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Abstract

Aims
The fractal structure is an important root architecture characteristic, which can re�ect the plasticity
mechanism and carbon consumption characteristics of root architecture in heterogeneous habitats.
However, there are few studies on the root architecture of inland salt marsh plants from the perspective of
fractal geometry.

Methods
This study according to the difference of the habitat conditions, setting plot I (the near water area,
distance from the lakeshore, 50–200 m), plot II (the middle water area, distance from the lakeshore, 300–
500 m), plot III (the distance water area, distance from the lakeshore, 600–800 m) 3 test sample. The
Saussurea salsa as the research object, the root geometric morphology traits and the root fractal
structure of Saussurea salsa in the Sugan Lake wetland was studied in response to heterogeneous
habitats.

Results
The results showed that there was a highly signi�cant negative correlation (p < 0.01) between FD and FA
of Saussurea salsa at plot I and plot III, meanwhile, there appeared a less signi�cant negative correlation
(p < 0.05) between FD and FA at plot II.

Conclusions
With the habitat changed from plot I to plot III, the Saussurea salsa tended to form an “intensive” root
architecture with high fractal dimension (FD) and low fractal abundance (FA) in plot I. “Diffusive” root
architecture with low FD and high FA tended to form in plot III. The root of Saussurea salsa had less
branch and more inclined to increasing the soil volume of root expansion in the far water area.

Introduction
Wetlands play an irreplaceable role in maintaining global ecosystem security (Shao et al., 2012). The
inland salt marsh is a type of wetland ecosystem that exhibits speci�c ecological and hydrological
processes and a highly heterogeneous environment (Colmer, 2013). In arid and semi-arid areas, water
loss as a result of evapotranspiration leads to an increase in salt concentration in soil components
(Ivanova et al., 2019), and salinization becomes more and more serious. The soil salinity, water and soil
bulk density, and other factors in salt marshes tend to show relative stability in time and space (Liu, et al.,
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2016), which has a profound in�uence on patterns of plant community distribution, biomass distribution,
and plant root morphological construction (Rossi et al., 2015).

Root is an important organ for plants to obtain underground resources and plays an important role in the
process of plant growth. Root structure and function are closely related to the processes by which plants
absorb water and nutrients from the soil (Pierret et al., 2016; Schmidt, 2014; Warren et al., 2015b; Yang et
al., 2016). The root architecture system determines the ability of plants to absorb, transport water and
nutrients uptake (Rubio et al. 2001, Wang et al.2019). Moreover, it is the �rst line of defense towards any
abiotic or biotic stress (Bisht et al., 2019; Hu et al., 2018). Root system architecture includes geometric
characteristics such as root length, root diameter, root forks and branch Angle. Besides, it also includes
fractal structure, topology structure and spatial distribution (Lynch, 1995). Fractal geometry has been
widely used in evaluating soil root structure and distribution (Dannowski and Block, 2005; Masi and
Maranville, 1998; Tatsumi, 2001; Walk et al., 2004; Wang et al., 2009). The application of fractal theory to
root research can deepen the understanding of root architecture. The fractal structure of roots re�ects the
spatial branching status (Walk et al., 2004), the complexity of plant roots and the ability of root
expansion in the soil layer (Yang et al., 2015). Fractal dimension (FD) and fractal abundance (FA) are the
important characteristics of root fractal structure. The FD of root re�ects the spatial distribution form,
branching ability and development degree of root (Walk et al., 2004), and directly affects the
physiological function of root and the utilization ability of soil resources. The results have shown that the
roots of plants with higher FD usually had complex branches, relatively developed lateral roots, and
tended to grow horizontally (Cao, 2014), that is, they had better root foraging ability, and water and
nutrient absorption e�ciency under the input of unit carbon. The FA of roots is closely related to the
distribution density of roots in the soil, the expansion range and the resource competition ability (Yang et
al., 2009). The larger the FA, the higher the degree of taproot development, the larger the root distribution
range, that is, the plant has stronger support, transport system and space occupation ability (Li et al.,
2018; Ren et al., 2020). The relationship between FD and FA can re�ect the plasticity and carbon
consumption characteristics of plant root architecture to a large extent (Fitter et al., 2006, Song et al.,
2015). At present, the studies on the relationship between FD and FA of plant roots mainly involved alpine
grassland plant Melica przewalskyi (Song et al., 2015), the wetland plant Elymus Nutans (Li et al., 2019),
and Agriophyllum squarrosum in the oasis desert ecotone (Ren et al., 2020). However, there are few
studies on the root architecture of inland salt marsh plants from the perspective of fractal geometry.

The special ecohydrological process of land salt marsh makes the different pattern of soil resource
allocation within wetland plant community (Liu, et al., 2016), which changes the carbon resource
allocation pattern and root architecture strategy of each plant within the population. To improve the
habitat adaptability and risk avoidance ability of the population, the geometric characteristics and fractal
characteristics of plant roots will be adjusted with the environmental change, and the root nutrient
absorption and transport system suitable for the habitat will be constructed to adapt to the complex and
changeable habitat, thus improve the resistance and tolerance to the harsh habitat (Di Bella et al., 2014;
Wang et al., 2018). Therefore, it is of great signi�cance to explore the spatial differentiation of root
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architecture of halophytes in inland salt marsh wetlands from the perspective of root fractal structure to
reveal the survival strategies of inland salt marsh plants in response to special environment.

Saussurea salsa is a halophyte belonging to Compositae and Saussurea genus. It is distributed in high-
altitude saline grassland, Gobi Desert and lakeside areas, and is the main plant of inland salt marsh in
Northwest China (Li et al., 2019). Studies on the correlation between reproductive allocation and altitude
(Wang et al., 2012), leaf PSII photochemical e�ciency and the adaptation mechanism of photosynthetic
pigments to stressed habitats (Shi et al, 2012), the morphological and photosynthetic physiological
characteristics of Saussurea salsa in response to �ooding (Li et al., 2019) have also attracted attention.
However, there are few studies to analyze the root architecture of Saussurea salsa in response to different
habitats from the perspective of fractal geometry. Given this, this paper took Saussurea salsa, a typical
halophytic plant in inland salt marsh, as the research object to explore the relationship between FD and
FA of Saussurea salsa in different habitants. From the perspective of fractal geometry, this study tried to
clarify, (1) What root system architecture strategies did Saussurea salsa have under different habitat
conditions? (2) What are the relationships between root FD and FA of Saussurea salsa? What are the
mechanisms of this relationship? The aim is to reveal the root architecture construction strategy of
halophytes from the perspective of fractal geometry.

Materials And Methods
2.1. Study sites and sampling

The study site was located in Xiaosugan Lake Provincial Nature Reserve for Migratory Birds, Aksay
County, Jiuquan City, Gansu Province, China. It is located in the Huahaizi Plateau Basin between Altyn
Tagh Mountain, Danghe South Mountain and Saishiteng Mountain on the northern margin of Qaidam
Basin on the Qinghai-Tibet Plateau (39.22°–39.35° N, 94.45° –94.59° E) (Fig.1), at altitudes of 2807–
2808m. The study area is characterized by an inland alpine and semi-arid climate, with an annual
average temperature of 2.0 °C, an average annual precipitation of 77.6 mm, an average annual
evaporation of 1964.8 mm, and an average frost-free period of 90 days, prevailing gale weather, high
frequency of sandstorms, drying degree of 30 (Li et al., 2019).

The Sugan Lake water system is an independent water system at the central and northwest end of the
Qaidam inner water system. It originates from the Da and Xiao Haerteng Rivers in the Nanshan of the
Danghe River, and �ows underground through the mountain passes, �ows into the Da and Xiao Sugan
Lakes in the Haizi Basin, and then �ows into the Da and Xiao Sugan Lakes. Finally, it is consumed by lake
evaporation and evapotranspiration in the spring over�ow zone. According to the classi�cation standard
of Chinese soil classi�cation system in 1992, the main soil types in the study area are meadow soil,
meadow swamp soil and saline-alkali soil. The dominant plant species are Saussurea salsa, Leymus
secalinus, Phragmites australis, Glaux maritima, Triglochin palustre, Triglochin maritimum, Suaeda
glauca, Blysmus sinocompressus, and Salicornia europaea. (Li et al., 2019)

2.2 Experimental method and design
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From 15 to 27 August 2020, based on the �eld investigation, an area with relatively representative habitat
gradient change was selected along the northwest shore of Xiaosugan Lake in the direction of the vertical
water area. A rectangular transect (800 m in length × 200 m in width) was arranged as the study sample.
The plant community in this transect was dominated by Saussurea salsa, accompanied by plants such
as Leymus secalinus and Salicornia europaea.

First, the groundwater depth was measured (the groundwater was dug with a shovel at intervals of 50 m
from near the lakeshore in each transect, and measured after the water level stabilized). Then, based on
the distance from the lakeshore and the variation of groundwater depth, the transect was divided into
three plots (Plot I, Plot II and Plot III, Fig.1). They were as follows, 1) Plot I, The near water area, 0-200 m
from the water body, groundwater depth 0.30-0.50 m. There was no accumulation of salt and alkali in the
soil surface, and the soil moisture was saturated almost all the year round. The main plants in this region
are Triglochin maritimum, Glaux maritima, Saussurea salsa and so on. 2) Plot II, the middle water area,
300-500 m away from the water body, groundwater depth 0.50-1.00 m. This area was seasonally �ooded
and soil water is seasonally saturated. The accumulation of salt and alkali in the soil surface was
stronger than Plot I. The vegetation was patchlike, with Saussurea salsa, Glaux maritima and Leymus
secalinus growing together. 3) Plot III, the far water area, 600-800 m from the water body, groundwater
depth 1.00-1.50 m. The accumulation of salt and alkali in the soil surface was strongest. Vegetation was
distributed in aggregated patches with low height and high density. The main plants were Saussurea
salsa and Leymus secalinus.

Third, based on this gradient of the Saussurea salsa population in the sample, six 1 m × 1 m quadrats
were established in each plot, for an overall total of 18 quadrats. Fourth, the community traits (height and
coverage) were determined. Fifth, 6 well-growing Saussurea salsa plants were selected from each plot.
After measuring the height of the plants, the aboveground parts were cut off and put into numbered
envelopes. The root of each Saussurea salsa was completely dug after measuring the root depth and
branch angle by using the trench method and the whole root excavation method. The root was placed
with a mesh screen (aperture = 0.25mm), and the adjacent water source was searched to clean the soil
and debris attached to the root. The soil was put into the numbered self-sealing bag respectively, and the
root was brought back to the laboratory together with the aboveground part to measure the biomass and
other traits. Finally, the aboveground parts of all plants in each plot were cut and transported to the
laboratory. The aboveground biomass of each plot was measured after drying in an oven at 80 °C for 48
h.

2.2 1 Measurement of root morphological characteristics and organs biomass of Saussurea salsa

In the laboratory, Saussurea salsa roots were put on the root disk of a root scanner with a small amount
of water to make it spread out. After scanning, the root was stored in a graphic �le to the computer, and
the average diameter, root length and root forks (RF) of the root were measured with WIN-Rhizo (Pro 5.0)
software (Regent In-struments, Canada). RF refers to the number of forks per unit root length. Within the
same unit length, the higher the number of forks, the stronger the ability of the root to absorb nutrients or
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water. The formula is, RF (No.·cm-1) =The number of RF (No.)/ root length (cm) (Liu et al., 2010). Then,
the root and leaf parts of Saussurea salsa were put into the numbered envelope bags and placed in the
oven. They were measured after drying in an oven at 80 °C for 48 h. Root-shoot ratio = underground
biomass/aboveground biomass, and speci�c root length (cm/g) = root length (cm)/root biomass (g).

2.2.2 Measurement of fractal characteristics of Saussurea Salsa Roots

The roots of Saussurea salsa were analyzed with WIN-Rhizo (Pro 5.0) software (Regent Instrumentation,
Canada), obtaining squares with side length of r and the number of squares cut by roots in root
distribution maps of each plot. As the square length r decreases gradually, the Nr cut by the root system
increases gradually. After obtaining the corresponding Nr values at different levels of r, the graph was
drawn with lgr and lgNr as abscissa and ordinate respectively. The equation of the regression line is,

The negative number of the slope of the regression line is the fractal dimension (FD), and lgK is the
fractal abundance (FA) (Ketipearachchi and Tatsumi, 2000). When r=1, the FA has a maximum value, lgNr
=lgK, FD=0, that is, there is no branching, which does not actually exist.

2.2.3 Measurement of soil moisture content, soil bulk density, soil salinity and pH

In the wetland community survey, soil samples were randomly collected of the 1 m × 1 m × 0.5 m (length
× width × depth) soil pro�le using a ring knife (200 cm3). Five soil layers each of 10 cm depth were
collected, with three replicates per layer. The replicate soil samples were mixed while fresh, then oven-
dried at 105 °C for 12 h. The soil moisture content (SMC) and soil bulk density (SBD) were calculated for
each soil layer.

The salt content of the soil samples was measured using the EC method. A sample (10 g) of air-dried soil
sieved with 2 mm mesh was weighed at room temperature, then 50 mL CO2-free distilled water was
added (water: soil mass 5:1, v/w). The leachate was collected and placed in an oscillator for 5 min. Using
a vacuum �ltration system, the suspended soil slurry was slowly poured into the funnel until �ltration was
completed. The �ltrate was poured into conical �asks for later use (Li et al., 2019). A portable
conductivity meter (DDS-11C, Shanghai Lei Magnetic Instrument Factory, Shanghai, China) and portable
soil pH meter (ST3100, Ohaus Instruments Co., Ltd, Shanghai, China) were used to measure the EC and
pH of the leachate, respectively, with three replicates per sample, and the average was calculated.

2.3 Statistical analysis

Microsoft Excel 2019 was used to organize all the original data of the experiment, and the root shoot
ratio, stem mass ratio, leaf mass ratio and root mass ratio of various Saussurea Salsa were calculated
respectively. Secondly, the correlation between geometric characteristics of roots and fractal structural
parameters of Saussurea Salsa under habitat gradient were analyzed in the R 4.0.2 software. Then, the
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experimental data of FD and FA of Saussurea Salsa were converted by log 10 to make them conform to
normal distribution. At last, the relationship between FD and FA of roots of Saussurea Salsa was
analyzed by linear regression analysis. Plot with origin 2016 and SigmaPlot 10.0 software. The mean and
standard error (SE) of �ve replicates were obtained for each measurement.

 

Table 1 Common parameters and their abbreviations

Parameter Abbreviations Units

Soil moisture content SMC %

Soil electrical conductivity EC ms·cm–1

Soil bulk density SBD g/cm3

Aboveground biomass AB g·m–2

Average height AH cm

Density D strain·m-2

Coverage C %

Root depth Rdep cm

Stem biomass SM g

Leaf biomass LM g

Root biomass RM g

Root surface area RSA cm2

Total Root length TRL cm

Root average diameter RAD mm

Speci�c root length SRL cm/g

Root forks RF No./cm

Root branch angle RBA °

Fractal dimension FD No dimension

Fractal abundance FA No dimension

Root-shoot ratio RSR No dimension

Results
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3.1 Soil characteristics of each habitat community

With the condition of the habitats changing from plot I to plot III, the SMC, pH and SBD displayed
decreasing trends, and decreased by 40.70%, 5.23% and 23.44%, respectively. The soil EC showed
increasing trends, and increased by 4.35 times, from plot I to plot III. (Fig.2, S Table 1)

3.2 Biological characteristics of each habitat community

With the condition of the habitats changing from plot I to plot III, the average community height,
aboveground biomass and coverage exhibited decreasing trends, and decreased by 40.70%, 71.00% and
37.36%, respectively. Moreover, the main species gradually changed from Saussurea salsa, Triglochin
maritimum and Glaux maritima to Saussurea salsa and Leymus secalinus (Table 2).

 

Table 2 Biological characteristics of wetland community in different plot (mean ± SE)

Plot AH (cm) AB (g·m–2) C (%) Main Species

I 20.76 ±
1.91a

279.00 ±
10.54a

91 ±
1.52a

Saussurea salsa  Triglochin maritimum Salicornia
europaea  Glaux maritima

II 14.84 ±
2.77b

151.97 ±
8.34b

81 ±
1.62b

Saussurea salsa  Leymus secalinus Salicornia
europaea

III 12.31 ±
3.39c

80.89 ±
1.95c

57 ±
2.52c

Saussurea salsa  Leymus secalinus

Different lowercase letters in the same column indicate signi�cant differences among plots (p < 0.05).
n=36. I, the Near water area, II, the Middle water area, III, the Far water area. AB, AH, C....see table 1.

 

3.3 The population characteristics of Saussurea salsa

With the change in habitat from plot I to plot III, the average height of the Saussurea salsa population
increased �rstly and then decreased, and ultimately decreased by 43.40%, the density showed decreasing
trends, and decreased 80.85%, while the RSR and root depth displayed increasing trends gradually, and
increased by 1.70 and 1.05 times, respectively (Fig.3, S Table 2).

3.4 Comparisons of stem biomass fraction, leaf biomass fraction and root biomass fraction under
different habitats of Saussurea salsa

Under different habitat conditions, the biomass proportion of organs in Saussurea salsa was signi�cantly
different (P < 0.05, Fig. 4). With the change of habitat from plot I to plot III, the Psb and Plb of Saussurea
salsa signi�cantly decreased (P < 0.05), decreased from 33.17% and 37.29% of plot I to 29.56% and
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18.9% of plot III, respectively. The Prb was signi�cantly increased (P > 0.05), increased from 29.54% of
plot I to 51.54% of plot III.

3.5 The main morphological characteristics of Saussurea salsa in each habitat

With the change in habitat from plot I to plot III, the RSA, RAD, RBA and FA showed increasing trends, and
increased by 1.13, 0.84, 0.60 and 0.13 times, respectively (Table 3). The TRL, SRL, RF and FD exhibited
decreasing trends, and increased by 17.13%, 50.52%, 55.36% and 17.05%, respectively.

Table 3 The main root geometric characteristics and fractal structural parameters of Saussurea salsa in
each plot (mean ± SE)

Plot I II III

TRL (cm) 186.45 ± 7.89a 167.65 ± 5.13b 154.51 ± 4.93c

RSA (cm2) 40.53 ± 0.36c 66.13 ± 1.56b 86.51 ± 3.93a

RAD (mm) 0.93 ± 0.05c 1.36 ± 0.08b 1.71 ± 0.08a

RF (No./cm) 12.41 ± 0.24a 8.55 ± 0.23b 5.54 ± 0.30c

RBA (°) 40.01 ± 1.48c 51.55 ± 1.58b 64.00 ± 1.54a

SRL (cm/g) 208.73 ± 1.66a 117.63 ± 1.46b 103.28 ± 1.65c

FD 1.76 ± 0.04a 1.59 ± 0.03b 1.46 ± 0.02c

FA 2.98 ± 0.13c 3.13 ± 0.17b 3.38 ± 0.13a

Different lowercase letters in the same column indicate signi�cant differences among plots (p < 0.05).
n=36. I, the Near water area, II, Middle water, area, III, Far water area. TRL, RSA, RAD....see table 1.

 

 3.6 The correlation analysis of root characteristics of Saussurea salsa

The correlation analysis of root characteristics of Saussurea salsa was showed in Fig.5 and S Table 3. It
was shown that a highly signi�cant negative correlation (p < 0.01) between FD and FA, RSA, RAD, and
RBA, and between TRL and RAD, RBA, and between RSA, RAD and RF, SRL, and between RF and RBA, as
well as a highly signi�cant negative correlation between RBA and SRL in all of the three plots. While a
highly signi�cant positive correlation was observed (p < 0.01) between FD, TRL and RF, SRL, and between
RSA and RAD, RBA, and between RAD and RBA, meanwhile, a highly signi�cant positive correlation
between RF and SRL in three habitats. Moreover, a less signi�cant negative correlation was observed (p <
0.05) between TRL and RSA, while a less signi�cant positive correlation was observed (p < 0.05) between
FA and RBA.

 3.6 The correlation between fractal dimension and fractal abundance of Saussurea salsa.
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To further analyze the trade-off relationship between Saussurea salsa FD and FA under three habitat
conditions, linear regression analysis was performed on FD and FA. The trade-off relationship between
FD and FA in Saussurea salsa in different habitats was shown in Fig 6. The linear regression analysis
showed that there was a highly signi�cant negative correlation between FD and FA in both near water and
far water areas (P < 0.01, I and III), and a less signi�cant negative correlation in the middle water area (P <
0.05, II). On the habitat gradient, there were opposite trends between FD and FA in root of Saussurea
salsa. From plot I to plot III, the standardized major axis (SMA) slope of the regression equation between
FD and FA increased gradually (P < 0.05). The absolute value of the SMA slope in each habitat was
signi�cantly less than 1. It indicated that the decreasing rate of root FD was less than the increasing rate
of FA from the near water area to the far water region, and Saussurea salsa was more inclined to increase
the soil volume of root expansion.

Discussion
Root architecture system is the �rst line of defense towards any abiotic or biotic stress (Bisht et al., 2019;
Hu et al., 2018), and determines the ability of plants to obtain nutrients and water (Rubio et al. 2001,
Wang et al.2019). Fractal structure is an important characteristic of root architecture, which directly
re�ects the spatial expansion ability and resource utilization e�ciency of plant roots. In this study, we
found that with the change of habitat conditions from the near water area to the far water area, the root
FD of Saussurea salsa gradually decreased, and the FA gradually increased. There was a trade-off
between the FD and the FA.

4.1 The correlation between FD and FA of Saussurea salsa in the Near water area

The root is the major organ for anchorage, acquisition of water and nutrients or carbon storage (Van et
al., 2016). Root’s ability to obtain soil resources essential for growth and survival determines a plant’s
yield and is highly in�uenced by competition with other plants’ roots (Cahill and McNickle, 2011). FD and
FA are important characteristics of root fractal structure, and the FD of root re�ects the spatial
distribution morphology, branching ability and development degree of root (Walk et al., 2004). The study
area belongs to the alpine arid wetland ecosystem on the northern margin of the Qinghai-Tibet Plateau,
with low temperature all year round, which limits the growth and reproduction of plants. In the near water
area, the height, coverage and aboveground biomass of the plant community were the largest, and the
competition of resources within the community was �erce (Table 2). SMC was su�cient, SBD and pH
were maximum, and EC was minimum (Fig.2, S Table 1). The population density of Saussurea salsa was
the highest and its height was low (Fig.3, S Table 2) in this habitat. To avoid shading from adjacent larger
plants and obtain more light resources, more biomass was used for the growth of stems and leaves
above ground (Fig.4). In the case of limited underground investment, the "intensive" root architecture with
minimum root-shoot ratio, root depth and root branch angle (RBA) (Fig.3, S Table 2, Table 3) was
selected. The reason are as follows, �rst, Saussurea salsa chose to inhibit the vertical expansion of roots,
which were concentrated in the 0-15cm soil layer. In this habitat, the RSA was the smallest, while the total
root length, RF and SRL were the largest, which reduced the FA of the root (Table 3). In this way, can
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Saussurea salsa not only reduce the spatial distribution range of roots, and decrease the resource input
of root support and transmission system, but also reduce the resource competition intensity between
roots and shorten the water transport distance of roots (Li et al., 2019). Moreover, it helps to optimize the
relationship between root water and nutrient absorption capacity and its carbohydrate consumption level
(Ma, 2008). For another, under the condition of su�cient soil moisture, minimum RSR and limited
underground biomass, Saussurea salsa used more biomass to increase lateral roots, which reduced the
average root diameter and increased the FD and root forks (RF) (Table 3). Compared with competitors,
higher root FD not only improves the adsorption capacity and resource extraction capacity of plant roots
to the soil but also improves the nutrient absorption e�ciency of roots (Forde and Lorenzo, 2001; Hodge,
2004), which guarantees high interspeci�c competition ability of plants and the normal growth of plants
(Dong, 1996). Therefore, we observed a highly signi�cant negative correlation between FD and FA of
Saussurea salsa in the near water area (P < 0.01, Fig.6). Saussurea salsa's "intensive" root architecture by
increasing FD and decreasing FA is a life-history strategy to improve population competitiveness and
resource acquisition e�ciency, which re�ects the ecological adaptation mechanism of inland salt marsh
plants to harsh habitats through root morphology and fractal structure. This conclusion is consistent with
the conclusion of relevant scholars that "FD can re�ect root branching, and plants with larger FD have
stronger root branching ability (Song et al., 2015; Shan et al., 2012).

4.2 The correlation between FD and FA of Saussurea salsa in the Far water area

Optimal allocation theory (OPT) suggests that plants can alleviate stress levels through allocating
biomass to the organs that acquire the most limiting resources to increase resource uptake capacity
(Freschet et al., 2018; Mccarthy and Enquist, 2007). ‘Root mass fraction’ depicts the relative investment of
biomass to speci�c belowground parts and therefore is a key trait in determining plant performance
(Poorter et al., 2012; Wilson, 1988). Compared with plot I and plot II, in the far water area, plant
community height, AB and C were the lowest (Table 2), and interspeci�c competition was the least. SBD,
pH and SMC were the smallest, while EC was the highest (Fig.2, S Table 1) at plot III. This habitat was not
conducive to plant growth. Saussurea salsa faces the dual stress of water and salt, with minimum height
and density (Fig.3) in this habitat. To improve the ability to obtain water resources, Saussurea Salsa
increased the input of vertical root resources and limited the input of above-ground resources. Driven by
the foraging effect, the "diffusive" root architecture with the largest RSR, root depth and RBA was formed
(Fig.3, Table 3, S Table 2). The reasons are as follows, �rst, increased the FA not only enhanced the
support and transport function of roots, expanded the distribution range and the soil space occupied by
unit roots (Li et al., 2019), but also improved the absorption range of soil water and nutrients by roots of
Saussurea salsa, and alleviated the soil water stress in the remote water area. For another, under limited
resources, Saussurea salsa reduced the biomass allocation of stems and leaves on the ground, and
increased the biomass allocation of roots. The RMF, TRL, RSA and RD were the largest (Fig.4), and SRL
was small in the remote water area (Table 3). These results are consistent with the relevant conclusions
that the increase of soil salt concentration will reduce the SRL and increase the root diameter (Tan et al.,
2020). Under certain underground biomass, reducing the RF and FD, increasing the root FA (Table 3),
which was conducive to keeping Saussurea salsa away from the environment with high salt and low
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moisture content in the surface soil, and expanding the utilization space for deep soil moisture and
nutrients. This conclusion is consistent with the conclusion of relevant scholars that ‘increasing the FA of
roots can increase the space for root expansion and enhance the ability of root to absorb soil resources in
arid regions’ (Shan et al., 2013). Therefore, there was a highly signi�cant negative correlation between the
root FD and FA of Saussurea salsa in this habitat (P < 0.01, Fig.6) and Saussurea salsa was more inclined
to increase the soil volume of root expansion in the far water area. Saussurea salsa in inland alpine and
arid salt marsh wetland construct a "diffusive" root architecture by increasing FA and decreasing FD,
which is an ecological adaptation mechanism to the dual water and salt stress.

4.3 The correlation between FD and FA of Saussurea salsa in the middle water area

The pattern of resource allocation at plant component level is the result of long-term adaptation of plants
to habitat environment. Plant root is an important organ for plants to obtain underground resources. Its
structure and function are closely related to the process of controlling plants' absorption of water and
nutrients from the soil, and the assimilation, distribution and release of carbon into the soil (Pierret et al.,
2016; Schmidt, 2014; Warren et al., 2014; Yang et al., 2016). The height, AB and C of the plant community
in plot II were all between plot I and plot III (Table 2), and the interspeci�c competition was weaker
compared with Plot I. SMC, pH and SBD were lower than those in plot I, and EC value was signi�cantly
higher than that in plot I (Fig.2, S Table 1). This habitat was bene�t to plant growth, the population height
of Saussurea salsa was the highest, and its density, RSR and root depth were all between plot II and plot
III (Fig.3, S Table 2). To adapt to the existing living environment, Saussurea salsa coordinated changes in
root geometric morphology and fractal structure by balancing biomass allocation between above-ground
stems and leaves and underground roots, reasonably allocating the investment of limited resources in
root support, transport and absorption structure, and making its root FD and FA between plot I and plot III.
Therefore, plot II was a region in which the root FD gradually decreased and the FA gradually increased of
Saussurea salsa, and there was a signi�cant negative correlation between the FD and the FA (P < 0.05,
Fig. 6). The root architecture of Saussurea salsa in this habitat was a transitional type from ‘intensive’ to
‘diffusive’ root architecture. Under different habitat conditions, Saussurea Salsa reasonably balance the
root resources allocation patterns on the FD and FA, which re�ects the resource investment trade-off
mechanism of root architecture construction and the survival strategy of inland salt marsh plants to
adapt the harsh habitats.
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Conclusion
The plasticity of plant root architecture changes with the environmental difference of the resources
needed for its survival. The differences in the root geometric morphology traits and the fractal structure
of plant roots in heterogeneous environments re�ect the survival strategies of plants in heterogeneous
habitats. In this study, it was found that Saussurea salsa tended to increase the FD and decrease the FA
of root in the near water region. Therefore, the ‘intensive’ root architecture with high soil resource
utilization e�ciency was an effective way to improve the interspeci�c competition ability of Saussurea
salsa. In the distant water region, Saussurea salsa tended to reduce the FD, increase the FA, and construct
a ‘diffusive’ root architecture with high expansion ability, which was the survival strategy of Saussurea
salsa in response to water and salt stress. Taken together, these results indicate that the plants in inland
salt marsh wetland can effectively balance the allocation of root and shoot biomass to achieve the co-
evolution of root geometry and fractal structure to maintain the ecological adaptation strategy of
survival, growth and reproduction.
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Based on the analysis of biomass allocation and root geometric parameters, this study investigated the
responses of root geometric morphology traits and fractal structure to different habitats. Root topological
structure and other organ traits also play a crucial role in coping with differences in soil salinity, salt ions,
soil organic matter and nutrients, which need to be further explored and studied.
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Figures

Figure 1

Study area and locations of measured plots. Note: The designations employed and the presentation of
the material on this map do not imply the expression of any opinion whatsoever on the part of Research
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Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 2

The soil characteristics of Saussurea salsa in each plot. I, the Near water area, II, the Middle water, area,
III, the Far water area. Different lowercase letters indicate signi�cant differences among plots (P < 0.05).
SMC, EC, SBD....see table 1.

Figure 3

The population characteristics of Saussurea salsa in each plot. I, the Near water area, II, the Middle water,
area, III, the Far water area. Different lowercase letters indicate signi�cant differences among plots (P <
0.05).
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Figure 4

Comparisons of stem biomass fraction, leaf biomass fraction and root biomass fraction under different
plots of Saussurea salsa. I, the Near water area, II, the Middle water, area, III, the Far water area. Psb, the
stem biomass percentage, Plb, the leaf biomass percentage, Prb, the root biomass percentage.
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Figure 5

The Correlation analysis of root geometric characteristics and fractal structural parameters of Saussurea
salsa. * p < 0.05 (bilateral); ** p < 0.01 (bilateral). For de�nition of the parameter abbreviations see Table
1.
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Figure 6

The correlation between fractal dimension and fractal abundance of Saussurea salsa. I, the Near water
area, II, the Middle water, area, III, the Far water area.
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