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Abstract

Background Biomass allocation reflects functional tradeoffs among plant organs and thus represents life history
strategies. However, little is known about the patterns and drivers of biomass allocation between reproductive and
vegetative organs along large environmental gradients. Here, we examined how environmental gradients affect
biomass and the allocation between reproductive and vegetative organs. We also tested whether the allocation
patterns conform optimal or allometric partitioning theory.

Methods We collected 22 Artemisia species along a large environmental gradient in China and measured
reproductive (infructescences including seeds) and vegetative (leaves, stems and roots) mass for each plant. We then
used standardized major axes regressions to quantify the relationships between reproductive and vegetative organs
and linear mixed-effect models to examine the effect of environmental gradients (climate and soil) on biomass
allocation patterns.

Results We found significant negative correlations between total biomass of Artemisia and the first principal
component of climate, an axis that was negatively correlated with temperature and precipitation. Overall, there were
significant isometric relationships between reproductive and vegetative mass. In addition, the ratio of reproductive
to vegetative mass increased with the second principal component of climate (representing climate variability), but
decreased with the second principal component of soil (representing bulk density and available water capacity).
These patterns were consistent at the individual and interspecific levels, but were mixed at the intraspecific level.

Conclusions Our findings of the plastic responses of biomass allocation to environmental gradients support the
optimal partitioning theory (OPT). The isometric relationships between reproductive and vegetative organs indicate
that plant growth and reproduction are intricately linked. Furthermore, the plasticity of biomass ratios of reproductive
to vegetative organs to climate variability and soil physical properties suggests that the flexible allocation between
growth and reproduction is crucial for successful adaptation to diverse habitats.

*Correspondence:
Xuejun Yang
xjyang_jx@ibcas.ac.cn
Zhenying Huang
zhenying@ibcas.ac.cn

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-024-06030-3&domain=pdf&date_stamp=2025-1-7

Tsogtsaikhan et al. BMC Plant Biology (2025) 25:27

Page 2 of 13

Keywords Allometric partitioning theory, Artemisia, Biomass allocation pattern, Environmental gradient, Optimal

partitioning theory, Reproductive mass, Vegetative mass

Introduction

Biomass allocation, the process by which plants allocate
finite biomass to different organs, determines plant per-
formance along environmental gradients [1-4]. In spe-
cific, proper biomass allocations guarantee the functions
of different plant organs: leaves perform photosynthesis
to fix carbon, stems and branches act as transport cor-
ridors and mechanical support, roots take up nutrients
and water and anchor the plant, and seeds/fruits execute
sexual reproduction [5-7]. Therefore, the patterns of bio-
mass allocation reflect functional tradeoffs among plant
organs and hence life history strategies [8, 9]. At the eco-
system level, patterns of plant biomass allocation are crit-
ical for the functioning of terrestrial ecosystems, because
they impact biomass distribution, carbon cycling, and
vegetation responses to environmental changes [10-12].
To date, most studies on biomass allocation patterns have
focused on vegetative organs such as leaves, shoots and
roots [13].

However, an essential aspect of plant life history strat-
egy is reproductive allocation, which refers to the pro-
portion of the total resources devoted to reproductive
structures [5, 14] and represents the cost of reproduction
[15, 16]. Allocation between vegetative and reproduc-
tive organs influences seed quality and yield, which in
turn determines plant fitness [17]. Variation in reproduc-
tive allocation typically indicates distinct plant strategies
imposed by natural selection [14]. At a broad scale, envi-
ronmental gradients (e.g., soil and climate) directly affect
plant growth and reproduction, as well as biomass alloca-
tion between the two processes. For instance, in suitable
environments, larger plants with higher growth rate allo-
cate more resources to reproductive processes; however,
in unsuitable environments, plants reduce their alloca-
tion to reproduction to cope with environmental con-
straints [18, 19]. In addition, the availability of essential
resources such as light, water and nutrients influences
biomass allocation among plant organs [20]. Yet it is still
uncertain how biomass allocation between growth and
reproduction shifts across large environmental gradients.

There are two prevailing theories on the patterns of
biomass allocation among plant organs: The optimal
allocation theory (OPT; also called the balanced growth
theory) [11, 21, 22] and the allometric allocation theory
(APT) [19, 23, 24]. The OPT states that plants allocate
more biomass toward the organ with the greatest capac-
ity to absorb limiting resources to maximize their per-
formance [11, 21, 22]. According to the OPT, the ratio of
reproductive biomass to total biomass does not change
significantly with plant size [11, 21, 25]. Instead, plants

can adjust their resource allocation to favor growth or
reproduction depending on the prevailing conditions,
thereby maximizing their fitness [9]. In contrast, the APT
posits a uniform allocation pattern for all plants, subject
to allometric constraints that limit biomass partitioning
to different organs [10, 26]. Based on the APT, biomass
allocation depends solely on plant size rather than on
environmental conditions [26, 27]. To date, most stud-
ies testing the two theories of reproductive allocation
have focused on the flowering stage, during which time
reproductive mass typically increases as vegetative mass
decreases [11, 17, 23, 24, 26]. However, the studies at the
flowering stage cannot provide us with a complete under-
standing of life history strategies, as plant fitness is more
directly linked to seeds produced at a later stage.

Although many studies have investigated the allocation
patterns of reproductive and vegetative organs separately
[1, 7, 27-32], few studies have examined the allocation
patterns between them simultaneously. Among them,
some studies supported APT [24, 33, 34], while oth-
ers supported OPT [9, 21, 35]. Hence, it is still unclear
whether biomass allocation patterns conform APT or
OPT. Furthermore, biomass allocation patterns between
reproductive and vegetative organs have seldom been
investigated along large environmental gradients or
among closely related species.

Here, we sampled 22 Artemisia species to explore how
biomass allocation between reproductive and vegetative
organs varies along a broad environmental gradient in
China. We chose this genus because: (1) It is a specis-rich
genus, comprising 350-500 species; (2) It is widely dis-
tributed in the natural habitats across Asia, Europe, and
North America; (3) Most species in this genus have simi-
lar life forms (perennial herbs), with a few annuals, semi-
shrubs and small shrubs. These features make it an ideal
genus to study allocation patterns along large environ-
mental gradients [36—38]. We proposed three hypoth-
eses. First, we hypothesize that plant size (total biomass)
should vary along environmental gradients, because the
environment provides plants with resources for growth
and reproduction (Fig. 1). With respect to climate, tem-
perature can alter physiological processes and conse-
quently determine plant growth [39, 40]. In addition,
plants in regions with high precipitation tend to grow
larger than those in arid regions, while extreme precipita-
tion and seasonal changes have negative effects on plant
growth [41]. For soil conditions, nutrient availability
strongly influences plant growth, as reported in natural
Pinus tabuliformis forests [42]. Further, soil texture and
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Fig. 1 Conceptual diagram illustrating the three hypotheses tested in this study. Hypothesisis 1 is that plant size (total biomass) should vary along en-
vironmental gradients. Hypothesisis 2 is that biomass allocation between reproductive and vegetative organs conforms optimal partition theory (OPT)
rather than allometric partition theory (APT). Hypothesisis 3 is that the allocation between reproductive and vegetative organs responds plastically to
the environmental gradient

structure are also important determinants of plant size,
as demonstrated in rhizomatous wetland plants [43].

Second, we hypothesize that biomass allocation
between reproductive and vegetative organs conforms
OPT (Fig. 1). Plants allocate resources differently to
their reproductive and vegetative organs [44, 45], which
results in OPT [25]. Some studies have already reported
evidence to support OPT at small scales. For example,
light exposure influences allocation patterns between
growth and reproduction of Plantago species to opti-
mize resource use [46, 47]. Perennial plants adjust their
resource allocation to optimize growth and reproductive
output, thereby maximizing fitness under varying condi-
tions [9]. In addition, the optimal allocation of resources
between growth and reproduction influences size of the
plant at maturity [48]. Therefore, plants could adopt opti-
mal partitioning strategies to balance growth and repro-
duction and thus maximize fitness.

Finally, we hypothesize that the allocation between
reproductive and vegetative organs responds plastically
to the environmental gradient (Fig. 1). Increased plant

growth in favorable environments has been reported to
result in larger plants that can allocate more resources
to reproduction [5, 19, 49]. Some large-scale studies
also show apparent differences in the allocation between
reproductive and vegetative biomass. For instance, envi-
ronmental factors influence the allocation of repro-
ductive and vegetative biomass of Leymus chinensis in
northeastern China, with plants allocating more biomass
to vegetative growth under nutrient-rich conditions,
but more to reproductive structures under optimal cli-
matic conditions to maximize reproductive success [50,
51]. In addition, soil temperature drives elevational pat-
terns of reproductive allocation in the Gaoligong Moun-
tains of China, with plants allocating more resources to
reproductive structures at higher elevations to maximize
reproductive success [52]. In grasslands, plants adjust
their biomass allocation to optimize growth and repro-
duction along temperature and precipitation gradients
[53].

To test the three hypotheses, we first quantified how the
environmental gradient affects plant size of Artemisia;
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then we determined whether biomass allocation between
reproductive and vegetative organs conforms OPT or
APT; finally, we assessed how biomass allocation changes
along the environmental gradient. In addition, we iden-
tified these patterns at the individual, interspecific and
intraspecific levels to determine whether the biomass
allocation strategy was consistent across the three taxo-
nomic levels.

Materials and methods

Plant sampling

We collected Artemisia species from 42 sites along a
large environmental gradient in China in November,
2023 (Fig. 2A), when the seeds on most plants were fully
matured. We focused on natural vegetation and estab-
lished sites in areas with minimal human disturbance,
avoiding those impacted by agriculture, urbanization, or
significant habitat modification. Sites were located along
a large environmental gradient in climate and soil to cap-
ture diverse conditions that influence Artemisia species.
At each site, we recorded longitude, latitude and altitude,
and four plots of 1 m X 1 m with distance>5 m were
established randomly. Then, all species of Artemisia were
identified, and four reproductive individuals of each spe-
cies were randomly sampled and put into separate paper
bags. In total, we collected 376 individuals of 22 species
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with fully matured seeds from all sites (Table 1). All spe-
cies were formally identified by Associate Professor
Ruiru Gao (The School of Life Sciences, Shanxi Normal
University). The voucher specimens are preserved in the
Herbarium of the School of Life Sciences, Shanxi Normal
University.

Organ biomass determination

In the laboratory, we separated each individual into four
modules, including one reproductive organ (infruc-
tescences including seeds) and three vegetative organs
(leaves, stems and roots). The separated organs (infruc-
tescence, leaf, stem and root) were oven-dried at 65 °C
for 48 h to constant weight and weighed to determine
their dry mass. Reproductive mass (RM) was the weight
of the infructescences of each individual, while vegetative
mass (VM) was the sum of the mass of stems, leaves and
roots.

Environmental variables

According to the geographical coordinates of the sam-
pling sites, we extracted nineteen bioclimatic variables
(eleven temperature and eight precipitation variables;
Table 2) from the World Climate Information Database
[54]. Our sampling sites covered a wide climate gradi-
ent, with annual mean temperature (AMT, ranging from
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Fig. 2 The location and environmental gradients of 42 sampling sites across China. (A) The location of sampling sites. (B) The first two PC axes of 19

climate variables. (C) The first two PC axes of 8 soil variables
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Table 1 List of species sampled, growth form, and number of
sites of the occurrence of each species investigated in this study
Growth from

No. Latinname Number of sites

Artemisia anethifolia Annual or biennial 1

1

2 Artemisia annua Annual 6
3 Artemisia capillaris Perennial 10
4 Artemisia caruifolia Annual or biennial 1
5 Artemisia demissa Annual or biennial 1
6 Artemisia dubia Subshrub 2
7 Artemisia edgeworthii Annual or biennial 3
8 Artemisia freyniana Subshrub 1
9 Artemisia frigida Perennial 3
10 Artemisia giraldii Subshrub 3
11 Artemisiaincisa Perennial 1
12 Artemisia indica Perennial 2
13 Artemisia japonica Perennial 1
14 Artemisia klementze Subshrub 1
15 Artemisia lavandulaefolia ~ Perennial 12
16 Artemisia mongolica Perennial 2
17 Artemisia ordosica Shrubs 7
18  Artemisia sacrorum Subshrub 5
19 Artemisia scoparia Perennial 14
20 Artemisia sieversiana Annual or biennial 11
21 Artemisia sphaerocephala ~ Shrub 2
22 Artemisia tangutica Perennial 1

0.29 °C to 17.1 °C) and annual precipitation (AP, from
146 mm to 1260 mm). Additionally, eight soil variables
from the global SoilGrids250m database [55], including
bulk density (BULK, ranging from 1044.8 to 1578.2 kg/
m?®) and cation exchange capacity (CEC, ranging from 2.4
to 32.56 cmolc/kg).

Statistical analysis

All analyses were conducted using R version 4.3.1
(https://www.r-project.org/). First, a principal componen
t analysis (PCA) was carried out by applying the prcomp
function in the stats package to determine the gradients
in the climate and soil data separately. Before PCAs, the
climate and soil data were centered and scaled.

To test the first hypothesis, we used linear mixed-effect
models (LMMs) to determine how plant size (total bio-
mass) varied with environmental gradients using the
Ime4 package [56]. Plant size was log;,-transformed to
enhance residual normality. We analyzed the data on
three levels. On the individual level, we used pooled sam-
ples to determine overall patterns, with environmental
gradients and species nested in sites as fixed and random
effects, respectively. On the interspecific level, we used
species means at each site to determine interspecific pat-
terns, with environmental gradients and sites as fixed and
random effects, respectively. On the intraspecific level,
we used 10 species occurring in at least three sites to
determine intraspecific patterns.
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To test the second hypothesis, standardized major
axes (SMA) regressions were performed to quantify the
allometric power functions between RM and VM. The
sma function in the smart package [57] was used. SMA
regression is a standard allometric technique for calcu-
lating scaling exponents («) and allometric constants (j3)
[10]. We also analyzed the data on three levels. First, we
used the data of all individuals to determine overall pat-
terns. Second, we used the means of the 22 species at
each site to determine interspecific patterns. Third, we
used species occurring in at least three sites to test intra-
specific patterns. We also analyzed the allometric rela-
tionships between RM and each of the three vegetative
organs (leaf, stem and root) separately.

To test the third hypothesis, we performed additional
LMMs to examine the effects of climate and soil gradi-
ents on biomass allocation (the ratio of RM to VM).
LMMs were also performed on three levels. First, we
used the data from all individuals to determine overall
patterns. Second, we calculated species means at each
site, which were used to determine interspecific patterns.
Third, at the intraspecific level, we used species occuring
in at least three sites to determine intraspecific patterns.
To determine whether the relationship was consistent
across the three vegetative organs, we further carried out
the analyses on the ratios of RM to stem, leaf and root
mass separately.

Results

The effect of environmental gradients on plant size

PCAs of nineteen climate and eight soil variables revealed
that the first two axes explained most of the variation in
the climate (82.2%) and soil (83.7%) variables (Fig. 2B and
C). Climate PC1 was a temperature and precipitation
axis that was negatively correlated with AMT, AP and
TCM, while climate PC2 was a climate variability axis
that was positively correlated with Isoth but negatively
correlated with Tseason and Pseason (Fig. 2B; Table 2).
For soil gradients, PC1 was a chemical axis that was posi-
tively correlated with pH and SANDC but negatively with
CEC, while PC2 was a physical axis that was correlated
negatively with BULK but positively to AVWAC (Fig. 2C;
Table 2).

LMMs showed that plant size decreased significantly
with climate PC1 at the individual level (Fig. 3A). A simi-
lar trend was observed at the interspecific level (Fig. 3B),
while the relationships were mixed at the intraspecific
level (Fig. 3C; Table 3). In contrast, climate PC2, soil PC1
and soil PC2 had no significant effect on plant size at the
individual, interspecific or intraspecific level.

The relationships between RM and VM
SMA analyses revealed significant isometric relationships
between RM and VM at both individual and interspecific
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Table 2 Principle components analysis of climate and soil variables across all sites
Variables Description PC1 PC2
Climate
AMT Annual mean temperature -0.265 0.109
TDR Mean diurnal range (Mean of monthly (max temp - min temp)) 0.236 0.196
Isoth Isothermality 0.017 0.485
Tseason Temperature seasonality (standard deviation x100) 0.179 -0386
TWM Max temperature of warmest month -0.215 -0093
M Min temperature of coldest month -0.262 0.197
TAR Temperature annual range 0.222 -0293
TWEQ Mean temperature of wettest quarter -0.231 <0180
TDQ Mean temperature of driest quarter -0.255 0.225
TWQ Mean temperature of warmest quarter -0.236 -0.100
TCQ Mean temperature of coldest quarter -0.254 0.227
AP Annual precipitation -0.265 -0125
PWM Precipitation of wettest month -0.209 02%
PDM Precipitation of driest month -0.253 -0034
Pseason Precipitation seasonality (coefficient of variation) 0.195 0214
PWeQ Precipitation of wettest quarter -0.225 0252
PDQ Precipitation of driest quarter -0.252 -0027
PWQ Precipitation of warmest quarter -0.213 -0273
PCQ Precipitation of coldest quarter -0.252 -0027
Soil
BULK Bulk density of the fine earth fraction 0.366 0363
CEC Cation exchange capacity of the soil -0.374 0.038
CLAYC Proportion of clay particles (<0.002 mm) in the fine earth fraction -0.383 -0.182
ORGNC Organic carbon content -0.347 0253
pH Soil pH 0.392 0.047
SANDC Proportion of sand particles (>0.05 mm) in the fine earth fraction 0.398 -0.160
SILTC Proportion of silt particles (= 0.002 mm and <0.05 mm) in the fine earth fraction -0.330 0358
AVWAC Available water capacity (%) 0.196 0.783
The first two PC axes were shown for the 19 climate variables and 8 soil variables
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Fig. 3 Relationships between plant size of Artemisia species and environmental gradients. (A) The individual level. (B) The interspecific level. (C) The
intraspecific level, where different colour lines represent all relationships of the 10 different species. Species names are provided in Table 3. t and p values
are from linear mixed models

levels (Fig. 4A and B). Additionally, most relationships at
the intraspecific level were similar to those at the individ-
ual level (Fig. 4C, Table S1).

For the three vegetative organs, the relationship

between RM and leaf mass was not significant at both

individual and interspecific levels (Figs S1A and B).
However, the relationship between RM and stem mass
was isometric (Figs. S1D and E), but that between RM
and root mass was allometric (Figs S1G and H). At the
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Table 3 Linear mixed models for analyses of the relationships between plant size of Artemisia species occuring in at least three sites
and environmental gradients

Species name Climate Soil
Estimate SE t-value p Estimate SE t-value p
A.sacrorum Intercept 1.31 0.14 9.13 0.01 154 0.20 7.68 0.02
PCI 0.07 0.06 1.16 037 0.01 0.10 0.13 091
PC2 -0.04 0.09 0.46 0.69 -0.21 0.16 -1.36 0.31
A.ordosica Intercept 143 045 3.20 0.03 113 049 2.29 0.08
PCI -0.01 0.16 -0.04 097 0.15 0.18 0.86 044
PC2 0.05 0.11 0.41 0.70 017 043 0.39 0.72
A.scoparia Intercept 0.80 0.06 12.28 <0.001 0.81 0.07 12.14 <0.001
PC1 -0.05 0.02 -2.03 0.06 -0.03 0.03 -0.87 0.40
PC2 -0.06 0.03 -2.26 0.04 -0.10 0.05 -1.93 0.07
A.edgeworthii Intercept -2.62 6.48 -0.40 0.70 1.07 0.79 1.35 0.21
PC1 -3.21 8.63 -0.37 0.72 -0.17 0.30 -0.57 0.58
PC2 3.35 8.24 0.41 0.69 -0.39 0.39 -1.00 0.34
A.sieversiana Intercept 1.08 0.09 11.88 <0.001 1.05 0.06 17.01 <0.001
PCI -0.08 0.03 -2.55 0.03 -0.11 0.04 -2.60 0.03
PC2 -0.05 0.03 -1.36 0.21 -0.15 0.05 -2.85 0.02
A.capillaris Intercept 0.87 0.08 10.95 <0.001 091 0.08 10.84 <0.001
PC1 -0.10 0.03 -3.19 0.02 -0.21 0.08 -2.76 0.03
PC2 -0.08 0.05 -1.38 0.21 -0.10 0.1 -0.94 0.38
A.annua Intercept 0.97 0.18 546 0.01 0.87 0.18 4.89 0.02
PCI 0.02 0.04 048 0.66 0.07 0.09 0.81 048
PC2 0.24 0.63 0.39 0.72 -0.26 037 -0.71 0.53
A.frigida Intercept -2.08 0.61 -3.38 0.01 0.16 0.38 0.41 0.69
PCI 135 0.31 4.28 <0.001 -0.02 0.28 -0.07 0.95
PC2 218 041 5.26 0.00 146 0.27 546 <0.001
A.lavandulaefoliada Intercept 094 0.09 9.97 <0.001 091 0.13 7.25 <0.001
PCI -0.03 0.02 -1.57 0.15 -0.06 0.04 -1.41 0.19
PC2 -0.06 0.04 -1.70 0.12 -0.02 0.05 -0.39 0.71
A.giraldii Intercept 1.69 0.39 437 0.00 1.64 1.28 1.28 0.23
PC1 0.30 0.15 2.06 0.07 1.40 241 0.58 0.58
PC2 0.30 0.16 1.85 0.10 1.67 2.82 0.59 0.57

The bold values mean the effects of environmental gradients are significant
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Fig. 4 Standardized major axis (SMA) regressions between reproductive mass (RM) and vegetative mass (VM) of Artemisia. (A) The individual level. (B) The
interspecific level. (C) The intraspecific level, where different color lines represent all relationships of the 10 different species. Species names are provided
inTable S1. a'is the observed allometric exponent, and numbers in square brackets are the lower and upper 95% confidence intervals. All data are l0g; -

transformed before analysis
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intraspecific level, these relationships differed among
species (Figs S1C, F and I, Table S1).

The patterns of biomass allocation between reproductive
and vegetative organs along environmental gradients
LMMs showed that climate PC1 (individual level: t=1.07,
p=0.28; interspecific level: t=0.87, p=0.38) and soil PC1
(individual level: t=1.44, p=0.15; interspecific level:
t=1.28, p=0.20) did not significantly affect the ratio of
RM to VM, but climate PC2 and soil PC2 did (Fig. 5). In
specific, the ratio of RM to VM increased with climate
PC2 (Fig. 5A and B), but decreased with soil PC2 (Fig. 5D
and E). These trends were consistent at both interspecific
and individual levels (Fig. 5). At the intraspecific level,
however, the relationships were mixed (Fig. 5C and F;
Table 4).

For the three vegetative organs, the ratio of RM to stem
and root mass increased significantly, but that of RM to
leaf mass decreased, with climate PC2 at both individual
and interspecific levels (Fig. S2, Table S2). Although soil
PC2 had no significant effect on the ratio of RM to leaf
or root mass at all three levels, it had a significant posi-
tive effect on the ratio of RM to stem mass at both indi-
vidual and interspecific levels (Fig. S3, Table S3). At the
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intraspecific level, the relationships were mixed; while
some species had positive relationships, others were neg-
atively correlated with climate PC2 and soil PC2 (Figs S2
and S3, Tables S2 and S3).

Discussion

Temperature and precipitation strongly affect plant size of
Artemisia

In support of our first hypothesis, we found that plant
size was negatively correlated with climate PC1 (Fig. 3),
an axis that was negatively correlated with temperature
and precipitation (Fig. 2B; Table 2). These results sug-
gest that high temperature and precipitation favor plant
growth and biomass accumulation of Artemisia spe-
cies. Three main mechanisms could explain such posi-
tive effects. (1) Favorable climatic conditions enhance
plant metabolic processes during growth [20, 58, 59].
For instance, an adequate precipitation is essential to
maintain plant productivity, whereas water deficit can
impair metabolic processes such as photosynthesis and
respiration, resulting in reduced plant growth [60, 61].
For Artemisia species, a previous study also highlighted
the significant role of precipitation in determining bio-
mass accumulation across northern China [62]. (2)
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Table 4 Linear mixed models for analyses of the relationships between the ratio of reproductive to vegetation mass (RM/VM) of
Artemisia species occuring in at least three sites and environmental gradients

Species name Climate Soil
Estimate SE t-value p Estimate SE t-value P
A.sacrorum Intercept 0.07 0.05 145 0.28 0.16 0.11 153 027
PC1 0.03 0.02 1.34 0.31 0.00 0.05 0.08 0.94
PC2 0.04 0.03 1.39 0.30 -0.03 0.08 -0.31 0.79
A.ordosica Intercept 023 0.09 2.66 0.06 0.12 0.12 0.98 0.38
PC1 -0.05 0.03 -1.49 0.21 -0.03 0.04 -0.67 0.54
pC2 -0.04 0.02 -1.81 0.14 -0.10 0.10 -0.95 040
A.scoparia Intercept 0.52 0.04 4.13 <0.001 0.45 0.05 9.34 <0.001
PC1 -0.02 0.01 -1.32 0.21 0.03 0.02 1.30 0.21
pPC2 0.07 0.02 452 <0.001 0.07 0.04 192 0.07
A.edgeworthii Intercept 291 28.02 0.10 0.92 4.22 5.06 0.83 043
PC1 -4.81 37.31 -0.13 0.90 -1.09 1.93 -0.56 0.59
pPC2 2.93 35.63 0.08 0.94 -0.63 247 -0.26 0.80
A.sieversiana Intercept 0.40 0.14 2.88 0.02 042 0.07 5.68 <0.001
PC1 0.03 0.05 0.74 048 0.09 0.05 1.79 0.08
pC2 0.01 0.05 0.24 0.82 0.06 0.06 0.94 0.35
A.capillaris Intercept 040 0.04 9.64 <0.001 0.39 0.04 9.57 <0.001
PC1 0.01 0.02 046 0.66 0.01 0.04 0.36 0.73
PC2 0.04 0.03 145 0.19 0.07 0.05 1.38 0.21
A.annua Intercept 0.29 0.09 3.12 0.05 0.32 0.10 3.18 0.05
PC1 -0.02 0.02 -0.93 042 -0.04 0.05 -0.87 0.45
PC2 0.02 033 0.07 0.95 0.04 0.21 0.17 0.87
A.frigida Intercept 0.24 0.38 0.64 1.00 0.05 022 0.25 0.81
PC1 0.06 0.19 0.33 1.00 0.15 0.16 0.95 0.36
PC2 0.20 0.26 0.77 1.00 0.25 0.15 1.60 0.14
A.lavandulaefoliada Intercept 0.20 0.03 6.01 <0.001 0.17 0.04 3.85 <0.001
PC1 0.01 0.01 1.14 0.28 0.00 0.02 0.04 097
pC2 0.01 0.01 117 027 0.01 0.02 0.60 0.56
A.giraldii Intercept 0.53 0.19 2.86 0.02 0.21 112 0.19 0.85
PC1 0.11 0.07 1.50 0.17 -0.06 2.10 -0.03 0.98
pPC2 0.19 0.08 2.38 0.04 0.18 245 0.07 0.94

The bold values mean the effects of environmental gradients are significant

Climatic conditions impact plant growth by determining
how plants acquire resources. In particular, an increase
in temperature enhances the availability of water and
nutrients in the soil, causing plants to grow and develop
faster [63]. (3) Climate affects plant growth by shifting
the timing of life cycle events (phenology; e.g., seedling
emergence, flowering and fruiting) and subsequently the
timing for biomass accumulation [61].

Surprisingly, we found that soil conditions did not sig-
nificantly affect plant size of Artemisia species. A pos-
sible reason could be that the gradients in soil chemical
and physical properties in our study are not large enough
to influence plant size. The weak effect of soil on plant
growth has also been reported in several previous stud-
ies. For instance, a meta-analysis demonstrates that soil
properties have a weaker effect on plant growth com-
pared to elevated atmospheric CO, levels [64]. Similarly,
compared to seasonal climatic conditions, soil properties,
also have a minor effect in determining net ecosystem

production in C, grasslands, highlighting the dominant
role of climate in determining plant size [65].

The consistent trends at the interspecific level suggest
the generalizability of the effect of climate across species
along the environmental gradient (Fig. 3B). These results
align with the report that temperature and precipitation
significantly influence plant biomass in Leymus chinensis
along a large-scale gradient in northeastern China [51].
This consistency between our study and others under-
scores the strong influence of climate on plant growth
across different species. However, at the intraspecific
level, we observed mixed relationships between plant size
and environmental gradients (Fig. 3C; Table 3). This sug-
gests that while climatic gradients may consistently influ-
ence plant size across species, within-species variability
may be influenced by additional factors such as genetic
diversity or microenvironmental conditions [66].
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Biomass allocation between reproductive and vegetative
organs conforms OPT
In line with our second hypothesis, we found significant
isometric relationships between reproductive and veg-
etative mass at both individual and interspecific levels
(Fig. 4A and B), supporting the prediction of OPT. In
addition, the consistent interspecific patterns suggest
that different species follow a similar biomass allocation
strategy, possibly due to evolutionary pressures that favor
consistent reproductive investment across broad environ-
mental conditions. The isometric relationships suggest
an underlying strategy of balanced biomass allocation
between reproduction and growth to optimize fitness.
Our findings are consistent with the isometric allocation
pattern, with a slope close to 1, in cereal-legume inter-
cropping systems [67] and the consistent reproductive
allocation of Gentiana species across elevation gradi-
ents on the Yunnan-Guizhou Plateau, China [68]. How-
ever, other studies have found an allometric relationship
between plant reproductive and vegetative mass [19,
24, 69-71]. These studies focused on different species,
life-forms, environmental contexts, nutrient additions
or land-use changes, which may result in the different
results from our study. Furthermore, Artemisia spe-
cies, being well-adapted to diverse and sometimes harsh
environments, may have evolved a strategy to maintain
an isometric resource allocation to balance growth and
reproductive success under variable conditions.
Furthermore, our study on Artemisia species revealed
distinct patterns of reproductive allocation in relation
to different vegetative organs, with the relationships
between reproductive mass and root mass being allome-
tric, but that between reproductive mass and stem mass
being isometric (Fig. S1). The different allocation patterns
could be attributed to the different roles among plant
organs. Leaves and roots are directly involved in photo-
synthesis and nutrient uptake, which are critical for sup-
porting reproduction. These findings are consistent with
the allometric models of seed plant reproduction, which
posited that plants allocate resources to maximize repro-
ductive success while maintaining essential vegetative
functions [72]. In addition, our findings align with the
dynamic optimization theory, which suggests that plants
dynamically adjust their growth and resource allocation
to balance immediate growth with reproductive suc-
cess [8]. The isometric relationship between reproduc-
tive mass and stem mass (Fig. S1D and E) indicates that
reproductive output also increases proportionately with
increasing stem growth to maintain structural integrity
and efficient nutrient transport. Conversely, the allome-
tric relationship between reproductive mass and root
mass (Fig. S1G and H) indicates that Artemisia species
prioritize reproductive investment over root growth dur-
ing reproduction. Similar results have been reported in
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Tibetan alpine grasslands, where reproductive mass allo-
cation varies allometrically with root mass in response
to environmental conditions, reflecting an adaptive
response to maximize reproductive output while main-
taining sufficient root function [69].

It is important to distinguish between the intra- and
interspecific biomass allocation patterns, as they can dif-
fer significantly [24]. In our study, the allocation patterns
within species (i.e., the intraspecific level) are largely
consistent with the general patterns observed at the indi-
vidual level and the overall trends seen across different
species (i.e., the interspecific level), whereas the relation-
ships differed among species at the intraspecific level
(Figs S1C, F and I, Table S1), highlighting the potentially
diverse intraspecific adaptations to environmental gradi-
ents. Similarly, in cereal-legume intercropping systems,
both interspecific and intraspecific factors play crucial
roles in determining biomass allocation patterns [67].
Also, life forms (e.g., annual, perennial and semi-shrub)
have different reproductive allocations at the intraspe-
cific and interspecific levels. For instance, an experiment
with fifteen species showed that long-lived iteroparous
species typically exhibit very low reproductive allocation,
whereas species with shorter lifespans exhibit relatively
high reproductive allocation [73]. For two Plantago spe-
cies, reproductive allocation of P major decreases with
vegetative mass, but there is no consistent relationship
between reproduction allocation for P. asiatica [46, 47].

Biomass allocation between reproductive and vegetative
organs is plastic to environmental gradients

In accordance with our third hypothesis, we found that
biomass allocation between reproductive and vegetative
organs was plastic in response to environmental gradi-
ents (Fig. 5). Our findings align with those of previous
studies reporting significant effects of climatic factors
and soil water availability on plant reproductive strate-
gies [17, 74]. In North American, biomass allocation to
reproduction of sunflowers varied with climate and soil
variables [75]. With regard to climate, we found a sig-
nificant increase in the ratio of reproductive to vegetative
mass with climate variability (Fig. 5A and B). Because cli-
mate variability axis (PC2) was positvely associated with
isothermality but negatively with Tseason and Pseason
(Fig. 2), our results suggest that plants invest more in
reproduction under lower climate variability (i.e., more
stable climatic conditions). However, an earlier study on
Artemisia reported that climate has a weak effect on bio-
mass allocation among vegetative organs [66]. The key
difference between the present study and that study is
that they focused on biomass allocation in different onto-
genetic stages of Artemisia. Therefore, our results sug-
gest that allocation patterns differ fundamenally between
growth and reproduction stages.
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For the three vegetative organs, our analysis revealed
significant increases in the ratio of reproductive mass
to stem and root mass with climate variability, while the
ratio to leaf mass decreased (Fig. S2). Our findings par-
tially support the general trend that plants often decrease
allocation to reproductive structures, but increase
that to roots, under climatic stresses [76]. The dispa-
rate responses among the organs may be indicative of
organ-specific allocation mechanisms. For Artemisia, a
robust stem structure may be essential for maintaining
the health and function of reproductive organs under
stressful conditions. The promotion of reproduction by
the stem has also been documented in other Asteraceae
herbs, in which the increased stem allocation is associ-
ated with enhanced reproductive success across varying
soil depths and water availability [77]. Conversely, we
found the biomass allocation to leaves exhibited a con-
trasting pattern, indicating a trade-off where resources
are redirected from leaves to reproductive and support-
ive structures including stems, roots and fruits. Further-
more, the reduction in leaf allocation of Artemisia could
minimize water loss and enhance resource use efficiency
under stressful conditions. Similarly, Vallisneria spinu-
losa has been observed to reduce leaf mass in favor of
reproductive success when resources are limited [74].

With regard to the soil, we found a significant change
in the biomass ratio of reproductive to vegetative organs
with physical properties (Fig. 5D and E). This points to
a potentially unique role of soil conditions in influencing
structural growth components such as stems, which may
be of particular importance for supporting reproductive
structures. Soil physical properties, including texture and
water availability, are critical factors influencing nutrient
uptake, plant health, structure and reproductive success
[34]. In a semi-arid grassland, an increase in soil water
and nutrient availability causes plants to invest less in
belowground biomass, with a corresponding increase
in allocation to reproduction [63]. Under high nutri-
ent conditions, Plantago lanceolata maximizes fitness
by increasing root biomass to enhance nutrient uptake
and allocating more resources to reproductive organs
[35]. Similarly, soil water availability significantly affects
reproductive strategies in Asteraceae herbs by influenc-
ing biomass allocation, reproductive phenology and seed
production [77].

At the intraspecific level, the relationships were mixed.
While some species had positive relationships with cli-
mate variability and soil physical properties, others had
negative relationships (Fig. 5C and F; Table 4), suggest-
ing that species-specific adaptive strategies significantly
influence how biomass allocation responds to environ-
mental gradients. Reproductive allocation is known to
vary significantly among species with different life forms
and even among populations of a species growing in

Page 11 of 13

different environmental conditions [15, 18, 19, 78]. For
example, semelparous annual species allocate a greater
proportion of their resources to reproduction than iter-
oparous perennials [78]. Similarly, distinct biomass
allocation patterns have been observed in different sun-
flower species growing in diverse soil pH, organic mat-
ter content, cation exchange capacity across North
America [75]. Together, our findings of diverse intraspe-
cific responses indicate that genetic diversity and micro-
environmental conditions may play an important role
in shaping species-specific responses. However, further
research is needed to explore these factors in a broader
range of species groups and environmental gradients.

Conclusions

Our study has demonstrated that climate has a more pro-
nounced effect on plant size than soil conditions along
the environmental gradient for pooled species. However,
this does not rule out the important role of soil on plant
growth of some species, because our study involved dif-
ferent species that may evolve according to environ-
mental conditions. In addition, the allocation between
reproductive and vegetative organs is isometric, which
does not support the OPT, at both the individual and
interspecific levels. This suggests a proportional alloca-
tion between reproductive and vegetative growth that
transcends species-specific variation. Furthermore,
our findings show the plasticity in biomass allocation
between reproductive and vegetative organs along envi-
ronmental gradients, aligning with the prediction of the
OPT. Such plasticity is merged among individuals, across
species and even within species, indicating a consistent
adaptation in plant growth and reproduction across dif-
ferent taxonomic levels. These findings highlight the
necessity of considering climatic and soil factors in
understanding plant ecological strategies in growth and
reproduction.
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