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Abstract

Although many empirical experiments have shown that increasing degradation
results in lower aboveground biomass (AGB), our knowledge of the magnitude of
belowground biomass (BGB) for individual plants is a prerequisite for accurately re-
vealing the biomass trade-off in degraded grasslands. Here, by linking the AGB and
BGB of individual plants, species in the community, and soil properties, we explored
the biomass partitioning patterns in different plant functional groups (grasses of Stipa
capillacea and forbs of Anaphalis xylorhiza). Our results indicated that 81% and 60%
of the biomass trade-off variations could be explained by environmental factors af-
fecting grasses and forbs, respectively. The change in community species diversity
dominated the biomass trade-off via either direct or indirect effects on soil proper-
ties and biomass. However, the community species diversity imparted divergent ef-
fects on the biomass trade-off for grasses (scored at —0.72) and forbs (scored at 0.59).
Our findings suggest that plant communities have evolved two contrasting strategies
of biomass allocation patterns in degraded grasslands. These are the “conservative”
strategy in grasses, in which plants with larger BGB trade-off depends on gigantic
roots for soil resources, and the “opportunistic” strategy in forbs, in which plants can

adapt to degraded lands using high variation and optimal biomass allocation.
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biomass partitioning pattern has been detected in the forest (Yang &
Luo, 2011) and grassland (Wang, 2017; Yang et al., 2010) ecosystems

The trade-off between aboveground biomass (AGB) and below-
ground biomass (BGB) reflects the response and adaptation strat-
egies to deal with environmental stress (Cheng & Niklas, 2007;
Roa-Fuentes et al., 2012), and many studies have been conducted
to test whether biomass partitioning to AGB and BGB is isometric or
allometric (Niklas, 2005; Sun et al., 2018). Specifically, an isometric

along climate gradients. However, on the Tibetan Plateau, several
recent studies have demonstrated divergent biomass partitioning
in grasslands due to grazing (Sun, Ma, et al., 2018) and degradation
(Peng, Xue, You, et al., 2020).

Although these recent studies have enhanced our knowledge
of the environment and plant trade-off relationships (Roa-Fuentes
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et al., 2012; Yang et al., 2010), very little is known about the BGB
and the biomass partitioning of individual plants with different func-
tions in degraded alpine meadow. Specifically, Sun, Ma, et al. (2018)
and Peng, Xue, Li, et al. (2020) jointly gathered different plant roots
using soil cores of the same depth in degraded grasslands. However,
grasses tend to extend horizontally shallow roots in the surface soil
(Liu, Zhang, Sun, Li, et al., 2020; Peng, Xue, You, et al., 2020), and
forbs always produce deep axial roots to absorb soil nutrients after
grassland degradation (Peng, Xue, Li, et al., 2020; Zhang et al., 2020).
These plant root distribution changes may then trigger various bio-
mass partitioning trade-offs at different soil depths. Hence, our
knowledge of the magnitude of AGB and BGB for individual plants
is a prerequisite for accurately revealing the biomass trade-off in
grassland degradation (Figure 1).

Meanwhile, many studies have explored the mechanisms of bio-
mass partitioning in response to environmental factors (Roa-Fuentes
et al., 2012; Xu et al., 2010). However, only 7% and 13% of the vari-
ations in the roots and shoots worldwide are explained by annual
mean precipitation and temperature (Yang et al., 2010). This sug-
gests that there might be other factors determining biomass parti-
tioning, such as community species diversity (Mokany et al., 2006;
Yang et al., 2010). Community species diversity plays a critical role
in shaping the trade-off through its effects on AGB (Cardinale
et al., 2007; Fraser et al., 2015) and BGB (Rajaniemi et al., 2003).
High species diversity generally generates high grasses’ AGB, but
high forb's AGB is usually found in the subclimax community (Wu
et al., 2019). Meanwhile, owing to a significant decrease in commu-
nity species in alpine meadow, grasses tend to increase BGB to im-
prove soil nutrient uptake in degraded alpine meadow (Peng, Xue,
You, et al., 2020). In contrast, forbs always extend their leaf area to

Alpine meadow

AGB of forbs

AGB of grasses

/

+7 | Biomass partitioning&‘-{;
trade-off unknown |

BGB of grasses and forbs remains unclear

Non-degradation Degradation
FIGURE 1 The diagram of the research gap in our study. An
accurate revelation of the biomass trade-off in degraded grasslands
is based on our knowledge of the magnitude of aboveground
biomass (AGB) and belowground biomass (BGB) for individual
plants

enhance carbon fixation and AGB (Liu, Zhang, Sun, Li, et al., 2020;
Siebert & Dreber, 2019). Therefore, exploring how the species diver-
sity directly or indirectly influences the biomass allocation trade-offs
via soil properties in different functional groups is of paramount im-
portance to understand the degradation process of alpine meadow.

According to the self-constraint-balance growth hypothesis (Sun
et al,, 2018), plant biomass allocation patterns involve a trade-off
in their life histories (Weiner, 2004). Although plants may prefer-
entially allocate more biomass to their roots to absorb the limited
soil nutrients in degraded grasslands (Shipley & Meziane, 2002; Sun,
Niu, et al., 2018), there might be different plant biomass allocation
patterns in response to degradation in plant communities. Grasses
develop gigantic root systems to belowground in healthy alpine
meadow (Peng, Xue, You, et al., 2020; Wu et al., 2017); while forbs in
degraded grassland always show a more robust competitive capacity
for light in the aboveground (Wang et al., 2009). Therefore, a better
understanding of biomass trade-offs within different plant functions
is beneficial for revealing the process and mechanism of degrada-
tion. Here, we conducted a field survey in degraded alpine meadow
to measure the individual AGB and BGB of different plant functional
groups (grasses and forbs). Together with soil properties, these data
were applied to test our hypothesis, which states that there might be
different mechanisms shaping the biomass trade-off in grasses and
forbs after grassland degradation. Specifically, we aimed to (a) com-
pare the biomass partitioning patterns in different plant functional
groups along degradation gradients and (b) highlight the underlying

mechanisms of how factors affect the variation in biomass trade-off.

2 | MATERIALS AND METHODS
2.1 | Study area

Our study area is located in an alpine meadow in Damxung County
(91°05E, 30°29N, ~4,313 m above sea level). In 2013, the annual
mean temperature and precipitation are 2.4°C and 447.3 mm, re-
spectively. Moreover, precipitation occurs during the summer mon-
soon, with ~90% of the precipitation arriving between May and
September. The monthly mean temperature changes significantly,
with the coldest (-8.6°C) and the warmest (12°C) months being

January and July, respectively.

2.2 | ldentification of degradation

Because of overgrazing and climate change in recent years, alpine
meadow in Damxung has experienced severe degradation (Zong
& Shi, 2019). Specifically, alpine meadow has been invaded by
Anaphalis xylorhiza (Zong et al., 2018). Following the method de-
scribed by Peng, Xue, You, et al. (2020) and Zhou et al. (2021), three
typical degraded gradients (nondegraded grassland [ND], moder-
ately degraded grassland [MD], and severely degraded grassland

[SD]) in the alpine meadow were defined based on the key criteria of
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where x;, X and X,,q are the observed, lowest, and highest values of

max
either AGB or BGB. In addition to this, the root mean square error indi-
cates the zero trade-off objective (1:1 line), which denotes the magni-
tude of benefits in AGB or BGB. The direction (whether above the 1:1
line or below the 1:1 line) of the trade-off was also determined (Peng,

Xue, You, et al., 2020; Sun, Ma, et al., 2018).

2.4.3 | Relations between the trade-off and
environmental factors

There are strong intercorrelations among community species di-
versity indexes (Shannon-Wiener Index, Simpson Index, Margalef
Index, and Pielou Index), soil physical properties (soil tempera-
ture, moisture, compactness, and bulk density), and soil chemi-
cal properties (STC, STN, and STP) (Figure S2). In light of this,
principal component analysis (PCA) was first conducted in R (R
Core Team, 2015) (with packages of “FactoMineR,” “factoextra,”
and “corrplot”) to extract the dominating components for each
group before correlation analysis (Zhou et al., 2020). The results
of which showed that 87.7%, 81.4%, and 84.1% (Figure S3) of the
variance in community species diversity, soil physical properties,
and soil chemical properties were explained by the first compo-
nent (PC1), respectively. Hence, PC1 was introduced as a new
variable representing each group factor and was used in the cor-
relation analysis.

For the grass and forb, the relationships between the trade-off
and environmental factors along degraded gradients were explored
by R (using the “PerformanceAnalytics” package) and visualized using
the “circlize” package.
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2.4.4 | Structural equation modeling

Finally, to reveal the ecological effect of key factors (selected from
correlation analysis) on the trade-off for the grasses and forbs,
structural equation modeling (SEM) was conducted by Amos soft-
ware (17.0.2, Amos Development Corporation). SEM is a multivariate
statistical model that includes factors, paths, and maximum likeli-
hood analysis (Zhou et al., 2020). In testing the hypothetical model,
SEM is efficient in identifying critical variables, the direct and indi-
rect effects of variables on the object variable can be separated by
SEM (Zhou et al., 2020).

3 | RESULTS

3.1 | Plant biomass of grasses and forbs

With increasing degeneration, the AGB of grasses exhibited a sig-
nificant (p < 0.05) decrease, with the values of 1.19 g/individual
(coefficient of variation, CV = 0.32), 0.69 g/individual (CV = 0.39),
and 0.32 g/individual (CV = 0.55) obtained in ND, MD, and SD, re-
spectively (Figure 2a). In contrast, a significant (p < 0.05) increase
of AGB in forbs was observed, with the values of 0.26 g/individual
(CV = 0.41), 0.88 g/individual (CV = 0.42), and 2.07 g/individual
(CV =0.47) in ND, MD, and SD, respectively (Figure 2c). There was
no significant difference in BGB in grasses between ND, MD, and
SD (Figure 2b). Meanwhile, BGB in forbs showed no significant in-
crease from ND (0.78 g/individual, CV = 0.53) to MD (1.27 g/indi-
vidual, CV = 61), but a significant (p < 0.05) value was obtained in SD
(2.91 g/individual, CV = 0.39) (Figure 2d).

MD SD

FIGURE 2 Box and whisker plots
b showing the aboveground biomass (AGB)
in grasses (a) and forbs (c), as well as the
belowground biomass (BGB) in grasses (b)
and forbs (d) along grassland degradation
gradients (including nondegradation
[ND], moderate degradation [MD], and
severe degradation [SD]). Different letters
indicate significant differences between
degradation gradients (Tukey's test,

ND MD SD ND

MD SD

p < 0.05)
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3.2 | The trade-off between AGB and BGB of
grasses and forbs

The trade-off between AGB and BGB of grasses in ND (0.09) was
lower than that in MD (0.16) and SD (0.22, Figure 3a). The trade-
off of grasses was shifted from the BGB in ND (lower in 1:1 line)
to the AGB in MD (upper in 1:1 line) and toward the BGB in SD
(lower in 1:1 line, Figure 3a). For forbs, the trade-off decreased
from 0.23 to 0.14 (lower in 1:1 line) as the degradation increased
from ND to MD and then increased to 0.18 (upper in 1:1 line) in
SD (Figure 3b).

3.3 | Linking environmental factors to the trade-
off of grasses and forbs

From ND to SD, Figure 4a shows that the biomass trade-off in
grasses was significantly and negatively correlated with community
species diversity (R? = -0.71; p < 0.05) and soil chemical properties
(R? = -0.50; p < 0.05), respectively. Meanwhile, the species diver-
sity in the community was significantly (p < 0.05) affected by AGB
(R? = 0.75), soil chemical properties (R? = 0.65), and soil physical
properties (R? = 0.64, Figure 4a).

In forbs, the primary factors that positively affected the trade-
off were species diversity in the community (R? = 0.60; p < 0.05) and
soil chemical properties (R = 39; p < 0.05, Figure 4b). Our results
also suggested that AGB, BGB, and soil physical properties had sig-
nificant (p < 0.05) effects on the community species diversity and
soil chemical properties (Figure 4b). These results demonstrated that
there were contrasting relationships between the trade-offs and
factors in grasses and forbs.

3.4 | Control mechanisms of environmental factors
on the trade-off of grasses and forbs

Path analyses demonstrated that 81% (grasses) and 60% (forbs) of
the trade-off between AGB and BGB were explained by our model
(Figure 5). Specifically, community species diversity and soil chemi-
cal properties generated significant (p < 0.05) negative effects on
the trade-offs in grasses, with the standard total effects of -0.72
and -0.65, respectively (Figure 5a). In contrast, BGB had a significant
(p < 0.05) positive effect on the biomass trade-off (scored at 0.50,
Figure 5a).

In forbs, the trade-off between AGB and BGB was signifi-
cantly and positively affected by species diversity (scored at
0.59) and AGB (scored at 0.28, Figure 5b). And there were indi-
rectly significant effects of soil physical properties on the bio-
mass trade-off. Taken together, these results demonstrate that
the trade-offs in grasses and forbs can be explained by species
diversity through either indirect or direct effects on soil proper-

ties and biomass.

Open Access,

4 | DISCUSSION

4.1 | Size and direction of biomass partitioning in
grasses and forbs

Along degraded grassland gradients, the range of biomass trade-off
values for grasses (0.13) and forbs (0.41) in our study (Figure 3a,b)
was larger than the range detected in grazing grasslands (0.06) (Sun,
Ma, et al., 2018) or in recovering grasslands (0.04) (Liu, Zhang, Sun,
Wang, et al., 2020). This demonstrates that degradation can leave a
mark on biomass partitioning. In ND, for grasses, the biomass parti-
tioning trade-off (0.09, Figure 3a) was comparable with the trade-off
(0.07) obtained in grazing exclusion (Sun, Ma, et al., 2018). In ND, the
direction of the trade-off for grasses was the same as that in alpine
meadow (Peng, Xue, You, et al., 2020). In SD, the direction of trade-
off for grasses in this study was different from that in Peng, Xue, Li,
et al. (2020), while the direction (above the 1:1 line, Figure 3b) of the
trade-off for forbs was similar to that in Peng, Xue, You, et al. (2020).
This is not only because the focus of our study is on the biomass par-
titioning trade-off of different plant functions, which would either be
the same or different from the trade-off obtained at the community
level; but also because of the shifting of dominant species with grass-
land degradation (Peng, Xue, You, et al., 2020; Wang et al., 2009).

Similar to the results of previous studies, our results suggested
that, with an increase in degradation, the trade-off value of forbs
significantly shifted from negative to positive (Zhang et al., 2020;
Zhang & Sun, 2020). Specifically, from ND to SD, the increased AGB
ratio was higher than that of BGB for forbs in our study (Figure 6b,c),
which moved the trade-off away and above the 1:1 line (Figure 3b).
This suggests that forbs were more competitive for light in the abo-
veground than grasses in degraded grasslands and indicates that
there was a retrogressive succession in plant communities (Sun,
Schleuss, et al., 2018; Wang et al., 2009).

4.2 | Mechanism of environmental factors in
biomass partitioning

Biomass partitioning strategies reflect the survival, growth, and re-
production of plants in response to environmental variation (Shipley
& Meziane, 2002). Across grassland degraded gradients, there were
contrasting relationships between the trade-off and species diver-
sity (soil properties) for grasses and forbs. The belowground re-
source requirement of forbs might be lower than the grasses (Terrer
et al., 2021), this will be supported by the negative correlation of
trade-off between chemical properties for grasses (Figure 4a) but
the positive correlation for forbs (Figure 4b). Based on this result, it
was reasonable to confirm that there were divergent effects of fac-
tors on the biomass trade-off for grasses and forbs. The magnitude
and direction of environmental effects on AGB and BGB depend on
several aspects, including community species diversity, soil nutri-

ents, and plant survival strategies.
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FIGURE 4 Relationships between the trade-off and environmental factors for grasses (a) and forbs (b) across grassland degradation
gradients. Black and red numbers represent significantly (p < 0.05) positive and negative effects, respectively

Across the degraded gradients, our results showed that commu-
nity species diversity was a more important factor for the trade-offs
in grasses and forbs than soil properties (Figure 5). Biomass allo-
cation in plant communities can be mediated by interspecific het-
erogeneity that modifies the biomass trade-offs between AGB and
BGB for different plant groups (Gao et al., 2011; Peng, Xue, You,
etal., 2020). In the process of degradation, changes in habitats cause
the invasion of forbs (Wang et al., 2009; Xu et al., 2015), leading
to the decrease of species diversity within the plant community.
Grasses gradually lose their ascendancy in the community, while
forbs become dominant species due to their strong competitiveness
for nutrients (Dormann et al., 2000; Pang et al., 2019). This decrease
of community species diversity is mainly because the disturbance of
climate or human activities in alpine meadow changes the physical

and chemical properties of the soil (Guo et al., 2019; Wang et al.,
2014, 2016). The disturbed soil and habitat then provide a niche

for invasive species of forbs (Peng, Xue, You, et al., 2020; Zhang
et al., 2005). Few species occurs because grassland degradation,
soil nutrient reduction (Table 1) aggravates the already limited re-
source availability for grasses (negative effect of soil nutrients on
the trade-off, Figure 5a), but this is not so for forbs (nonsignificant
effect of soil nutrients on the trade-off Figure 5b). This is because
forbs are more adaptive to the resource-limited environment (Miehe
etal., 2011; Wang et al., 2009). Finally, forbs allocated more biomass
aboveground (Figure 3b) to compete for resources in lower species
diversity regions, and grasses allocated more biomass belowground
(Figure 3a) for survival after grassland degradation.

Moreover, there was a close relationship between grassland
degradation and soil degradation because the soil is the founda-
tion for alpine meadow (Zhang et al., 2018). As the soil fertility
levels decreased significantly (Table 1), a significant decrease in

the biomass of grasses and a significant increase in the biomass
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of forbs occurred (Figure 4). In ND, our results indicated that both
surface and deep soil moistures, as well as nutrients, would be
used by grasses with the aid of their long roots (Figure S4a) and
dominant BGB (Figure 6a) within the community. In contrast, forbs
can only utilize resources from the surface layer due to their short
roots (Figure S4b), as well as their low ratio of BGB (Figure 6b).
After grassland degradation, grasses allocated more biomass be-
lowground (Figure 3a), whereas forbs allocated more biomass abo-
veground (Figure 3b). Because forbs increase coverage and leaf
area to enhance the photosynthetic uptake of carbon and AGB
(Liu, Zhang, Sun, Li, et al., 2020; Peng, Xue, You, et al., 2020), the
trade-off moved away and stayed above the 1:1 line (Figure 3b).
Because of their low coverage (low competitive ability for light)
(Figure 6a), grasses struggle for survival in degraded environments
(Wang et al., 2009; Zhang et al., 2020), leading to the trade-off
below the 1:1 line (Figure 3a). These divergent biomass partition-
ing patterns indicated that soil traits were also important driving

forces in grassland community succession (Zhang et al.,, 2018)

and biomass partitioning (Roa-Fuentes et al., 2012; Sun, Ma,
et al., 2018).

Generally, plants with different functions do not consistently
respond to grassland degradation, they adjust their biomass alloca-
tion strategies according to the environment (Poorter et al., 2011;
Shipley & Meziane, 2002; Weiner & Systematics, 2004). Our findings
suggested that the plant community had evolved as two contrasting
strategies for biomass allocation in degraded grasslands. For grasses,
in both ND and SD, the trade-offs below the 1:1 line (Figure 3a) in-
dicated a “conservative” strategy in which plants with belowground
trade-offs depend on gigantic roots for soil resources. For forbs,
whether the big trade-off was below the 1:1 line in ND or the big
trade-off was above the 1:1 line in SD (Figure 3b), both demon-
strated that forbs had more flexible survival strategies than grasses
in response to degradation (Dormann et al., 2000; Pang et al., 2019).
The “opportunistic” strategies in forbs, in which plants with high
variation biomass trade-off, were enabled to allocate photosynthetic

carbon more optimally (Ma et al., 2018; Roumet et al., 2016).
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In summary, we concluded that the degradation of alpine
meadow could generate significantly different effects on plant bio-
mass allocation for grasses and forbs. Specifically, for grasses, plant
biomass allocation trade-offs were directed mainly belowground.
Meanwhile, for forbs, the plant biomass allocation trade-off shifted
from belowground in ND to aboveground in SD. Moreover, our re-
sults demonstrated that the biomass trade-offs in grasses and forbs
could be explained by community species diversity through either
direct or indirect effects on soil properties and biomass. Thus, plant
communities might have evolved as two contrasting strategies of
biomass allocation patterns (a “conservative” strategy in grasses and
an “opportunistic” strategy in forbs) in response to degradation. In
terms of grassland degradation, our work has expanded the study
of biomass allocation within the community to individual plants.
The knowledge of degradation mechanisms obtained in this study
will advance our knowledge of survival strategies for different plant

functional groups.

ACKNOWLEDGMENTS
Funding was provided by the National Natural Science Foundation
of China (31870406 and 42071066).

CONFLICT OF INTEREST
The authors declare no competing interests.

AUTHOR CONTRIBUTIONS

Tiancai Zhou: Data curation (equal); Methodology (equal); Software
(equal); Writing-original draft (equal); Writing-review and editing
(equal). Jian Sun: Methodology (equal); Writing-review and editing
(equal). Ning Zong: Data curation (equal); Funding acquisition (equal);
Writing-review and editing (equal). Ge Hou: Data curation (equal);
Writing-review and editing (equal). Peili Shi: Conceptualization
(equal); Funding acquisition (equal); Resources (equal); Writing-

review and editing (equal).

DATA AVAILABILITY STATEMENT
Data will be submitted to the Dryad Digital Repository: https://doi.
org/10.5061/dryad.Ogb5mkm1v.

ORCID

Tiancai Zhou https://orcid.org/0000-0002-4885-3980

Jian Sun https://orcid.org/0000-0001-8765-5015
Ning Zong https://orcid.org/0000-0003-3735-7399
REFERENCES

Cardinale, B. J., Wright, J. P, Cadotte, M. W., Carroll, I. T., Hector, A.,
Srivastava, D. S., Loreau, M., & Weis, J. J. (2007). Impacts of plant
diversity on biomass production increase through time because
of species complementarity. Proceedings of the National Academy
of Sciences of the United States of America, 104(46), 18123-18128.
https://doi.org/10.1073/pnas.0709069104

Cheng, D., & Niklas, K. (2007). Above- and below-ground biomass re-
lationships across 1534 forested communities. Annals of Botany, 99,
95-102. https://doi.org/10.1093/aob/mcl206

Dormann, C. F.,, Van der Wal, R., & Bakker, J. P. (2000). Competition
and herbivory during salt marsh succession: The importance of
forb growth strategy. Journal of Ecology, 88(4), 571-583. https://doi.
org/10.1046/j.1365-2745.2000.00469.x

Fraser, L. H., Pither, J., Jentsch, A, Sternberg, M., Zobel, M., Askarizadeh,
D., Bartha, S., Beierkuhnlein, C., Bennett, J. A., Bittel, A., Boldgiv,
B., Boldrini, I. I, Bork, E., Brown, L., Cabido, M., Cahill, J., Carlyle, C.
N., Campetella, G., Chelli, S., ... Zupo, T. (2015). Worldwide evidence
of a unimodal relationship between productivity and plant species
richness. Science, 349(6245), 302-305.

Gao, Y.Z., Chen, Q, Lin, S., Giese, M., & Brueck, H. (2011). Resource ma-
nipulation effects on net primary production, biomass allocation and
rain-use efficiency of two semiarid grassland sites in Inner Mongolia,
China. Oecologia, 165(4), 855-864. https://doi.org/10.1007/s0044
2-010-1890-z

Guo, N., Degen, A. A,, Deng, B., Shi, F,, Bai, Y., Zhang, T,, Long, R., &
Shang, Z.(2019). Changes in vegetation parameters and soil nutrients
along degradation and recovery successions on alpine grasslands
of the Tibetan plateau. Agriculture Ecosystems & Environment, 284,
106593. https://doi.org/10.1016/j.agee.2019.106593

Liu, M., Zhang, Z., Sun, J, Li, Y., Liu, Y., Berihun, M. L., Xu, M., Tsunekawa,
A., & Chen, Y. (2020). Restoration efficiency of short-term grazing
exclusion is the highest at the stage shifting from light to moder-
ate degradation at Zoige, Tibetan Plateau. Ecological Indicators, 114,
106323.

Liu, M., Zhang, Z., Sun, J., Wang, Y., Wang, J., Tsunekawa, A., Yibeltal,
M., Xu, M., & Chen, Y. (2020). One-year grazing exclusion remarkably
restores degraded alpine meadow at Zoige, eastern Tibetan Plateau.
Global Ecology and Conservation, 22, e00951.

Ma, Z., Guo, D., Xu, X., Lu, M., Bardgett, R., Eissenstat, D., McCormack,
M., & Hedin, L. (2018). Evolutionary history resolves global organiza-
tion of root functional traits. Nature, 555, 94-97.

Miehe, G., Bach, K., Miehe, S., Kluge, J., Yongping, Y., Duo, L., Co, S., &
Wesche, K. (2011). Alpine steppe plant communities of the Tibetan
highlands. Applied Vegetation Science, 14(4), 547-560. https://doi.
org/10.1111/j.1654-109X.2011.01147.x

Mokany, K., Raison, R. J., & Prokushkin, A. S. (2006). Critical analysis of
root: Shoot ratios in terrestrial biomes. Global Change Biology, 12(1),
84-96.

Niklas, K. J. (2005). Modelling below- and above-ground biomass for
non-woody and woody plants. Annals of Botany, 95(2), 315-321.
https://doi.org/10.1093/aob/mci028

Pang, Z., Jiang, L., Wang, S., Xu, X., Rui, Y., Zhang, Z., Luo, C., & Wang,
Y. (2019). Differential response to warming of the uptake of nitro-
gen by plant species in non-degraded and degraded alpine grass-
lands. Journal of Soils and Sediments, 19(5), 2212-2221. https://doi.
org/10.1007/s11368-019-02255-0

Peng, F., Xue, X,, Li, C., Lai, C., Sun, J., Tsubo, M., Tsunekawa, A., & Wang,
T. (2020). Plant community of alpine steppe shows stronger associa-
tion with soil properties than alpine meadow alongside degradation.
Science of the Total Environment, 733, 139048.

Peng, F., Xue, X., You, Q., Sun, J., Zhou, J., Wang, T., & Tsunekawa,
A. (2020). Change in the trade-off between aboveground and
belowground biomass of alpine grassland: Implications for the
land degradation process. Land Degradation & Development, 31(1),
105-117.

Poorter, H., Niklas, K., Reich, P., Oleksyn, J., Poot, P., & Mommer, L.
(2011). Biomass allocation to leaves, stems and roots: Meta-analyses
of interspecific variation and environmental control. New Phytologist,
193, 30-50. https://doi.org/10.1111/j.1469-8137.2011.03952.x

R Core Team (2015). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. 1, 12-21.

Rajaniemi, T. K., Allison, V. J., & Goldberg, D. E. (2003). Root competition can
causeadeclineindiversity withincreased productivity. Journal of Ecology,
91(3), 407-416. https://doi.org/10.1046/j.1365-2745.2003.00768.x


https://doi.org/10.5061/dryad.0gb5mkm1v
https://doi.org/10.5061/dryad.0gb5mkm1v
https://orcid.org/0000-0002-4885-3980
https://orcid.org/0000-0002-4885-3980
https://orcid.org/0000-0001-8765-5015
https://orcid.org/0000-0001-8765-5015
https://orcid.org/0000-0003-3735-7399
https://orcid.org/0000-0003-3735-7399
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1093/aob/mcl206
https://doi.org/10.1046/j.1365-2745.2000.00469.x
https://doi.org/10.1046/j.1365-2745.2000.00469.x
https://doi.org/10.1007/s00442-010-1890-z
https://doi.org/10.1007/s00442-010-1890-z
https://doi.org/10.1016/j.agee.2019.106593
https://doi.org/10.1111/j.1654-109X.2011.01147.x
https://doi.org/10.1111/j.1654-109X.2011.01147.x
https://doi.org/10.1093/aob/mci028
https://doi.org/10.1007/s11368-019-02255-0
https://doi.org/10.1007/s11368-019-02255-0
https://doi.org/10.1111/j.1469-8137.2011.03952.x
https://doi.org/10.1046/j.1365-2745.2003.00768.x

ZHOU ET AL.

Roa-Fuentes, L. L., Campo, J., & Parra-Tabla, V. (2012). Plant biomass allo-
cation across a precipitation gradient: An approach to seasonally dry
tropical forest at Yucatan, Mexico. Ecosystems, 15(8), 1234-1244.
https://doi.org/10.1007/s10021-012-9578-3

Roumet, C., Birouste, M., Picon-Cochard, C., Ghestem, M., Osman, N.,
Vrignon-Brenas, S., Cao, K.-F., & Stokes, A. (2016). Root structure-
function relationships in 74 species: Evidence of a root economics
spectrum related to carbon economy. New Phytologist, 210(3), 815-
826. https://doi.org/10.1111/nph.13828

Shipley, B., & Meziane, D. (2002). The balanced-growth hypothesis and the
allometry of leaf and root biomass allocation. Functional Ecology, 16(3),
326-331. https://doi.org/10.1046/j.1365-2435.2002.00626.x

Siebert, F., & Dreber, N. (2019). Forb ecology research in dry African
savannas: Knowledge, gaps, and future perspectives. Ecology and
Evolution, 9(13), 7875-7891. https://doi.org/10.1002/ece3.5307

Sun, J., Ma, B., & Lu, X. (2018). Grazing enhances soil nutrient effects:
Trade-offs between aboveground and belowground biomass in alpine
grasslands of the Tibetan Plateau. Land Degradation & Development,
29(2), 337-348.

Sun, J., Niu, S., & Wang, J. (2018). Divergent biomass partitioning to abo-
veground and belowground across forests in China. Journal of Plant
Ecology, 11(3), 484-492.

Sun, Y., Schleuss, P.-M., Pausch, J., Xu, X., & Kuzyakov, Y. (2018). Nitrogen
pools and cycles in Tibetan Kobresia pastures depending on grazing.
Biology and Fertility of Soils, 54(5), 569-581.

Terrer, C., Phillips, R. P., Hungate, B. A., Rosende, J., Pett-Ridge, J., Craig,
M. E., van Groenigen, K. J., Keenan, T. F., Sulman, B. N., Stocker, B.
D., Reich, P. B., Pellegrini, A. F. A., Pendall, E., Zhang, H., Evans, R.
D., Carrillo, Y., Fisher, J. B, Van Sundert, K., Vicca, S., & Jackson, R.
B. (2021). A trade-off between plant and soil carbon storage under
elevated CO2. Nature, 591(7851), 599-603.

Wang, C. T, Long,R.J.,, Wang, Q. L., Jing, Z. C., & Shi, J. J. (2009). Changes
in plant diversity, biomass and soil c, in alpine meadow at different
degradation stages in the headwater region of three rivers, China.
Land Degradation & Development, 20(2), 187-198.

Wang, J. N. (2017). Biomass allocation and tradeoffs of Pedicularis longi-
flora rudolph. At two slope aspects in an alpine meadow of the east-
ern Tibetan plateau. Applied Ecology and Environmental Research, 15,
51-65. https://doi.org/10.15666/aeer/1503_051065

Wang, J. N., Xu, B., Wu, Y., Gao, J., & Shi, F. S. (2016). Flower litters of
alpine plants affect soil nitrogen and phosphorus rapidly in the east-
ern Tibetan Plateau. Biogeosciences, 13, 5619-5631. https://doi.
org/10.5194/bg-13-5619-2016

Wang, X., Dong, S., Yang, B, L, Y., & Su, X. (2014). The effects of grassland deg-
radation on plant diversity, primary productivity, and soil fertility in the al-
pine region of Asia's headwaters. Environmental Monitoring and Assessment,
186(10), 6903-6917. https://doi.org/10.1007/s10661-014-3898-z

Weiner, J. (2004). Allocation, plasticity and allometry in plants.
Perspectives in Plant Ecology, Evolution and Systematics, 6(4), 207-215.
https://doi.org/10.1078/1433-8319-00083

Wu, G.-L., Wang, D, Liu, Y., Ding, L.-M., & Liu, Z.-H. (2017). Warm-season
grazing benefits species diversity conservation and topsoil nutrient
sequestration in alpine meadow. Land Degradation & Development,
28(4), 1311-1319. https://doi.org/10.1002/1dr.2536

Wu, S., Zhang, X., Gao, X., Xu, Y., Wu, X., Shan, X,, Liu, S., Dong, Q., Dong,
S., & Wen, L. (2019). Succession dynamics of a plant community of
degraded alpine meadow during the human-induced restoration pro-
cess in the Three Rivers Source region. Acta Ecologica Sinica, 39(7),
2444-2453,

Xu, X., Liu, H., Song, Z., Wang, W., Hu, G., & Qi, Z. (2015). Response of
aboveground biomass and diversity to nitrogen addition along a deg-
radation gradient in the Inner Mongolian steppe, China. Scientific
Reports, 5(1), 10284. https://doi.org/10.1038/srep10284

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

Xu, X., Peng, G., Wu, C., & Han, Q. (2010). Global warming induces fe-
male cuttings of Populus cathayana to allocate more biomass, C and
N to aboveground organs than do male cuttings. Australian Journal of
Botany, 58(7), 519-526. https://doi.org/10.1071/BT10108

Yang, Y., Fang, J., Ma, W., Guo, D., & Mohammat, A. (2010). Large-scale
pattern of biomass partitioning across China's grassland. Global
Ecology and Biogeography, 19, 268-277.

Yang, Y., & Luo, Y. (2011). Isometric biomass partitioning pattern in
forest ecosystems: Evidence from temporal observations during
stand development. Journal of Ecology, 99(2), 431-437. https://doi.
org/10.1111/j.1365-2745.2010.01774.x

Zhang, J. Y., Zhao, H. L., Zhang, T. H., Zhao, X. Y., & Drake, S. J. (2005).
Community succession along a chronosequence of vegetation
restoration on sand dunes in Horgin Sandy Land. Journal of Arid
Environments, 62(4), 555-566. https://doi.org/10.1016/j.jarid
env.2005.01.016

Zhang, W., Ren, C., Deng, J., Zhao, F., Yang, G., Tong, X., Feng, Y., & Han,
X. (2018). Plant functional composition and species diversity affect
soil C, N, and P during secondary succession of abandoned farmland
on the Loess Plateau. Ecological Engineering, 122, 91-99. https://doi.
org/10.1016/j.ecoleng.2018.07.031

Zhang, Z., Liu, M., Sun, J., & Wei, T. (2020). Degradation leads to dramatic
decrease in topsoil but not subsoil root biomass in an alpine meadow
on the Tibetan Plateau. China. Journal of Arid Land, 12(5), 806-818.
https://doi.org/10.1007/s40333-020-0074-x

Zhang, Z., & Sun, J. (2020). Root features determine the increasing pro-
portion of forbs in response to degradation in alpine steppe, Tibetan
Plateau. Frontiers in Environmental Science, 8, 534774. http://dx.doi.
org/10.3389/fenvs.2020.534774

Zhou, T., Liu, M., Sun, J.,, Li, Y., Shi, P., Tsunekawa, A., Zhou, H., Yi, S., &
Xue, X. (2020). The patterns and mechanisms of precipitation use
efficiency in alpine grasslands on the Tibetan Plateau. Agriculture
Ecosystems & Environment, 292, 11.

Zhou, T., Zong, N., Sun, J., Hou, G., & Shi, P. (2021). Plant nitrogen con-
centration is more sensitive in response to degradation than phos-
phorus concentration in alpine meadow. Ecological Engineering, 169,
106323. https://doi.org/10.1016/j.ecoleng.2021.106323

Zong, N., Geng, S., Duan, C,, Shi, P,, Chai, X., & Zhang, X. (2018). The
effects of warming and nitrogen addition on ecosystem respiration
in a Tibetan alpine meadow: The significance of winter warming.
Ecology and Evolution, 8(20), 10113-10125. https://doi.org/10.1002/
ece3.4484

Zong, N., & Shi, P. (2019). Enhanced community production rather than
structure improvement under nitrogen and phosphorus addition
in severely degraded alpine meadow. Sustainability, 11(7), 2023.
https://doi.org/10.3390/s5u11072023

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Zhou, T., Sun, J., Zong, N., Hou, G., &
Shi, P. (2021). Community species diversity mediates the
trade-off between aboveground and belowground biomass for
grasses and forbs in degraded alpine meadow, Tibetan Plateau.
Ecology and Evolution, 11, 13259-13267. https://doi.
org/10.1002/ece3.8048



https://doi.org/10.1007/s10021-012-9578-3
https://doi.org/10.1111/nph.13828
https://doi.org/10.1046/j.1365-2435.2002.00626.x
https://doi.org/10.1002/ece3.5307
https://doi.org/10.15666/aeer/1503_051065
https://doi.org/10.5194/bg-13-5619-2016
https://doi.org/10.5194/bg-13-5619-2016
https://doi.org/10.1007/s10661-014-3898-z
https://doi.org/10.1078/1433-8319-00083
https://doi.org/10.1002/ldr.2536
https://doi.org/10.1038/srep10284
https://doi.org/10.1071/BT10108
https://doi.org/10.1111/j.1365-2745.2010.01774.x
https://doi.org/10.1111/j.1365-2745.2010.01774.x
https://doi.org/10.1016/j.jaridenv.2005.01.016
https://doi.org/10.1016/j.jaridenv.2005.01.016
https://doi.org/10.1016/j.ecoleng.2018.07.031
https://doi.org/10.1016/j.ecoleng.2018.07.031
https://doi.org/10.1007/s40333-020-0074-x
http://dx.doi.org/10.3389/fenvs.2020.534774
http://dx.doi.org/10.3389/fenvs.2020.534774
https://doi.org/10.1016/j.ecoleng.2021.106323
https://doi.org/10.1002/ece3.4484
https://doi.org/10.1002/ece3.4484
https://doi.org/10.3390/su11072023
https://doi.org/10.1002/ece3.8048
https://doi.org/10.1002/ece3.8048

