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Abstract
Ephemeral plants represent an important functional group in desert ecosys-
tems, exhibiting diverse habitats and asynchronous germination characteristics
in many species. Biomass accumulation and allocation patterns reflect plant
responses and adaptive traits to environmental conditions; thus, investigating
biomass allocation strategies of ephemeral plants across different environments
enhances understanding of their survival strategies. This study examined spring-
germinated individuals of Erodium oxyrhinchum from three natural biological
soil crust habitats [Bare Sand-Spring Germination (BS), Algal-Spring Germi-
nation (AS), and Lichen-Spring Germination (LS)], and summer-germinated
individuals from bare sand areas [Summer Germination in Bare Sand (SG)]. Us-
ing whole-plant excavation to quantify aboveground and belowground biomass,
we systematically compared differences in biomass allocation and allometric
relationships among the four types to explore variability and conservatism in
resource allocation strategies. The results demonstrated: (1) Aboveground, be-
lowground, and total biomass per plant of E. oxyrhinchum generally followed the
pattern BS>AS>LS=SG, while root-to-shoot ratios exhibited SG=LS=AS>BS.
(2) BS and SG plants displayed isometric relationships between aboveground and
belowground biomass, whereas AS and LS habitats showed allometric relation-
ships, though all four types shared a common allometric exponent (0.8843). (3)
Root-to-shoot ratios in AS and LS habitats decreased allometrically with in-
creasing individual size, while those in BS and SG remained relatively constant.
These findings indicate that biomass allocation in E. oxyrhinchum is influenced
by both environmental conditions and ontogeny, manifesting pronounced plas-
ticity that reflects a trade-off between conservatism and plasticity in resource
allocation strategies.
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Abstract

Ephemeral plants represent an important functional group in desert ecosystems,
characterized by diverse habitats and, in many species, isochronous germina-
tion patterns. Plant biomass accumulation and allocation reflect environmental
responses and adaptive strategies; therefore, investigating biomass allocation
patterns of ephemeral plants under varying environmental conditions enhances
our understanding of their survival strategies. This study examined Erodium
oxyrhinchum individuals that germinated in summer in bare sand and in spring
across three natural habitats: bare sand, algal crust, and lichen crust. Us-
ing whole-plant excavation to obtain aboveground and belowground biomass,
we systematically compared differences in biomass distribution and allometric
growth relationships among four types—Bare Sand-Spring Germination (BS),
Algal Crust-Spring Germination (AS), Lichen Crust-Spring Germination (LS),
and Summer Germination in Bare Sand (SG)—to explore the variability and
conservatism of their resource allocation strategies.

The results revealed three key patterns. First, individual aboveground, below-
ground, and total biomass generally followed the hierarchy BS > AS > LS =
SG, while root-to-shoot ratios (R/S) showed the opposite pattern: SG = LS =
AS > BS. Second, aboveground and belowground biomass exhibited isometric
relationships in BS and SG plants, but allometric relationships in AS and LS
plants; nevertheless, all four types shared a common allometric scaling exponent
(0.8843). Third, the R/S ratios of AS and LS decreased allometrically with in-
creasing plant size, whereas those of BS and SG remained relatively constant.
These findings demonstrate that biomass allocation in E. oxyrhinchum is influ-
enced by both external environmental conditions and individual development,
exhibiting pronounced plasticity that reflects a trade-off between conservative
and plastic resource allocation strategies.

Keywords: ephemeral plants; Erodium oxyrhinchum; biomass allocation; al-
lometry; biological soil crust; summer germination
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1. Introduction
1.1 Study Area Overview

The Gurbantunggut Desert (44°11�–46°21�N, 84°31�–90°00�E) lies in the heart of
the Junggar Basin in northern Xinjiang and represents China’s largest fixed and
semi-fixed desert. The region receives average annual precipitation of 70–120
mm, with approximately 150 mm in the central desert, while annual potential
evaporation reaches 2000–2800 mm. Extreme temperatures exceed 30°C, with
minimum temperatures dropping to -30°C. The active accumulated tempera-
ture �10°C ranges from 3000 to 3500°C, and average relative humidity varies
between 50% and 60%. Dominant plant species include Haloxylon ammoden-
dron, Artemisia songarica, Ephedra przewalskii, and Haloxylon persicum, while
ephemeral and quasi-ephemeral plants constitute the primary spring vegetation.
The desert surface is extensively covered by biological soil crusts, primarily algal
crusts, lichen crusts, and moss crusts, which create distinct microhabitats with
lower soil moisture compared to bare sand.

1.2 Field Sample Collection

Sampling was conducted in the hinterland of the Gurbantunggut Desert during
two periods. Spring-germinated plants were collected in mid-April 2019 when
they reached the flowering stage. Three habitat types were established: bare
sand spring germination (BS), algal crust spring germination (AS), and lichen
crust spring germination (LS). For each habitat, five 5 m × 5 m quadrats were
set up as replicates. Several complete, healthy plants were selected from each
quadrat and excavated using the whole-plant method. In late July 2019, follow-
ing a substantial rainfall event, E. oxyrhinchum rapidly germinated, producing
summer-germinated individuals (SG). To compare with spring-germinated sam-
ples, SG plants were collected in early August 2019 from bare sand habitats only,
using the same sampling protocol. Autumn-germinated plants were excluded as
they typically overwinter and thus fall outside the strict definition of ephemeral
plants. For brevity, all E. oxyrhinchum plants from different habitats and ger-
mination times are collectively referred to as“four types,”with“habitat”used
when comparing crust types and “type”used when comparing with summer-
germinated plants. Final sample sizes were 50, 45, 45, and 40 individuals for BS,
AS, LS, and SG, respectively. Fresh samples were placed in labeled envelopes
and transported in coolers to the laboratory for further processing.

1.3 Biomass Calculation

Fresh samples were processed by separating aboveground and belowground ma-
ture tissues into envelopes and oven-drying at 75°C for 48 hours. Dried sam-
ples were weighed using an electronic balance (precision: 0.0001 g) to determine
aboveground biomass (AGB), belowground biomass (BGB), total biomass (TB),
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and root-to-shoot ratio (R/S). All biomass metrics are presented as means ±
standard error.

2. Results and Analysis
2.1 Biomass Characteristics of Different Plant Types

One-way ANOVA revealed significant differences in aboveground biomass
(AGB), belowground biomass (BGB), and total biomass (TB) among the four
types (P < 0.05). The biomass hierarchy was consistently BS > AS > LS = SG.
Specifically, BS plants exhibited significantly greater AGB (0.1367 ± 0.0095 g),
BGB (0.0553 ± 0.0031 g), and TB (0.1920 ± 0.0125 g) compared to AS and
LS plants (P < 0.05), while SG plants showed the lowest values (AGB: 0.0164
± 0.0015 g; BGB: 0.0103 ± 0.0131 g; TB: 0.0267 ± 0.0145 g). Notably, SG
biomass did not differ significantly from LS (P > 0.05). Root-to-shoot ratios
(R/S) also differed significantly (P < 0.05), following the pattern SG = LS =
AS > BS, indicating that SG, LS, and AS plants allocated proportionally more
biomass to roots than BS plants.

2.2 Allometric Relationships Between Aboveground and Belowground
Biomass

Allometric analysis using reduced major axis (RMA) regression revealed highly
significant (P < 0.01) power-law relationships between aboveground and below-
ground biomass across all types. The allometric relationship formula Y = �X^�
was log-transformed to linear form for parameter estimation, where � represents
the scaling exponent and � the normalization constant. BS and SG plants exhib-
ited isometric relationships (95% confidence intervals for � included 1.0), whereas
AS and LS plants showed significant allometric relationships (� < 1.0). Despite
these differences, common slope tests indicated that all four types shared a com-
mon allometric exponent of 0.8843 (P > 0.05 for slope heterogeneity), suggesting
a fundamental conservatism in resource allocation scaling despite environmental
variation.

2.3 Relationship Between Biomass Allocation and Individual Size

The relationship between R/S and individual plant size (quantified as AGB,
BGB, or TB) varied among types. For AS and LS plants, R/S decreased al-
lometrically with increasing plant size, with particularly strong declines in LS
(P < 0.01). In contrast, BS and SG plants maintained relatively constant R/S
ratios across size classes, indicating size-independent allocation patterns. These
results confirm that both ontogenetic drift and environmental conditions influ-
ence biomass allocation in E. oxyrhinchum.
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3. Discussion
3.1 Biomass Allocation Characteristics Across Types

When environmental conditions change, plants adjust biomass accumulation
and allocation, reflecting phenotypic plasticity and adaptive responses. Arid
and semi-arid temperate desert ecosystems feature extreme temperatures and
limited water availability, with sparse vascular vegetation and poor nutrient
cycling, often resulting in biological soil crust-covered surfaces. Despite these
harsh conditions, E. oxyrhinchum successfully colonizes crust surfaces due to
its specialized diaspore morphology. Previous studies have shown that biologi-
cal soil crusts can either promote or inhibit plant growth depending on water
availability. Our findings that AS and LS plants had lower biomass than BS
plants likely reflect reduced soil moisture in crust habitats. Long-term obser-
vations indicate that E. oxyrhinchum seeds germinate when soil moisture ex-
ceeds a threshold, which can occur during summer rainfall events. However,
the ephemeral water supply cannot sustain the full life cycle, leading to incom-
plete development and significantly smaller biomass in SG plants compared to
spring-germinated individuals.

Water availability emerges as the primary factor limiting E. oxyrhinchum growth.
Kidron’s research in the Negev Desert demonstrated that crust-covered soils had
lower moisture than bare sand, resulting in poorer annual plant performance.
Similarly, Zhuang et al. found that crust habitats in the Gurbantunggut Desert
had significantly lower soil moisture, reducing biomass of E. oxyrhinchum and
Hyalea pulchella. Our results align with these findings, showing that BS plants,
with access to relatively abundant water from spring snowmelt, allocated less
biomass to roots (lower R/S) compared to AS and LS plants that experienced
greater water stress. This pattern supports the optimal allocation hypothesis,
which predicts increased investment in resource-acquiring organs (roots) under
limiting conditions.

3.2 Allometric Relationships Among Component Biomass

Allometric relationships reveal fundamental scaling principles governing biolog-
ical traits relative to organism size. While many studies suggest universal pat-
terns—such as isometric scaling between aboveground and belowground biomass
in woody plants—others emphasize species-specific responses driven by genetic
constraints and natural selection. Our results show that E. oxyrhinchum ex-
hibits both isometric (BS, SG) and allometric (AS, LS) relationships between
aboveground and belowground biomass, yet maintains a common scaling expo-
nent across all types. This suggests that while environmental conditions modify
the absolute rates of biomass allocation, the underlying scaling relationship re-
mains conserved, likely reflecting species-specific genetic constraints.

The isometric relationship in BS plants indicates proportional allocation be-
tween aboveground and belowground compartments under favorable spring con-
ditions. In contrast, the allometric relationship in AS and LS plants (� < 1.0)
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indicates that belowground biomass increases at a slower rate than aboveground
biomass, possibly due to nitrogen fixation by algal crusts partially offsetting
water stress. The shared exponent of 0.8843 across all types underscores a fun-
damental conservatism in biomass scaling, consistent with findings that environ-
mental variation alters biomass ratios without changing underlying allocation
patterns.

3.3 Biomass Allocation and Individual Size

Ontogenetic drift significantly influences biomass allocation, with most
herbaceous plants showing decreasing root allocation as individuals grow
larger. Ephemeral plants, with their compressed life cycles, typically prioritize
aboveground growth and reproduction over root investment. Our results
partially support this pattern: R/S ratios decreased with plant size in AS and
LS habitats, particularly in LS (P < 0.01), indicating ontogenetic shifts in
allocation. However, BS and SG plants maintained constant R/S ratios across
size classes, suggesting that water availability in bare sand habitats may relax
size-dependent allocation constraints.

The contrasting patterns between habitat types likely reflect differential water
stress. In crust habitats, smaller plants initially allocate more biomass to roots
to enhance water acquisition, while larger plants shift allocation toward above-
ground structures to maximize reproductive output. In SG plants, the most
severely stressed type, the R/S ratio remained size-independent, possibly be-
cause extreme environmental conditions override typical ontogenetic patterns.
These findings support Hutchings and John’s conclusion that both ontogeny
and environmental heterogeneity shape root:shoot partitioning.

4. Conclusions
Analysis of biomass allocation in four types of the ephemeral plant Erodium
oxyrhinchum across different habitats and germination times yielded three main
conclusions:

1. Biomass hierarchy: Individual aboveground, belowground, and total
biomass followed the pattern BS > AS > LS = SG, with water stress being
the primary driver of inter-type differences. E. oxyrhinchum adjusted R/S
ratios to cope with drought, showing greater root investment in water-
limited habitats.

2. Allometric scaling: While BS and SG plants exhibited isometric re-
lationships between aboveground and belowground biomass, AS and LS
plants showed allometric relationships with slower belowground scaling.
All types shared a common scaling exponent (0.8843), indicating conserved
allocation principles despite environmental variation.
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3. Ontogenetic plasticity: R/S ratios decreased allometrically with plant
size in AS and LS habitats but remained constant in BS and SG. This
demonstrates that both individual development and environmental condi-
tions influence biomass allocation, with E. oxyrhinchum employing plastic
strategies to optimize growth under desert conditions.

These results reveal that E. oxyrhinchum employs flexible resource allocation
strategies to adapt to heterogeneous desert environments, providing insights
into the life history strategies of ephemeral plants and informing scientific man-
agement of desert ecosystems.
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