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Abstract

Rational formulation of irrigation cycles for halophytes is a key factor in improv-
ing water resource use efficiency in arid regions. Taking fine roots (d$ $1 mm)
of Rumex hanus by. as the research object, and using the drought-rewatering
method, this study measured total root length, root tip number, and average
root diameter of Rumex hanus by. fine roots at different times after rewatering,
and investigated the variation characteristics of root growth rate, mortality,
root lifespan, and turnover rate, to provide a reference basis for formulating
optimal irrigation cycles. The results showed that root length and root tip
number exhibited the greatest increase magnitude at 7 days after rewatering,
with the growth magnitude weakening at 10-15 days. Fine root relative growth
rate (RER) reached its maximum on day 4 after rewatering, and showed a
significant decrease on day 10 (P<0.05), with extremely significant differences
observed among different soil layers (0-20 cm and 20-40 ¢cm) and root diameters
(0-0.5 mm and 0.5-1.0 mm) (P<0.001). Both fine root net production (NRP)
and RER exhibited a pattern of initial increase followed by decrease. At 15 days
after rewatering, the survival rates of fine roots in the 0-20 cm and 20-40 cm
soil layers were 3.6% and 16.9%, respectively, and the survival rate of fine roots
with 0.5-1.0 mm diameter was higher than that of 0-0.5 mm fine roots. The
study indicated that the median lifespan of fine roots after rewatering ranged
from 8.09 to 13.83 days, with fine root lifespan in the 20-40 cm soil layer being
significantly higher than that in the 0-20 cm layer (P<0.05). Rumex hanus by.
fine roots cope with and adapt to drought and rewatering by increasing 0.5-1.0
mm fine roots in the 20-40 cm soil layer, thereby achieving survival. Taking
into comprehensive consideration the growth of Rumex hanus by. and agricul-
tural water resource supply, the optimal irrigation cycle for Rumex hanus by.
in saline-alkali soils during summer is 10 days.
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Response of Rumex hanus Fine Roots to Drought and Re-
hydration in Saline-Alkali Soil

ZHENG Xu, YANG Zhixin, HAO Dongmei, WANG Runrun, LI
Luhua, ZHANG Fenghua, WANG Jiaping
(Agricultural College of Shihezi University, Shihezi 832000, Xinjiang, China)

Abstract

Rational formulation of irrigation cycles for halophytes is a key factor for improv-
ing water resource utilization efficiency in arid regions. This study examined the
fine roots (diameter $ $1 mm) of Rumex hanus under drought and rehydration
conditions to investigate changes in total root length, root tip number, average
root diameter, root growth rate, mortality, root lifespan, and turnover rate at
different times after rehydration, providing a reference basis for establishing op-
timal irrigation cycles. The results showed that root length and root tip number
exhibited the greatest increase at 7 days after rehydration, with growth rates
declining thereafter. The fine root elongation rate (RER) reached its maximum
on day 4 after rehydration and decreased significantly by day 10 (P < 0.001).
Significant differences were observed among different soil layers (0-20 cm and
20-40 cm) and root diameters (0-0.5 mm and 0.5-1.0 mm) (P < 0.001). Both net
root production (NRP) and RER showed a pattern of initial increase followed
by decrease. At 15 days after rehydration, the fine root mortality rates in the 0-
20 cm and 20-40 cm soil layers were 3.6% and 16.9%, respectively. The survival
rate of 0.5-1.0 mm diameter fine roots was higher than that of 0-0.5 mm fine
roots. The lifespan of fine roots in the 20-40 cm soil layer (8.09-13.83 days) was
significantly higher than in the 0-20 c¢m layer (P < 0.05). The results indicate
that Rumex hanus fine roots respond to and adapt to drought and rehydration
by increasing 0.5-1.0 mm fine roots in the 20-40 cm soil layer to achieve survival.
Considering both plant growth and agricultural water resource availability, the
optimal irrigation cycle for Rumex hanus in saline-alkali soils during summer is
10 days.

Keywords: saline-alkali soil; fine root; daily growth rate; mortality; turnover
rate; median lifespan

Introduction

Water is a crucial factor affecting crop growth and development, and insufficient
water supply during crop growth leads to drought stress, causing irreversible
negative effects such as growth inhibition, premature senescence, and wilting.
Arid regions frequently experience seasonal and intermittent drought, with in-
creasing frequency in recent years. Roots are the primary organs for plants to
absorb soil water and nutrients, and they respond first to drought stress. Root
system research is key to revealing plant adaptation to drought environments.
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However, due to the difficulty of root investigation, current understanding of
root growth under drought stress and recovery mechanisms after rehydration
remains limited.

Drought and rehydration occur sequentially in nature, and plant root growth
and development show significant differences during this process. Studies have
shown that Seriphidium transiliense exhibits increased root vitality and osmotic
adjustment substances after drought rehydration, with reduced antioxidant en-
zyme activity, demonstrating stronger drought resistance. Drought and rehydra-
tion promote total root length, root volume, and average root diameter in oats.
Research on tree seedlings indicates that fine root length, root diameter, and
root dry weight increase after drought rehydration, with enhanced branching in-
tensity improving seedling survival rates. However, most studies on roots under
drought and rehydration have focused on total root systems, with insufficient
attention to fine roots with diameters less than 1 mm. Therefore, investigat-
ing morphological changes, turnover, and lifespan of fine roots under drought
stress and rehydration can provide practical basis for drought adaptation of
halophytes and irrigation cycle formulation.

Rumex hanus is a high-yield, high-quality forage crop with saline-alkali toler-
ance, drought resistance, and cold tolerance, making it suitable for saline-alkali
land improvement. Previous research on Rumex hanus has primarily focused
on safety evaluation and its utilization in food, forage, and desertification land
improvement. However, studies on root growth dynamics and rational irriga-
tion in arid region saline-alkali soils have not been conducted. This study used
one-year-old Rumex hanus as the research object to elucidate the response of
fine root growth, mortality, and turnover to rehydration after drought in arid
region saline-alkali soils and to formulate rational irrigation cycles. The results
provide practical basis for root turnover of salt-tolerant plants and saline-alkali
land restoration in arid regions.

1. Materials and Methods

1.1 Study Site The experiment was conducted at the Fifth Farm, General
Farm, Shihezi City, Xinjiang (44°36 1.75 N, 85°57 35.72 E) from May to August
2020. The average daytime temperature during the experimental period was
32.5°C, and the nighttime average was 17.1°C. The experimental soil was gray
desert soil with salt content of 0.4%-0.75%, pH 8.3-8.7, total nitrogen 0.28
g+ kg!, and total phosphorus 0.75 g« kg™ !, classifying it as saline-alkali soil.
Rumex hanus was planted on May 10, 2020, with row spacing of 60 cm. Drought
treatment was initiated on July 20, 2020. The experiment used a randomized
block design with three replicates, each plot measuring 3.6 m x 10 m = 36 m?2,
with protective rows between plots.

1.2 Experimental Design Before rehydration, the CI-600 root monitoring
system was used to scan the root systems of experimental plants to verify the
detection area for roots with diameter <1 mm. Drought treatment lasted 15
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days, after which rehydration was performed once with 150 m? of water per
hectare.

1.3 Micro-Rhizotron Installation The study employed micro-rhizotron
technology to monitor Rumex hanus root growth. In June, during the seedling
stage, a root monitoring system was installed using transparent plastic tubes
(64 mm inner diameter, 1 m length) sealed at the bottom. The double-tube
method was used, with tubes placed on both sides of the plant at a 45° angle to
the ground. The sealed end was inserted into the soil, with the tube protruding
approximately 10 cm above ground and positioned 10 cm from the plant.
During measurement, black plastic caps were placed on the tubes to prevent
debris entry, and black tape was wrapped around the outer wall to block light
transmission.

1.4 Measurement Methods Root systems were monitored at 0, 4, 7, 10,
and 15 days after rehydration. The scanning head was lowered using a pull
rod, with rods installed every 20 cm on the rod connected to the scanning head.
Images were obtained at depths of 0-20 cm and 20-40 cm. Each image measured
21.60 cm x 15.60 cm with a resolution of 1200 dpi and was saved in JPG format.
Images were analyzed using WINRHIZOTRON 2015a software.

The latest image was superimposed on the previous image to track root evolution
and report new characteristics and status: roots that remained milky white and
had elongated were classified as live roots, while roots that were dead or showed
obvious signs of decay (shriveled, transparent, faint, or blackened) were classified
as dead roots. To verify root death status, continuous images recorded at the
same root tube position were analyzed to ensure dead roots remained black
without growth. Root diameter, live and dead root lengths, and shapes of new
roots were recorded for all images.

1.5 Calculation of Root Characteristic Indices Live Length Produc-
tion (LLP ) and Dead Length Loss (DLL ) represent the total length of
live or dead roots from time t to t+At (where At is the root scanning interval):

LLP (DLL ) = £(1)/A

where 1 is the length of live (or dead) root i (cm), n is the number of roots, A
is the soil area observed in the scanning image (m?), and At is the scanning
interval (days).

Cumulative Live Length Production (CLLP ) and Cumulative Dead
Length Loss (CDLL ) represent the total length of live or dead roots up to
time t:

CLLP (CDLL) = ¥ LLP (DLL)

Net Root Production (NRP ) is the cumulative live root length minus cu-
mulative dead root length within time t:
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NRP = CLLP - CDLL

Cumulative Net Root Production (CNRP ) is the cumulative total length
of live roots within time t:

CNRP =X NRP

Dead Root Number (DN ) calculates the difference in dead roots between t
and t+At:

DN = (N_{dead} A -N_{dead})/A

where N_ {dead} is the number of dead roots, A is the soil area (m?), and At
is the time interval between measurements.

Root Elongation Rate (RER) is calculated by determining individual root
growth from the difference in root length between times t and t+At:

RER = (1/N)S (1 A -1)/At

where 1 is the root growth rate (cm+d 1), N is the total number of live or dead
roots, and At is the time interval between samplings (days).

All variables correspond to root diameters (0-0.5 mm, 0.5-1.0 mm) and soil
depths (0-20 cm, 20-40 cm).

Root Survival Rate (S) and Median Lifespan were determined using non-
parametric Kaplan-Meier methods. Each fine root growing within a given time
period was considered independent and classified as surviving or dead at the
study conclusion. Root lifespan was calculated as the number of days from
first observation to death. Median lifespan (ML) is the median time from root
emergence to death, and turnover rate (T) is the reciprocal of median lifespan:

T = 1/ML

1.6 Statistical Analysis Using root elongation rate, net root production,
and cumulative dead root length as dependent variables, and root diameter and
soil depth as independent variables, a generalized linear model (GLM) was em-
ployed. Considering interactions between factors, one-way ANOVA was used for
significance testing (P < 0.05). SPSS 21.0 software was used for data processing,
statistical analysis, and non-parametric Kaplan-Meier survival analysis. Origin
8.5 software was used for graphing.

2. Results and Analysis

2.1 Changes in Root Length, Average Root Diameter, and Root Tip
Number Before and After Rehydration The total length and tip num-
ber of Rumex hanus fine roots in both soil layers increased significantly after
rehydration (Table 1), while average root diameter showed the opposite trend.
Total root length increased from 1097.9 cm to 1448.7 cm (a 24.2% increase), and
root tip number increased from 307.1 to 497.9 (a 62.1% increase). The increase
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in total root length in the 20-40 cm layer was slightly higher than in the 0-20
cm layer, but the difference was not significant (P = 0.21). Root tip changes
showed a similar trend (P = 0.08). Average root diameter decreased from 0.74
mm to 0.63 mm (P = 0.12).

During 0-4 days after rehydration, few new roots were produced, with existing
roots being dominant. During 4-7 days after rehydration, root length and tip
number in both soil layers showed the largest increases. The increase amplitude
in the 20-40 cm layer was greater than in the 0-20 cm layer, but the difference
was not significant (P = 0.21 for root length, P = 0.08 for root tips). During 7-
15 days after rehydration, the proportion of new roots decreased while existing
roots remained dominant, and the growth rate gradually declined.

For 0.5-1.0 mm diameter roots in the 0-20 cm and 20-40 cm layers, root length
increases reached 13.0% and 17.8%, respectively, while root tip number increases
reached 14.9% and 13.4%, respectively. During 4-7 days after rehydration, root
length increases reached 14.6% and 23.6%, respectively, while root tip num-
ber increases reached 32.6% and 18.6%, respectively. Average root diameter
decreased from 0.65 mm to 0.50 mm.

Table 1 Variation characteristics of fine root length (0-1.0 mm), root tip num-
ber, and average root diameter of Rumex hanus at different depths after rehy-

dration
Days after Root length Root tip Average root diameter
rehydration (cm) number (mm)
0-20 cm 20-40 cm 0-40 cm
0 473.381+62.60|624.6+46.8a|1097.9+86.3]162.31+32.2a|144.8+33.8a|307.1456.2|0.864-0.22¢

Note: Different lowercase letters indicate significant differences between soil
layers at P < 0.05.

2.2 Changes in Root Diameter Growth Rate at Different Depths After
Rehydration Soil depth had a highly significant effect on Rumex hanus root
length growth rate (P < 0.001). The overall trend of root length growth rate
showed an initial increase followed by a decrease. The 20-40 cm soil layer
exhibited significantly higher root growth rates than the 0-20 cm layer, with
more pronounced fluctuations. During 0-7 days after rehydration, root growth
rates in both layers increased, reaching maximum values on day 7. During 7-15
days, root growth rates in both layers decreased, with growth trends converging,
indicating the disappearance of rehydration compensation effects.

Root diameter (P < 0.001) and soil depth (P < 0.001) had highly significant
effects on fine root growth rate. Fine roots of 0-0.5 mm diameter showed an
initial increase followed by decrease, with the highest growth rate of 0.647 cm -
d~! occurring at 4 days after rehydration in the 0-20 cm layer, after which
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growth rates gradually declined. In the 20-40 cm layer, the maximum growth
rate of 0.463 cm - d~! occurred at 7 days after rehydration. The compensation
effect of 0.5-1.0 mm fine roots decreased after 7 days.

The maximum growth rates of 0-0.5 mm fine roots differed between soil layers,
occurring at 4 days in the 0-20 cm layer and 7 days in the 20-40 cm layer. For
0.5-1.0 mm fine roots, the maximum growth rate in the 0-20 cm layer was 0.664
cm - d~! at 4 days, while in the 20-40 cm layer it was 0.881 cm - d ™! at 7 days.

Table 2 ANOVA model for root elongation rate (RER), cumulative net root
production (CNRP), and cumulative dead length loss (CDLL) as functions of
fine root diameter, soil depth, and interactions between factors

Factor RER CNRP CDLL
Root diameter <0.001 <0.05 <0.01
Soil depth <0.001 <0.001 <0.001

Diameter x Depth 0.21 0.08 0.12

Figure 1 [Figure 1: see original paper| Characteristics of daily growth rate of
fine roots at different depths after rehydration

2.3 Net Production and Mortality of Fine Roots After Rehydration
Soil depth significantly affected the cumulative dead root length of Rumex hanus
fine roots (P < 0.001), and root diameter had a significant effect (P < 0.05).
Soil depth also significantly affected fine root survival rate (P = 0.032). After re-
hydration, root survival rates exceeded 93.9%, but began to decline significantly
after 4-7 days, reaching 70.6% by day 15.

With increasing time after rehydration, different patterns emerged. Fine roots
in the 20-40 cm layer began dying in large numbers after 7 days, while those
in the 0-20 c¢m layer began massive death after 10 days, indicating a lag in
deep fine root mortality. Fine root mortality was concentrated in the 0-0.5 mm
diameter class, accounting for 62.4% of dead root length and 58.2% of dead root
numbers. Net root production (NRP) and cumulative dead root length showed
an initial increase followed by decrease.

At 15 days after rehydration, fine root mortality in the 0-20 cm and 20-40 cm
layers was 3.6% and 16.9%, respectively (P < 0.05). The survival rate of 0.5-1.0
mm diameter fine roots was higher than that of 0-0.5 mm fine roots (P < 0.05).
Fine root net production peaked at 7 days after rehydration, with maximum
dead root amounts of 6.22 ¢cm + m~2 in the 0-20 c¢m layer and 3.51 cm - m~2 in

the 20-40 cm layer.

Figure 2 [Figure 2: see original paper] Net production of fine roots (a) and
accumulation of dead roots in different soil layers (b) after rehydration
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Table 3 Cumulative live root length production (CLLP) and cumulative dead
length loss (CDLL) in 0-40 cm soil layer

Root CLLP CDLL RER
diameter (cm (cm - Proportion of total root  (cm -
(mm) m~?) m~2) length (%) d-1)
0-0.5 112.3a 106.8a 62.4a 0.318£0.22a]]0.5-1.0[24.4b|62.7a|37.3b| 0.

Note: Different letters indicate significant differences at P < 0.05.

2.4 Effects of Root Diameter and Soil Depth on Fine Root Turnover
Rate After Rehydration Root diameter and soil depth significantly affected
Rumex hanus fine root lifespan (P < 0.05). Root diameter significantly affected
cumulative dead root length (CDLL) (P < 0.05). Fine root turnover rates
ranged from 1.08 to 1.85 per cycle, decreasing with increasing diameter. Median
lifespans were 9.90-13.83 days. In the 0-20 cm layer, median lifespans for 0-
0.5 mm and 0.5-1.0 mm fine roots were 9.90 days and 11.35 days, respectively
(P < 0.05). In the 20-40 cm layer, median lifespans were 11.41 days and 13.83
days, respectively, with significant differences between layers (P < 0.05).

Figure 3 [Figure 3: see original paper| Survival rate of roots of Rumex hanus in
different soil layers after rehydration (a) and the root survival rate of different
diameters (b)

Table 4 Median lifetime of root system with different soil layers and diameters

Soil depth (cm) 0-0.5 mm 0.5-1.0 mm
0-20 9.90$+0.27b|11.3540.28a||20-40]11.41+0.35b|13.83+30.33a

Table 5 Median lifetime of roots with different diameters under 0-40 cm soil

layers
Root diameter (mm) Median lifespan (days)
0-0.5 8.09$0.33¢(|0.51.0]10.62£0.505||20-40(0-0.5)|11.620.39a| |20-40(0.5

3. Discussion

3.1 Effects of Rehydration on Fine Root Morphology in Saline-Alkali
Soil Fine roots are the primary organs for water and nutrient absorption. Dy-
namic changes in root length, root volume, and average root diameter reflect
plant responses to drought stress and are important indicators for evaluating
drought resistance. Drought and rehydration produce compensatory effects on
plants, with roots being the first to respond. This study found that after drought
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rehydration, root length and root tip number initially increased then decreased,
with maximum root length increase (40.7 ¢cm) occurring at 7 days after rehy-
dration. This is consistent with research on oats by Wang Xiaoxue et al., as
rehydration promotes the production of more absorptive roots, demonstrating
that rehydration can restore plant root growth.

After rehydration, the average root diameter of Rumex hanus decreased due
to increased root length and tip number, which reduced the average diameter
and promoted root growth. This aligns with the conclusion of Wei Qingjiang et
al. on reduced root diameter in citrus under drought rehydration. Hao Shurong
et al. found that drought stress followed by rehydration during rice tillering
increased root length and tip number, indicating compensatory effects, which is
consistent with our results on Rumex hanus.

3.2 Effects of Root Diameter and Soil Depth on Fine Root Growth
Rate Root growth rate is an indicator of root activity, with higher rates in-
dicating more suitable growing conditions. Studies show that fine root growth
rates decrease with increasing soil depth. This study found that the 0-20 cm
soil layer had higher growth rates than the 20-40 cm layer, which differs from
research on Korean pine by Wang Cunguo et al. This discrepancy may be due to
our use of one-year-old Rumex hanus plants where the root growth center had
shifted from the 0-20 cm to the 20-40 cm layer, with new fine roots appearing
in the 0-20 cm layer at 4 days after rehydration and in the 40 cm layer at 7
days. The study by Wang Cunguo et al. used pine seedlings whose root growth
centers were still in shallow soil layers.

Fine root distribution in deep soil significantly affects water and nutrient ab-
sorption. Most fine roots (primarily 0-1.0 mm) are distributed in surface soil,
but deep roots show greater fluctuations during drought periods. This study
found that fluctuations in the 20-40 cm layer were significantly greater than in
the 0-20 cm layer, consistent with research on Schima superba by Zhang Kun
et al., suggesting that perennial plants may respond to soil moisture changes
through variations in deep fine root growth.

Both root diameter and soil depth affect fine root growth rate and accumulation.
This study showed that 0-1.0 mm fine roots were primarily distributed in the 0-
20 cm layer, accounting for approximately 58% of monitored roots. Root diam-
eter and soil depth significantly affected root length, consistent with previous
research. However, the interaction between root diameter and soil depth did
not significantly affect fine root growth rate, similar to results from studies on
hybrid walnut (Juglans regiaxnigra) by Germon et al., indicating that soil first
promotes root length increase, then root diameter increase, suggesting soil has
some inhibitory effect on diameter increase.

3.3 Effects of Soil Depth on Fine Root Mortality Fine root mortality
decreases with increasing root diameter. Plants retain thicker (1-2 mm) fine
roots because they play important roles in resource transport and fixation and
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are producers of new roots. Different diameter fine roots have varying mortality
rates. Coarse roots have higher carbohydrate content, primarily lignin and cellu-
lose, and lower nutrient content. Higher soil moisture promotes fine root growth
and improves root survival capacity. In terms of growth cost, fine roots have
lower construction costs. Under special conditions (drought, salinity), plants
increase investment in coarse roots to maintain basic survival.

This study found that 0-0.5 mm fine root mortality was significantly higher
than 0.5-1.0 mm fine roots after 5-15 days of rehydration (P < 0.05), consistent
with research by Zhou Yongjiao et al. The reason may be that low aboveground
biomass during early drought provided insufficient photosynthates to meet the
energy demands of these fine roots, and long-distance transport consumed ad-
ditional energy. Root mortality in the 0-20 cm layer was significantly higher
than in the 20-40 cm layer (P < 0.05), possibly because surface roots were more
affected by soil evaporation, tillage practices, and soil temperature, leading to
root death, similar to findings on marsh herbs by Yang Weizong et al.

3.4 Effects of Rehydration on Fine Root Turnover Rate The fine root
turnover rate of Rumex hanus ranged from 1.08 to 1.85 per cycle, slightly higher
than the 0.63-1.25 per cycle reported for oats after drought rehydration. This
difference may be due to oats being annual plants while Rumex hanus is peren-
nial, with different root growth patterns leading to varying turnover rates. Re-
search shows that irrigation frequency significantly affects processing tomato
roots, with optimal root biomass, distribution, and water use efficiency achieved
at 10-day irrigation intervals. Studies on oats and greenhouse cucumbers indi-
cate that 8-10 day irrigation intervals promote deep root distribution, increase
total root biomass, and improve yield.

This study found that Rumex hanus root growth slowed and fine roots began
obvious death 10 days after rehydration in saline-alkali soil. Considering rational
saline-alkali land development and water resource conservation, an irrigation
cycle of 8-10 days meets Rumex hanus growth requirements while alleviating
water scarcity.

4. Conclusion

By investigating the growth, development, and senescence processes of Rumex
hanus fine roots after drought rehydration in saline-alkali soil, along with dy-
namic changes in root survival rates, this study found that fine root survival
rates remained at 93.9% within 4 days after rehydration, then declined signifi-
cantly to 70.6% by day 15. Root length and tip numbers in the 0-40 cm layer
increased by 24.2% and 62.1% compared to pre-rehydration levels, indicating
that Rumex hanus restores growth by expanding its water absorption range
after drought rehydration.

The net production and mortality of fine roots in the 0-40 cm layer showed
increases of 14.8% and 35.4%, respectively, partially offsetting each other. The
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20-40 cm layer exhibited higher turnover rates, survival rates, and median lifes-
pans than the 0-20 cm layer. The 0.5-1.0 mm diameter roots demonstrated
stronger adaptability than 0-0.5 mm roots, with higher growth rates and me-
dian lifespans. Root growth, survival rates, and accumulation of Rumex hanus
all decreased significantly after 10 days, with large-scale death of 0-0.5 mm
fine roots, indicating that fine roots can maintain growth for 8-10 days. The
dynamic response of Rumex hanus fine roots to rehydration reflects its adap-
tive strategy to the environment and provides a theoretical basis for irrigation
management of halophytes in arid regions.
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