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Abstract: Biomass allocation patterns among plant species are related to their adaptive ecological strategies.
Ephemeral, ephemeroid and annual plant life forms represent three typical growth strategies of plants that
grow in autumn and early spring in the cold deserts of China. These plants play an important role in reducing
wind velocity in the desert areas. However, despite numerous studies, the strategies of biomass allocation
among plant species with these three life forms remain contentious. In this study, we conducted a preliminary
quadrat study during 2014–2016 in the southern part of the Gurbantunggut Desert, China, to investigate the
allocation patterns of above-ground biomass (AGB) and below-ground biomass (BGB) at the individual level
in 17 ephemeral, 3 ephemeroid and 4 annual plant species. Since ephemeral plants can germinate in autumn,
we also compared biomass allocation patterns between plants that germinated in autumn 2015 and spring
2016 for 4 common ephemeral species. The healthy mature individual plants of each species were sampled
and the AGB, BGB, total biomass (TB), leaf mass ratio (LMR) and root/shoot ratio (R/S) were calculated for
201 sample quadrats in the study area. We also studied the relationships between AGB and BGB of plants
with the three different life forms (ephemeral, ephemeroid and annual). The mean AGB values of ephemeral,
ephemeroid and annual plants were 0.806, 3.759 and 1.546 g/plant, respectively, and the mean BGB values
were 0.106, 4.996 and 0.166 g/plant, respectively. The mean R/S value was significantly higher in ephemeroid
plants (1.675) than in ephemeral (0.154) and annual (0.147) plants. The mean LMR was the highest in annual
plants, followed by ephemeroid plants and ephemeral plants, reflecting the fact that annual plants allocate
more biomass to leaves, associated with their longer life span. Biomass of ephemeral plants that germinated
in autumn was significantly higher than those of corresponding plants that germinated in spring in terms of
AGB, BGB and TB. However, the R/S value was similar in plants that germinated in autumn and spring. The
slope of regression relationship between AGB and BGB differed significantly among the three plant life forms.
These results support different biomass allocation hypotheses. Specifically, at the individual level, the AGB
and BGB partitioning supports the allometric hypothesis for ephemeroid and annual plants and the isometric
hypothesis for ephemeral plants.
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1 Introduction
Biomass allocation, which reflects the fundamental trade-off in partitioning between above-ground
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biomass (AGB) and below-ground biomass (BGB) in plants, plays an important role in plant life
cycles (Müller et al., 2000; Weiner, 2004; Cella and Bisigato, 2010; Oliveira et al., 2018). Biomass
allocation within a plant, particularly the distribution of biomass among the various organs, is
strongly affected by species characteristics, ontogeny and the environment where the plants live
(Poorter and Nagel, 2000). As a result, the relative biomass representing above-ground parts and
below-ground parts are not fixed and vary greatly under different environments or among different
species (Poorter et al., 2012). An understanding of the quantitative allocation of a plant's biomass in
the above-ground parts and below-ground parts is of fundamental importance to the study of plant
ecology and evolution (Niklas, 1994; Reich, 2002).
Desert vegetation, especially natural vegetation, plays an important role in reducing wind velocity
(Wolf, 1993), thus preventing or at least decreasing desertification caused by soil erosion (El-Sheikh
et al., 2010). Ephemerals (with short life span), ephemeroids (perennial plants with short life span)
and annuals (with longer life span than ephemeral and ephemeroid plants) are the three dominant
plant life forms comprising the herbaceous layer in the Gurbantunggut Desert in northwestern China
(Wang et al., 2003). These three types of plants usually account for more than 50% of the vegetation
cover in early spring to summer and make a large contribution to the annual productivity of the desert
vegetation in spring and autumn, and they also act as a nutrient reservoir for other plants (Chen et al.,
2009; Huang et al., 2016). Ephemeral and ephemeroid plants both take advantage of the available
water in a short period of time during the rainy season to complete their life cycle rapidly within a
few months (Fan et al., 2014). Furthermore, some ephemeral plants can germinate in autumn with
available water and suitable temperature, and then grow over the winter to complete their life cycle
in the following year. In contrast, annual plants grow for a longer period with less rapid vegetative
growth, and tend to grow under drier soil conditions than ephemeral and ephemeroid plants (Zhou et
al., 2014). Given that biomass allocation is an essential process, we therefore surmise plants that with
different life forms will adopt different strategies to regulate their allocation to AGB and BGB in
order to adapt to environmental conditions.
According to the optimal partitioning theory, plants usually allocate relatively more biomass to
shoots if the limiting factors for growth are above the ground (e.g., CO2 and sunlight) and more
biomass to roots if the limiting factors are below the ground (e.g., water and nutrients). Thus, in order
to realize optimal growth, plants will allocate biomass preferentially to the organ that accesses the
most growth-limiting resources (Yan et al., 2016). Several studies have reported that plants in desert
ecosystems have a larger root/shoot ratio (R/S) than plants in other ecosystems, such as forest and
steppe ecosystems (Scheck and Jackson, 2005). Generally, the allocation of relatively more biomass
to below-ground organs (roots) would allow plants to absorb more soil moisture required for growth,
especially in arid regions (Zhou et al., 2014; Zong et al., 2017). However, plants are generally less
able to adjust biomass allocation than to alter organ morphology, given that leaf and root morphology
must also be altered to increase the capture of limiting resources (Poorter et al., 2012). The optimal
resource partitioning pattern for one species may thus not be optimal for other species (McCarthy
and Enquist, 2007; Blume-Werry et al., 2018). The high R/S of plants grown in a desert environment
may not be widely applicable, given that the ratio might be more closely related to plant life form or
temperature than to aridity (Gill et al., 2002; Han et al., 2006). Additionally, biomass allocation is
strongly associated with plant life form and niche that the plant has evolved to occupy. A precise
analysis of biomass allocation pattern is thus crucial for evaluating the performance of plants living
in different environmental conditions, or for comparing the growth of plant among different species
or different life forms (Poorter and Sack, 2012).
Biomass allocation pattern is related to the ecological adaptive strategies of plants (Xie et al., 2012).
Previous studies indicated that plant biomass allocation differed among different life forms (Poorter
et al., 2012; Luo et al., 2013; Zhou et al., 2014). Numerous studies have investigated ephemeral,
ephemeroid and annual species in desert ecosystems, with a focus on their ecological contributions
to the ecosystems (Li et al., 2003; Fan et al., 2013, 2014) or their physiological responses to changing
environmental factors (Wang et al., 2006; Zhou et al., 2011; Su et al., 2013; Zhou et al., 2014).
Although detailed quantitative information about plant biomass allocation patterns is still lacking,
such information is required to allow us to analyze the possible ecological strategy benefits and to
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understand the regulate mechanism of desert plants responding to climate change. We therefore
investigated the biomass allocation patterns of 17 ephemeral species, 3 ephemeroid species and 4
annual species in the Gurbantunggut Desert to verify the hypothesis that whether plants with different
life forms show different AGB and BGB allocation patterns. We also verified if ephemeral plants that
germinated in autumn show different biomass allocation patterns compared with those germinated in
the following spring.

2
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2.1

Materials and methods
Study area

This study was conducted in the southern part of the Gurbantunggut Desert, with a latitudinal range
from 44°33′N to 44°56′N and a longitudinal range from 87°66′E to 87°96′E. The Gurbantunggut
Desert, located in the center of the Jungger Basin in Xinjiang Uygur Autonomous Region of China,
is the second largest desert in China. The study area is characterized by a typical continental arid
climate, with dry hot summers and cold winters. The annual maximum temperature is 42.6°C, the
annual minimum temperature is –41.6°C and the annual mean temperature is 6.6°C. The mean annual
precipitation is 70–180 mm. The surface of the desert is covered by about 20 cm depth of snow for
about 100–160 d, starting in late November and ending in late March of the next year (Zhou et al.,
2009). An increase in temperature in the following spring often results in rapid snow melting,
equivalent to high rainfall, which penetrates the soil, provides abundant soil moisture and therefore
supports the emergence and growth of many desert plants. Ephemerals, ephemeroids and annuals are
the three typical life forms in this region, accounting for more than 50% of the vegetation cover in
early spring to summer (Fan et al., 2014).
2.2

Plant sampling and measurement

In this experiment, we randomly designed 201 sample quadrats (1 m×1 m for each) in the south of
the Gurbantunggut Desert in 2014. Twenty-four species from 14 families were sampled, including
17 ephemeral species, 3 ephemeroid species and 4 annual species (409 total plant samples; Table 1),
during the period of maximum vegetation growth (from May to September). The ephemeral and
ephemeroid plants were harvested in mid-May 2014, and the annual plants were harvested in midAugust 2014. For each species, 10–30 healthy mature individuals were collected. Some species with
little biomass were hard to harvest, and in these cases, 2–5 individual plants were mixed as a
composite sample and the average value was calculated per plant.
According to previous research and the plant's root morphology, we excavated a patch containing
most of the root mass with a spade (Wang et al., 2010). Generally, a patch with the plant at the center
was excavated to a depth of 40–50 cm and a diameter of 30–40 cm (Zhou et al., 2014). After
excavation, we carefully separated the roots from the soil and other materials, and the shoots and
roots were then taken to the laboratory and separated. Shoot samples were further divided into the
leaves and other parts to calculate the leaf biomass ratio (LMR). Root samples were washed under
running tap water. The different organs from each sample were then put into separate paper envelopes,
dried at 65°C to a constant mass, and then weighed.
Leaf biomass (LB), stem biomass (SB) and root biomass (RB) were measured. Thus, AGB was
calculated as AGB=LB+SB, BGB was equal to RB, and total biomass (TB) was calculated as
TB=AGB+BGB. LMR was calculated as the ratio of LB to TB, and R/S was calculated as:
R/S=BGB/AGB.
Generally speaking, if precipitation and temperature in July or August are suitable, ephemeral
plants will germinate in autumn, continue to grow through winter and complete their life cycle in the
following year (Zeng et al., 2011). We therefore chose 4 common ephemeral species and compared
the growth of plants that germinated in autumn 2015 with those germinated in spring 2016. The
sampling method was the same as above mentioned.
2.3 Data analysis
AGB, BGB, LMR and R/S were calculated for all plant samples. Differences in biomass allocation
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Table 1 Plant species recorded in this study
Life form

Species

Family

Ephemeral

Arnebia guttata

Boraginaceae

Alyssum linifolium

Brassicaceae

Descurainia sophia

Brassicaceae

Malcolmia scorpioides

Brassicaceae

Leptaleum filifolium

Brassicaceae

Lorispermum lehmanniarum

Chenopodiaceae

Lactuca undulata

Compositae

Hyalea pulchella

Compositae

Epilasia acrolasia

Compositae

Ephemeroid

Annual

Koelpinia linearis

Compositae

Euphorbia turczaninowii

Euphorbiaceae

Erodium oxyrrhynchum

Geraniaceae

Schismus arabicus

Gramineae

Eremopyrum orientale

Gramineae

Nepeta micrantha

Labiatae

Astragalus arpilobus

Leguminosea

Trigonella arcuata

Leguminosea

Eremurus inderiensis

Liliaceae

Allium pallasii

Liliaceae

Scorzonera pusilla

Compositae

Bassia dasyphylla

Chenopodiaceae

Agriophyllum squarrosum

Chenopodiaceae

Salsola passerina

Chenopodiaceae

Ceratocarpus arenarius

Chenopodiaceae

variables (i.e., LMR and R/S) among the three plant life forms (ephemeral, ephemeroid and annual)
were analyzed by one-way parametric analysis of variance (ANOVA) using SPSS version 18.0. The
relationship between AGB and BGB was log-transformed before applying linear regression analysis.
The slope (represented as a) and y-intercept (represented as b) of lg-lg linear functions for reduced
major axis were calculated using the software package Standardized Major Axis Tests and Routines
(Yang et al., 2010).

3 Results
3.1 AGB, BGB and TB of ephemeral, ephemeroid and annual plants
There were wide variations in AGB, BGB and TB among all 409 plants (Fig. 1). The mean AGB
values for ephemeral, ephemeroid and annual plants showed significant difference, so did the mean
BGB and TB values (Table 2). Generally, biomass of ephemeroid plants with perennial root was
obviously larger than those of ephemeral and annual plants.
3.2

LMR and R/S of ephemeral, ephemeroid and annual plants

Both LMR and R/S differed significantly among plants with three plant life forms. Annual plants
generally allocated more biomass to leaves and thus they had a higher LMR (0.590) than ephemeral
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Fig. 1 Frequency distribution of above-ground biomass (AGB; a), below-ground biomass (BGB; b) and total
biomass (TB; c) of 409 plants belonging to 24 species. SD, standard deviation; n, number of samples.
Table 2
Life form

AGB, BGB and TB in plants with three different life forms (ephemeral, ephemeroid and annual)
Species
number

AGB (g/plant)
Mean

0.106

0.122–23.843

4.996a

0.024–10.896

b

17

204

0.806

3

90

3.759a

115

b

1.546

Mean

0.029–19.600

Ephemeral

4

Range

c

Ephemeroid
Annual

BGB (g/plant)

TB (g/plant)

n

0.166

c

Range

Mean

Range

0.004–1.195

0.912

c

0.035–20.795

0.139–28.809

8.754a

0.294–52.652

b

0.038–11.748

0.011–0.920

1.709

Note: n, number of samples; AGB, above-ground biomass; BGB, below-ground biomass; TB, total biomass. Different lowercase letters
within a column indicate significant differences among different life form at P<0.05 level.

(0.354) and ephemeroid (0.415) plants (Fig. 2a). In contrast, the R/S value for ephemeroid plants
(1.675) was significantly (P<0.05) higher than those for ephemeral (0.154) and annual (0.147) plants.
Moreover, the R/S values for ephemeral and annual plants were not significantly different from one
another (Fig. 2b).

Fig. 2 Leaf mass ratio (LMR; a) and root/shoot ratio (R/S; b) in plants with three different life forms (ephemeral,
ephemeroid and annual). Different lowercase letters indicate significant differences among life forms at P<0.05 level.
Bars mean standard errors.

3.3 Allometric relationship between AGB and BGB in ephemeral, ephemeroid and annual
plants
In this study, we estimated the slope (represented as a) and y-intercept (represented as b) of the
relationship between AGB and BGB across the three different plant life forms through allometric
analysis (Fig. 3; Table 3). The relationship between AGB and BGB in plants with three different life
forms (ephemeral, ephemeroid and annual) was characterized by the linear function as:
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lg(AGB)=a×lg(BGB)+b. The standardized major axis was used to test the slope heterogeneity at
P=0.05 across different plant life forms. In terms of the test for allometry, the AGB versus BGB
relationship supports the isometric allocation hypothesis when P>0.05, while the relationship
supports the allometric allocation hypothesis when P<0.05.
As shown in Figure 3 and Table 3, the biomass allocations in ephemeroid and annual plants
supported the allometric allocation hypothesis, with the slopes of 0.985 and 1.202 for the relationship
between AGB and BGB, respectively. In contrast, the relationship between AGB and BGB in
ephemeral plants supported the isometric allocation hypothesis (P>0.05; slope=1.036). These results
indicated that biomass allocation in ephemeroid and annual plants followed an allometric pattern,
while it followed an isometric pattern in ephemeral plants.

Fig. 3 Allometric relationship between AGB and BGB in plants with three different life forms (ephemeral,
ephemeroid and annual). R2, coefficient of determination; n, number of samples. The linear curve is represented as
the following function: lg(AGB)=a×lg(BGB)+b. The standardized major axis was used to test the slope heterogeneity
at P=0.05 across different life forms. The corresponding results are presented in Table 3.
Table 3 Summary statistics of standardized major axis regression analysis of the relationship between AGB and
BGB in plants with three different life forms (ephemeral, ephemeroid and annual)
Scaling exponent
Life form

n

Test for allometry

a

95% CI

R2

P

P

204

1.036

1.020–1.126

0.870

<0.01

0.17

Ephemeroid

90

0.985

0.922–1.053

0.904

<0.01

<0.05

Annual

115

1.202

1.122–1.288

0.862

<0.01

<0.05

Ephemeral

Note: Regression results for standardized major axis slopes are corresponding to those in Figure 3. n, number of samples; a, slope; CI,
confidence interval; R2, coefficient of determination. In terms of the test for allometry, the AGB versus BGB relationship supports the
isometric allocation hypothesis when P>0.05, while the relationship supports the allometric allocation hypothesis when P<0.05.

3.4

Biomass allocation between autumn- and spring-germinated ephemeral plants

Among the 4 ephemeral species, biomass of plants that germinated in autumn was significantly
higher than biomass of corresponding plants that germinated in spring, in terms of AGB, BGB and
TB (Figs. 4a–c). However, there was no significant difference in R/S values between plants that
germinated in spring and autumn (Fig. 4d).

4
4.1

Discussion
Biomass allocation patterns in plants with three different life forms

Generally, rainfall in arid and semi-arid regions is usually low, with highly variable and unpredictable
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Fig. 4 Biomass allocation in ephemeral plants that germinated in autumn and spring. (a), AGB; (b), BGB; (c), TB;
and (d), R/S. Different lowercase letters indicate significant differences between plants that germinated in autumn and
spring at P<0.05 level. Bars mean standard errors.

characteristics (Noy-Meir, 1973; Tyree, 1991; Lauenroth and Bradford, 2009). Individual plants
living in these regions are thus usually small because of the stressful dry environment. This finding
was confirmed in the current study, with 85% of all 409 plants having a dry weight of <4 g (Fig. 1).
This suggests that plants reduce their individual size to adapt to the water-limited environment.
R/S is usually considered to reflect the trade-off in investment between above-ground and belowground organs (Mokany et al., 2006; Barboni et al., 2009), and R/S values have been welldocumented for plant species with different life forms. For example, the R/S value for ephemeroid
species Tulipa sinkiangensis in the north of the Tianshan Mountains was about 1.000 (Aysajan et al.,
2012); nevertheless, most ephemeral species allocate less of their biomass to roots, generally
resulting in the low R/S value of <0.200 (Qiu et al., 2007; Li et al., 2009). LMR also represents the
resources that the plant invests in photosynthetic organs, and previous studies have found that most
species had the LMR value of <0.300 (Li et al., 2009). In the context of our study, the R/S values of
ephemeral plants (0.154) and annual plants (0.147) were significantly smaller than that of
ephemeroid plants (1.675), and the LMR values of ephemeral, ephemeroid and annual plants were
approximately 0.354, 0.415 and 0.590, respectively. Both R/S and LMR differed significantly among
the three different plant life forms. These differences in biomass partitioning could be explained by
the respective survival strategy, that is, plants would generally allocate proportionally more biomass
to roots and shoots if their growth was more strongly limited by below-ground factors and aboveground factors, respectively (Shipley and Meziane, 2002; Xie et al., 2012).
However, plants can adjust not only their biomass, but also their leaf or root surface area per unit
mass, overall morphology and even life cycle, in response to environmental limitations (Reich et al.,
1998; Wright et al., 2001). We therefore considered that the lower R/S in ephemeral plants may be
related to their opportunistic natural and short growth period. Ephemeral plants thus usually
experience less water and nutrient stresses when developing their individual structures (McKenna
and Houle, 2000; Zhou et al., 2014). Furthermore, for ephemeral plants, increasing biomass
allocation to above-ground parts, such as leaves and flowers, may promote population spread,
including sexual propagation. Ephemeral plants would therefore not benefit from allocating a large
proportion of their biomass to roots, represented by lower R/S values. Ephemeroid plants are
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characterized by having short-lived above-ground parts but perennial root systems, and thus they
often have higher R/S values. Plants generally allocate biomass to the organs that acquire the most
limiting resources (McCarthy and Enquist, 2007), and annual plants, which live longer than
ephemeral and ephemeroid plants, would thus tend to invest more biomass in leaves to produce more
carbohydrates as an energy reservoir to allow them to adapt to the harsh and highly variable desert
conditions.
For most plant species, the timing of seed germination can vary among seasons, to better utilize
available resources and extend and expand the populations (Zeng et al., 2011). In our study area, it
is a common phenomenon that herbaceous plants germinate in autumn when the water and
temperature conditions are suitable. These plants can then grow over winter to complete their life
cycle in the following year. In this study, biomass of typical ephemeral plants that germinated in
autumn was heavier than that of similar plants that germinated in spring, in terms of AGB, BGB and
TB. This result was consistent with the findings of Zhang et al. (2007). However, the R/S values were
similar in ephemeral plants that germinated in spring and autumn, indicating that although plant size
changed, the ratio of biomass allocated to above-ground and below-ground tissues remained constant.
The reason for such result is that ephemeral plants that germinated in autumn had a much longer life
span than corresponding plants that germinated in the following spring. Therefore, these plants can
take advantage in absorbing resources to supporting their larger bodies.
4.2 Allometric relationship between AGB and BGB in plants with three life forms
Allocation of AGB and BGB reflects the responses of individual plants to natural selection pressures
and their own developmental limitations. The isometric and allometric theory of biomass partitioning
is widely accepted (Müller, 2000; Shipley, 2002; McCarthy and Enquist, 2007). Global studies have
supported the assumption that AGB will scale one-to-one with respect to BGB for non-woody species
across all treatments and species (Niklas, 2004). In addition, many studies, but not all, have supported
the expectation that shoot biomass does not scale one-to-one with root biomass (Shipley and Meziane,
2002; Xie et al., 2012; Wu et al., 2013), as in the allometric scaling relationships between root
biomass and shoot biomass of herbaceous species in the Chinese grasslands (Wang et al., 2010). In
the current research, we investigated the relationships between AGB and BGB of plants with three
different life forms, and found that allocation patterns between AGB and BGB varied significantly
among plants with different growth strategies. Specifically, ephemeral plants employed an isometric
allocation pattern, while ephemeroid and annual plants adopted an allometric allocation pattern.
Biomass allocation is not only widely accepted to reflect a plant's adaptation to diverse conditions,
but also considered as a trade-off between resource capture and resource utilization (Weiner, 2004;
McCarthy and Enquist, 2007). For example, plants in water-limited or nutrient-poor ecosystems
usually choose to allocate more biomass to roots to allow them to acquire more water and nutrients
from deeper soils than plants in water- and nutrient-rich ecosystems (McCarthy and Enquist, 2007).
Additionally, the below-ground parts of some plants are modified into tuberous roots, rhizomes or
tubers for nutrient storage or other functions, and many species may therefore not conform to the
isometric allocation relationship between AGB and BGB. This was further confirmed by our findings
that cold desert plants with different life forms supported different biomass allocation hypotheses.
During their short growth period, ephemeral plants usually live in favorable hydrothermal conditions
and are not limited by water or temperature resource, therefore, the distribution of biomass to aboveground and below-ground parts is isometric. Overall, cold desert plants follow specific biomass
distribution models to allow them to adapt to the arid environment. Similarly, the relationship
between AGB and BGB of plants in the alpine steppe and alpine meadow of Tibetan Plateau
supported the isometric allocation hypothesis (Yang et al., 2009), while biomass allocation of plants
in the alpine grassland of northern Tibetan Plateau followed the allometric allocation hypothesis (Wu
et al., 2013; Zeng et al., 2015).

5

Conclusions

Plant species have evolved specialized strategies to regulate their AGB and BGB allocation in order
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to adapt to the diverse environments. The current study revealed large differences of the biomass
allocation patterns in plants with different life forms in cold deserts. Specifically, ephemeroid plants
allocated more biomass to roots while annual plants allocated more biomass to shoots, in order to
adapt to the environments. Although ephemeral plants that germinated in autumn were bigger than
corresponding plants that germinated in spring, the R/S values of these plants remained the same.
Furthermore, the slope of the regression relationship between AGB and BGB differed significantly
among plants with different life forms. Our results support different biomass allocation hypotheses,
with AGB and BGB partitioning following the allometric allocation hypothesis in ephemeroid and
annual plants and the isometric hypothesis in ephemeral plants at the individual level.
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