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The forage yield and quality of artificial grasslands typically decline rapidly over time after
planting. Moreover, the reason for this decline of artificial grassland remains unclear. Here,
we evaluated the relationship between years since planting and annual net primary
productivity (ANPP), seed yield, and reproductive allocation (ie., the ratio of seed yield
to annual net primary productivity) for eight common gramineous species separately
planted in monoculture artificial grasslands in the Qinghai-Tibetan Plateau. We utilized T50
values (the time when ANPP or seed yield drop to 50% of their maximum values) to quantify
the decline rates of eight artificial grasslands respectively, and additionally evaluated the
influence of evolutionary history and other plant attributes on T50 (ANPP) and T50 (seed
yield). We found that both ANPP and seed yield decreased linearly over time following
planting for all species. ANPP generally declined more rapidly than did seed yield. The
reproductive allocation of Deschampsia cespitosa, Festuca kirilowii, Festuca kryloviana,
and Festuca sinensis increased significantly over time after planting. We did not observe
any association of evolutionary history, seed mass, plant height, reproductive allocation,
ANPP (second year), seed yield (second year) with T50 (ANPP) and T50 (seed yield). In
addition, clonal propagation mode may influence declines of artificial grassland, and
evolutionary history may shape shifts in reproductive allocation with plant population
aging. This study was the first to utilize T50 values for the study of artificial grassland
declines. Our research framework thus has the potential to guide future quantitative
studies of artificial grassland declines.
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INTRODUCTION

Artificial grassland is a grassland cultivated by agricultural technical measures (Zhang and Liu 2004).
Artificial grassland establishment is an important approach to restoring the productivity of degraded
grasslands and alleviating the contradiction between grass and livestock in pastoral areas (Shang
et al., 2008; Wu et al., 2010; Ma et al., 2017). Appropriately establishing artificial grasslands can
facilitate social and economic sustainability in pastoral areas (Shang et al., 2008; Wu et al., 2010).
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However, the forage yield and quality of artificial grasslands
typically decline rapidly after planting (about 3–5 years) (Zhou
and Zhao, 1997; Krzic et al., 2003; Benjamin et al., 2004; Dong,
2010). As such, this decline of artificial grassland remains an
important issue that warrants further research.

Plant attributes such as seed mass, plant height, seed yield, and
annual net primary productivity (ANPP) can reflect plant
competition strategies, nutrition acquisition strategies, and
reproductive strategies (Grime, 1979; Westoby et al., 2002; Moles
et al., 2009; Shipley, 2010; Ma et al., 2019; Zhang et al., 2019), all of
which may in turn influence declines of plant population in
monoculture artificial grasslands. For example, plant height can
strongly influence the ability of a given plant to compete for light
resources (Westoby et al., 2002; Moles et al., 2007), leading to high
intraspecific competition within a given population of tall plants that
can lead to rapid population decline. Higher ANPP and seed
production can also consume more soil elements or drive the
accumulation of soil pathogenic microorganisms (Ehrenfeld et al.,
2005; Mariotte et al., 2018), thereby potentially driving rapid
population decline.

In an evolutionary context, closely related species generally
tend to share similar traits or niche preferences (Losos, 2008;
Zhang et al., 2014, 2022). As such, the phylogenetic relatedness of
species may influence differentiation in population decline rates
for monoculture artificial grassland in this study.

Global climate change and anthropogenic disturbances have
profoundly driven large-scale grassland degradation in the Tibetan
Plateau over recent decades (Shang et al., 2008;Wu et al., 2010; Zhang
et al., 2017). Deschampsia cespitosa, Festuca kirilowii, Festuca
kryloviana, Festuca sinensis, Koeleria cristata, Poa crymophila, Poa
pratensis, andPuccinellia tenuiflora are high-quality forage plants that
are commonly utilized to establish artificial grassland in the Qinghai-
Tibetan Plateau (Wang et al., 2015). Herein, we assessed the impact of
time since planting on ANPP, seed yield, and reproductive allocation
for these eight common monoculture artificial grasslands of alpine
region in the Qinghai-Tibetan Plateau. Studying artificial grassland
declines is complicated by the quantification of decline rates. In this
study, we utilized the T50 values (the time when ANPP or seed yield
dropped to 50%) to quantify the decline rates of monoculture
artificial grasslands and further assessed the impact of
evolutionary history and plant characteristics [seed mass, plant
height, reproductive allocation, ANPP (second year) and seed
yield (second year)] on T50 (ANPP) and T50 (seed yield).
Through these efforts, we sought to provide a framework for the
use of T50 values as a means of quantifying the decline rates of
artificial grasslands so as to facilitate quantitative studies of artificial
grassland declines. Lastly, we tested our hypothesis that plant
attributes (e.g., seed mass, plant height, seed yield, and ANPP)
and evolutionary history can influence declines of artificial grassland.

METHODS

Dataset
The dataset used for the present study of ANPP and seed yields
in artificial grasslands was previously described in detail by
Wang et al. (2015) who compared ANPP and seed yields

among species. Briefly, seeds of eight forage species used in
the experiment were all provided by the technical extension
station of Qinghai herbage breeding farm. For full details
regarding tested species and corresponding attributes, see
Supplementary Table S1. These eight forage species were
planted in the experimental site (100°09 ′E, 35°09′ N;
Supplementary Figure S1) of the technical extension
station of Qinghai herbage breeding farm located in Tongde
County, Qinghai Province on the eastern Qinghai-Tibetan
Plateau. This site is located at an altitude of 3,280 m, has an
average annual temperature of 0.2°C, and 429.8 mm of average
annual precipitation. The experimental site has undergone
artificial grassland planting for more than 20 years.

The experimental site was 400m2 in area, with each plot being
3 m × 5m (15m2) in size. The distance between the two adjacent
plots is 1 m. Each species was planted in three random replicate plots
within the experimental site. In 2008, seeds were sown manually,
with a row spacing of 30 cm and a seed depth of 2–3 cm. The sowing
density of eight species was 0.39 g/m2 (D. caespitosa), 1.06 g/m2 (F.
kirilovii), 0.49 g/m2 (F. kryloviana), 0.83 g/m2 (F. Sinersis), 0.36 g/m2

(P. crgmophila), 0.53 g/m2 (P. pratensis), 0.30 g/m2 (P. tenuiflora),
and 0.47 g/m2 (K. cvistata), respectively. Weeds were removed once
following seedling emergence during the initial planting year, and
twice per year thereafter. ANPP and seed yield were monitored for
all plots from 2009–2012. The aboveground biomass in a quadrant
(1.0 m × 1.0 m) which was randomized between years in each plot
was measured by harvesting individual plants within that quadrant
at the soil surface at the flowering stage. These samples were then
weighed to an accuracy of 0.01 g. Aboveground fresh biomass was
taken as a proxy for ANPP in the present study. We additionally
collected all seeds within another quadrant (1.0 m × 1.0m) which
was randomized between years in each plot at the stage of seed
maturation. These samples were then weighed to an accuracy of
0.01 g, with weight serving as a proxy for seed yield. Reproductive
allocation was calculated as the ratio of seed yield to ANPP. Data
pertaining to seed mass for all eight species were obtained from
Wang et al., 2015, and data pertaining to plant height were obtained
from Wang et al., 2008, Sun et al., 2009 and Jing et al., 2017.

Phylogeny Construction
A hypothetical phylogenetic tree incorporating all studied species
was constructed with the V. PhyloMaker R package (Jin and Qian,
2019), using the latest GBOTB tree including 74,533 species and
all extant vascular plant families as a backbone for this analysis.

Statistical Analyses
ANPP, seed yield, and reproductive allocation were standardized
prior to analysis by dividing them by their maximum values. Linear
models were used to assess the relationship between ANPP, seed
yield, reproductive allocation, and years since planting
(i.e., population age). The T50 (ANPP) and T50 (seed yield) values
were then estimated based on these linear models. T50 values are the
timewhenANPPor seed yield drop to 50%of theirmaximumvalues.

Phylogenetic signal in T50 (ANPP) and T50 (seed yield) was
assessed using two commonly utilized metrics—Pagel’s λ (Pagel,
1999) and Blomberg’s K (Blomberg et al., 2003), both of which
assess the degree to which a trait exhibits phylogenetic signal
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FIGURE 1 | Relationship between ANPP, seed yield, and years since planting for each of eight species (A: Deschampsia cespitosa; B: Festuca kirilowii;C: Festuca
kryloviana;D: Festuca sinensis; E: Koeleria cristata; F: Poa crymophila;G: Poa pratensis;H: Puccinellia tenuiflora). Data are presented in relation to the first year, treated
here as 1. Significant relationships (p < 0.05) are denoted with solid (ANPP) or dashed (seed yield) lines. ANPP, seed yield, and reproductive allocation were standardized
by dividing them by their maximum values.
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FIGURE 2 | Relationships between reproductive allocation and years since planting for each of eight species (A: Deschampsia cespitosa; B: Festuca kirilowii; C:
Festuca kryloviana; D: Festuca sinensis; E: Koeleria cristata; F: Poa crymophila; G: Poa pratensis; H: Puccinellia tenuiflora). Significant relationships (p < 0.05) are
denoted with solid lines. Reproductive allocation was calculated as the ratio of seed yield to ANPP.
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according to a Brownian motion model of evolution.
Phylogenetic signal was estimated using the “phylosig”
function in the phytools R package (v. 0.4e60) (Revell, 2012).
A randomization test with 10,000 simulations was utilized to test
for significant phylogenetic signal.

Lastly, the impacts of seed mass, plant height, reproductive
allocation, ANPP (second year), and seed yield (second year) on
T50 (ANPP) and T50 (seed yield) were assessed using linear
models. All statistical testing was conducted using R (R Core
Team, 2020).

RESULTS

We observed a linear decrease in both ANPP and seed yield for the
eight artificial grasslands with time since planting (Figure 1), such
that years since planting were able to explain a large portion of the
variation in ANPP (R2 > 65%; Supplementary Table S2) and seed
yield (R2 > 75%; Supplementary Table S3) of artificial grasslands.
The reproductive allocation ofD. cespitosa, F. kirilowii, F. kryloviana,
and F. sinensis increased gradually with time since planting, whereas
no changes were observed over time for the other species (Figure 2;
Supplementary Table S4).

The T50 (ANPP) of D. cespitosa was the shortest of analyzed
species (4.10 years), while that of P. pratensis was the longest
(6.83 years) (Figure 3). The T50 (seed yield) of D. cespitosa was
also the shortest of analyzed species (4.66 years), while that of F.
sinensis was the longest (6.03 years) (Figure 3). As such, D.
cespitosa grassland degraded most rapidly, with its ANPP and
seed yield having been reduced by 50% at about 5 years after
planting. With respect to ANPP, the decline rate of P. pratensis
was the slowest, with ANPP having been reduced by half after
7 years. In terms of seed yield, F. sinensis exhibited the slowest
decline rate, having been reduced by half after about 7 years. For

all analyzed species other than P. pratensis, the ANPP decline rate
was higher than that of seed yield (Figure 4).

We did not detect any significant phylogenetic signal for T50
(ANPP) or T50 (seed yield), nor did we observe any impact of seed
mass, plant height, reproductive allocation, ANPP (second year),
or seed yield (second year) on T50 (ANPP) (Supplementary
Table S5) or T50 (seed yield) (Supplementary Table S6).

FIGURE 3 | Visualization of the distribution of T50 (ANPP), T50 (seed yield) and slope (reproductive allocation) across phylogenetic tree. The slope was from linear
models testing relationship between reproductive allocation and years after planting for each species. The asterisk indicates that the slope is significantly greater than 0.

FIGURE 4 | T50 (ANPP) and T50 (seed yield) for each species. The
dashed line is the diagonal line with slope = 1.
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DISCUSSION

Artificial grassland establishment is an important approach to
restoring the productivity of degraded grasslands and alleviating
the contradiction between grass and livestock in pastoral areas
(Shang et al., 2008; Wu et al., 2010; Ma et al., 2017). However,
artificial grassland declines remain an important problem that
warrants further research. In this study, we found that ANPP
and seed yield for eight artificial grasslands decreased significantly
over time following planting, such that at 5–7 years after planting,
the ANPP and seed yields of artificial grasslands decreased by 50%.
We also found that the rate of ANPP decline was higher than the rate
of seed yield decline for all analyzed species other than P. pratensis. It
likely results from the life-history strategy that reproductive
allocation is more important than growth allocation in ensuring
population persistence (Weiner, 2004; Thomas, 2011).

P. pratensis exhibited the slowest rate of ANPP decline, with this
rate being lower than that for corresponding seed yield. This may be
attributable to the fact that P. pratensiswas the only analyzed species
that underwent rhizome propagation (Flora China Editing Group
2004). Relative to tillering propagation, rhizome propagation ismore
conducive to population colonization and regeneration in space
(Wang, 1983; Zhang, 2018), and it additionally reduces intraspecific
competition, thereby slowing population decline. P. pratensis may
therefore allocate more biomass to rhizome propagation, such that
its rate of seed production decline over time is greater than its
corresponding decline in ANPP. In sum, the slowANPP decline rate
and good forage quality (Wang et al., 2015) of P. pratensis potentially
make it become an excellent species for establishing artificial
grassland in alpine areas. In addition, these results suggested that
different clonal propagation modes may influence declines of
artificial grassland.

Plant biomass allocation to different structures is a fundamental
aspect of plant biology (Begon et al., 2006), with allocation patterns
being reflective of evolutionary strategies associated with a range of
selective pressures and limitations (Weiner, 2004). Interestingly, we
found that reproductive allocation increased over time after planting
for four species in analyzed artificial grasslands, indicating that these
plants tended to allocate more of their biomass to seed production
and seed regeneration over time. This is consistent with theoretical
models suggesting that an optimal life-history strategy is one that
entails a pattern of increasing reproductive allocation with age
(Thomas, 2011). These data are also consistent with the results of
certain empirical studies (Acosta et al., 1997; Lopez et al., 2001). We
also found that the four species for which this result was observed
were derived from a single phylogenetic branch, potentially affecting
relationships between population age and reproductive allocation.
Moreover, it suggested that evolutionary history may shape shifts in
reproductive allocation with population aging.

A key aspect of this study was our investigation of reasons for
artificial grassland declines. Our study suggested that clonal
propagation mode may influence artificial grassland declines.
However, we did not find influences of evolutionary history and
other species attributes on artificial grassland declines. Future
studies focused on larger numbers of species and more
sampling sites will be necessary to fully explore these
relationships in order to validate and expand upon our findings.

In addition, abiotic attributes, such as soil nutrient elements and
the presence of pathogenic microorganisms within the soil, may
affect the declines of artificial grasslands (Dong, 2010), and thus
warrant further research. In sum, factors driving artificial grassland
declines are complex, and future research will be essential in order
to fully elucidate them. Quantitative studies of artificial grassland
declines are rare. We utilized T50 values (i.e., the time when ANPP
or seed yield drop to 50% of their maximum values) to quantify the
decline rates of artificial grassland. This study was also the first to
utilize T50 values for the study of artificial grassland declines. Our
research framework thus has the potential to guide future
quantitative studies of artificial grassland declines.

CONCLUSION

In conclusion, we found that artificial grasslands underwent gradual
declines over time, with ANPP declining faster on average relative to
seed yield, thus resulting in reproductive allometry over time after
planting. Moreover, evolutionary history may shape reproductive
allometry with population aging. Although our study suggested that
clonal propagation modes may influence declines of artificial
grassland, the factors governing artificial grassland declines are
complex and warrant further study. Importantly, the present
study provides a framework for the use of T50 values to quantify
artificial grassland decline rates, thus facilitating future quantitative
analyses of artificial grassland declines.
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