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Abstract

:

Diaspore dispersal is crucial in shaping plant population dynamics, biodiversity, and ecosystem functions. The effect of the vegetation structure on the secondary wind dispersal of diaspores with different appendage types is not well understood. Using a wind tunnel and a high-definition video camera, we accurately measured the lift-off and dispersal velocities of diaspores from sixteen plant species across six wind velocities (2, 4, 6, 8, 10, and 12 m s−1) under six simulated vegetation structures. Vegetation structure and appendage type were pivotal factors, explaining 41.1% and 42.3% of the variance in lift-off velocity and accounting for 12.0% and 25.3% of the variability in diaspore dispersal velocity, respectively. Vegetation coverage was the main factor influencing near-surface wind velocity, and the lift-off and dispersal velocities of diaspores changed significantly when vegetation coverage exceeded 40%. Diaspores with one wing, having high lift-off velocities and low dispersal velocities, adopt the anti-long-distance wind dispersal strategy, whereas diaspores with pappus, having low lift-off velocities and high dispersal velocities, adopt the long-distance wind dispersal strategy. In contrast, diaspores with thorn, discoid, balloon, and four wings adopt the non-long-distance wind dispersal strategy, suitable for environments such as low-coverage deserts and desert steppes but not high-coverage typical steppes. This study could help comprehend the effect of the vegetation structure on the dispersal process of diaspores, which facilitate habitat restoration and biodiversity conservation of grassland and forest ecosystems.
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1. Introduction


Diaspore dispersal plays a crucial role in the formation and development of plant populations and communities [1,2,3]. Wind diaspore dispersal proceeds in two phases: initial aerial movement (primary dispersal) and subsequent ground movement (secondary dispersal) [4,5,6,7]. Secondary dispersal is a pivotal process influencing diaspore movement in diverse open habitats [8,9], including deserts [5,10], temperate steppes [11], coastal and post-fire landscapes [4], seashore meadows [12], snow-covered areas [13,14], as well as in urban areas and on roads [15,16]. The efficacy of secondary wind diaspore dispersal is strongly influenced by factors such as vegetation structure and diaspore morphology [8,16,17,18].



Vegetation structure plays a crucial role in modifying wind velocity near the ground surface [4,17]. The two primary factors defining vegetation structure are coverage and height. Coverage predominantly influences the horizontal wind velocity spread, whereas height determines its vertical reach near the ground surface [19]. For example, dense vegetation coverage can obstruct wind flow, thereby reducing diaspore mobility. Conversely, sparse coverage often facilitates greater dispersal distances owing to increased airflow [20]. Despite these insights, the specific ways in which the vegetation structure influences secondary diaspore dispersal by wind require further investigation.



Diaspore morphology is crucial in wind dispersal. Key morphological traits, including shape, size, and appendage type, significantly alter the aerodynamic properties of diaspores, thereby influencing their movement [21]. Researchers assume that these morphological traits adapt to specific wind dispersal modes, increasing the probability and distance of secondary dispersal [22,23]. However, research on the effect of diaspore morphology on secondary dispersal across various vegetation structures is limited.



The lift-off (LV) and diaspore velocities (DV) play crucial roles in the process of secondary wind dispersal. Lift-off velocity serves as a reliable indicator for evaluating the initial movement capability of diaspores and is defined as the critical wind velocity necessary for their initial movement [24]. Diaspore morphological characteristics significantly influence LV [21]. Diaspore velocity is the ability of diaspores to move when wind velocity exceeds the LV [25]. Thus, both LV and DV play significant roles in determining the distance traveled by diaspores in different vegetation structures [26,27].



With the intensification of grassland and savanna desertification, trees and shrubs invade into nature grassland, resulting in habitat fragmentation, forming different spatially heterogeneous patches of herb, shrub–herb, and tree–shrub–herb vegetation structures [28,29]. Therefore, the process of seed secondary wind dispersal in different patches is important for plant colonization, community regeneration, and plant diversity restoration [30,31,32,33]. However, the effects of different vegetation structures on the LV, DV, dispersal distance, and distribution pattern remain unclear.



This study aimed to determine (a) the impact of varying vegetation structures on the LV and DV during secondary wind dispersal and (b) the influence of diaspore morphological traits on the LV and DV across different vegetation structures. We hypothesized that vegetation coverage is a primary factor influencing wind velocity, which in turn affects the LV and DV. Previous studies suggested that lighter diaspores, especially those with wings and pappus, typically exhibit lower lift-off velocities and higher dispersal speeds across various vegetation types [25]. Consequently, we predicted that diaspore morphology might serve as a secondary factor in determining lift-off and dispersal velocities during secondary wind dispersal.




2. Materials and Methods


2.1. Diaspore Selection and Measurement


Our study utilized diaspores from 16 species, and they were collected from grassland and riparian woodland in Inner Mongolia (Table 1). We randomly collected 50 mature and intact diaspores from 10 individual plants per species, obtaining 500 diaspores per species. The diaspores were air-dried and stored in the laboratory for experiments.



For each species, we randomly selected 20 diaspores from the 500 diaspores to determine diaspore traits. The evaluated traits included mass, length, width, height, projected area, terminal velocity, shape index, and wing loading. The mass (M) of each diaspore was precisely determined using an electronic balance (precision of 0.01 g). The length (longest axis), width (intermediate axis), and height (shortest axis) were measured using a Vernier caliper (precision of 0.01 mm). The projected area of each diaspore was calculated using the Python software library (Open-Source Computer Vision Library) after scanning a three-dimensional diaspore with a digital scanner [24]. The terminal velocity of diaspores was determined via a video camera recording method in a settling tower. A video camera (GC-P100AC, JVC Japan, Yokohama, Japan) was used to record diaspore free fall, with 50 frames per second. The recorded video was analyzed for the observation and calculation of the terminal velocity of the diaspore [34]. The shape index (SI) of each diaspore was calculated using the methodology established by Thompson [35]:


   Shape   index  = variance     Length   Length   ,   Width   Length   ,   Height   Length      



(1)







Wing loading, which is the mass of the diaspore divided by its projected area, was calculated as follows [36]:


   Wing   loading  =   Mass    Projected   area     



(2)








2.2. Wind Tunnel


Our experiment was carried out in a wind tunnel measuring 2 m in height and width and 20 m in length. The tunnel included a 10 m transition section and a 5 m experimental section situated 10 m from the air outlet (Figure 1). The large wind tunnel was crucial for ensuring physical similarity conditions, including geometric, kinematic, and dynamic similarity, during diaspore dispersal [24,37].



Other apparatus equipped in the wind tunnel included a pulley, camera, and anemometers system. The pulley system comprised a pulley, a rope, and a diaspore cover. The pulley was securely mounted atop a sturdy, tripod-like structure. The rope was used to lift the diaspore cover through a pulley to measure the DV of the diaspores. The camera (DCR-SR100, Sony, Tokyo, Japan) was mounted on a tripod at the wind tunnel outlet for real-time monitoring of diaspore movement. The anemometers system monitored wind velocity using hot-wire anemometers (AirPro Velocity Meter AP500, TSI Incorporated, Shoreview, MN, USA) fixed at different heights above the ground in the middle of the wind tunnel in front of the experimental section.




2.3. Simulation of Vegetation Structures


We used plastic artificial grasses, shrubs, and a combination of the two to simulate the desert, typical, and meadow steppes. The grasses were simulated by short plastic artificial Stipa tianschanica var. gobica (Roshev.) P.C.Kuo & Y.H.Sun (165.6 cm2 crown area and 15 cm high) and tall plastic artificial Pennisetum alopecuroides Ham., Prodr. Pl. Ind. Occid (724 cm2 crown area and 60 cm high). The shrubs were simulated using plastic artificial Ammopiptanthus mongolicus (Maxim.) S.H.Cheng (1962 cm2 crown area and 60 cm height). We calculated the density of short grass, high grass, and shrub in different vegetation structures according to their single coverage. Top-view photographs and Adobe Photoshop were used to measure the vegetation coverage in order to obtain the correct density of plants. We used bare ground covered with aeolian sandy soil as a control (V0), randomly distributed short grass (12.1 m−2 density, 15 cm mean height, and 20% coverage) to simulate sparse low-grass desert steppe (V1), randomly distributed tall grass (density 2.8 m−2, 60 cm mean height, and 20% coverage) to simulate sparse high-grass desert steppe (V2), a randomly distributed short grass (density 7.3 m−2) and shrub (density 0.3 m−2) combination (with a mean height of 17 cm and coverage of 20%) to simulate sparse shrub–grass desert steppe (V3), a tall grass (density 2.4 m−2) and short grass (density 19 m−2) combination (with a mean height of 20 cm and coverage of 40%) to simulate the typical steppe (V4), and a short grass (density 79 m−2) and tall grass (density 22.6 m−2) combination (with a mean height of 25 cm and coverage of 80%) to simulate the meadow steppe (V5).




2.4. Measurement of Wind Profiles


The wind velocity at the central axis of the wind tunnel (1 m distance from the side walls and floor) was the highest free-stream wind velocity because it was the least affected by the side walls. Nine hot-wire anemometers were fixed above the tunnel floor at 1, 3, 7, 10, 20, 30, 50, 70, and 100 cm to record wind velocities (5 duplicates, once every 2–3 s) in six vegetation structures [25]. The data of wind velocity were automatically transmitted to a wirelessly connected computer. In total, there were 24 different wind profiles corresponding to free-stream wind velocities of 4, 6, 8, and 10 m s−1 across 6 vegetation structures.




2.5. Measurement of Diaspore Lift-Off Velocity across Six Vegetation Structures


A row of 10 diaspores from the same species, spaced 3 cm apart and 50 cm away from the sidewalls, was placed in each vegetation structure. Diaspores were continuously monitored as wind velocity gradually increased from 0 m s−1. When more than two diaspores began to move, the specific wind velocity was recorded as the LV. The experiment was repeated five times for each species within the vegetation structure.




2.6. Measurement of Diaspore Dispersal Velocity in Six Vegetation Structures


A row of 10 diaspores from the same species, spaced 3 cm apart, was positioned centrally in the test section. The free-stream wind velocity was set to 2, 4, 6, 8, 10, and 12 m s−1 to measure the dispersal velocity of diaspores [38]. Prior to reaching the pre-set wind velocity, the diaspores were shielded with a cover. The cover was lifted as soon as the wind reached a predetermined velocity. Diaspore movement was recorded via camera upon being exposed to airflow. For each species, five replicate tests were conducted for each vegetation structure at each specified wind velocity.




2.7. Data Analysis


The videos captured by the camera were analyzed frame-by-frame using the Adobe Premiere Pro software (18.0) [39]. Diaspores can enter one of three final states: (a) remaining stationary, (b) crossing the finish line, or (c) stopping before the finish line. In the first scenario, where the diaspores remained stationary, their velocity was recorded as 0 m s−1. The diaspore velocity was determined using the following formula for diaspores that crossed the finish line:


  D V =   L   T    



(3)




where DV is the diaspore velocity, L is the length of the experimental section (5 m), and T is the movement time of the diaspore.



For diaspores that stopped before the finish line (third scenario), we determined their movement distance and time through video analysis. Our analysis revealed that the movement time for these diaspores varied between 0.42 s and 12 s. Consequently, we defined the diaspore velocity in this scenario as the ratio of the moving distance to the longest observed movement time (12 s).



Redundancy analysis was conducted using Canoco 5.0 (version 5.0, Microcomputer Power, Ithaca, NY, USA) to determine the relationship between the explanatory variables of wind velocity, appendage type (AT), terminal velocity (TV), projected area (PA), wing loading (WL), shape index (SI), mass (M), and vegetation structure (VS), and the response variables of the lift-off velocity (LV) and diaspore velocity (DV). To address multicollinearity, we removed explanatory variables that exhibited significantly high variance inflation factors (VIF > 10).



Because appendage type and vegetation structure are not scaled attributes, seven variables were defined for the appendage type occurrence: A1, A2, A3, A4, A5, A6, and A7. Similarly, six vegetation structure variables were defined as V0, V1, V2, V3, V4, and V5. The Ai variable was assigned a value of 1 if the appendage type corresponded to the following: balloon (A1), discoid (A2), four wings (A3), pappus (A4), one wing (A5), thorn (A6), or two wings (A7); otherwise, Ai was 0. The vegetation structure variables had the same assignment as the appendage type.



Descriptive statistical analysis and analysis of variance (ANOVA) were performed using Predictive Analytics Software (PASW 18.0 IBM Corp., Armonk, NY, USA). Histograms were generated using Python (3.9.10).





3. Results


3.1. Diaspore Traits across 16 Selected Species


Eight morphological and wind dynamics indicators of the sixteen species of diaspores were significantly different (p < 0.01). According to appendage types, the diaspores was classified into 7 groups, those with one wing (3 species), pappus (2 species), thorn (3 species), two wings (1 species), discoid (3 species), balloon (2 species), and four wings (2 species). Diaspores with one wing were characterized by a high shape index (SI), terminal velocity (TV), and wing loading (WL). In contrast, diaspores with pappus showed a low SI, TV, and WL. Diaspores with thorn, two wings, discoid, balloon, and four wings generally showed a low SI, and a high TV and WL. Except for the group with two wings, most of the diaspore indicators within the groups presented significant differences (p < 0.01); however, the variation of indicators within a group was generally lower than the total variation across all groups (Table 1).




3.2. Wind Profiles across Six Vegetation Structures under Different Wind Velocities


Wind profiles for all vegetation structures under the tested wind velocities are shown in Figure 2. The thickness of the boundary layer (TBL) on bare ground was 20 cm above the ground and was mainly influenced by the vegetation type present on the surface. The TBL varied with different vegetation structures: 40 cm for V1, 80 cm for V3, 50 cm for V2, and 60 cm for both V4 and V5. In particular, the TBL of the vegetation structure with shrubs (V3) was higher than that with grass. Vegetation coverage significantly influenced wind velocity near the ground surface. For instance, wind velocities were 2.3, 3.4, 4.4, and 5.4 ms−1 at 3 cm above the ground on V0, corresponding to those of 4, 6, 8, and 10 m s−1 at 100 cm above the ground (p = 0.015), respectively. Wind velocities decreased to 1.4, 2.1, 2.8, and 3.4 m s−1 in V1 at 3 cm above the ground. Furthermore, wind velocities were 0.6, 0.9, 1.0, and 1.1 ms−1 in V5 at a height of 3 cm above the ground.




3.3. Lift-Off Velocity of Seven Diaspore Types across Six Vegetation Structures


Vegetation structure significantly influenced diaspore lift-off velocity (LV, p < 0.01; Figure 3). The LV increased with increasing vegetation coverage in the following order: V0, V3, V2, V1, V4, and V5 (p < 0.01); especially, the LV showed a conspicuous increase when the coverage was higher than 40% (Figure 3). Significant differences in LVs were observed according to diaspore appendage types (p < 0.01). Diaspores with balloon, discoid, four wings, thorn, and two wings experienced a slight rise in LV (p < 0.05, from 3 m s−1 to 5 m s−1) from V0, V3, V2, to V1 when grass coverage < 20%; however, the LV increased to 10 m s−1 to 14 m s−1 when the coverage was higher than 40% (Figure 3). Nevertheless, the LV of diaspores with pappus did not exhibit a slight variation (p < 0.05, from 0.5 m s−1 to 2 m s−1) across all the vegetation structures. In contrast, diaspores with one wing showed the highest LV (from 10 m s−1 to 14 m s−1) across all the vegetation structures.




3.4. Relationships between Diaspore Lift-Off Velocity and Explanatory Factors


Vegetation structure, appendage type, and diaspore traits explained 83.5% of the variation in LV. A1, A3, A6, A4, A2, A7, V3, V0, V1, and V2 had negative effects on the LV. A5, V4, and V5 positively correlated with the LV. The four factors with the highest levels of explained variation were A5, V5, V4, and A4, which accounted for 27.7%, 22.2%, 17.9%, and 14.6% of the total variation, respectively (Figure 4; Table 2).




3.5. Diaspore Velocities by Appendage Type in Different Vegetation Structures


The diaspore velocity (DV) significantly decreased with increasing vegetation coverage in the order of V0, V3, V2, V1, V4, and V5 (p < 0.01); especially, the DV significantly decreased when the coverage was >40% (Figure 5). Significant variations in DVs were observed in different diaspore appendage types (p < 0.01). The DV of diaspores with balloon, discoid, four wings, thorn, and two wings showed a significant decrease (p < 0.05, from 2 m s−1 to 0.3 m s−1) from V0, V3, V2, to V1 when grass coverage < 20%; however, the DV tended to 0 m s−1 when the coverage was higher than 40% (Figure 5). Nevertheless, the DV of diaspores with pappus had a high velocity and a significant variation (p < 0.05, from 1 m s−1 to 3 m s−1) across all the vegetation structures. In contrast, diaspores with one wing showed the lowest DV (from 0 m s−1 to 0.1 m s−1) across all the vegetation structures.




3.6. Relationships between Diaspore Velocity and Explanatory Factors


The combination of wind velocity, vegetation structure, and diaspore appendage type explained 49.5% of the variation in the diaspore velocity. A4, V3, V0, and wind velocity positively affected DV. A1, A2, A3, A5, A6, V4, V3, V1, V2, V5, M, and SI were negatively correlated with DV. A4, wind velocity, and V0 accounted for 23.6%, 12.7%, and 8.3% of the total variation, respectively, and contributed 47.1%, 25.3%, and 16.6%, respectively (Figure 6; Table 3).





4. Discussion


4.1. Effect of Vegetation Structure on Diaspore Lift-Off Velocity with Different Morphological Characteristics


The results showed that the taller the vegetation, the thicker the boundary layer, and the greater the vegetation coverage, the lower the near-surface wind velocity (Figure 2). Furthermore, secondary wind dispersal is known to be primarily influenced by near-surface wind velocity [40]; thus, the effect of vegetation coverage on the secondary wind dispersal of diaspores is greater than that of vegetation height. Our findings revealed that vegetation structure was the primary contributor to the LV, accounting for nearly 50% of the variance (Table 2), and that the LV significantly increased with increasing vegetation coverage (Figure 3). This increase in LV can be attributed to two factors. Firstly, the reduction in near-surface wind velocity with denser vegetation coverage increased the LV. Our results support previous conclusions that vegetation coverage is the most important factor affecting the lift-off velocity (LV) of seeds [37]. Secondly, the physical obstruction caused by plants or the surface matrix, which hinders diaspore movement [24,25,40,41,42,43]. Our results showed that diaspores with balloon, discoid, thorn, two wings, and four wings exhibited lower lift-off velocities in V3 than in V2. Possible reasons might be that the sparse shrubs could potentially create areas of accelerated airflow. The obstruction from the vegetation canopy might increase the wind speed at the ground surface, thereby reducing the lift-off velocity needed for the diaspores. We also found that when vegetation coverage was more than 40% (close to the coverage of a typical steppe), the LV noticeably increased (>10 m s−1; Figure 4), suggesting that secondary wind dispersal of diaspores is more likely to occur in open habitats, such as bare ground (active sand dunes) and desert steppes [25].



Appendage type significantly influenced LV, contributing nearly 50%, a factor only surpassed by vegetation structure (Table 2). This finding is consistent with previous reports [37]. Diaspores with pappus had a much lower LV than other types of diaspores (Figure 4) because of their low mass, slow terminal velocity, and small wing loading, which promote dispersion [44,45]. However, diaspores with one wing had a much higher LV than other types of diaspores (Figure 4), likely because of their greater mass, terminal velocity, wing loading, long and flat shape, and minimal wind resistance due to the reduced surface area facing the wind when resting on the ground [46]. Diaspores with thorns, discoid, balloons, and four wings had lower lift-off velocities in low-coverage (≤20%) vegetation structures, whereas in high-coverage (≥40%) vegetation structures, their lift-off velocities rapidly increased (Figure 4). Several factors influence the lift-off wind velocities of these types of diaspores. Disc-shaped diaspores exhibit low lift-off velocities because of their overall lightness, which makes them susceptible to wind forces. Those with thorns, balloons, and four wings have low lift-off velocities because of their near-spherical shape, which allows them to easily roll on the ground despite their high mass, terminal velocity, and wing loading [47]. Secondly, the three-dimensional structures of these diaspores provide a larger surface area exposed to horizontal wind, which allows them to be moved more readily by the wind. However, as vegetation cover thickens, the wind velocity near the surface significantly decreases, reducing the pulling force of the wind on the diaspores [37]. Consequently, diaspores with these types of appendages are likely more suited for secondary wind dispersal in low-coverage environments, such as deserts and desert steppes [48,49].




4.2. Effect of Vegetation Structure on Diaspore Dispersal Velocity with Different Morphological Characteristics


Appendage type, vegetation structure, and wind velocity were the primary factors influencing diaspore movement velocity (Table 3). Our findings are consistent with previous findings [50,51,52]. However, the contribution of these three factors to the DV was less than 50% (Table 3), indicating that other factors, such as the soil matrix, initial angle of diaspores, and movement mode (i.e., creeping, saltation, or rolling), may also affect diaspore dispersal velocity (DV) [4,36]. In this study, the most significant factor contributing to DV was diaspore appendage type, which differs from previous results suggesting that the most important factor was wind speed [25]. One reason might be that the study was only focusing on the effect of the surface matrix without vegetation. Additionally, different results gained by previous studies may be attributed to the limited variety and diversity of diaspores utilized [53]. Many studies suggest that using few diaspore types in wind dispersal research may cause errors or biases in the results, as such an experimental design does not fully reflect the complexity of wind dispersal [54,55,56,57,58,59].



Wind velocity was the second most important factor affecting DV (Table 3), indicating that it is the driving force for diaspore movement [25,38]. Generally, there was a positive correlation between wind velocity and DV, which is also consistent with previous research findings [25]. Vegetation structure was the third most significant factor affecting DV (Table 3), and DV decreased as vegetation coverage increased (Figure 6). These results indicated that increased vegetation coverage not only decreased wind velocity in the soil surface [12,45,60,61], but increased direct obstruction of diaspores by plants [37]. Therefore, deserts and desert steppes with low coverage are conducive for increasing diaspore DV, thereby facilitating secondary wind dispersal [20,25]. Compared to herbaceous structures, the grass–shrub combination vegetation structure had a favorable effect on diaspore DV (Figure 6), possibly because the surface under the vegetation of grass–shrub combinations was sparser, and the wind velocity was higher under the same coverage. Our results revealed a sharp decline in DV when vegetation coverage surpassed 40% (Figure 6). Consistent with the results of wind velocity profiles (Figure 3), the near-surface wind velocity also decreased drastically when vegetation coverage ≥ 40%, which limits the continual movement of diaspores. Previous studies have shown that diaspores with greater mass are more difficult to move compared to smaller diaspores [17,62]. However, in our study, diaspore mass contributed the least to their DV (Table 3), suggesting that the impact of mass on DV may vary due to morphological differences; for example, spherical diaspores with greater mass bear less force from rolling friction, thereby reducing the effect of mass on DV.




4.3. Diaspore Adaptation Strategies with Different Morphological Characteristics in Different Vegetation Structures in Secondary Wind Dispersal


The morphological characteristics of different diaspores represent adaptation strategies for wind dispersal in various vegetation structures. Dispersal strategies are classified into three types: long-distance wind dispersal, anti-long-distance wind dispersal, and non-long-distance wind dispersal [60,63,64]. Diaspores adopting the long-distance dispersal strategy generally exhibit morphological features that facilitate extended dispersal [65,66]. Diaspores with pappus demonstrate the long-distance dispersal strategy. They typically possess a large projected area, low mass, small wing loading, low density, and low terminal velocity (Table 1), as well as high DV and low lift-off velocity (LV) in different vegetation structures (Figure 3 and Figure 5). They can adapt to a variety of habitats, from active dunes to meadow grasslands. Diaspores showing anti-long-distance wind dispersal strategies are limited by their initial position or morphological structure, inhibiting long-distance dispersal [65]. Diaspores with one wing possess the anti-long-distance strategy. The diaspores often have characteristics such as a low projected area, heavy mass, high wing loading, density, and terminal velocity (Table 1), as well as low DV and high LV (Figure 4 and Figure 6). Although they possess wind dispersal traits, they tend to become trapped by surface structures or obstructed by vegetation during secondary dispersal. Diaspores with a non-long-distance wind dispersal strategy lack structures conducive to long-distance dispersal [65]. Diaspores with thorns, discoid, balloons, and four wings adapt to the non-long-distance wind dispersal strategy. They are easily saltated or rolled on the ground surface, and their secondary wind dispersal is influenced more by the vegetation structure. Thus, they are more suited to low-coverage deserts and desert steppes than to high-coverage typical steppes and meadows [49,67].



Our results showed that there is variation in the aerodynamic traits within each appendage type group, resulting from differences in species selection (Table 1). The variation between different species may vary the dispersal strategies of diaspores with the same appendage type. For example, diaspores with one wing adopt the anti-long-distance strategy, as a whole, whereas the Acer ginnala might tend toward the non-long-distance wind dispersal strategy because of its lower terminal velocity and wing loading than Fraxinus chinensis and Acer truncatum. In contrast, diaspores with four wings adopt the non-long-distance strategy, while Calligonum rubicundum tends to adopt the anti-long-distance strategy because its terminal velocity and wing loading are higher than those of Calligonum leucocladum.





5. Conclusions


Vegetation structure and diaspore appendage type are crucial factors that significantly influence lift-off and dispersal velocities in secondary wind dispersal. Vegetation coverage is the primary factor affecting near-surface wind velocity. Notably, 40% vegetation cover acted as a threshold, significantly affecting the secondary wind dispersal of diaspores across varying vegetation structures. Diaspores adopt diverse dispersal strategies according to their morphological and wind dynamic characteristics, such as terminal velocity, wing loading, and shape index, to affect lift-off and dispersal velocities. This study not only helps understand the relationship between the vegetation structure and the processes and strategies of diaspores’ secondary dispersal by wind, but also facilitates habitat restoration and biodiversity conservation of grassland and forest ecosystems.
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Figure 1. Diagram of the wind tunnel used in the experiments: a, camera; b, diaspore cover; c, pulley system; d, fan assembly; e, wind direction; f, hot-wire anemometers. 
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Figure 2. Wind profiles across six vegetation structures under different wind velocities. (V0) Bare ground, (V1) simulated sparse low-grass desert steppe, (V2) simulated sparse high-grass desert steppe, (V3) simulated sparse shrub–grass desert steppe, (V4) simulated typical steppe, and (V5) simulated meadow steppe. 
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Figure 3. Lift-off velocity of seven types of diaspores across six vegetation structures. V0, bare ground; V1, simulated sparse low-grass desert steppe; V2, simulated sparse high-grass desert steppe; V3, simulated sparse shrub–grass desert steppe; V4, simulated typical steppe; V5, simulated meadow steppe. Different letters indicate significance differences between the lift-off velocities of each appendage type across different vegetation structures (p < 0.05). 
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Figure 4. Relationships between diaspore lift-off velocity and explanatory factors. V0, bare ground; V1, simulated sparse low-grass desert steppe; V2, simulated sparse high-grass desert steppe; V3, simulated sparse shrub–grass desert steppe; V4, simulated typical steppe; V5, simulated meadow steppe; LV, lift-off velocity; A1, balloon; A2, discoid; A3, four wings; A4, pappus; A5, one wing; A6, thorn; A7, two wings. 
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Figure 5. Diaspore velocity of seven diaspore appendage types across six vegetation structures. V0, bare ground; V1, simulated sparse low-grass desert steppe; V2, simulated sparse high-grass desert steppe; V3, simulated sparse shrub–grass desert steppe; V4, simulated typical steppe; V5, simulated meadow steppe. Different letters indicate significance differences between the diaspore velocities of each appendage type across different structures of vegetation (p < 0.05). 
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Figure 6. Relationships between diaspore velocity and explanatory factors. V0, bare ground; V1, simulated sparse low-grass desert steppe; V2, simulated sparse high-grass desert steppe; V3, simulated sparse shrub–grass desert steppe; V4, simulated typical steppe; V5, simulated meadow steppe; DV, diaspore velocity; A1, balloon; A2, discoid; A3, four wings; A4, pappus; A5, one wing; A6, thorn; A7, two wings; SI, shape index; M, mass; WV, wind velocity. 
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Table 1. Diaspore traits across 16 selected species (mean ± standard deviation). Different letters indicate significance differences between vegetation structures (p < 0.05).
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	Species
	Appendage
	Terminal Velocity (m s−1)
	Length (mm)
	Width

(mm)
	Height

(mm)
	Projected Area

(mm2)
	Wing Loading

(mg mm−2)
	Shape Index
	Mass (g)





	Acer ginnala
	One wing
	0.8 ± 0.0 (o)
	29.1 ± 1.1 (h)
	9.8 ± 0.4 (m)
	0.3 ± 0.0 (n)
	164.0 ± 6.0 (h)
	0.2 ± 0.0 (k)
	0.17 ± 0.0 (c)
	0.03 ± 0.0 (h)



	Fraxinus chinensis
	One wing
	2.1 ± 0.2 (k)
	30.6 ± 3.0 (f)
	4.7 ± 0.5 (n)
	1.3 ± 0.1 (l)
	74.5 ± 5.6 (o)
	0.95 ± 0.1 (b)
	0.18 ± 0.0 (b)
	0.07 ± 0.0 (f)



	Acer truncatum
	One wing
	4.8 ± 0.3 (b)
	29.2 ± 1.7 (g)
	10.6 ± 0.7 (l)
	0.2 ± 0.0 (o)
	177.1 ± 5.6 (g)
	0.56 ± 0.0 (f)
	0.17 ± 0.0 (c)
	0.1 ± 0.0 (d)



	Cynanchum thesioides
	Pappus
	0.4 ± 0.0 (p)
	45.1 ± 3.2 (c)
	45.1 ± 1.7 (a)
	36.0 ± 3.4 (a)
	794.8 ± 33.8 (a)
	0.01 ± 0.0 (n)
	0.01 ± 0.0 (i)
	0.01 ± 0.0 (i)



	Metaplexis japonica
	Pappus
	0.9 ± 0.0 (n)
	35.7 ± 0.4 (d)
	35.7 ± 2.4 (b)
	27.0 ± 2.4 (b)
	223.0 ± 6.2 (f)
	0.003 ± 0.0 (o)
	0.01 ± 0.0 (i)
	0.001 ± 0.0 (j)



	Calligonum arborescens
	Thorn
	4.4 ± 0.4 (c)
	25.7 ± 0.4 (i)
	20.7 ± 1.7 (e)
	19.0 ± 0.3 (c)
	254.3 ± 18.9 (e)
	0.64 ± 0.1 (d)
	0.01 ± 0.0 (i)
	0.16 ± 0.0 (b)



	Calligonum klementzii
	Thorn
	3.3 ± 0.2 (f)
	25.7 ± 1.3 (i)
	20.4 ± 1.5 (f)
	14.5 ± 1.2 (e)
	68.2 ± 3.5 (p)
	1.16 ± 0.1 (a)
	0.03 ± 0.0 (g)
	0.08 ± 0.0 (e)



	Calligonum pumilum
	Thorn
	5.2 ± 0.2 (a)
	14.7 ± 0.5 (o)
	12.0 ± 0.7 (k)
	10.0 ± 0.3 (i)
	81.8 ± 1.7 (n)
	0.34 ± 0.0 (h)
	0.02 ± 0.0 (h)
	0.03 ± 0.0 (h)



	Ailanthus altissima
	Two wings
	1.2 ± 0.1 (l)
	46.5 ± 3.0 (b)
	14.6 ± 0.7 (h)
	0.4 ± 0.0 (m)
	256.5 ± 24.6 (d)
	0.15 ± 0.0 (l)
	0.17 ± 0.0 (c)
	0.04 ± 0.0 (g)



	Koelreuteria paniculata
	Discoid
	2.5 ± 0.2 (j)
	46.7 ± 1.8 (a)
	29.1 ± 0.9 (d)
	8.0 ± 0.7 (k)
	455.9 ± 41.4 (c)
	0.43 ± 0.0 (g)
	0.11 ± 0.0 (d)
	0.2 ± 0.0 (a)



	Sarcozygium xanthoxylon
	Discoid
	3.1 ± 0.2 (g)
	34.8 ± 1.4 (e)
	30.6 ± 2.2 (c)
	18.0 ± 1.1 (d)
	669.5 ± 57.8 (b)
	0.15 ± 0.0 (l)
	0.04 ± 0.0 (f)
	0.1 ± 0.0 (d)



	Ulmus pumila
	Discoid
	1.0 ± 0.1 (m)
	20.2 ± 0.5 (l)
	16.4 ± 0.3 (g)
	0.05 ± 0.0 (p)
	158.8 ± 1.7 (k)
	0.07 ± 0.0 (m)
	0.19 ± 0.0 (a)
	0.01 ± 0.0 (i)



	Oxytropis psammocharis
	Balloon
	2.8 ± 0.2 (h)
	21.6 ± 0.4 (k)
	12.0 ± 0.5 (k)
	9.1 ± 0.6 (j)
	97.6 ± 5.4 (m)
	0.31 ± 0.0 (i)
	0.06 ± 0.0 (e)
	0.03 ± 0.0 (h)



	Sphaerophysa salsula
	Balloon
	3.7 ± 0.1 (e)
	24.9 ± 0.3 (j)
	12.8 ± 0.6 (j)
	11.0 ± 1.1 (g)
	162.8 ± 5.6 (j)
	0.63 ± 0.1 (e)
	0.06 ± 0.0 (e)
	0.1 ± 0.0 (d)



	Calligonum leucocladum
	Four wings
	2.7 ± 0.0 (i)
	15.9 ± 1.3 (n)
	13.1 ± 0.9 (i)
	10.1 ± 0.8 (h)
	140.0 ± 3.5 (l)
	0.28 ± 0.0 (j)
	0.02 ± 0.0 (h)
	0.04 ± 0.0 (g)



	Calligonum rubicundum
	Four wings
	4.3 ± 0.3 (d)
	19.0 ± 1.3 (m)
	16.4 ± 0.6 (g)
	12.0 ± 1.1 (f)
	164.0 ± 3.0 (i)
	0.7 ± 0.0 (c)
	0.02 ± 0.0 (h)
	0.11 ± 0.0 (c)










 





Table 2. Variation in diaspore lift-off velocity explained by vegetation structure, diaspore appendage type, diaspore morphology, and wind dynamic traits for all species using redundancy analysis.
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	Factors
	Explained Variation (%)
	Contribution (%)
	Pseudo F
	p-Value





	A5
	27.7
	33.21
	11,056.0
	<0.002



	V5
	22.2
	26.62
	12,783.0
	<0.002



	V4
	17.9
	21.46
	16,019.0
	<0.002



	A4
	14.6
	17.51
	23,894.0
	<0.002



	V1
	0.7
	0.84
	1241.0
	<0.002



	V2
	0.3
	0.36
	525.0
	<0.002



	Total
	83.5
	100.00
	
	







Note: V1, simulated sparse low-grass desert steppe; V2, simulated sparse high-grass desert steppe; V4, simulated typical steppe; V5, simulated meadow steppe; A4, pappus; A5, one wing.













 





Table 3. Variation in diaspore velocity explained by vegetation structure, diaspore appendage type, morphology, and wind dynamic traits in all species using redundancy analysis.
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	Factors
	Explained Variation (%)
	Contribution (%)
	Pseudo F
	p-Value





	A4
	23.6
	47.11
	8876.0
	<0.002



	Wind velocity
	12.7
	25.35
	5715.0
	<0.002



	V0
	8.3
	16.57
	4305.0
	<0.002



	V1
	0.4
	0.80
	162.0
	<0.002



	V2
	0.3
	0.60
	158.0