ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-201910.00054

Ecological biomass allocation strategies in plant
species with different life forms in a cold desert,
China (Postprint)

Authors: FAN Lianlian, DING Junxiang, MA Xuexi,, LI Yaoming, LI Yaoming
Date: 2019-10-26T00:00:00+00:00

Abstract

Biomass allocation patterns among plant species are related to their adaptive
ecological strategies. Ephemeral, ephemeroid and annual plant life forms rep-
resent 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 reduc-
ing 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 signif-
icantly 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
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AGB and BGB differed significantly among the three plant life forms. These
results support different biomass allocation hypotheses. Specifically, at the indi-
vidual 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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Abstract

Biomass allocation patterns among plant species are related to their adaptive
ecological strategies. Ephemeral, ephemeroid, and annual plant life forms rep-
resent 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 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 au-
tumn 2015 and spring 2016 for four common ephemeral species. Healthy mature
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individual plants of each species were sampled, and 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 examined 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 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 that of corresponding plants that germinated in spring in terms of
AGB, BGB, and TB. However, the R/S value was similar in plants that germi-
nated in autumn and spring. The slope of the regression relationship between
AGB and BGB differed significantly among the three plant life forms. These
results support different biomass allocation hypotheses. Specifically, at the in-
dividual level, AGB and BGB partitioning supports the allometric hypothesis
for ephemeroid and annual plants and the isometric hypothesis for ephemeral
plants.

Keywords: above-ground biomass; below-ground biomass; plant life forms;
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Introduction

Biomass allocation, which reflects the fundamental trade-off in partitioning be-
tween above-ground biomass (AGB) and below-ground biomass (BGB) in plants,
plays an important role in plant life cycles [?, 7, 7, ?]. Biomass allocation
within a plant, particularly the distribution of biomass among various organs,
is strongly affected by species characteristics, ontogeny, and the environment
where the plants live [?]. As a result, the relative biomass representing above-
ground and below-ground parts is not fixed and varies greatly under different
environments or among different species [?]. Understanding the quantitative
allocation of a plant’ s biomass to above-ground and below-ground parts is of
fundamental importance to the study of plant ecology and evolution [?, ?].

Desert vegetation, especially natural vegetation, plays an important role in
reducing wind velocity [?], thus preventing or at least decreasing desertifica-
tion caused by soil erosion [?]. Ephemerals (with short life span), ephemeroids
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(perennial plants with short life span), and annuals (with longer life span than
ephemeral and ephemeroid plants) are the three dominant plant life forms com-
prising the herbaceous layer in the Gurbantunggut Desert in northwestern China
[?]. These three types of plants usually account for more than 50% of the vege-
tation cover from early spring to summer and make a large contribution to the
annual productivity of the desert vegetation in spring and autumn; they also act
as a nutrient reservoir for other plants [?, ?]. Ephemeral and ephemeroid plants
both take advantage of available water during the rainy season to complete
their life cycle rapidly within a few months [?]. Furthermore, some ephemeral
plants can germinate in autumn when water and temperature conditions are
suitable, and then grow over winter to complete their life cycle in the following
year. In contrast, annual plants grow for a longer period with less rapid vege-
tative growth and tend to grow under drier soil conditions than ephemeral and
ephemeroid plants [?]. Given that biomass allocation is an essential process,
we therefore surmise that plants 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 optimal partitioning theory, plants usually allocate relatively more
biomass to shoots if the limiting factors for growth are above-ground (e.g., CO

and sunlight) and more biomass to roots if the limiting factors are below-ground
(e.g., water and nutrients). Thus, to achieve optimal growth, plants will allo-
cate biomass preferentially to the organ that accesses the most growth-limiting
resources [?]. 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 [?]. Generally, allocating relatively more biomass
to below-ground organs (roots) would allow plants to absorb more soil moisture
required for growth, especially in arid regions [?, ?]. However, plants are gener-
ally 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 [?]. The optimal resource partitioning pattern for one species
may thus not be optimal for other species [?, ?]. The high R/S of plants grown
in desert environments may not be widely applicable, given that the ratio might
be more closely related to plant life form or temperature than to aridity [?, ?].
Additionally, biomass allocation is strongly associated with plant life form and
the niche that the plant has evolved to occupy. A precise analysis of biomass
allocation patterns is thus crucial for evaluating the performance of plants living
in different environmental conditions or for comparing growth among different
species or life forms [?].

Biomass allocation patterns are related to the ecological adaptive strategies
of plants [?]. Previous studies indicated that plant biomass allocation dif-
fered among different life forms [?, ?, ?]. Numerous studies have investigated
ephemeral, ephemeroid, and annual species in desert ecosystems, focusing on
their ecological contributions to ecosystems [?, ?, ?] or their physiological re-
sponses to changing environmental factors [?, 7, ?, ?]. Although detailed
quantitative information about plant biomass allocation patterns is still lack-
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ing, such information is required to analyze possible ecological strategy benefits
and understand the regulatory mechanisms of desert plants responding to cli-
mate change. We therefore investigated the biomass allocation patterns of 17
ephemeral species, 3 ephemeroid species, and 4 annual species in the Gurban-
tunggut Desert to test the hypothesis that plants with different life forms show
different AGB and BGB allocation patterns. We also tested whether ephemeral
plants that germinated in autumn show different biomass allocation patterns
compared with those that germinated in the following spring.

2.1 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
Junggar 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 desert surface is covered by about 20 cm of snow for approximately 100-
160 days, starting in late November and ending in late March of the following
year [?]. An increase in temperature in spring often results in rapid snowmelt,
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 from early
spring to summer [?].

2.2 Plant Sampling and Measurement

In this experiment, we randomly established 201 sample quadrats (1 m x 1 m
each) in the southern 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 mid-August 2014. For each species, 10-30 healthy mature individ-
uals were collected. Some species with little biomass were difficult 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 [?]. 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 [?]. After excavation, we carefully separated the roots from soil
and other materials, and the shoots and roots were then taken to the laboratory
and separated. Shoot samples were further divided into leaves and other parts
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to calculate the leaf biomass ratio (LMR). Root samples were washed under
running tap water. The different organs from each sample were then placed in
separate paper envelopes, dried at 65°C to constant mass, and 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. Gener-
ally 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 [?]. We therefore chose four
common ephemeral species and compared the growth of plants that germinated
in autumn 2015 with those that germinated in spring 2016. The sampling
method was the same as described above.

2.3 Data Analysis

AGB, BGB, LMR, and R/S were calculated for all plant samples. Differences
in biomass allocation variables (i.e., LMR and R/S) among the three plant life
forms (ephemeral, ephemeroid, and annual) were analyzed by one-way paramet-
ric 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 log-
log linear functions for reduced major axis were calculated using the software
package Standardized Major Axis Tests and Routines [?].

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 [Figure 1: see original paper]). The mean AGB values for ephemeral,
ephemeroid, and annual plants showed significant differences, as did the mean
BGB and TB values (Table 2 ). Generally, biomass of ephemeroid plants with
perennial roots was obviously larger than that 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 the three life forms.
Annual plants generally allocated more biomass to leaves and thus had a higher
LMR (0.590) than ephemeral (0.354) and ephemeroid (0.415) plants (Fig. 2a
[Figure 2: see original paper]). 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
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plants were not significantly different from one another (Fig. 2b [Figure 2: see
original paper]).

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 (repre-
sented as b) of the relationship between AGB and BGB across the three different
plant life forms through allometric analysis (Fig. 3 [Figure 3: see original paper];
Table 3 ). The relationship between AGB and BGB in plants with three dif-
ferent life forms (ephemeral, ephemeroid, and annual) was characterized by the
linear function: Ig(AGB) = a x 1g(BGB) + b. The standardized major axis was
used to test 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, biomass allocations in ephemeroid and annual
plants supported the allometric allocation hypothesis, with 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 iso-
metric 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.

3.4 Biomass Allocation Between Autumn- and Spring-
Germinated Ephemeral Plants

Among the four 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 [Figure 4: see original paper]).

4.1 Biomass Allocation Patterns in Plants with Three Dif-
ferent Life Forms

Generally, rainfall in arid and semi-arid regions is usually low, with highly vari-
able and unpredictable characteristics [?, 7, ?]. 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 [Figure 1: see original paper|). 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
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above-ground and below-ground organs [?, ?], and R/S values have been
well-documented 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 [?]; nevertheless, most ephemeral species
allocate less of their biomass to roots, generally resulting in low R/S values of
<0.200 [?, ?]. LMR also represents the resources that the plant invests in photo-
synthetic organs, and previous studies have found that most species had LMR
values of <0.300 [?]. 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 respective
survival strategies: plants generally allocate proportionally more biomass to
roots and shoots if their growth is more strongly limited by below-ground and
above-ground factors, respectively [?, ?].

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 [?, ?]. We therefore considered that the lower
R/S in ephemeral plants may be related to their opportunistic nature and short
growth period. Ephemeral plants thus usually experience less water and nutri-
ent stress when developing their individual structures [?, ?]. 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, as reflected by lower R/S values. Ephemeroid plants
are characterized by having short-lived above-ground parts but perennial root
systems, and thus they often have higher R/S values. Plants generally allo-
cate biomass to the organs that acquire the most limiting resources [?], 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 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 populations [?]. In
our study area, it is common for herbaceous plants to germinate in autumn
when 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 this result is that ephemeral plants that germinated in autumn
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had a much longer life span than corresponding plants that germinated in the
following spring. Therefore, these plants can take advantage of additional time
for absorbing resources to support 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 [?, 7, ?]. Global
studies have supported the assumption that AGB scales one-to-one with respect
to BGB for non-woody species across all treatments and species [?]. In addition,
many studies—but not all—have supported the expectation that shoot biomass
does not scale one-to-one with root biomass [?, 7, ?], as in the allometric scaling
relationships between root biomass and shoot biomass of herbaceous species in
Chinese grasslands [?]. 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 is also considered a trade-off between resource capture
and resource utilization [?, ?]. For example, plants in water-limited or nutrient-
poor ecosystems usually allocate more biomass to roots to acquire more water
and nutrients from deeper soils than plants in water- and nutrient-rich ecosys-
tems [?]. 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 resources;
therefore, the distribution of biomass to above-ground and below-ground parts is
isometric. Overall, cold desert plants follow specific biomass distribution models
that 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
the Tibetan Plateau supported the isometric allocation hypothesis [?], while
biomass allocation of plants in the alpine grassland of the northern Tibetan
Plateau followed the allometric allocation hypothesis [?, ?].
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Conclusions

Plant species have evolved specialized strategies to regulate their AGB and BGB
allocation in order to adapt to diverse environments. The current study revealed
large differences in biomass allocation patterns among plants with different life
forms in cold deserts. Specifically, ephemeroid plants allocated more biomass
to roots while annual plants allocated more biomass to shoots to adapt to their
environments. Although ephemeral plants that germinated in autumn were
larger 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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