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Abstract

Root branching number and connection length influence the spatial distribution
and resource acquisition of plant root systems, and the trade-off relationship be-
tween them contributes to a deeper understanding of the ecological adaptabil-
ity of plant root architecture. On the northern slope of the Qilian Mountains
in alpine degraded grasslands, four degradation gradient plots were established:
non-degraded (T1), lightly degraded (T2), moderately degraded (T3), and heav-
ily degraded (T4). The relationship between root branching number and con-
nection length of Potentilla acaulis was studied using a combination of whole-
root excavation and Win-RHIZO root analyzer. The results showed that with
intensifying degradation of natural grasslands, the density, height, coverage,
aboveground biomass of grassland communities, and soil water content gradu-
ally decreased, while soil compaction continuously increased; the density, height,
coverage, aboveground and belowground biomass, root-to-shoot ratio, and root
connection length of P. acaulis populations gradually increased, while branch-
ing number showed an opposite trend. The correlation between root branching
number and connection length of P. acaulis differed among different degraded
grasslands (P < 0.05), with an extremely significant negative correlation in
non-degraded (T1) and heavily degraded (T4) grasslands (P < 0.01), and a sig-
nificant negative correlation in lightly degraded (T2) and moderately degraded
(T3) grasslands (P < 0.05). With degradation of natural grasslands, P. acaulis
adopted an architectural construction pattern of decreasing root branching num-
ber and increasing root connection length, reflecting the trade-off mechanism of
biomass allocation among different plant functional traits.
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Abstract

Root forks and link length influence the spatial distribution and resource acqui-
sition of plant root systems. The trade-off between these two architectural traits
plays a significant role in the ecological adaptation of root architecture. This
study was conducted in the Machangtan grassland on the northern slope of the
Qilian Mountains in northwestern China (38°47 22.1 —38°52 11.4 N, 99°45 11.7
—99°57 41.2 E), where the altitude ranges from 2610 to 2632 m, mean annual
temperature varies between 1-2°C; annual precipitation is 270-350 mm, the cli-
mate is continental and vertically variable, soils are primarily mountain chestnut
soils, and the dominant native vegetation consists mainly of perennial grasses
and forbs. In August 2014, we established four degradation gradient plots (non-
degraded (T1), lightly degraded (T2), moderately degraded (T3), and heavily
degraded (T4)) with six replicates each, recording plant density, height, cov-
erage, and species composition in 1 m x 1 m quadrats. Soil compaction was
measured at 0-10 cm, 10-20 cm, and 20-30 cm depths using an SC-900 Soil Com-
paction Meter (five replicates per quadrat), with the average compaction across
the 0-30 cm profile representing the degradation gradient. Based on detailed
community studies and grassland stocking rates from 2004-2013, we defined the
gradients as: no degradation (>90%), light degradation (98%-115%), moderate
degradation (120%-131%), and heavy degradation (135%-156%). Whole root
systems were excavated from 30 cm x 30 cm x 50 cm soil cores (240 total across
all gradients), sieved (bore diameter = 0.25 mm), cleaned in a nearby river, and
scanned using Win-RHIZO to measure root forks and link length. Biomass
was determined after oven-drying at 105°C for 12 hours, and soil moisture was
measured by oven-drying at 84°C for 24 hours.

As natural grassland degradation intensified, aboveground biomass and soil wa-
ter content gradually decreased while soil compaction increased. Conversely,
grassland community density, P. acaulis population density, above- and below-
ground biomass, root-shoot ratio, and root link length increased. The correla-
tion between root forks and link length in P. acaulis varied among degradation
levels: a highly significant negative correlation (P < 0.01) was found in non-
degraded and heavily degraded grasslands, while a significant negative correla-
tion (P < 0.05) occurred in lightly and moderately degraded grasslands. With
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increasing grassland degradation, P. acaulis adopted a root architecture strat-
egy of decreasing root forks while increasing link length, reflecting a trade-off
mechanism in biomass allocation among different functional traits.

Keywords: Potentilla acaulis; root forks; link length; root architecture; trade-
off; northern slope of Qilian Mountains

1. Study Area and Plot Description

The northern slope of the Qilian Mountains lies at the northern edge of the Ti-
betan Plateau and the southern side of the Hexi Corridor, where specific natural
conditions have created extensive desert steppe (1900-2450 m), alpine steppe
(2450-2800 m), and meadow steppe (2800-3800 m) dominated by xeric and
mesic herbs and shrubs. The study site was located in Machangtan grassland,
Sunan Yugur Autonomous County, Gansu Province (38°47 22.1 —38°52 11.0 N,
99°45 11.7 —99°57 41.2 E) at an elevation of 2705-2726 m. The region has a
pronounced continental and mountain vertical climate, with a mean annual tem-
perature of 0.5-1.7°C, annual precipitation of 270-350 mm, annual evaporation
of 1480-1620 mm, and a frost-free period of 80 days. Soils are primarily moun-
tain chestnut soils, and the ecosystem is fragile. Dominant plant species include
Stipa krylovii, Artemisia frigida, Poa pratensis, Agropyron cristatum, Melica
przevalskyi, Oxytropis kansuensis, Heteropappus altaicus, Stellera chamaejasme,
and Thermopsis lanceolata.

2. Community Survey and Plant Sampling

Based on long-term observations of natural grassland succession and plant eco-
logical adaptation on the Qilian Mountains’ northern slope by Zhao et al. [22],
we conducted community and root surveys in mid-August 2014. Test plots were
selected from fenced pastures on north-facing slopes used for winter-spring graz-
ing with free grazing from June to November. According to grazing history and
management, four fenced pastures of 80.5-100 hm? were chosen representing
different degradation levels: non-degraded (T1), lightly degraded (T2), moder-
ately degraded (T3), and heavily degraded (T4). Plot selection was based on
community surveys, the growth status of the constructive species Stipa krylovii,
and stocking rates (calculated as A/B x 100%, where A is the actual average
livestock carrying capacity and B is the theoretical carrying capacity for the
same period). Within each degradation gradient, representative 10 m x 10 m
areas with uniform P. acaulis growth were selected based on average population
height, coverage, and density.

Table 1 shows the main characteristics of the sample plots. Different lowercase
letters after data in the same column indicate significant differences among
degradation gradients (P < 0.05). T1: no degradation; T2: light degradation;
T3: moderate degradation; T4: heavy degradation.
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The field sampling procedure was as follows: For community surveys, we used
1 m x 1 m quadrats to measure and record density, height, and coverage of all
plants, documenting all species present. All plants in each quadrat were clipped
at ground level, numbered, and returned to the laboratory. Soil compaction was
measured at 0-10 cm, 10-20 cm, and 20-30 cm depths in each survey quadrat
using an SC-900 compaction meter, with the average of all quadrats representing
the plot’ s soil compaction.

3. Laboratory Measurements

Within each plot, P. acaulis plants were sampled by randomly establishing 30
cm X 30 cm quadrats. Soil cores (30 cm x 30 cm x 50 c¢cm) were excavated
with intact aboveground plants. Debris such as gravel was removed near a
river, and plants were separated from soil by rinsing. A total of 240 cores were
collected across all degradation gradients. P. acaulis whole plants were selected
and sieved (bore diameter = 0.25 mm). Above- and belowground parts were
separated and placed in numbered ziplock bags for laboratory analysis.

For soil sampling, an auger (diameter = 4 cm) was used to collect soil at 10 cm
intervals from 0-50 cm depth in each plot. All fresh soil samples were cleared of
visible stones, plant roots, and litter, then placed in numbered aluminum boxes
for laboratory analysis.

In the laboratory, P. acaulis roots were carefully brushed and spread in a root
scanner tray with a small amount of water. Root systems were scanned using
Win-RHIZO (Pro 2009a, Regent Instruments, Quebec, Canada) and stored as
image files on computer to obtain root forks per unit length and average link
length. Finally, above- and belowground parts were placed in envelopes, oven-
dried at 105°C for 12 hours, and weighed with an electronic balance (0.0001
g precision) to calculate biomass. Soil moisture content was determined by
oven-drying at 84°C for 24 hours and measuring weight loss.

4. Data Processing

All raw data were processed using Microsoft Excel 2007. To normalize the data
for root forks per unit length and link length for linear regression analysis, log10
transformation was applied. Statistical analysis was performed using SPSS 20.0
with one-way ANOVA. Significance level was set at P < 0.05. All figures were
created using SigmaPlot 10.0 and Microsoft Excel 2007.
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5. Results

5.1 Changes in Root Forks and Link Length Across Degradation Gra-
dients

Root forks and link length of P. acaulis varied significantly among degradation
gradients (P < 0.05). One-way ANOVA revealed that as grassland degradation
increased from non-degraded (T1) to heavily degraded (T4), the average root
forks per unit length gradually decreased by 65.51%, while root link length
showed the opposite trend, increasing by 161.80%.

5.2 Relationship Between Root Forks and Link Length

Correlation analysis showed a significant negative relationship between root
forks and link length across all degradation gradients (Pearson, P < 0.05). As
root forks decreased along the degradation gradient, link length increased. The
standardized major axis slopes of the regression equations differed significantly
among gradients (P < 0.05). The slopes for lightly degraded (T2), moderately
degraded (T3), and heavily degraded (T4) grasslands were all less than -1, while
the slope for non-degraded grassland (T1) was greater than -1. The slope in-
creased gradually from non-degraded to heavily degraded grassland, with no
significant difference between light (T2) and moderate (T3) degradation (P >
0.05).

Figure 2 [Figure 2: see original paper] shows changes in root forks and link
length of P. acaulis along the degradation gradient. Different lowercase letters
indicate significant differences among degradation gradients (P < 0.05). T1:
no degradation; T2: light degradation; T3: moderate degradation; T4: heavy
degradation.

Figure 3 [Figure 3: see original paper] illustrates the relationship between root
forks and link length of P. acaulis across different degraded grasslands. T1:
no degradation; T2: light degradation; T3: moderate degradation; T4: heavy
degradation.

5.3 Community Characteristics and Soil Physical Properties

Community density, coverage, and aboveground biomass differed significantly
among degradation gradients (P < 0.05), decreasing from non-degraded (T1) to
heavily degraded (T4) grasslands by 52.11%, 70.18%, and 43.05%, respectively.
Soil moisture content and compaction also varied significantly (P < 0.05). Soil
water content decreased by 40.44% from T1 to T4, while soil compaction in-
creased by 123%, showing opposite trends.

Table 2 presents community characteristics and soil water content across degra-
dation gradients. Different lowercase letters after data in the same column in-
dicate significant differences among gradients (P < 0.05). T1: no degradation;
T2: light degradation; T3: moderate degradation; T4: heavy degradation.
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5.4 Population Characteristics of P. acaulis

Biological characteristics of P. acaulis populations varied significantly among
degradation gradients (Table 3). Population density, aboveground biomass, be-
lowground biomass, and root-shoot ratio all increased significantly (P < 0.05),
rising by 101.00%, 86.98%, 166.10%, and 70.79%, respectively, from T1 to T4.
The proportion of root biomass to total population biomass increased from
10.70% in non-degraded to 24.25% in heavily degraded grassland, a 166.67%
increase.

Table 3 shows biological characteristics of P. acaulis across the degradation
gradient. Different lowercase letters after data in the same column indicate
significant differences among gradients (P < 0.05). T1: no degradation; T2:
light degradation; T3: moderate degradation; T4: heavy degradation.

6. Discussion

Plants adapt to environments through a series of interconnected functional traits
[23]. Within this framework, root systems possess inherent growth and response
patterns that coordinate relationships between key traits such as root forks
and link length under specific environmental conditions, establishing a trade-off
and compensation mechanism through natural selection [25]. This study found
that as grassland degradation progressed, P. acaulis root systems exhibited
decreasing forks and increasing link length, with a clear trade-off between these
traits that reflects the species’ adaptive root architecture strategy in degraded
grasslands.

In non-degraded grassland (T1) dominated by Stipa krylovii, livestock grazing
and trampling were relatively weak. Community height, coverage, and biomass
were high, soil moisture was adequate, and compaction was low. Here, P. acaulis
occurred sporadically in a prostrate form, with population density, biomass,
and root-shoot ratio all relatively small. Constrained by neighboring domi-
nant species and at a competitive disadvantage, P. acaulis prioritized allocating
more biomass to aboveground stems to increase height and leaf number [27],
while constructing root systems with greater forks and smaller link length. This
strategy enhanced branching intensity and clump density, allowing the species
to form dense underground networks and aboveground patches through coor-
dinated ramets, thereby improving resource use efficiency within limited space.
Smaller link length shortened resource transport distances, enabling effective re-
source sharing among ramets and ensuring minimum survival conditions under
intense competition.

Grazing is the primary external driver of grassland degradation [30], while inter-
nal factors include community structure changes and species replacement strate-
gies, along with resulting inter- and intraspecific dependencies and competition
[31]. Under long-term selective grazing, palatable grasses like S. krylovii be-
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came sparse and stunted, reducing vegetation cover and increasing soil evapora-
tion. Soil compaction increased, hindering root growth and nutrient uptake. In
heavily degraded grassland (T4), unpalatable and trampling-resistant P. acaulis
reached maximum population density, biomass, and root-shoot ratio, becoming
the community dominant species. Intraspecific aggregation intensified resource
competition within populations. To expand soil resource acquisition, avoid un-
necessary intraspecific competition, and reduce above- and belowground crowd-
ing, P. acaulis adopted a strategy of decreasing root forks while increasing link
length. Reduced forks minimized root overlap and alleviated competition for
water and nutrients, while increased link length enhanced spatial exploration,
overcoming soil compaction effects and facilitating clonal expansion into areas
with abundant resources. This allowed patch merging and consolidation, sup-
porting population expansion and dominance succession.

This pattern aligns with studies on Reaumuria soongorica in the Hexi Corridor
[34] and on Tamariz taklamakanensis, Calligonum roborovskii, and Apocynum
venetum in the Taklamakan Desert [35]. Plant responses to disturbance funda-
mentally involve functional trait adjustments [36], often exhibiting trade-offs be-
tween internal and external functions that reflect important adaptive strategies
[37]. As degradation progressed from non-degraded to lightly and moderately
degraded grasslands, the competitive advantage of S. krylovii declined [40]. P.
acaulis populations expanded through patchy distribution with increasing den-
sity, height, and root-shoot ratio. To utilize vacated niches and increase ground
cover, the species selected for decreased root forks and increased link length,
laying the foundation for population expansion and dominance succession. This
matches findings on P. acaulis root architecture across degradation gradients
[42].

Our results demonstrate that P. acaulis adapts to community environmental
changes and dominant species succession by adjusting root forks and link length,
revealing phenotypic plasticity mechanisms for trait trade-offs. This underscores
the species’ robust survival strategy and strong ecological adaptability as a
final line of defense against grassland degradation. Understanding this trade-
off relationship is crucial for comprehending degradation succession processes
and guiding grassland restoration. Root architecture is also influenced by plant
structure, soil physicochemical properties, and age [17]. Further exploration of
these factors will deepen our understanding of root ecological adaptation and
its regulation.
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