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Abstract: (1) Background: Water transport systems play an important role in maintaining plant
growth and development. The plasticity responses of the xylem anatomical traits of different species
to the environment are different. Studies have shown that there are annual growth rings in the
secondary root xylem of perennial herbaceous species. Studies on xylem anatomical traits, however,
have mainly focused on woody species, with little attention given to herbaceous species. (2) Methods:
We set 14 sampling sites along a rainfall gradient in arid and semiarid regions, and collected the
main roots of native (Potentilla) and non-native (Medicago) perennial forbs. The xylem anatomical
traits of the plant roots were obtained by paraffin section, and the relationships between the xylem
traits of forbs were analyzed by a Pearson correlation. (3) Results: In the fixed measurement area
(850 µm × 850 µm), the vessel number (NV) of Potentilla species was higher than that of Medicago
species, while the hydraulic diameter (Dh) and mean vessel area (MVA) of Potentilla species were
lower than those of Medicago species. With the increase in precipitation along the rainfall gradient,
the Dh (R2 = 0.403, p = 0.03) and MVA (R2 = 0.489, p = 0.01) of Medicago species increased significantly,
and NV (R2 = 0.252, p = 0.09) decreased, while the hydraulic traits of Potentilla species showed no
significant trend with regard to the rainfall gradient. (4) Conclusions: The hydraulic efficiency of
non-native Medicago forbs was higher than that of native Potentilla forbs, and the hydraulic safety
of native Potentilla forbs was higher than that of non-native Medicago forbs. With the decrease in
precipitation, the hydraulic strategies of non-native Medicago forbs changed from efficiency to safety,
while native Potentilla forbs were not sensitive to variations in precipitation.

Keywords: hydraulic conductivity traits; water conveyance strategies; root vessel anatomy

1. Introduction

Grasslands are one of the main biological communities on Earth, covering nearly 1/5 of
the land surface [1]. In China, grassland is the vegetation type with the largest coverage area,
and is distributed in arid and alpine areas with the most fragile ecological environment.
The frequency and magnitude of drought events caused by global climate change are
expected to be greater, affecting the structure and function of terrestrial ecosystems [2].
Climate change will affect water and carbon cycling, mineral cycling and the composition
of the plant community, thus directly and indirectly affecting the primary productivity
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of grasslands [3,4]. Under the background of global climate change, the warm drought
phenomenon in arid and semiarid areas of China has caused soil drought, and the natural
water deficit has become an important factor limiting grassland productivity [5]. Grassland
vegetation is sensitive to climate change [1], and research on the response of grassland to
climate change has gradually attracted people’s attention [6–8]. Studies have shown that
the impact of climate change on grassland biomass varies with different grassland types [9]
and is different throughout the growing season [10].

Although more than half of the Earth’s land is covered by non-forest vegetation [11],
vessel anatomical traits of plants are largely represented by anatomical and dendrochrono-
logical studies on trees and shrubs [12–23], with relatively few similar studies on herbaceous
species [11,24–27]. Studies have shown that there are annual growth rings in the secondary
root xylem of perennial herbaceous species [11,28], with wider vessels at the beginning
of the growing season and narrower vessels at the end of the growing season [29]. The
anatomy of herbaceous plants is of great significance to the development of herb chronol-
ogy [30–32]. Recently, research on plasticity responses in vessel traits upon drought stress
has gained importance because of frequent drought events, and there have been increasing
studies focusing on the anatomical characteristics in the annual rings of plants [33,34]. The
phenotypic plasticity of vessel traits enables plants to adjust their xylem structure to the
water limitation experienced throughout their lifetimes [35]. The range of differences in
vessel traits observed between two herbaceous species highlights the plasticity of hydraulic
and vessel structures [36].

Plant xylem is prone to vessel embolism that blocks the process of water transport
inside a conduit under drought stress [37], which could exert an adverse impact on the
growth and development of the plant [38]. Severe water stress may cause the collapse
of plant hydraulic systems, eventually causing plant death [39]. The increased level of
embolism resistance, therefore, is one of the most important adaptations for plant survival
under drought stress. The sensitivity of plants to embolism is determined by many anatom-
ical traits, such as the thickness of intervessel pit membranes [40], vessel diameter [41]
and mechanical characters [42], of which vessel diameter is directly related to embolism
resistance [41]. It is generally believed that narrow xylem vessels have higher resistance to
cavitation, but lower hydraulic conductivity than wide vessels [41], whereas wide vessels
contribute to high hydraulic conductivity, but are vulnerable to hydraulic failure caused by
gas embolism that forms under negative water potential [37,43]. Therefore, this may lead to
trade-offs between efficiency and safety [43,44]; species with high hydraulic efficiency are
prone to cavitation events, giving rise to low safety, while species with low water transport
efficiency are safer and more resistant to embolism [45]. Differences in vessel plasticity
responses and adaptation strategies between different species are necessary for exploring
the plastic ability to adapt to climate change.

Medicago is a perennial deep-rooted forage introduced in arid and semiarid areas.
Potentilla is a good ecological restoration species in this area that can adapt to different
geological soils. The species of these two genera are sensitive to climate change and are
often used in anatomical studies [28,46]. Previous studies have related the annual ring
structures of plant roots [28], leaf anatomical structures [46,47] and the plasticity response
of anatomical features to climate change [35,48]. It is not yet understood how the xylem
anatomical features of the two genera respond to precipitation or what the differences are
in xylem anatomical structure between non-native and native forbs.

In this study, we set eight sampling sites along a rainfall gradient in arid and semiarid
regions of China and collected the main roots of Medicago and Potentilla forbs. We used
the paraffin section method to obtain the vessel anatomical traits (vessel number, vessel
fraction, vessel area, hydraulic conductivity and hydraulic diameter). Our aims were (1) to
compare the differences in vessel anatomical traits between non-native and native forbs;
(2) to examine the variation in vessel anatomical traits of non-native and native forbs along
the precipitation gradient; (3) to explore the hydraulic strategies of non-native and native
forbs growing in arid and semiarid regions.
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2. Materials and Methods
2.1. Study Area and Field Sampling

In this study, samples were collected annually in arid and semiarid regions of China
in July and August from 2017 to 2020. To avoid the influence of plant size on vessel size,
healthy, mature and similar-sized Medicago and Potentilla forbs were carefully sampled.
The average annual precipitation ranged from 230 mm to 500 mm, the average annual
temperature ranged from −2.08 ◦C to 8.2 ◦C and the altitude ranged from 275 m to 1526 m
in the entire sampling area (Table 1). Climate data from 1981 to 2019 were obtained
from the China Meteorological Information Center (http://data.cma.cn/, accessed on
3 June 2021). A total of 120 healthy Medicago and Potentilla forbs (5 per species) were sam-
pled (Table 1). Main roots of forbs were collected from approximately 3–10 cm beneath the
ground surface and placed into FAA fixation solution (70% ethanol: 35–40% formaldehyde:
acetic acid = 90:5:5) for preservation. They belong to the taproot system with obvious
distinctions between main roots and lateral roots (Figure 1).

2.2. Experimental Procedure

The collected samples were made into sections according to the paraffin section
method [49]. With a Leica RM2245 rotary microtome (Leica, Heidelberg, Germany), the
8–12 µm thick sections were obtained. Safranine and Fast Green were used for double
dyeing. Finally, the samples were observed and photographed with the same magnification
(×40) under an Olympus DP73 light microscope (Olympus, Tokyo, Japan) after sealing on
the slides with neutral balsam.

Table 1. Site characteristics of non-native and native herbaceous species in arid and semiarid areas
of China.

Site
Code

Location
(Latitude N,

Longitude E)

Precipitation
(mm)

Temperature
(◦C)

Elevation
(m) Species Number of Samples

S1 37.10◦,
108.22◦ 445 7.80 1372 MF, MS 10

S2 36.65◦,
108.32◦ 500 8.20 1526 MF, MS, ML,

MR, MM, PT 30

S3 44.27◦,
116.53◦ 282 1.39 1140 MR, PT 10

S4 43.55◦,
116.67◦ 321 1.51 1260 MS 5

S5 50.20◦,
119.39◦ 357 −2.08 525 MR 5

S6 43.91◦,
115.50◦ 227 1.80 1131 MR 5

S7 45.14◦,
121.53◦ 404 5.76 275 MR 5

S8 36.98◦,
107.85◦ 430 6.80 1405 PT, PC 10

S9 44.37◦,
116.11◦ 253 2.58 938 PT 5

S11 43.55◦,
116.67◦ 320 1.52 1271 PT, PA, PC 15

S12 47.94◦,
117.32◦ 230 0.60 595 PT 5

S13 45.04◦,
118.92◦ 358 1.03 1015 PT 5

S14 48.52◦,
119.74◦ 360 −1.31 749 PT, PA 10

MF—Medicago falcata; ML—M. lupulina; MM—M. minima; MR—M. ruthenica; MS—M. sativa; PA—Potentilla acaulis;
PC—P. chinensis; PT—P. tanacetifolia.

http://data.cma.cn/
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Figure 1. The picture of the research material (Potentilla tanacetifolia). The yellow box indicates the
intercepted part.

2.3. Data Processing and Statistical Analysis

The ImageJ program (http://rsb.info.nih.gov/ij/index.html, accessed on 11 May 2021)
was used to analyze the images. To reduce the effects of different ages on the results, an
analyzed area (850 µm × 850 µm) was selected from the xylem periphery (close to the
periderm), and the percentage of parenchyma rays in the fixed area should be equal to the
percentage of parenchyma rays in each cross-section (Figure 2). Vessel number (NV), mean
vessel area (MVA, µm2), major and minor axis of the cross-section of each vessel and vessel
fraction (VF, %) were measured. The vessel fraction was determined as the ratio of the total
vessel area to the measured area. Annual rings were analyzed by recognizing earlywood
and latewood in root xylem [50]. Plant age was determined by counting the number of
annual rings in the digital images [35] (Figure 3). Since the cross-sections of vessels are
mostly elliptical, the diameter of the vessel lumen was calculated as follows:

D = [3(ab)3/(2a2 + 2b2)]1/4, (1)

where a and b are the major and minor axis dimensions, respectively [51]. According to the
Hagen–Poiseuille law [37], the potential hydraulic conductivity (Kh, kg m MPa−1 s−1) was
calculated as follows:

Kh =

(
πρ

128η

) n

∑
i=1

(Di)
4, (2)

where ρ is the density of water (998.2 kg m−3) and η is the viscosity of water at 20 ◦C
(1.002 × 10−9 MPa s). The hydraulic diameter (Dh, µm) [52] was calculated as follows:

Dh =
n

∑
i=1

(Di)
5/

n

∑
i=1

(Di)
4. (3)

http://rsb.info.nih.gov/ij/index.html
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The formula for calculating plasticity index is as follows:

PI = 1 − x/X, (4)

where x is the minimum mean value and X is the maximum mean value [53].
To increase the normality of the distributions, the original data were log10-

transformed [54]. Pearson correlations were used to analyze the relationship between
precipitation and vessel anatomical and hydraulic traits, as well as the relationship between
vessel area and vessel number.
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3. Results
3.1. Vessel Anatomical Traits of Non-Native and Native Forbs

By comparing the root vessel structure of Medicago and Potentilla forbs (Figure 4), we
found that there were few differences in their age, vessel fraction (VF) and the potential
hydraulic conductivity (Kh). The average ages of the Medicago and Potentilla forbs were
(5 ± 2.29) years and (7 ± 2.61) years, respectively; the average vessel fractions were
(7.50 ± 3.04)% and (8.61 ± 3.57)% and the average potential hydraulic conductivities were
(165.11 ± 102.05) kg m MPa−1 s−1 and (106.51 ± 81.82) kg m MPa−1 s−1, respectively. In
the fixed measurement area, the average vessel number (NV) of Potentilla (147 ± 35.06) was
higher than that of Medicago (86 ± 31.97), while the mean vessel area (MVA) and hydraulic
diameter (Dh) of Potentilla were lower than those of Medicago.
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Figure 4. Boxplot of the major hydraulic traits in secondary root xylem of non-native and native forbs
in arid and semiarid areas. (a) age; (b) vessel number (NV); (c) vessel fraction (VF); (d) mean vessel
area (MVA); (e) the potential hydraulic conductivity (Kh); (f) hydraulic diameter (Dh). The blue and
red boxes indicate Medicago and Potentilla herbaceous species, respectively. The t-test results between
Medicago and Potentilla forbs are highlighted. * p < 0.05; ** p < 0.01.

The ranked order of the plasticity index (PI) of root vessel anatomical traits of Medicago
was as follows: Kh > MVA > VF > NV > Dh. The ranked order of the PI of root vessel
anatomical traits of Potentilla was as follows: Kh > VF > MVA > NV > Dh (Table 2). The
plasticity index of all vessel anatomical traits of Medicago species was higher than that of
Potentilla species.

3.2. Correlations of the Major Hydraulic Traits of Non-Native and Native Forbs

There were negative correlations between NV and MVA, and Dh in Medicago species,
but these correlations were not significant, while there were no correlations between NV
and MVA, and Dh in Potentilla (Figure 5a,c). In contrast to Medicago, there was a positive
correlation between NV and Kh in Potentilla, but it was not significant (Figure 5b). The
correlations between VF and hydraulic traits (MVA, Kh and Dh) reached the extremely
significant level in both Medicago and Potentilla species (Figure 5d–f).
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Table 2. Plasticity index (PI) of anatomical traits of non-native and native forbs.

Traits
Genera

Medicago Potentilla

NV 0.430 0.295
VF (%) 0.558 0.466

MVA (µm2) 0.568 0.430
Kh (kg m MPa−1 s−1) 0.684 0.697

Dh (µm) 0.364 0.285
PI mean 0.521 0.435

NV—vessel number; VF—vessel fraction; MVA—mean vessel area; Kh—the potential hydraulic conductivity;
Dh—hydraulic diameter.
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Figure 5. Correlation relationships between NV, VF and major hydraulic traits in secondary root
xylem of non-native and native forbs in arid and semiarid areas. (a–c) Relationships between
vessel number and hydraulic traits; (d–f) Relationships between vessel fraction and hydraulic traits.
NV—vessel number; VF—vessel fraction; MVA—mean vessel area; Kh—the potential hydraulic
conductivity; Dh—hydraulic diameter. The blue and red dots indicate Medicago and Potentilla
herbaceous species, respectively. ** p < 0.01.

3.3. Variation in Vessel Anatomical Traits of Non-Native and Native Forbs along a
Precipitation Gradient

With the increase in precipitation, there were no significant changes in NV and VF for
the Medicago species (Figure 6b,c), but there were significant uptrends in age (Figure 6a).
There were significant positive correlations between precipitation and MVA (r = 0.699,
p < 0.05), and Dh (r = 0.635, p < 0.05) in Medicago species (Figure 6d,f). Precipitation was
positively correlated with Kh in Medicago, but not significantly (Figure 6e). On the rainfall
gradient, the age and all xylem anatomical traits of Potentilla species had a stable fluctuation
without notable changing trends (Figure 6).
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Figure 6. The changing trends of age and the major hydraulic traits in secondary root xylem of
non-native and native forbs along a precipitation gradient in arid and semiarid areas. (a) age;
(b) vessel number (NV); (c) vessel fraction (VF); (d) mean vessel area (MVA); (e) the potential
hydraulic conductivity (Kh); (f) hydraulic diameter (Dh). The blue and red dots indicate Medicago
and Potentilla herbaceous species, respectively. * p < 0.05.

4. Discussion
4.1. Differences in Xylem Features and Plasticity between Native and Non-Native Forbs

The xylem anatomical features of perennial forbs varied from species to species, which
was consistent with the observations of xylem anatomical structures in other regions [55,56].
In this study, there were notable differences in the vessel anatomical traits between native
Potentilla forbs and non-native Medicago forbs. The vessel size (MVA and Dh) of Medicago
was larger than that of Potentilla (Figure 4d,f). Studies have shown that most leguminous
plants have relatively wide vessels compared with other forbs, which allows leguminous
plants to have a higher growth rate and larger root systems [57]. The NV of Potentilla is
significantly higher than that of Medicago (Figure 4b), and there is no difference in Kh and
VF between the two genera (Figure 4e), which may suggest that Potentilla forbs compensate
for the small vessels with more vessels to ensure the required water transport.

Under stress conditions, the xylem pressure becomes more negative, which increases
the risk of xylem embolism [43]. Embolisms could then spread from gas-filled conduits to
adjacent water-filled conduits through interconduit pit membranes, a process known as
air-seeding [58]. The larger a conduit’s diameter is, the larger the pitted area will be, which
will reduce the resistance of end walls and improve hydraulic efficiency, but give rise to
vulnerability to cavitation [59]. A high vessel density contributes to hydraulic safety by
leaving a larger proportion of vessels functional when cavitation occurs [60,61]. Moreover,
intervessel pit characters also seem to play a role in ensuring hydraulic safety [40]. The
larger vessel size in Medicago means that non-native Medicago forbs have higher hydraulic
efficiency, while the smaller vessel size and more vessels in Potentilla mean that native
Potentilla forbs may have higher hydraulic safety. Additionally, some studies have reported
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that compared with native grassland, Medicago grassland can strongly deplete deep soil
water, even to the degree of desiccation in deeper soil layers, which eventually results in
serious degradation of alfalfa grassland [62,63]. Therefore, more suitable native species
should be selected in ecological restoration programs [57].

The evolution of plants in heterogeneous environments may lead to adaptation to a
wide range of environments, and phenotypic plasticity plays an important role in this adap-
tation [64]. The plasticity index can reflect the ability of plants to overcome heterogeneous
environments, and species with high plasticity often have extensive tolerance to different
environmental conditions [64]. The xylem anatomical traits of plants with strong resilience
often have good plasticity. The plasticity indexes of xylem anatomical traits in Medicago
were higher than those of Potentilla (Table 2), which may suggest that Medicago forbs have
a wider range of adaptation to the environment. The greater plasticity of key traits can
promote an organism’s establishment in a short time [65], which corresponds with greater
plasticity of xylem traits in non-native Medicago forbs.

4.2. Differences in the Relationship between Vessel Traits of Non-Native and Native Forbs

There was a negative correlation between NV and MVA in Medicago (Figure 5a),
which was consistent with the hypothesis of a trade-off between hydraulic efficiency and
safety [43]. The size and number of vessels are related to the efficiency and safety of water
transport. To ensure the efficiency and safety of water transport, there is usually a trade-off
between the size and number of vessels [43]. Small vessels and many vessels are not prone
to embolism under drought stress and have high hydraulic safety; large vessels and few
vessels have high water transport efficiency, but they are more prone to embolism [66,67].
However, there was no similar trade-off relationship in Potentilla species (Figure 5a), and
a positive correlation between NV and Kh (Figure 5b), which may indicate that Potentilla
species can improve hydraulic efficiency while maintaining a high level of hydraulic safety.
The significant positive correlations between VF and MVA, and Kh of Potentilla were higher
than those of Medicago (Figure 5d,e), which may be related to the fact that there was almost
no trade-off relationship between the vessel number and size in Potentilla.

The trade-off between efficiency and safety is not only related to xylem structures, but
also affected by the plant growth environment. If plants grow in soil with high moisture,
there is no need to reduce hydraulic efficiency to ensure safety. On the contrary, if the root
system is seriously subjected to water stress, it is necessary to improve the hydraulic safety
to ensure normal water transport [68]. However, some studies have also shown that the
trade-off between efficiency and safety is independent of the moisture status of the plant
growth environment [69]. Therefore, the trade-off between xylem efficiency and safety may
be affected by many factors and is likely to be species-specific.

4.3. Response Differences of Vessel Traits of Non-Native and Native Forbs to Precipitation

Precipitation is one of the important factors influencing plant growth, particularly in
arid and semiarid areas [70]. For Medicago forbs, precipitation was positively correlated
with hydraulic traits (MVA, Kh and Dh) (Figure 6d–f), indicating that Medicago species may
improve hydraulic efficiency in areas with more precipitation and ensure hydraulic safety
to survive in areas with less precipitation. Species’ embolism resistance would vary with the
degree of drought the species experienced; species in water-limited environments are more
cavitation-resistant than plants in good water conditions [71]. García-Cervigón et al. [72]
studied the variation in xylem traits of Embothrium coccineum along the precipitation gra-
dient, and results showed that the hydraulic diameter decreased significantly, the vessel
density increased significantly, but the vessel fraction did not change significantly from
wet sites to dry sites. Boughalleb et al. [73] designed a water control experiment to study
the effects of water deficit on Astragalus gombiformis Pomel., and the results showed that
the vessel diameter of root xylem decreased and the vessel density increased under wa-
ter deficit, which was consistent with the results of our study. Quercus canariensis in the
Mediterranean region responded to water stress by reducing the vessel area and increasing
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the vessel density [12], which was consistent with the results of this paper. There was no
correlation between the xylem anatomical features of Potentilla and precipitation, which
may suggest that precipitation has little effect on the hydraulic strategies of Potentilla. Some
studies have reported that introduced species were more sensitive to climatic factors than
native species [57,74], which was consistent with our results. Other climatic factors such as
temperature may also affect xylem features [25,75]. More studies are needed to reveal the
response mechanism of xylem traits of Potentilla to other abiotic and maybe biotic factors.

5. Conclusions

Our study revealed the hydraulic strategies to cope with precipitation of native and
non-native forbs in arid and semiarid areas of China by comparing their xylem anatomical
traits. Our results showed that there were notable differences in xylem anatomical traits
between native Potentilla and non-native Medicago forbs in arid and semiarid areas of China.
The water transport system of native Potentilla forbs, built of higher vessel number, and
smaller vessel size, contrasts with that of non-native Medicago forbs and is expected to be
safer. Because vessel traits are only part of the plant system, other anatomical and functional
traits have to be studied to verify these results. There was a trade-off between safety and
efficiency in the xylem of Medicago forbs, while there was no similar trade-off relationship
in Potentilla species. The plasticity of vessel traits in non-native forbs was greater, which
gave Medicago forbs higher hydraulic efficiency in areas with more precipitation and higher
hydraulic safety in areas with less precipitation, whereas native Potentilla forbs were not
sensitive to variation in precipitation. Further research is needed to explore the effects of
other abiotic and maybe biotic factors on the hydraulic strategies and growth of perennial
herbs in arid and semiarid areas of China.
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