species in artificial grassland and abandoned artificial grassland for the restoration, but the seeds and species in farmland had reduced significantly. In conclusion, human disturbance would generate significant negative effects on the soil seed bank in desertified regions in a semi-arid climate. However, the soil seed bank in a land use type with light or moderate disturbance is still sufficient for vegetation restoration compared with that land use type with severe disturbance. The results would be helpful for vegetation restoration and desertification control in semi-arid regions of northern China, and similar regions all over the world.
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Table 1. Seed density and species richness of the soil seed banks in the four land use types.







	
Seed Bank Characteristics

	
Soil Depth (cm)

	
Native Grassland

	
Abandoned Artificial Grassland

	
Artificial Grassland

	
Farmland






	
Seed density (seed/m2)

	
0–5

	
8428 ± 1585 a

	
4710 ± 2030 ab

	
2162 ± 100 b

	
654 ± 409 c




	
5–10

	
2596 ± 292 a

	
1202 ± 378 ab

	
944 ± 230 b

	
450 ± 245 c




	
Total

	
11,024 ± 1857 a

	
5912 ± 2393 ab

	
3106 ± 272 b

	
1104 ± 650 c




	
Species richness

	
0–5

	
17 ± 1 a

	
11 ± 2 b

	
12 ± 1 b

	
6 ± 1 c




	
5–10

	
14 ± 1 a

	
11 ± 1 ab

	
8 ± 1 bc

	
5 ± 2 c




	
Total

	
20 ± 1 a

	
15 ± 1 b

	
14 ± 1 b

	
8 ± 2 c








Note: Different letters in the same row indicate significant difference at p < 0.05 level.
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