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Different branching architectures reflect the adaptation strategies of different plants and affect their resistance to wind erosion. This study presents field-based observations that demonstrate the relationship between the branching architecture of Artemisia ordosica and its resistance to wind erosion. This species is the dominant plant species in the semi-fixed and fixed dunes of the Mu Us Sandy land. The overall bifurcation ratio (OBR) of semi-fixed sandy land is higher than the fixed sandy land 0.27; Similarly, the total stepwise bifurcation ratio (SBR) is higher than the fixed sandy land about 0.74; The length of first levels of total branches is also higher than 8.07. The aerodynamic roughness was greater than the A. ordosica community in the fixed and semi-fixed sandy land than in the bare sandy land. The airflow fields in the cross-wind direction were strongly affected by the windward shape of the plants, which became gradually narrower from the base to the top, while in the leeward direction, the wind speed at different heights behind the plant returned to the incoming airflow velocity. The result confirms that the influence of the windward shape of the plant on the surrounding airflow field is much larger than the influence of plant thickness, porosity or other factors.
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1 INTRODUCTION
Psammophytes are adapted to growing in special habitat conditions. Their adaptation characteristics include resistance to wind erosion, sand burial, aridity and soil infertility, and these adaptations play an important role in maintaining the stability of the fragile ecosystem and in reconstructing damaged ecosystems (Zhou, 2001). Psammophytes influence the protection of surface soil in complex ways. Previous research has focused on the effect of plant groups rather than individual plants. However, the morphological characteristics of single plants have a great influence on sand resistance and fixation.
A plant can be regarded as a collection of modules. There are variety modules having different architecture characteristics due to their arrangement in space, so a plant presents diverse morphological structures (Harper, 1977; White, 1979; Barlow, 1989). The concept of the architecture characteristics of the plant, which in a narrow sense mainly refers to branching architecture, was advanced by Halle and others in 1978. Different branching architectures not only reflect the utilization of space, light and other resources by plants, but also indicate different adaptation strategies of plants at different growth stages. At the same time, branching architectures affects a plant’s resistance to wind erosion.
With respect to the branching architecture of plants, woody plants and herbs growing in tropical or humid areas have been relatively well studied. Research both in China and abroad has mainly focused on the morphological characteristics of plant branches and the quantitative study of the meristem dynamic relationship (Sprugel et al., 1991; Ohsawa and Nitta., 1997; Nitta and Ohsawa. 1998; Sun and Chen., 1999). For woody plants, studies have often focused on the crown and trunk studying the development, morphology and growth dynamics of branching, and dynamic changes and mutual relations among other components of the branches. Studies of herbs have mainly addressed the adaptation strategies of clonal ramets as reflected in their placement mode in different habitats. However, studies of the branching architecture of psammophytes have been much less common. Existing research has primarily focused on the quantitative study of plant populations at the component level, as well as adaption strategies to different environments as reflected in different branching architectures (Anwar and Yin, 1997; Sun et al., 1997; He et al., 2005, He et al., 2006; Zhang et al., 2009). Few studies have concentrated on the influence of psammophyte branching architecture on resistance to wind erosion.
The Mu Us Sandy land is located in the transition zone between arid or semi-arid areas and sub-humid areas of northern China. The region is a typical multi-level ecotone in terms of geography and geology and is one of the areas most seriously affected by desertification in China (Wu and Ci., 1998). Due to these special features, the Mu Us Sandy land has a variety plant types, and shrubs are the dominant species. The psammophytic semi-shrub community, dominated by the species Artemisia ordosica, is the most developed type, playing a significant role in desert ecosystem reconstruction and rehabilitation. A. ordosica, which commonly appears at the southern edge of the Mu Us Sandy land, was selected as the subject of this study. This study investigates the resistance of A. ordosica to wind erosion through its architecture characteristics. The result of this study has important scientific and practical significance: quantitative determination of the mechanisms used by psammophytes to resist wind erosion, and the exploration of plant variety in the semi-fixed and fixed dunes of the Mu Us Sandy land.
2 MATERIALS AND METHODS
2.1 Experimental site
The study was conducted during the 2016 windy season, in the site of an A. ordosica community for windbreak and sand-fixation at the southern edge of the Mu Us Sandy land in northern China (37°38′42”∼37°47′54″N, 108°50′54”∼108°58′00″E) (Figure 1). This location is in a semi-arid region with a temperate monsoon climate characterized by hot summers and mild winters. Desert shrubs and herbs comprise the primary plant communities in the research area. A. ordosica is the most developed type, and its communities occupy most of the sand dunes and sand ridges. The site receives approximately 400 mm annual average rainfall, mostly during the summer (www.cdc.cma.gov.cn). Annual pan evaporation exceeds 2,400 mm, which is over 6 times greater than annual average precipitation (www.cdc.cma.gov.cn). Thirty-year average annual wind speed is 3.2 m s−1. Aeolian sand activity occurs mainly between March to May, when wind speeds are greater than 4.0 m s−1 (the threshold velocity of sand), and this period accounts for 50.2% of total annual aeolian activity. Vegetation recovery began in the 1970s. Most drifting dune activity ceased after afforestation, and semi-fixed dunes and fixed dunes are now the prevailing landforms.
[image: Figure 1]FIGURE 1 | Location of the study area on the southern fringe of the Mu Us Sandy land, China (37°38′42”∼37°47′54″N, 108°50′54”∼108°58′00″E).
2.2 Experimental design
2.2.1 Plot design and determination of branching architecture
Two areas were chosen on the semi-fixed and fixed dunes, where A. ordosica is concentrated within the research area. Ten mature plants were selected as the research samples in each site. The plant selection criteria included similar size, good growth, no pest or man-made damage, and a distance far enough from other plants to reduce the impact on plant modules of intraspecific and interspecific competition for space resources. A steel tape (with a precision of 0.1 cm) was used to measure the height, diameter at chest height, branch lengths at all levels, the interval between branches and other parameters of each plant. A protractor was used to measure the inclination of the branches and a caliper was used to measure the base diameter of the branches at all levels. The branch sequence was defined on the basis of the Strahler method (Sun and Chen, 1999), which is used to determine the branch sequence from the outside to the inside of the canopy layer. The first external branch is the first level, the branch formed by intersection of the two first levels is the second level, and so forth. If different branch levels intersect, then the one that is higher is regarded as the branch level.
2.2.2 Determination of flow field characteristics
Wind profile observation was conducted in the two study areas mentioned above. At the same time, one bare sandy area with no vegetation cover, was selected within the study site as a control plot. Wind speed was measured continuously at 9 different heights in the center of the communities using anemometers connected to a data logging system. The wind cup heights of the measuring points were 5 cm, 25 cm, 50 cm, 75 cm, 100 cm, 150 cm, 200 cm, 300 cm and 400 cm. Wind speed was recorded with a 30 s frequency, and each group of data was recorded for 5 min, making a total of 10 measurements in each data group. We ensured that the atmosphere was relatively stable while the test was being conducted. Data collected below the threshold velocity of sand (4 m s−1) were selected for regression analysis (Wu, 2003). Wind profiles were drawn, and wind roughness was calculated.
An individual shrub on a gentle slope in the semi-fixed sandy terrain was selected for airflow visualization. There were 67 total measuring points located at the windward side, leeward side and crosswind side of the plant. Three-cup wind speed sensors for each measuring point were located at the base, the mean height, the top of the plant and at a height of 200 cm. Simultaneously, one control site was set at an open location on the windward side, and the wind velocity at a height of 200 cm was used as a control. Each point was continuously measured for 5 min. After taking the average, the data were standardized according to the values obtained during the corresponding period at the control site, so that the data from all of the measuring points were converted to the average wind speed during the same 5 min period. The airflow fields at the other three heights were then obtained.
2.3 Statistical analysis
2.3.1 Statistical method of branching architecture
Branching architecture was analyzed using the following indicators: bifurcation ratio, the ratio of branch diameters, and the fractal dimensions of branching. The ratio of branch diameter (RBD) is given by
[image: image]
where [image: image] and [image: image] are the diameter (in cm) of the i+1 and i branch levels, respectively. The bifurcation ratio describes the branching capability of the branches and the quantitative configuration of each branch. It can be measured by the overall bifurcation ratio (OBR) and the stepwise bifurcation ratio (SBR), which were proposed by Whitney, (1976) and modified by Steingraeber and Waller, (1986). OBR is expressed by
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where [image: image] is the total number of branches at all branch levels (i.e., [image: image]), [image: image] is the number of branches at the highest level and [image: image] is the number of branches at the first level. SBR is expressed by
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where [image: image] and [image: image] are the total number of i+1 and i level branches, respectively. The relationship between the number of branches (SB), branch length (LB), and the fractal dimension of branching (D) of each level of branches of different psammophytes can be described by
[image: image]
where C is a constant proportionality coefficient. After transformation, the above equation can be written as follows:
[image: image]
There is a good visible linear relationship between SB and LB when plotted on double logarithm coordinates, and D, the fractal dimension, is the slope of the resulting line.
2.3.2 Standardization of wind speed
The collected wind speed data was analyzed by converting data to the average wind speed within 5 min from the beginning of observations. The standardized method adapted from Zhang et al., (2006) is as follows:
[image: image]
where [image: image] is the standardized wind speed of an arbitrary measuring point at the height z, [image: image] is the average wind speed of the control point between t and t+5 min at a height of 2.0 m, [image: image] is the average wind speed of the control point from the beginning of the observation to 5 min at a height of 2.0 m and [image: image] is the wind speed of the measuring point from t to t+5 min at a height of z. To ensure that no sand airflow was generated during the test, data showing a wind speed below the threshold velocity of sand were selected. A graph of the airflow field near the surface was drawn using the standardized wind speed data.
3 RESULTS AND DISCUSSION
3.1 Analysis of branching architecture characteristics
The average plant height of the sampled A. ordosica on the semi-fixed sandy land was 55 ± 0.4 cm with a porosity of 48%, and an average crown size of 150 ± 2 cm × 140 ± 2 cm. However, the average plant height on the fixed sandy land was 50 ± 0.3 cm with a porosity of 49%, and an average crown size of 130 ± 2 cm × 120 ± 2 cm. A. ordosica grows better on semi-fixed dunes, sandy land and soil covered with sand and grows particularly well on loose sand dunes. However, on fixed dunes, due to enhanced soil compaction, A. ordosica is less suited to the environmental conditions. Although the number of plants can be large, the plant sizes are generally small. The number of dry branches increases and growth declines gradually. The seeds are small and light, and it is difficult for seeds to be retained in sand dunes, thus A. ordosica has a relatively smaller distribution in mobile sandy environments.
3.1.1 Branching angle of branches
Branching angles are not only important indicators of plant spatial distribution, but are also a factor in the plants’ erosion resistence. A. ordosica has a wide base and a gradually narrowing middle-upper part and is visualized as a hemisphere based on this morphology. The outside branches of the plant are weak branching angles, with branching angles between 35° and 50°. Partial branches may grow nearly horizontally in a creeping manner. This structure is beneficial for forming adventitious roots for clonal growth, generating new plants, and enhancing vegetation coverage of the covered sandy land. The interior branches of the plant are mostly middle branching angles, with branching angles between 50° and 70°, along with some strong branching angles between 70° and 85°. This structure means that the growth of each branch does not disturb the growth of the other branches, thereby maximizing the use of space. There was little difference in the inclinations of the highest level of branches on the windward, leeward and crosswind sides, which demonstrates that they were not influenced by the force of the wind. However, the angles of the penultimate levels of branches had different values (Table 1).
TABLE 1 | The branching angle of samples of Artemisia ordosica.
[image: Table 1]The branching angles of the penultimate levels of branches on the windward side were between 30° and 80°, with a relatively large range, and included weak branching angle types and middle branching angle types. Due to the more direct exposure to wind on the windward side, branching angles of the outside penultimate levels of branches gradually increased. However, the angles on branches on the internal penultimate levels were closer to the angles at the highest level, and the branching angles decreased. Branching angles of the branches on the leeward side, were weak branching angles. The branching angles on the crosswind side, which was less affected by the wind, were in between the angles on the windward and leeward sides.
3.1.2 Bifurcation ratio and ratio of branch diameter
The branch diameter ratio (RBD) is an indicator of the bearing capacity of different levels of branch. The larger the branch diameter, the greater the loading on branches at the next level. In general, if the plant has a large branch diameter, the bifurcation ratio is relatively large. The bifurcation ratio describes the branching capability of the branches, as well as the number of configurations among all branch levels. The value of the bifurcation ratio is closely related to the branching angle and the branch diameter ratio. A higher bifurcation ratio shows a higher level of a plant’s utilization of its spatial resources.
The average number of the highest level of branches of A. ordosica on the windward side was equal to the number on the leeward side, and both were less than that of the crosswind side. The branches on the windward and the leeward sides accounted for 27% of the total number of branches on each side, while the branches on the crosswind side accounted for 46% of the total number. The distribution of the branches in all four directions was similar, leading each individual plant to resemble a symmetrical semicircle. Wind had no significant effect on the distribution of the branches of A. ordosica.
The branches of A. ordosica were divided into 4-5 levels in the fixed sandy land and 3 levels in the semi-fixed sandy land. The index statistics for the branching architecture on the windward, leeward and crosswind sides, and for branches divided according to the azimuth of the highest levels of branches, are given in Table 2.
TABLE 2 | Analysis of the branching architecture of Artemisia ordosica.
[image: Table 2]The overall branching ratio of A. ordosica on the semi-fixed sandy land was greater than that of plants on the fixed sandy land, but both were less than 5 and had low branching rates. The overall branching ratio on the leeward side was less than that on the windward and crosswind sides. The branching number of the highest level of branches was the greatest at each azimuth on the semi-fixed sandy land. However, in the fixed sandy land, the number of the highest level of branches was greatest on the windward and crosswind sides, while the number of second level branches was the greatest on the leeward side. The ratio of branch diameter in the semi-fixed sandy land was larger than that in the fixed sandy land, and the base diameter of the highest level of branches on the crosswind side was the largest. The branch diameter ratio of branches in all directions in the semi-fixed sandy land showed little difference, while in the fixed sandy land the ratio in the windward direction was larger than that on the leeward and crosswind sides. These characteristics of A. ordosica not only reflect the impact of blown sand activities, but also indicate a type of adaptive strategy that simultaneously plays an effective role in controlling wind erosion and desertification.
3.1.3 Fractal dimension of branching
The fractal dimension of branching (D) is an important parameter for measuring the spatial distribution pattern of plant branches. If D is less than 1.4000, the plant has a weak fractal dimension (WD), indicating that the branching pattern of the plant is simple. If D is larger than 1.8000, the plant would have a strong fractal dimension (SD), showing that the branching pattern of the plant is complex. If D is between 1.4000 and 1.8000, the plant has a moderate fractal dimension (MD). After fitting each level of branch numbers (SB) and branch lengths (LB) of the sampled A. ;ordosica plants in the semi-fixed and fixed sandy lands, the straight lines and fractal dimensions are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Linear fitting of the fractal dimension of branching of Artemisia ordosica in sandy land [(A) Semi-fixed sandy land; (B) Fixed sandy land].
A. ordosica exhibited different D values in the three directions. On fixed sandy land, A. ordosica was WD on the leeward and crosswind sides, and SD on the windward side. In semi-fixed sandy land, they were MD on the windward and the leeward side, and SD on the crosswind side. Because growth of A. ordosica was poor in the fixed sandy land, D was smaller than in the semi-fixed sandy land and the branching pattern was relatively simple. Because blown sand activities in the semi-fixed sandy land is stronger than in fixed sandy land, branches on the windward side were more strongly affected by in the fixed sandy land. However, in the semi-fixed sandy land, the branches on the windward and the crosswind side developed a more complex branching pattern, which enlarged the upwind projected area of the plant, so as to adapt to the blown sand.
3.2 Wind speed profile and aerodynamic roughness of the Artemisia ordosica community
When air flows over a surface covered by vegetation, the projected upwind shape of the plants plays a key role in their resistances to wind-blown sand. The shape of the plants can be expressed by differences in their morphological structures, including their height, width, and porosity. The width of the windward side at different heights of the plants under investigation is shown in Figure 3.
[image: Figure 3]FIGURE 3 | The width of Artemisia ordosica on the windward side at different heights.
The average height of the plants was 0.53 m, and the average width on the windward side was 0.90 m. The widest part of the windward side was located within 0–20 cm of the base and gradually decreased with height. This hemispherical shape is conducive to sand accumulation at the base of the plant.
Aerodynamic roughness (z0) is defined as the height where surface wind velocity decreases to zero. It represents the aerodynamic characteristics of the surface and reflects the decreasing effects of wind speed on the ground surface and the influence of ground surface on wind airflow (Liu and Dong, 2003). The most common method for calculating aerodynamic roughness is using a least squares method with a logarithmic profile equation for the measured wind profile (Dong et al., 2001). Given stable and neutral atmospheric stratification, the velocity profile has a logarithmic relationship as follows:
[image: image]
where uz is the velocity at height z (m·s−1), and a and b are fitted constants. If uz = 0, then:
[image: image]
A. ordosica communities with similar plant heights, numbers and uniform distributions were selected on the fixed sandy land and semi-fixed sandy land. Coverage of the fixed sandy land with generated crusts was 35%, while coverage of the semi-fixed sandy land was 20%. According to wind velocity observations, four groups of wind speed, at a height of 2 m, were lower than the threshold velocity of the surface that was used to fit the wind profiles (Figure 4), and these wind speeds were then used to calculate the aerodynamic roughness (z0).
[image: Figure 4]FIGURE 4 | Wind profiles of the Artemisia ordosica community on sandy land under non-sand-driving wind [(A) Semi-fixed sandy land; (B) Fixed sandy land].
The logarithmic curve fitting result of wind profile is relatively accurate, and the fitting coefficient (R2) is close to 0.9. z0 of the A. ordosica community in the fixed sandy land was between 2.70 and 3.36 cm, and that in the semi-fixed sandy land was between 2 and 2.78 cm. Both were larger than the value in the bare sandy land, which was 0.04 cm (Qiu et al., 2004). Roughness of the fixed sandy land was enhanced, which supports positive succession of plants and soils.
3.3 Airflow field characteristics of individual Artemisia ordosica
An individual shrub, that was 55 cm high and located on a gentle slope in semi-fixed sandy land, was selected for airflow visualization. Three-cup wind speed sensors at each measuring point were located at heights of 5 cm, 30 cm and 55 cm, respectively. The results from the airflow fields at each of the three heights are shown in Figure 5. From the figure, it can be observed that the airflow fields change drastically because wind velocity in the cross-wind direction was affected by the windward shape of the plant, which became gradually narrower from the base to the top. Two wind acceleration regions formed on both sides of the plants. Those at the base were larger and affected a range of 2.50 m behind the plant, while at the mean of the range, 1.50 m behind the plant was affected, and at the top only a range of 0.50 m behind the plant was affected. The wind acceleration regions at the base and the mean were located at the post-lateral side of the plant and 1 m away from the center of the plant. However, the wind acceleration regions at the top were located at both sides of the plant and 2 m away from the center of the plant. Although the plant widths became gradually narrower from bottom to top, the wind speed in the windward direction at different heights behind the plants returned to the incoming airflow velocity approximately 2 m from the plant. This result confirms that the influence of the windward shape of a plant on the surrounding airflow field is much larger than the influence of plant thickness, porosity or other factors.
[image: Figure 5]FIGURE 5 | Airflow fields at three heights around an individual Artemisia ordosica.
4 SUMMARY AND CONCLUSION
Research on the impact of the branching architecture of psammophytes on the prevention of wind erosion is still in its early stages. Although this study has presented a number of results, there are many issues that require further research.
The architecture of psammophytes is not only the result of their growth, development and adaptation, but is also a restrictive condition that affects their further development at certain architectural growth stages. Not only does the difference in architecture influence resistances to wind erosion, but sand airflow also plays a role in formation of the architecture. Elimination of other environmental factors is the key to analyzing the effect on wind erosion control of the architecture under field conditions. However, a good method has still not been developed to achieve this goal. Pot experiments can simulate environmental conditions to a certain extent, but there are still significant shortcomings with this method. One limitation is that cultivation requires an extended period of time. Also, differences have been reported between pot experiments and field studies because the experiments do not entirely represent the field conditions. Therefore, better methods to overcome this problem need to be developed through future studies.
The classification of psammophyte architecture is the basis for researching the mechanisms of resistane to wind erosion. He et al., 2005 divided desert plants into four types according to their architecture index, based on statistics relating to branching architecture, including all levels of branching angles, branch length, branch diameter ratios and other indicators. However, they did not consider the effects of environmental conditions on the differences in architecture. To describe the architecture characteristics fully, one needs to describe, for instance, the change in psammophyte architecture with growth stage, the external space-time difference, the climate characteristics and the geographical differences in soils to establish a psammophyte architecture index system to enable comprehensive classification of psammophytes.
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