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greater than the internal link length, and the root system 
showed an outward expansion strategy. The treatment with 
fresh water and a GL of 1.5 m was the most suitable for T. 
chinensis root growth, while the root growth of T. chinensis 
was the worst in the treatment with saline water and a GL of 
0.3 m. T. chinensis can adapt to the changes in soil water and 
salt by regulating the growth and morphological character-
istics of the root system. T. chinensis can adapt to high-salt 
environments by reducing its root branching and to water 
deficiencies by expanding the distribution and absorption 
area of the root system.

Keywords  Groundwater · Salinity · Soil water and salt · 
Root system · Tamarix chinensis · Topological structure

Introduction

The Yellow River Delta (YRD) in China is an alluvial plain 
formed by the sediment deposited by the Yellow River in 
the Bohai Bay Basin and is located at the junction of rivers, 
sea, and land, with a unique ecosystem and important eco-
logical functions (Zhao et al. 2020). It has multiple dynamic 
systems, including fresh water and sea water, land and sea, 
natural and artificial, etc. Ecological interface, and has the 
youngest, most expansive, and most biologically diverse 
wetland ecosystem in the global warm temperate zone. The 
ecosystem has a unique type and has important ecologi-
cal functions (Zhao 2018). Groundwater level (GL) in the 
Yellow River Delta is generally shallow, and the salinity of 
groundwater changes from brackish water to saltwater with 
the distance from the coastal zone and the influence of the 
Yellow River flow path changes. Groundwater near the Yel-
low River banks is mainly freshwater habitats (Cao et al. 
2014). In addition, with effect of seawater intrusion, a high 

Abstract  To test the patterns of the root morphology and 
architecture indexes of Tamarix chinensis in response to 
water and salt changes in the two media of the groundwater 
and soil, three-year-old T. chinensis seedlings were chosen 
as the research object. Groundwater with four salinity levels 
was created, and three groundwater level (GL) were applied 
for each salinity treatment to measure the root growth and 
architecture indexes. In the fresh water and brackish water 
treatments, the topological index (TI) of the T. chinensis 
roots was close to 0.5, and the root architecture was close 
to a dichotomous branching pattern. In the saline water and 
saltwater treatments, the TI of the T. chinensis roots was 
large and close to 1.0, and the root architecture was close to 
a herringbone-like branching pattern. Under different GLs 
and salinities, the total root length was significantly greater 
than the internal link length, the external link length was 
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precipitation-evaporation ratio, and human activities related 
to the economy and production, such as shrimp farming and 
salt harvesting, the secondary salinization of soil in this area 
is exacerbated; therefore, soil erosion and vegetation degra-
dation are serious and plant growth is compromised. Sec-
ondary soil salinization and the distribution of water and salt 
in soil are closely related to the GL and groundwater salinity 
(Zhao et al. 2017). An increase in groundwater salinity or a 
decrease in GL can lead to increased soil moisture content 
(SMC) and soil salt content (SSC) (Song et al. 2016; Li et al. 
2019). Shallow groundwater is the main factor that affects 
the migration, accumulation, and release of salt. Different 
groundwater salinities can easily lead to large fluctuations 
in SMC and SSC, thereby affecting the growth, develop-
ment, distribution, and succession of vegetation (Kopeć et al. 
2013; Fu and Isabela 2015). The joint effect of GL, SMC 
and SSC is more significant in coastal wetlands and some 
regions in the YRD than in other regions (Cui et al. 2010; 
Jeevarathinam et al. 2013). When the groundwater table is 
shallow, salt in underground water can easily accumulate at 
the surface through capillary rise, causing different degrees 
of soil salinization (Fan et al. 2012) and further affecting 
vegetation growth through the root system.

The root system is the key organ for fixing terrestrial 
plants in soil and effectively absorbing water and min-
eral nutrients and plays a critical role in plant adaptability 
(Shahzad and Amtmann 2017). Due to the impacts of habitat 
changes and genetic factors, the spatial distribution and mor-
phological characteristics of plant roots have certain plas-
ticity, and roots can form special architectures to improve 
nutrient and water absorption capacity and enhance viabil-
ity; this strategy allows plant to adapt to different ecologi-
cal environments and improves their productivity (Kubilay 
et al. 2018). Root adaptation strategies vary greatly among 
different plants with different root architectures (Zeng et al. 
2013; Soda et al. 2017). When the GL is relatively shallow, 
the horizontal roots of Alhagi sparsifolia Shap. seedlings 
quickly expand and tillering increases, and when the GL 
is deeper, the vertical roots of A. sparsifolia develop rap-
idly to exploit space in the deeper soil layers. A. sparsifolia 
seedlings adapt to increases in groundwater depth mainly 
through increasing the penetration depth and growth rate 
of vertical roots (Zeng et al. 2013). With increasing salt 
stress, the root biomass, length, surface area, and volume of 
Corylus heterophylla × C. avellan seedling decrease (Luo 
et al. 2019). The increase in salinity caused by irrigation 
leads to a reduction in the number and length of Olea euro-
paea L. roots and an increase in root turnover (Soda et al. 
2017). Under the influence of seawater intrusion and global 
change, especially sea-level rise, the effect of groundwater 
on the growth and distribution of plants in coastal wetlands 
is increasing. Groundwater depth is sensitive to environmen-
tal factors, and groundwater is a major water source during 

the critical vegetation growth period in saline-alkali soil 
on muddy coasts (Laversa et al. 2015). The GL is closely 
related to the water and salt in soil, and the root system is an 
important organ in the interface between plants and the soil-
groundwater environment and can directly respond to soil 
water and salt changes. To date, the research on the effects 
of the GL on the root system of plants has mainly focused 
on arid and semiarid areas (Zeng et al. 2013; Li et al. 2015; 
Musa et al. 2019); studies on the growth strategies of plant 
roots adapting to water and salt stress in coastal wetlands 
are few, and the response patterns of plant roots to ground-
water are still unclear. Therefore, there is an urgent need to 
study the effect of GL and groundwater salinity on plant root 
growth in the YRD.

Tamarix chinensis, one of the early successional species 
in the riparian zone, has strong adaptability to floods and 
high-salt environment and is widely distributed in the wet-
lands of the YRD. T. chinensis has high adaptability and 
well-developed roots and can regulate salt balance by excret-
ing excessive salt through saline glands. This species can 
adapt to saline environments. It is the main shrub species 
used for improving saline-alkaline areas in the YRD and 
plays an important role in preventing soil erosion, main-
taining the stability of reservoir banks, improving soil, and 
maintaining the balance of coastal wetland ecosystems (Sun 
et al. 2016). The water and salt conditions in a habitat are 
the main factors contributing to the growth, distribution, 
and low quality and low efficiency of T. chinensis forests 
(Xia et al. 2016; Xia et al. 2018). Research on the interac-
tion between T. chinensis and groundwater in the YRD has 
mainly focused on the following three aspects: (1) the dis-
tribution characteristics of water and salt of the soil column 
in areas planted with T. chinensis (Song et al. 2016) and 
the photosynthetic efficiency and water consumption char-
acteristics of T. chinensis (Xia et al. 2017) under different 
groundwater salinities; (2) the effects of different GLs on the 
photosynthesis and sap flow of T. chinensis (Xia et al. 2018; 
Ren et al. 2019), the distribution characteristics of soil-T. 
chinensis water contents and salinity (Xia et al. 2016), and 
the transport characteristics of salt ions in the soil column in 
areas planted with T. chinensis (Zhao 2018) under different 
GLs; and, (3) the responses of the growth characteristics 
of T. chinensis to the GL and SSC (Cui et al. 2010). Cur-
rently, there are few studies on the growth distribution and 
root architecture of T. chinensis in response to different GLs, 
groundwater salinities and their interaction, and the growth 
distribution patterns and growth strategies of T. chinensis 
roots under water and salt stress are not clear yet, which, to 
some extent, affects the maintenance and management of 
low-efficiency T. chinensis forests and water and salt man-
agement in T. chinensis seedlings.

Therefore, in this study, water with differing salinities 
(fresh water, brackish water, saline water, and salt water) 
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was created, three GLs (0.3, 0.9, and 1.5 m) were set for 
each salinity, and the root growth and architecture indexes, 
such as root diameter, root depth, root biomass, topological 
index (TI) and link length, of three-year-old T. chinensis 
seedlings were measured. The response patterns of the root 
morphology and architecture of T. chinensis to changes in 
GL and groundwater salinity were investigated to clarify the 
suitable growth conditions for T. chinensis, thus providing 
a theoretical basis and technical support for water and salt 
management for T. chinensis seedlings in the YRD.

Materials and methods

Materials

This study was carried out in a research greenhouse of the 
Shandong Key Laboratory of Eco-Environmental Science 
for the YRD (117° 58′ 57″ E, 37° 22′ 56″ N). The trans-
mittance of the greenhouse glass exceeds 90%, the average 
indoor air relative humidity is 45% ± 6%, and the average 
atmospheric temperature is 25 °C ± 4 °C. The experimental 
soil was taken from a beach on the lower Yellow River. The 
soil texture is silt loam, with a clay content of 5.76%, a silt 
content of 47.66%, and a sand content of 46.58%. The soil 
type is fluvo-aquic soil, with an initial pH value of 7.54, an 
average SSC of 0.1%, a field water capacity of 37.86%, and a 
soil bulk density of 1.32 g cm−3. Three-year-old T. chinensis 
seedlings were used in this study.

Experimental design

This study simulated water with four salinities: fresh water 
(A), salinity of 0 g/L; brackish water (B), salinity of 3 g 
L−1; saline water (C), salinity of 8 g L−1; and salt water (D), 
salinity of 20 g L−1. Three GLs were used for each salin-
ity: 0.3, 0.9, and 1.5 m. Three replicates were used for each 
combination of GL and groundwater salinity, and a total of 
36 soil columns were planted with T. chinensis.

The experimental design in this study was as fol-
lows. In a smart greenhouse, a polyvinyl chloride (PVC) 
pipe (with an inner diameter of 0.3 m) was used as the 
container for the planting of T. chinensis, and a bucket 
(height × diameter of the upper mouth × bottom diame-
ter = 0.70 m × 0.57 m × 0.45 m) was used to simulate differ-
ent GLs and groundwater salinities. To prevent the simulated 
groundwater from being altered too much due to the ambient 
temperature and to ensure the uniformity of the groundwa-
ter temperature, 0.6 m ditches were dug, and the buckets 
were embedded in the soil. The design of the PVC pipe 
container was as follows: (1) according to the formula that 
PVC pipe height = simulated GL + the actual water depth 
of 0.55 m + the top interstice layer of 0.03 m, PVC pipe 

containers with heights of 0.88, 1.48 and 2.08 m were pre-
pared. Multiple 2.0-cm-diameter holes were made around 
the round PVC pipes according to the soil sampling depth 
to serve as soil sampling holes; these holes were blocked by 
plugs. On each PVC pipe in the actual flooded zone (flood-
ing depth at 0.55 m), four 1.0-cm inlets were made every 
10 cm and covered with a permeable cloth. The bottom of 
the PVC pipe in the flooded zone was covered with a per-
meable cloth and a filtering layer to ensure that the artificial 
groundwater could fully enter the soil from the bottom and 
inlets on the sides. (2) After the experimental soil was mixed 
well, the soil column was filled according to the bulk density 
of the soil (the depth of one layer was 20 cm), and the soil 
was compacted one layer at a time. (3) Three-year-old T. 
chinensis seedlings with uniform growth and an average root 
diameter of 1.40 cm were cut off at 50 cm and planted in the 
PVC pipes. Three seedlings were planted in each pipe, and 
fresh water was poured onto the soil surface (4 L/event × 3 
events). (4) After 30  days, one seedling was randomly 
selected from the surviving seedlings in each PVC pipe, the 
simulated treatments with different GLs and groundwater 
salinities were performed, and no water was added to the soil 
surface. To maintain the stability of the GL and groundwater 
salinity, the GL and salinity of the simulated groundwater 
were examined every 3 days during the entire experimental 
period, and the corresponding amounts of water and salt 
were added if needed. For each soil column, the soil water 
and salt parameters and root growth parameters (such as TI) 
of the planted T. chinensis seedling were measured from July 
8, 2017, to July 20, 2017 (810 days after the start of treat-
ments). A schematic diagram of the soil column and photo 
of the experiment are shown in Fig. 1.

Determination of indexes and methods

Soil water and salt parameters

For the soil columns in which T. chinensis were planted, 
soil samples were taken one layer at a time (with each layer 
being 20 cm). Three samples were randomly selected from 
each round PVC pipe. The SMC was determined by the oven 
drying method, the SSC was measured by the residue drying 
method, and the soil to water ratio was 5:1. The absolute 
concentration of the soil solution (%) = SSC (proportion to 
dry soil mass)/SMC (proportion to dry soil mass) × 100%.

Root growth parameters of T. chinensis

In total, 36 T. chinensis plants were collected. The sedi-
ment attached to the roots was rinsed with tap water, and 
the following parameters were measured with tools, such 
as a Vernier caliper and meter stick: (1) the numbers of 
internal and external root links and link lengths; (2) the 
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root diameter for each root class and root length; and, (3) 
the number of root classes and the root biomass. The root 
biomass was measured as follows: the roots were first dried 
at 105 °C, then after 30 min, the roots were dried at 80 °C 
to a constant weight, and the fresh weight and dry weight 
of each part were measured.

Root topological structure

Bouma et al. (2001) and Fitter et al. (1991) proposed two 
extreme root topological structures, i.e., a dichotomous 
branching pattern and herringbone-like branching pattern, 
and used TI to reflect the branching patterns of different 
plant root systems. The formula for calculating TI is:

where, M is the total number of external links of the root 
system and A is the total number of internal links in the 
longest path of the root system. When TI = 1, the root sys-
tem belongs to the herringbone-like branching pattern, and 
when TI = 0.5, the root system belongs to the dichotomous 
branching pattern (Fig. 2).

Data analysis

Excel 2010 and Origin 8.0 were used for data processing and 
plotting. SPSS 20.0 statistical software was used to perform 
two-way analysis of variance (ANOVA) on the soil water 
and salt parameters and root indexes for different treatments, 

(1)TI =
lgA

lgM

a b

1. Tamarix chinensis; 2. Soil;

3. Groundwater; 4. Flooding depth: 0.55 m;

5. Groundwater depths: 0.3−1.5 m;

6. Interstice layer: 0.03 m

Fig. 1   Schematic diagram (a) and photo of soil columns (b) with planted T. chinensis under different groundwater levels and mineralization 
treatments

Fig. 2   The schematic view of 
topology of root system
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and multiple comparisons were performed using Duncan’s 
test.

Results

Soil water and salt parameters of soil columns planted 
with T. chinensis

Table  1 shows that GL, groundwater salinity and their 
interaction had significant effects on the SSC (P < 0.01). 
In the saltwater treatment, when the GL was 0.3 m, the 
SSC reached its maximum value (0.61%). With increasing 
groundwater salinity, the SSC increased significantly. In 
the brackish water, saline water, and saltwater treatments, 
the SSCs were 3.30, 4.56, and 7.83 times that of fresh 
water, respectively. With increasing GL, the SSC gradually 
decreased, and the most significant decline in SSC occurred 
in the saline water treatment. The GL had an extremely sig-
nificant impact on the SMC (P < 0.01). With increasing GL, 
the SMC significantly decreased; when the GL was 0.9 m 
and 1.5 m, the SMC decreased by 16.28% and 60.06%, 
respectively, compared to that when the GL was 0.3 m,. 
The effect of groundwater salinity on the SMC was not sig-
nificant (P > 0.05). The effects of GL, groundwater salinity, 
and their interaction on the absolute concentration of soil 
solution were extremely significant (P < 0.01). With increas-
ing groundwater salinity, the absolute concentration of soil 
solution significantly increased (P < 0.01). In the brackish 
water, saline water, and saltwater treatments, the absolute 

concentration of the soil solution was 3.53, 4.27, and 10.06 
times that in the freshwater treatment, respectively. With 
increasing GL, the absolute concentration of the soil solution 
showed an increasing trend (Fig. 3).

Root growth indexes of T. chinensis

The root diameter of T. chinensis varied significantly with 
different groundwater salinities (P < 0.01). The root diameter 
of T. chinensis in the brackish water, saline water and saltwa-
ter treatments was significantly lower than that in the fresh-
water treatments, by 21.51%, 25.77%, and 42.51%, respec-
tively. With increasing GL, the root diameter of T. chinensis 
first increased and then decreased. In the freshwater treat-
ment, when the GL was 0.9 m, T. chinensis root diameter 
reached its maximum (32.70 mm) (Table 2, Fig. 4a).

Table  2 and Fig.  4b show that the GL significantly 
affected the root depth of T. chinensis (P < 0.01). With 
increasing GL, the root depth of T. chinensis significantly 
increased. When the GL was 1.5 and 0.9 m, the root depth 
of T. chinensis was 2.49 and 1.98 times that observed when 
the GL was 0.3 m, respectively. There were no significant 
differences in the root depth of T. chinensis under different 
groundwater salinities (P > 0.05). Both GL and groundwater 
salinity significantly affected the number of lateral roots of 
T. chinensis (P < 0.01). With increasing GL, the number of 
T. chinensis lateral roots increased in the fresh water, brack-
ish water, and saltwater treatments, but first increased and 
then decreased in the saline water treatment. With increas-
ing groundwater salinity, the number of T. chinensis lateral 

Table 1   Two-way ANOVA 
results of groundwater levels 
and groundwater salinity on the 
water-salt parameters of planted 
T. chinensis soil columns

**P < 0.01; *P < 0.05; ns P > 0.05

df Soil salt content Soil moisture content Soil solu-
tion absolute 
content

Groundwater salinity 3,24 353.62** 2.42ns 84.36**
Groundwater level 2,24 53.74** 126.575** 10.83**
Groundwater salin-

ity × Groundwater level
6,24 3.89** 1.06** 5.73**
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Fig. 3   Water and salt parameters of soil columns planted with T. chinensis under different groundwater levels and mineralization treatments
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roots significantly decreased. When the GL was 0.3 m, the 
number of T. chinensis lateral roots of in the brackish water, 
saline water, and saltwater treatments decreased by 25.23%, 
62.61%, and 59.81% compared to that in the freshwater treat-
ment, respectively (Fig. 4c). The interaction between the GL 
and groundwater salinity showed no significant effect on the 
root growth parameters of T. chinensis (P > 0.05).

Root biomass of T. chinensis

Groundwater salinity significantly affected the taproot bio-
mass of T. chinensis (P < 0.01). The taproot biomass of T. 
chinensis in the brackish water, saline water, and saltwater 
treatments was significantly lower than that in the freshwa-
ter treatment, with the decreases of 32.70%, 25.67%, and 
70.08%, respectively (Table 3, Fig. 5a). The first-order lat-
eral root biomass of T. chinensis was significantly differ-
ent under different salinities and different GLs (P < 0.01), 
and in the saltwater treatment, the biomass was reduced by 
61.22% compared to that in the freshwater treatment. With 

the increase in GL, the first-order lateral root biomass of T. 
chinensis increased significantly. When the GL was 0.9 and 
1.5 m, the first-order lateral root biomass was 1.24 and 2.21 
times that when the GL was 0.3 m, respectively (Table 3, 
Fig. 5b). Groundwater salinity, GL, and their interaction all 
significantly affected the second-order lateral root biomass 
of T. chinensis (P < 0.01). With increasing GL, the second-
order lateral root biomass of T. chinensis gradually increased 
in the fresh water, brackish water, and saltwater treatments 
and first increased and then decreased in the saline water 
treatment. When the GL was 0.9 m and 1.5 m, the second-
order lateral root biomass of T. chinensis was 2.59 and 3.33 
times that at GL = 0.3 m, respectively. The second-order 
lateral root biomass of T. chinensis in the brackish water 
and saltwater treatments was significantly lower than that 
in the freshwater treatment, with decreases of 51.00% and 
61.00%, respectively. In the freshwater treatment, when 
the GL was 1.5 m, the second-order lateral root biomass 
of T. chinensis reached its maximum (69.17 g) (Fig. 5c). 
Groundwater salinity and GL had a significant impact on 

Table 2   Two-way ANOVA 
results of groundwater levels 
and groundwater salinity on the 
growth indexes of T. chinensis 
root system

**P < 0.01; *P < 0.05; ns P > 0.05

df Root diameter Root depth Lateral root number

Groundwater salinity 3,24 0.36ns 30.00** 24.30**
Groundwater level 2,24 7.66** 0.69ns 8.80**
Groundwater salin-

ity × Groundwater level
6,24 0.993ns 0.73ns 1.70ns
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Fig. 4   T. chinensis root diameter (a), root depth (b), and lateral root number (c) under different groundwater levels and salinity treatments

Table 3   Two-way ANOVA 
results of groundwater levels 
and groundwater salinity on the 
T. chinensis root biomass

**P < 0.01; *P < 0.05; ns P > 0.05

df Taproot biomass First-order lateral 
root biomass

Second-order lat-
eral root biomass

Capil-
lary root 
biomass

Groundwater salinity 3,24 0.72ns 6.70** 15.83** 3.32*
Groundwater level 2,24 14.65** 3.44* 8.28** 5.60**
Groundwater salin-

ity × Groundwater 
level

6,24 0.88ns 0.25ns 6.48** 0.38ns



447Effects of water and salt for groundwater‑soil systems on root growth and architecture of Tamarix…

1 3

the capillary root biomass of T. chinensis (P < 0.05), but the 
effect of their interaction was not significant (P > 0.05). The 
fine root biomass of T. chinensis in the brackish water, saline 
water, and saltwater treatments was significantly lower than 
that in the freshwater treatment, by 60.60%, 47.08% and 
62.72%, respectively. The fine root biomass of T. chinensis 
increased with increasing GL but decreased with increasing 
groundwater salinity.

Topological structure of T. chinensis roots

The root system TI can reflect the differences in the root 
topological structures of T. chinensis under different GLs 
and groundwater salinities. Under different groundwater 
salinities, the TI of T. chinensis roots was significantly dif-
ferent (P < 0.05) (Table 4). The average TI of the T. chinen-
sis roots decreased in the descending order of fresh water, 
brackish water, saline water and salt water. In the fresh water 
and brackish water treatments (i.e., those with relatively low 
salinity), the TI of the T. chinensis roots was small and close 
to 0.5, indicating that the structure of the root branches was 

complex and close to a dichotomous branching pattern. In 
the saline water and saltwater treatments, which have a rela-
tively high salinity, the TI of the T. chinensis roots was large 
and close to 1.0, indicating that the structure of the root 
branches was relatively simple and close to a herringbone-
like branching pattern (Fig. 6). The GL and the interaction 
between GL and groundwater salinity showed no significant 

a

cdef bcde

f

ab

bcde abc

def

abcd abcde
abcde

ef

0

50

100

150

200

A B C D

Ta
pr

oo
t b

io
m

as
s (

g)

Groundwater salinity

a 0.3 m 0.9 m 1.5 m

abcd

cd bcd
d

abcd

bcd abcd
cd

a abc
ab

bcd

0

30

60

90

120

150

A B C D

Fi
rs

t-o
rd

er
 la

te
ra

l r
oo

t 
bi

om
as

s (
g)

Groundwater salinity

b 0.3 m 0.9 m 1.5 m

cd
cd cd d

cd
cd

b

cd

a

cd
c cd

0

50

100

A B C D

Se
co

nd
-o

rd
er

 la
te

ra
l r

oo
t 

bi
om

as
s (

g)

Groundwater salinity

c 0.3 m 0.9 m 1.5 m

abc

bc

c
bc

a

bc

abc

bc

ab

bc

abc

bc

0

10

20

30

40

50

A B C D

Fi
ne

 ro
ot

 b
io

m
as

s (
g)

Groundwater salinity

d 0.3 m 0.9 m 1.5 m
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Table 4   Two-way ANOVA 
results of groundwater levels 
and groundwater salinity on 
the T. chinensis root system 
topological index and root 
system length

**P < 0.01; *P < 0.05; ns P > 0.05

df Topological index Link length Total root length

Groundwater salinity 3,24 2.76* 37.66** 10.78**
Groundwater level 2,24 1.35ns 12.09* 8.75**
Groundwater salin-

ity × Groundwater level
6,24 0.97ns 0.70ns 0.72ns
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impact on the root topographical structure of T. chinensis 
(P > 0.05).

Root length of T. chinensis

GL and groundwater salinity had a significant impact on the 
root link length of T. chinensis (P < 0.05) (Table 4). With 
the increase in groundwater salinity, the root link length of 
T. chinensis first increased and then decreased, reaching its 
maximum in the brackish water treatment, which indicates 
that saline water and salt water, which have relatively high 
salinity, had a certain inhibitory effect on the root link length 
of T. chinensis. With the increase in GL, the root link length 
of T. chinensis gradually increased. When the GL was 0.9 
and 1.5 m, the root link length was 1.37 and 1.95 times than 
that when the GL was 0.3 m, respectively (Fig. 7a).

GL and groundwater salinity had an extremely significant 
impact on the total root length of T. chinensis (P < 0.01) 
(Table 4). The total root length of T. chinensis decreased sig-
nificantly in the brackish water, saline water, and saltwater 
treatments, with decreases of 46.72%, 53.39% and 60.33% 
compared to that in the freshwater treatment, respectively. 
With increasing GL, the total root length of T. chinensis 
gradually increased. In the freshwater treatment, when the 
GL was 0.9 and 1.5 m, the total root length of T. chinensis 
increased by 30.14% and 110.57% compared to that when 
the GL was 0.3 m, respectively (Fig. 7b).

Discussion

Influence of groundwater salinity on root growth 
and architecture of T. chinensis

With increasing groundwater salinity, both the SSC and 
SMC showed an upward trend. Higher groundwater salinity 
favors the rise of salt due to the capillary effect. The ground-
water salinity was extremely significantly positively corre-
lated with the SSC and the absolute concentration of the soil 
solution (P < 0.01), but the correlation the between ground-
water salinity and SMC was not significant (P > 0.05). In the 

saline water and saltwater treatments, which had relatively 
high salinity levels, the diameter and number of lateral roots 
of T. chinensis significantly decreased, and the high-salt 
environment inhibited increases in root diameter and the 
number of lateral roots. However, some studies have found 
that under water and salt stress, the number of lateral roots 
of different plants could significantly increase or decrease; 
this difference might be related to the fact that some factors, 
such as plants, saltwater stress intensity, and salt type, differ 
between studies (Li et al. 2010; Xu et al. 2020). To adapt to 
changes in the external environment, plants can adjust the 
allocation pattern of biomass to optimize resource allocation 
(Lloret et al. 1999); in particular, the biomass changes in 
taproots, first-order lateral roots, second-order lateral roots, 
and fine roots play an important role in soil fixation by roots, 
nutrient uptake by roots, and plant growth and development 
(Zhu et al. 2018). With the increase in groundwater salin-
ity, the SSC and the absolute concentration of soil solu-
tion significantly increased, while the overall biomass of 
the taproots, first-order lateral roots, second-order lateral 
roots, and fine roots of T. chinensis exhibited a downward 
trend. The biomass of the taproots and fine roots of T. chin-
ensis was extremely significantly negatively correlated with 
the groundwater salinity (P < 0.01) (Table 5), indicating 
that high-salt conditions had a certain inhibitory effect on 
the growth of the taproots, lateral roots, and fine roots of 
T. chinensis, which might lead to a decrease in soil fixa-
tion and nutrient uptake by and metabolism of T. chinensis 
roots. The root system is the main part of the plant to absorb 
salt. In order to ensure the continued growth of T. chinensis 
in a high-salt environment, the root biomass is reduced to 
reduce the absorption of salt, which in turn makes the salt 
ion transport relatively slow, effectively avoiding salt stress 
damage (Zhang 2013). The freshwater treatment provided 
the most suitable condition for root growth in T. chinensis. 
The total root biomass was the highest (250.09 g ind.−1) 
in the freshwater treatment, followed by the saline water 
(180.80 g ind.−1) and brackish water (155.26 g ind.−1) treat-
ments, while that in the saltwater treatment was the low-
est (83.13 g ind.−1). The salt stress caused by high-salinity 
groundwater significantly reduced the root growth indexes 

Fig. 7   T. chinensis root system 
link length (a) and total root 
length (b) under different 
groundwater levels and miner-
alization treatments
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and belowground biomass of T. chinensis, which was not 
conducive to dry matter accumulation (Zhang et al. 2017). 
However, the taproot biomass of Phragmites australis in the 
YRD is not significantly affected by the SSC (Tian et al. 
2019), indicating that the adaptability of different plants to 
salt stress varies significantly.

Root topological structure can determine the spatial dis-
tribution characteristics of plant roots, has an important 
impact on nutrient uptake and soil fixation by roots, and 
can, to some extent, reflect the root foraging strategies of 
plants in different habitat conditions, especially the competi-
tiveness of the lateral roots in acquiring nutrients (Paz et al. 
2015). Fitter et al. (1991) proposed using the TI to reflect 
the root architecture and dividing the root architecture into 
two extreme types: a herringbone-like branching pattern and 
a dichotomous branching pattern. For the herringbone-like 
branching pattern (TI = 1.0), all the branches are directly 
connected to the taproot, are external branches, and do not 
continue to branch. For the dichotomous branching pattern 
(TI = 0.5), two branches at each branching point produce 
secondary branches with the same angle and number. How-
ever, due to factors such as plant biological characteristics, 
soil nutrients, and soil mechanical resistance, the actual 
root architecture falls between these two patterns (Fang 
et al. 2019). In the fresh water and brackish water treat-
ments, which had a relatively low salinity, the SSC and the 
absolute concentration of soil solution were both low, the 
water and salt conditions were suitable, the root length of T. 
chinensis increased, and the root architecture was close to 
the dichotomous branching pattern, which is a root network 

structure formed mainly by the expansion of the distribution 
range of the root system and addition of secondary branches. 
For the dichotomous branching pattern, the root branches are 
abundant, but the expansion distance of the roots is short per 
unit of resource input; therefore, this root branching pattern 
is more suitable for soil environments with relatively rich 
resources (He et al. 2016). In the saline water and saltwa-
ter treatments, with relatively high salinity levels, the SSC 
and the absolute concentration of soil solution were both 
relatively high. Due to the high salinity, the root length of 
T. chinensis was reduced, the root architecture was close to 
the herringbone-like branching pattern, and the root TI and 
groundwater salinity were extremely significantly positively 
correlated (P < 0.01) (Table 5). SSC can inhibit the conver-
sion and accumulation of nutrients in the soil. Moreover, the 
reduction in soil enzyme activities under high-salt condi-
tions can inhibit microbial activity, leading to nutrient-poor 
soil (Xie et al. 2015) and resulting in a significantly elevated 
root TI. Under high groundwater salinity conditions, T. chin-
ensis can harvest resources by decreasing the number of root 
branches and increasing the root expansion distance per unit 
of resource input (He et al. 2016), which is consistent with 
the results of a study by Bouma et al. (2001).

Root link length and root length showed extremely 
negative correlations with groundwater salinity (P < 0.01) 
(Table 5). As the groundwater salinity increased, the SSC 
increased, the increase in the root length of T. chinensis 
decreased, and the root link length of T. chinensis decreased 
significantly. To minimize the toxicity from high SSCs, T. 
chinensis adopted an avoidance mechanism, i.e., reducing 

Table 5   Correlation coefficient of the root system index and environmental factors

*P < 0.05; **P < 0.01

Groundwater level Groundwater salinity Soil moisture content Soil salt content Soil solu-
tion absolute 
content

Groundwater level 1
Groundwater salinity 0 1
Soil moisture content − 0.914** − 0.072 1
Soil salt content − 0.297 0.929** 0.175 1
Soil solution absolute content 0.186 0.805** − 0.312 0.758** 1
Root diameter − 0.042 − 0.637** 0.185 − 0.601** − 0.574**
Root depth 0.805** 0.020 − 0.696** − 0.235 0.112
Lateral root number − 0.095 − 0.558** 0.217 − 0.496** − 0.423*
Taproot biomass − 0.023 − 0.695** 0.123 − 0.704** − 0.587**
First-order lateral root biomass 0.489** − 0.414* − 0.460** − 0.557** − 0.287
Second-order lateral root biomass 0.504** − 0.322 − 0.440** − 0.459** − 0.250
Capillary root biomass 0.114 − 0.482** 0 − 0.513** − 0.421*
Topological index 0.243 0.373* − 0.231 0.249 0.191
Link length 0.736** − 0.432** − 0.676** − 0.621** − 0.228
Total root length 0.520** − 0.521** − 0.471** − 0.628** − 0.334*
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the distribution range of the roots. As salt stress increased, 
the root length of Corylus heterophylla × C. avellan seed-
lings decreased (Luo et al. 2019), which is consistent with 
the results of this study.

Influence of GL on the root growth and architecture 
of T. chinensis

When the GL was 0.3 m, the root depth of T. chinensis under 
different groundwater salinities was only 27.30 cm. When 
approaching groundwater, the root system could turn or 
branch to avoid the hypoxic environment caused by flood-
ing or salinity stress, which is consistent with the results of 
research on responses of Robinia pseudoacacia and Fraxinus 
chinensis Roxb. roots to water and salt conditions on muddy 
coasts (Zhang et al. 1992). With the increase of groundwater 
depth, seedlings of Populus euphratica seedlings increase 
rooting depth and increase root biomass to adapt to drought 
stress environments to maintain their requirements for soil 
moisture and nutrients (Ding et al., 2021). However, when 
the GL is too deep and plant roots cannot reach the zones in 
which they can obtain water through capillary rise, plants 
can be affected by water deficiency (Liu et al. 2021). There 
was a highly significantly negative correlation between the 
GL and SMC (P < 0.01) and a negative correlation between 
the GL and SSC (Table 5). As the GL increased, the SMC 
and SSC decreased significantly (Table  1, Fig.  2), and 
the root diameter of T. chinensis first increased and then 
decreased, reaching its maximum when the GL was 0.9 m. 
At high GLs, T. chinensis roots absorbed water in deep soil 
layers by decreasing the root diameter. Tsakaldimi et al. 
(2009) found that to resist drought, naturally growing oak 
(Quercus ilex) seedlings would extend taproots deep into 
wet soil at the cost of inhibiting the growth of the root diam-
eter, which is conducive to supplying energy for the lon-
gitudinal growth of taproots and enhancing the absorption 
and utilization of water and nutrients in deep soil. When A. 
sparsifolia grows in an environment with a deep GL, the 
vertical roots develop rapidly to exploit space in the deeper 
soil layers (Zeng et al. 2013; Li et al. 2015). The seedlings 
of Populus euphratica can utilize deep soil moisture through 
the longitudinal expansion of vertical roots (Lv et al. 2015). 
Increasing vertical root growth can significantly increase 
water uptake, which is conducive to the use of groundwater 
resources for maintaining the survival and growth of seed-
lings in the dry season. In the sea-side plot, Pinus thunbergii 
has a plate root systems with thicker and longer horizontal 
roots, but fewer tap roots were observed, whereas tap root 
systems were well developed in the land-side plots, where 
the groundwater level was deeper (Hirano et al. 2018). It 
can be seen that the adaptability of different plant species 
to the habitat also shows a certain degree of consistency. 
However, some studies have shown that the distribution of 

the root system of T. chinensis in the coastal area of the YRD 
tends to be shallow, exhibiting horizontal root characteristics 
(Song et al. 2017), while in sandy habitats formed from sea-
shells, the proportion of vertical roots of T. chinensis is the 
largest and the root depth is large (Zhao et al. 2015), indicat-
ing that the root system of T. chinensis has strong plasticity 
and adaptability to changes in water and salt conditions. In 
this study, from the perspective of effective nutrient space, in 
the root distribution of T. chinensis under different GLs and 
groundwater salinities, the proportion of vertical roots was 
significantly larger than that of horizontal roots. In the field, 
the horizontal space for the growth of T. chinensis roots is 
large; however, in this study, the horizontal space for root 
growth of T. chinensis was restricted by the PVC pipe diam-
eter. In this study, T. chinensis roots could grow only in the 
vertical direction (as indicated by the increased distribution 
of vertical roots) to increase the space they occupied, thus 
increasing their nutrient space.

Lateral roots can increase the total root biomass, root 
length, and root surface area, and lateral roots are the most 
active part of the root system (Rewald et al. 2011). The 
first- and second-order lateral root biomass of T. chinen-
sis showed a highly significantly positive correlation with 
the GL (P < 0.01) and a highly significantly negative cor-
relation with the SMC and SSC (Table 5). In the treatment 
with a high GL and low SMC and SSC, T. chinensis was 
able to absorb sufficient water for plant growth by increas-
ing its lateral root biomass. When the water supply is defi-
cient, the root system often has a well-developed lateral root 
system (Fenta et al. 2014), which promotes the uptake of 
water and nutrients in deep soil, helping to maintain pho-
tosynthesis (Comas et al. 2013). When the GL was 1.5 m, 
the total root biomass of T. chinensis reached its maximum 
(197.18 g ind.−1). The SMC at this GL was the most suit-
able for the root growth of T. chinensis, followed by a GL of 
0.9 m (174.71 g ind.−1), and the total root biomass reached 
its lowest when the GL was 0.3 m (130.07 g ind.−1).

Root length has an important impact on the spatial expan-
sion and nutrient uptake capacity of root systems in the soil, 
and increasing the root link length is one of the important 
strategies for increasing the spatial distribution of a plant 
and improving the nutrient uptake capacity (Zeng et al. 
2013). The total root length and the root link length of T. 
chinensis were highly significantly positively correlated with 
the GL and significantly negatively correlated with the SMC 
and SSC (P < 0.01) (Table 5). With increasing GL, the total 
root length and root link length of T. chinensis showed an 
increasing trend. In this way, T. chinensis can enhance its 
spatial expansion ability in the deep soil to adapt to environ-
ments with relatively low SMC and SSC values and cover 
more water and nutrient space to meet its growth needs. 
Under different GLs and different groundwater salinities, 
the total root length of T. chinensis was far greater than the 
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internal root link length of T. chinensis, and the external root 
link length of T. chinensis was greater than the internal root 
link length of T. chinensis, suggesting that the T. chinensis 
root system exhibited an outward expansion strategy. This is 
consistent with the results of studies on plant root architec-
ture characteristics in karst peak-cluster depression areas (Su 
et al. 2018) and the Taklamakan Desert region (Guo et al. 
2014), indicating that it is a common root growth strategy 
to have external root link lengths greater than internal root 
link lengths.

Conclusion

GL, groundwater salinity and their interaction can signifi-
cantly affect soil water and salt changes. Groundwater salin-
ity mainly affects SSC and the absolute concentration of soil 
solution, while the GL mainly affects the SSC and SMC. The 
GL and groundwater salinity had a significant impact on the 
root growth of T. chinensis, but the effect of their interaction 
was not significant.

T. chinensis mainly adopted an avoidance mechanism 
to adapt to the high-salinity environment by reducing root 
diameter, number of lateral roots, root biomass, link length, 
and root length. T. chinensis increased distribution range 
and absorption area to adapt to water deficiency. In the fresh 
water and brackish water treatments, which had relatively 
low salinity levels, the topological structure of the T. chin-
ensis was close to a dichotomous branching pattern. In the 
saline water and saltwater treatments, which had relatively 
high salinity levels, the topological structure of the T. chin-
ensis was close to a herringbone-like branching pattern. 
Under different GLs and different groundwater salinities, 
the total root length of T. chinensis was far greater than the 
root link length of T. chinensis, and the external root link 
length of T. chinensis was greater than the internal root link 
length of T. chinensis, suggesting that the root system of T. 
chinensis exhibited an outward expansion strategy.

Our study can provide the groundwater-soil aspect for 
in-depth studies of the relationship between the root archi-
tecture of T. chinensis and soil water and salt, and a technical 
reference for water and salt management in the T. chinensis 
forest along mud coasts. From the perspective of the total 
root biomass of T. chinensis, the combination of fresh water 
and a GL of 1.5 m was the most suitable for the root growth 
of T. chinensis. The worst root growth occurred in the treat-
ment with salt water and a GL of 0.3 m. The T. chinensis 
root growth was better in the saline water than in the brack-
ish water, and the worst root growth occurred in salt water. 
Avoid planting T. chinensis seedlings under high groundwa-
ter levels (GL < 0.3 m) and high salinity conditions in salt 
water, which is not conducive to the growth and develop-
ment of their roots. T. chinensis can adapt to the changes in 

soil water and salt caused by different GLs and groundwa-
ter salinities by regulating root growth and morphological 
characteristics, showing strong plasticity and adaptability to 
different water and salt conditions.
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