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Abstract

Plant phenology differs largely among coexisting species within communities that share similar habitat conditions. However,
the factors explaining such phenological diversity of plants have not been fully investigated. We hypothesize that species
traits, including leaf mass per area (LMA), seed mass, stem tissue mass density (STD), maximum plant height (H,,,,), and
relative growth rate in height (RGRy,), explain variation in plant phenology, and tested this hypothesis in an alpine meadow.
Results showed that both LMA and STD were positively correlated with the onset (i.e., beginning) and offset (i.e., ending)
times of the four life history events including two reproductive events (flowering and fruiting) and two vegetative events
(leafing and senescing). In contrast, RGR; was negatively correlated with the four life phenological events. Moreover, H,,,
was positively correlated with reproductive events but not with vegetative events. However, none of the eight phenological
events was associated with seed size. In addition, the combination of LMA and STD accounted for 50% of the variation
in plant phenologies. Phylogenetic generalized least squares analysis showed plant phylogeny weakened the relationships
between species traits vs. phenologies. Phylogeny significantly regulated the variation in the ending but not the beginning of
phenologies. Our results indicate that species traits are robust indicators for plant phenologies and can be used to explain the
diversity of plant phenologies among co-occurring herbaceous species in grasslands. The findings highlight the important role
of the combination of and trade-offs between functional traits in determing plant phenology diversity in the alpine meadow.
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Introduction

Plant phenology, which is the timing of growth, develop-
ment, and reproductive events, is crucial to species resource
acquisition, reproductive success, and population regenera-
tion (Nord and Lynch 2009; Armstrong et al. 2016). Numer-
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(Castro-Diez et al. 2005; Singh and Kushwaha 2006; Sun
and Frelich 2011). Understanding the mechanisms underly-
ing differences in plant phenology among species is of par-
ticular importance as it has been suggested to foster species
co-existence and improve species diversity (Brody 1997;
Mason et al. 2013; Fantinato et al. 2018).

Differences in species functional traits are hypothesized to
influence interspecific variation in plant phenology (Sun and
Frelich 2011; Mason et al. 2013). Two important hypotheses
regarding species traits vs. plant phenologies relationships
are proposed. One is the time-size tradeoff hypothesis, which
predicts that seed size should be negatively correlated with
the timing of flowering, and late-flowering species cannot
produce seeds as large as early-flowering species because
of the short time available for seed development (Bolmgren
and Cowan 2008). This hypothesis has been supported by
negative correlations between flowering timing and seed size
in a north-temperate flora (Bolmgren and Cowan 2008) and
an alpine Tibetan ecosystem in China (Du and Qi 2010; Jia
et al. 2011). The other one is the height-time hypothesis,
which assumes that low-stature species (with small maxi-
mum plant height) are more likely to emerge earlier and
grow faster than high-stature species in temperate dense her-
baceous communities because low-stature species are more
likely to be shaded by late-flowering high-stature species
and herbaceous species must maximize height to be success-
ful when flowering (sensu Vile et al. 2006, Sun and Frelich
2011). Since relative growth rate (RGR) is the determinant
for when plants can reach their maximum heights (H,;
Westoby et al. 2002, Vile et al. 2006, Chave et al. 2009) and
stem density (STD) and leaf mass per area (LMA) are fac-
tors affecting RGR, these species traits are suggested to be
factors explaining interspecific variation in plant phenology
(Sun and Frelich 2011). The hypothesis that functional traits
can explain the variation of phenological events has been
tested by the relationships between reproductive time and
functional traits for perennial plant species in an old-field
(Sun and Frelich 2011).

However, the two hypotheses have not been substantially
tested. For example, the time-size tradeoff hypothesis has
not been tested for species drawn from the same community.
Importantly, both hypotheses were proposed to explain the
relationship between species traits and reproductive phe-
nologies but not vegetative phenologies of herbaceous spe-
cies, although studies have frequently related stem anatomy
and leaf traits to the leafing phenologies for woody species
(Wang et al. 1992; Sun et al. 2006). Here, we propose that
these two hypotheses can be extended to predict vegetative
phenologies of herbaceous plants from species traits, con-
sidering the fact that herbaceous species rarely bear flowers
and fruits before leafing and growing in height, and that
the aboveground parts of these species usually senesce after
flowering and fruiting. Consequently, it is reasonable to
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hypothesize that the species traits that account for the inter-
specific variation in reproductive phenologies (e.g., LMA,
STD, H,,,, and RGR, and seed size) should be correlated
with vegetative phenologies (e.g., leafing and senescing).

To test our hypothesis, we quantified the extent to which
phenological differences among co-existing species correlate
with functional trait differences among 16 herbaceous spe-
cies in an alpine meadow using the phenology records and
functional traits data collected in 2009 and 2010, and the
supplementary traits data measured in 2019. For each spe-
cies, we recorded four plant phenology events including two
vegetative ones (leafing and senescing) and two reproductive
ones (flowering and fruiting) and measured five functional
traits (i.e., seed size, LMA, STD, H,,,,, and RGR) that have
been shown to be critically important for reproductive suc-
cess (Bolmgren and Cowan 2008; Sun and Frelich 2011).
To determine whether these 5 traits are powerful predictors
of the phenological differences observed among the 16 spe-
cies, a variety of correlation analyses were performed and
compared in this study.

Materials and methods
Study site

Our study site was located in the Hongyuan Alpine Meadow
Ecosystem Research Station of the Chinese Academy of Sci-
ences, Sichuan Province of eastern Qinghai-Tibetan Plateau
(32°48'N, 102° 33’ E). The altitude is 3500 m. The climate
is cold, continental, and characterized by a short and cool
Spring, Summer, and Autumn and a long Winter. In the
period of 1961-2018, as recorded by Hongyuan County Cli-
mate Station (located 5 km from the study site), the annual
mean temperature was 0.9 °C, with maximum and minimum
monthly means of 10.9 and — 10.3 °C in July and January,
respectively. The annual mean precipitation was 690 mm
(80% of which occurs between May and August).

The meadow in the study site is dominated by sedges
(e.g., Blysmus sinocompressus and Carex enervis subsp.
chuanxibeiensis) and grasses (e.g., Deschampsia caespi-
tosa). Forb species, including Anemone trullifolia var.
linearis, Potentilla anserina, Haplosphaera himalayensis,
Aster alpine, and Gentiana formosa, are also occasionally
abundant. The total vegetation coverage in mid-summer is
over 90%, the average maximum community height is about
30 cm in the meadow (Wu et al. 2011). The soil is charac-
terized by a high organic content (250 g kg™!) and low total
nitrogen (8 g kg™') and phosphorus (5 mg kg™).
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Phenological observations

In 2007, a 0.5 ha plot was fenced. Vegetation in the meadow
was so homogeneous that more than 90% of the indigenous
angiosperm species could be found in any 25X 25 cm? patch
(Liu et al. 2011). Ten randomly assigned 1x 1 m? area quad-
rats, each surrounded by a steel frame, were subsequently
established in the plot. During 2009 and 2010 growing sea-
sons (from middle April to late September), we recorded
for each species every other day the number of plants that
had leafed out, open flowers, fruits, and senesced plants, as
well as plant height (the maximum height of photosynthetic
tissue, see Cornelissen et al. 2003). Rather than counting
individual flowers for graminoid, Compositae and Umbel-
liferae species (which was impractical), the number of flow-
ering stems or inflorescences in each quadrat were counted.
Plants having one fully expanded leaf were counted as hav-
ing leafed out, those having one fully opened flower (or
inflorescence) were counted as having flowered. Similarly,
plants bearing one fully developed fruit were regarded as
having fruited, and those with 10% leaves bearing yellow
edges were counted as having senesced.

A total of 16 species were sufficiently abundant and
robust for the purposes of this study. These included 11 forb,
3 sedge and 2 grass species (see Table S1) representing 16
genera and 8 families. These 16 species accounted for more
than 80% of total aboveground biomass in the quadrats (data
not shown). However, only 15 species were investigated in
2009 because the abundance of Leontopodium nanum was
too low for analysis.

The onset and offset time of each life history events
denote the date when 10% and 90% of plants leafed, flow-
ered, fruited, and senesced. The dates of flowering and fruit-
ing timing were determined with a quadratic function (Eq. 1)
following Sun and Frelich (2011):

Y=ax’+bx+c, 6]

where Y was the number of flower or fruit existing in each
observation, and x was the observation time. The dates when
10% and 90% flowers or fruits existed were calculated from
Eq. (1) and referred as the onset and offset times of flowering
and fruiting. The letters a, b, and ¢ were constants.

The dates of leafing and senescing timing were deter-
mined by fitting an exponential equation (Eq. 2) using the
percent of leafing (or senescing) individuals and the obser-
vation time (Julian day) for each species.

Y = ae®, )

where Y was the percent of leafing (or senescing) individu-
als, and x was the observation time. The dates when 10%
and 90% individuals leafed out and senesced were calculated
from Eq. (1) and referred as the onset and offset times of

leafing and senescing. Because some quadrats contained less
than or more than ten plants per species, three species were
represented in less than ten quadrats for calculating species
averages (i.e., Chamaesium paradoxum, Potentilla ansrina
and Caltha scaposa).

Functional trait measurements

Five functional traits were measured for each species in each
quadrat, i.e., H,,, relative growth rate of height (RGRp),
LMA, STD (dry mass per fresh volume, mg mm™), and
seed size (seed mass per 1000 seeds, g). Plant height of five
individuals for each species in each quadrat measured at
each Julian day in 2009 (denoted by H) was used to calculate
RGR and H,,, for each species by fitting observed values
to a logistic function (Eq. 3) and solving for RGRy (see
Table S3 for the results of model fitting):

H = H,,, /|1 + Exp(a = RGRy)], 3)

where « is a species-specific constant (see Kaufmann 1981;
Hara et al. 1991), using the nonlinear least-square method
(XLSTAT Win-2010) (see Sun and Frelich 2011).

Leaf mass per area was measured as the leaf dry mass
divided by fresh leaf area. We collected mature and fully
developed leaves from the least-shaded, middle part of the
plant canopy of five individuals for each species in each
quadrat in 2009, because basal leaves were typically shaded
and largely different from more elevated leaves in both shape
and size. This sampling strategy permitted uniform interspe-
cific comparisons of LMA, although it was slightly differ-
ent from the standard method that requires selecting leaves
in full sunlight (Cornelissen et al. 2003). Freshly sampled
collected leaves were scanned and digitized to calculate pro-
jection area, subsequently oven-dried for 48 h at 65 °C, and
weighed to 0.1 mg.

Stem tissue density was measured for a minimum of 40
flowering individuals per species in 2019. One 5-10 cm-
long segment was cut from stems at 1 cm above ground
per individual. In the case of hollow or solid stems with
elliptical cross sections, the major and minor (orthogonal)
diameters of each cut surface were measured per stem seg-
ment and transverse areas were calculated as the elliptical
area. Each segment was subsequently dried at 65 °C for 48 h
and weighed. Stem density was calculated as the dry mass
divided by fresh volume (calculated as ab/4 times segment
length) regardless of whether stems were solid or hollow.

Seed size was measured for a minimum of four fruited
individuals per species. Seeds were collected from ripen
fruits, oven-dried for 48 h at 65 °C after recording the num-
ber of seeds, and weighed to 0.1 mg. Seed size was calcu-
lated as the seed mass divided by the number of seeds.
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Data analysis

Phenological and functional trait data were averaged for each
species and analysed using correlation, regression, and mul-
tivariate analysis protocols. Pearson correlations were used
to evaluate interspecific relationships between functional
trait pairs, between phenologies, and between functional
traits and phenologies. This analysis identified statistically
significant trait-phenology relationships and provided pre-
liminary indications of the direction and strength (r) of
these relationships in both years. The relationships between
functional traits and phenologies were then evaluated using
regression analyses to determine whether each of the traits
significantly affected each of the phenologies. Last, step-
wise multiple regressions were performed to evaluate the
relationships between functional traits and each of phenolo-
gies. The input variables were selected based on the result
of the simple regression. All analyses were performed using
STATISTICA software (StatSoft Inc. 2001).

In addition, because cross-species correlations can be
biased by phylogenetic relationships among species (Felsen-
stein 1985; Harvey and Pagel 1991), a phylogenetic general-
ized least squares (PGLS) analysis was used (Pagel 1999;
Freckleton et al. 2002) to estimate the strength of the phylo-
genetic effect on the relationship between functional traits
and plant phenology. The five functional traits were the inde-
pendent variables in the analysis. A maximum likelihood
framework was used to estimate the index of phylogenetic
association, 4, which ranged from O (indicating phyloge-
netic independence) to 1 (indicating complete phylogenetic
dependence). A phylogenetic tree was constructed using the
program Phylomatic (Webb et al. 2008) and the "Flora of
China" (ECCAS 1998), with constant branch lengths. The
PGLS analysis was performed in R version 3.5 (R Devel-
opment Core Team 2019) using the package ape (Paradis
et al. 2004).

Results
Phenology

Strong interspecific variation in both vegetative and repro-
ductive phenologies was observed in this study (Table S1).
The earliest species (Anemone trullifolia var. linearis) leafed
out in early April and flowered in middle May in both inves-
tigation years, which was more than 3 months earlier than
the latest species (Gentiana formosa) that leafed out during
middle July and flowered in middle September in both years.
Likewise, several species began to senesce in middle July,
when late species (like Gentiana formosa and Allium sik-
kimense) were leafing out.
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Significant positive correlations were also observed
among different phenological events (Fig. S1). The species
that leafed out earlier tended to flower, fruit, and senesced
earlier (and vice versa) as indicated by correlation analy-
ses (Fig. S1). Moreover, onset and offset times were usu-
ally positively correlated for each life history event (Fig.
S1). Nevertheless, late flowering species tended to have
longer periods between leaf onset and flowering onset times
(R*=0.79, P<0.001).

Functional traits

Large differences in functional traits were observed among
the 16 species (Table S2). For example, H,,, differed among
species by over 20 fold, i.e., <3 cm (e.g. Leontopodium
nanum) and > 70 cm (e.g., Deschampsia caespitosa). Seed
mass differed over 42 fold, i.e., from 0.05 g per 100 seeds
(Leontopodium nanum) to 2.14 g per 100 seeds (Anemone
trullifolia var. linearis). Likewise, stem tissue density (STD)
ranged between 0.07 (Caltha scaposa) to 0.38 mg mm™>
(Gentiana formosa), whereas LMA ranged between 2.21
(Leontopodium nanum) and 15.95 mg cm™2 (Gentiana for-
mosa). In contrast, RGRy; differed little among the study
species, i.e., from 0.014 (Swertia wolfangiana) to 0.092
(Ranunculus brotherusii) cm cm™' day ™.

Significant correlations were found among some of the
trait pairs. STD was significantly and positively correlated
with H,, (r=0.604, P=0.013) but negatively correlated
with RGR (r=-0.782, P<0.001), whereas LMA was nega-
tively correlated with RGRy (r=0.556, P=0.025, Fig. 2).
However, no significant correlation was found between seed
size and any other traits.

Relationships between functional traits
and phenology

Majority of functional traits were highly related with phe-
nology, although no significant correlation between phe-
nological events and seed size was observed (Fig. S1). In
contrast, LMA, RGRy and STD showed significant cor-
relations with the onset and offset times for each of the
four phenological events (Fig. S1). H,,,, was related to all
reproductive events (Fig. S1). LMA was positively cor-
related but RGRy; was negatively correlated with the tim-
ings of each phenological event, i.e., early species tended
to be characterized by low LMA and high RGRy com-
pared to late species (Figs. 1, 2). Species with less dense
stems typically flowered, fruited, and senesced earlier
than species with denser stems (Fig. 3). High-stature spe-
cies flowered and fruited later (Fig. 6, Table 1). LMA and
STD contributed to ca. 50% of the cross-species variation
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Fig. 1 Relationships of leaf mass per area with the onset time and off-
set time of the observed phenologies of grassland herbaceous plant in
an alpine meadow. DOY day of year

observed for most of the observed phenologies (Table 1).
Stepwise multiple linear regression analyses showed that
LMA and STD significantly contributed to the variation
observed in phenology (Table 1), while RGR significantly
contributed to the variation observed in offset of senesc-
ing time (Table 1). Seed size and H,,,, did not contribute
significantly to phenological variation (Table 1).

Phylogenetic generalized least square analyses yielded
different results to those obtained from interspecific
regression analysis (Table 2). The maximum-likelihood
values of 4 were distinguishable from 0 but not from 1 in
most of the functional trait vs. offset time of phenology
relationships, indicating that phylogenetic relationships
contribute in a meaningful way to the variation in offset
time of phenology. In addition, although the 1 values were
not significantly different from 0 (at P =0.05, Table 2) in
any of the functional trait vs. onset time of phenology rela-
tionships, 18 of the 20 phenology-trait relationships exam-
ined using phylogenetic generalized least square analyses
were not significant at the significant level of P <0.05.
These results indicate that phylogeny associations can
weaken the relationship between onset time of phenology
and functional traits.

0.00 0.02 0.04 0.06 0.08 0.10
Height relative growth rate (cmcm-'d1)

Fig. 2 Relationships of height relative growth rate with the onset time
and offset time of the observed phenologies of grassland herbaceous
plant in an alpine meadow. DOY day of year

Discussion

Main findings of the relationships
between phenology and functional traits

We have shown that seed size is not significantly corre-
lated with the phenological differences observed among
our study species, inconsistent with the size-time tradeoff
hypothesis, but our data partly support the height-time
hypothesis. Importantly, we found that the leaf mass per
area in tandem with stem tissue density serves in some
cases as a powerful predictor for phenological differences,
even though phylogenetic GLS analyses show that some
phenological vs. functional trait relationships are influ-
enced by the phylogenic relationships among species. Our
findings highlight that plant phenology diversity could be
better predicted by the combination of and trade-off among
functional traits relative to single functional trait. The fol-
lowing sections provide a detailed discussion of each of
these findings.
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Table 1 Optimal model of multivariate stepwise linear regressions of
the observed phenologies (Y) vs. functional traits (X) including maxi-
mum plant height (H,,,,), leaf mass per area (LMA), stem tissue mass
density (STD), and height relative growth rate (RGRy) of 16 grass-
land herbaceous species from the alpine meadow. Partial correlation

coefficients () and significance levels (P) are shown

Observed phenolo-  Functional traits  r P
gies (1) 09
ONTLe LMA 0.702 0.002
OFTLe LMA 0.704 0.002
ONTF1 STD 0.755 0.001
LMA 0.553 0.325
OFTF1 STD 0.772 <0.001
ONTFr STD 0.739 0.002
LMA 0.579 0.024
OFTFr STD 0.749 0.001
LMA 0.522 0.046
ONTSe LMA 0.588 0.017
OFTSe RGRy —0.670 0.005

The functional traits that do not have significant effects on the phe-
nologies are not shown for the regressions

ONT onset time, OFT offset time, Le leafing, FI flowering, Fr fruit-
ing, Se senescing
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Seed size

The size-time hypothesis proposes a physiological mecha-
nism underlying the vegetative growth—flowering phenol-
ogy relationship (Bolmgren and Cowan 2008). According
to this hypothesis, plants cannot reproduce much earlier
than the time they have accumulated sufficient material
resources nor can they delay reproduction significantly
before the end of the growing season. Accordingly, early-
flowering plants are posited to have relatively smaller
resource availabilities but comparatively longer time to
develop seeds, while tall, later-flowering species have
shorter times for seed development (but might support
higher reproductive capacities). Seed size (as determined
by developmental time) has been successfully related to
the variation in the onset time of flowering among peren-
nial herb species (Bolmgren and Cowan 2008; Du and Qi
2010; Jia et al. 2011; Catorci et al. 2012). However, we
did not observe a significant correlation between these two
variables of interest.

The discrepancy between previous studies and the
results reported here may result from the fact that not
all early-flowering species have a long time to develop
seeds. Some early-flowering species senesce early and
lack a longer growing season compared to species flower-
ing during the middle of the growing season (e.g., Caltha
scaposa, Ranunculus brotherusii, Leontopodium nanum
in this study). When these species are excluded from our
analyses, a marginally negative correlation is observed
between flowering onset time and seed size (r=— 0.56,
P=0.04 and r=- 0.52, P=0.059 for 2009 and 2010,
respectively). Moreover, the early-flowering species in
our study are usually small in overall size (e.g., Leonto-
podium nanum), and may therefore be resource-limited.
In contrast, larger plants (e.g., Blysmus sinocompressus)
may have access to more resources that permits more rapid
seed development, even if these species have less time to
develop larger seeds. In addition, for any given resource
level, the allocation tradeoff between seed size and number
may differ even among species that flower at nearly the
same time. For example, Anemone trullifolia var. linearis
and Leontopodium nanum both flower early. Yet, they rep-
resent two extremes in seed size (the former has the big-
gest seeds, while L. nanum has the smallest seeds). This
difference could be partly due to the fact that A. trullifolia
var. linearis produces fewer seeds per fruit per flowering
shoot than L. nanum (data not shown). Consequently, the
time-size tradeoff hypothesis may not be applicable to all
species in the same community, although it has been dem-
onstrated for perennials at the regional scale (Bolmgren
and Cowan 2008; Du and Qi 2010; Jia et al. 2011; Catorci
et al. 2012).
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Table 2, Results of phylogenetic Dependent variable A Independent  Estimate SE T value P value
generalised least squares variable
(PGLS) analyses on the
obser'ved phepolpgies versus ONTLe <0.001 STD 110.97 66.88 1.659 0.131
f;gﬁg?;’ifg;ﬁs‘i‘:;lgg’Stem Ses ~0.74 555 —0133 0897
seed size (SeS), maximum Hyax —-0.52 0.24 —2.155 0.060
plant height (H,,,,), leaf mass LMA 2.74 1.09 2.506 0.034
per area (LMA), and height - RGRy - 11433 242.99 -0471  0.649
:ﬁleazl; ¢ fe“;‘fet;‘df;‘f iﬁocvﬁgg M OFTLe 0668  STD ~3592 8325 —0432 0676
the degree of the phylogenetic SeS — 1181 6.76 - 1748 0.114
effect (1), the effects of H .\ - 0.12 0.32 —0.387 0.708
functional traits (t and P values) LMA 4.40 1.50 2.937 0.017
RGRy —264.20 315.79 —0.837 0.424
ONTFI1 <0.001 STD 219.25 130.56 1.679 0.127
SeS —-2.14 10.83 -0.197 0.848
H o 0.06 0.47 0.118 0.909
LMA 3.37 2.14 1.576 0.150
RGRy —298.05 474.35 —0.628 0.545
OFTF1 1.000 STD 352.67 117.02 3.014 0.015
SeS 0.18 9.11 0.019 0.985
H o 0.29 0.46 0.630 0.544
LMA 2.10 2.19 0.958 0.363
RGRy —26.19 466.41 —0.056 0.956
ONTFr <0.001 STD 237.96 132.32 1.798 0.106
SeS -0.15 10.97 -0.013 0.990
H ok 0.01 0.48 0.022 0.983
LMA 3.75 2.16 1.731 0.117
RGRy —285.44 480.74 - 0.59%4 0.567
OFTFr 1.000 STD 335.01 100.74 3.325 0.009
SeS 0.66 7.85 0.084 0.935
H o 0.27 0.39 0.678 0.515
LMA 1.46 1.89 0.773 0.460
RGRy -61.19 401.54 -0.152 0.882
ONTSe <0.001 STD 80.02 44.24 1.809 0.104
SeS 2.38 3.67 0.650 0.532
H ok - 051 0.16 —3.156 0.012
LMA 1.33 0.72 1.843 0.098
RGRy -192.34 160.72 - 1.197 0.262
OFTSe <0.001 STD 40.07 39.09 1.025 0.332
SeS 2.26 3.24 0.698 0.503
H o -0.34 0.14 —2422 0.038
LMA 1.15 0.64 1.793 0.107
RGRy —271.51 142.01 -1912 0.088

ONT onset time, OFT offset time, Le leafing, FI flowering, Fr fruiting, Se senescing

Maximum plant height (H,,,,,)

Many studies show that grassland herbaceous species gain
a short-term overtopping advantage while flowering such
that a positive correlation exists between H ,, and the onset
time of flowering. For example, Vile et al. (2006) report

that the flowering onset time of 34 Mediterranean old-field

herbaceous species correlates well with H,,.. Bolmgren
and Cowan (2008) and Jia et al. (2011), respectively report
similar findings for north-temperate perennial herbs and 48
herbaceous species in Qinghai-Tibetan. The positive corre-
lations between H,,,,, and reproductive phenologies support
the results of previous studies (Vile et al. 2006; Bolmgren
and Cowan 2008; Jia et al. 2011; Sun and Frelich 2011).
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Similarly, we observed significant or marginally significant
and positive relationships between H,,,, and reproductive
phenologies. Nevertheless, the explanation power of H .
on the phenologies (0.0-29.7%) is lower than LMA, stem
tissue density, and relative growth rate. The low explanation
power is due to the exceptional species (Allium sikkimense
and Gentiana formosa) that are unusual in that they leaf out
and grow slowly under the canopy of early-growing plants
and subsequently flower after many other species senesce.
Removing these two species from the dataset, results in a
more powerful significant linear relationship between onset
of reproductive time and H,,, (R*>0.610, and P <0.01
for both 2009 and 2010). Once again, we see that life his-
tory details (and thus habitat species composition) can pro-
foundly alter the extent to which phenological and functional
traits correlate.

Relative growth rate in height (RGR,,)

In accordance with Sun and Frelich (2011) who revealed
a higher RGRy, in earlier flowering species, our data also
show that early-flowering species had higher RGRy; com-
pared to species flowering later in the season. We believe
this feature is the result of selection for an “overtopping
advantage” early in the season when light and soil resources
are more abundant and space is not limiting. It is neverthe-
less interesting to note that the relationship between RGR
u (and associated LMA and SD) and phenologies predicted
by Sun and Frelich (2011) holds true for the late-flowering,
short species in our study site (R2= 0.547, P=0.036 in 2009,
and R>=0.722, P=0.008 in 2010). These late-flowering spe-
cies emerge and grow under taller plants in the middle of
the growing season when climatic conditions are generally
favorable for growth but when shading limits growth. As a
result, these species have low H_,. and a protracted time
between leafing and flowering (as indicated by the positive
correlation between the onset times of leafing and flowering
among the species), which correlates with (and may actually
cause) their low RGRy;.

Perhaps more important, our data indicate that RGRy; is
an excellent predictor for the correlations observed between
vegetative phenologies and functional traits for perennial
herbaceous species (Fig. 4, Table 1). This is presumably
because of the developmental linkage between vegetative
and reproductive phenologies. Unlike woody species, none
of our species produce flowers before leafing out. Indeed,
floral phenology is typically size-dependent in many her-
baceous species (e.g., Rathcke and Lacey 1985; Jia et al.
2011; Catorci et al. 2012). In addition, many forbs are insect-
pollinated species in grassland communities (e.g., Ranuncu-
laceae species in our study site) and they flower only after
reaching community canopy layer. To this end, the early-
flowering species need leaf out earlier and grow faster than
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Fig.4 Relationships of maximum plant height with the onset time
and offset time of the observed phenologies of grassland herbaceous
plant in an alpine meadow. DOY day of year

later flowering species, as evidenced by our data. Moreover,
early-flowering species often have a shorter interval between
leafing out and the onset of flowering compared to late flow-
ering species (Table S1). The higher RGRy; in the early-
flowering species can be explained as the high tolerance to
coldness in these species (Mo et al. 2018).

Stem tissue mass density (STD)

In this study, stem tissue density was a better predicator of
the phenologies than RGRy; and H,,,,. This is consistent with
arecent study of the semi-arid region of northeastern Brazil,
where Lima and Rodal (2010) show that species that leaf out
and abscise earlier are more likely to have low STD during
the transition period between the rainy and the dry seasons
as an adaptation for water storage. In a similar way, Wang
et al. (1992) find that species incurring less loss of hydrau-
lic conductivity by late winter tend to leaf out earlier in the
spring than their other counterparts.

Stem density by definition is almost unavoidably nega-
tively correlated with RGRy;. Low STD allows for high RGR
u (King et al. 2005; Poorter et al. 2006, 2008), which reflects
the trade-off among the growth rate, plant height and shoot
quality. Consequently, variations in STD mediate the rela-
tionship between RGRy; and H,,,,, (Poorter et al. 2003, 2006,
2008; King et al. 2006a, b; Sun and Frelich 2011). In the
current study, although the late flowering species Gentiana
formosa is as short as many early-flowering species, it has a
higher STD and a lower RGR; compared to early-flowering
species. The ecological importance of STD should be recog-
nized and more explored, provided that STD are much less
studied for herbaceous plants (see Sun and Frelich 2011)
than woody plants (Wang et al. 1992; Poorter et al. 2003,
2006; King et al. 2006a, b; Lima and Rodal 2010).
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Leaf mass per area (LMA)

This functional trait was significantly correlated with each
of the phenological attributes examined in our study. This
finding, which is consistent with previous studies reporting
a negative correlation between LMA and RGRy; (e.g., Hunt
and Cornelissen 1997; Poorter et al. 2003; Sun and Frelich
2011; Craine et al. 2012), makes sense from a biomechanical
perspective, since rapid stem growth is often achieved with
low density tissues, which cannot support leaves constructed
out of very dense tissues. Indeed, prior work indicates that
high LMA is typically associated with low nutrient concen-
trations and low photosynthetic capacity, while low LMA
enables plants to maximize light interception (e.g.,Hunt and
Cornelissen 1997; Sun et al. 2006; Fotis and Curtis 2017).
In our study site, species that leaf out and flower early in the
growing season tend to be small with comparatively high
reproductive allocations. We speculate that this phenome-
nology requires low LMA to facilitate rapid growth. In addi-
tion, these species often senesce earlier than late flowering
species, and therefore do not require physically tough leaves.

The effect of phylogenetic associations

Our results show that despite phylogenetic effect on phe-
nology was only observed in the case of some offset time
of phenologies, most of the relationships between func-
tional traits and phenologies are weakened after removing
phylogeny effects. This result approve that phylogenetic
effects exist in the regulation of phenological variation in
the meadow. For example, the four species representing
the Ranunculaceae have relatively low SLA and end their
flowering time earlier than the two species representing the
Gentianaceae, which flower late and are characterized by
high stem tissue densities and low RGRy;. Similarly notice-
able phylogeny effects on flowering phenology have been
reported for angiosperm flora of China (Du et al. 2015),
south-eastern Brazil (Staggemeier et al. 2010), animal pol-
linated floras of North and South Carolina and temperate
Japan (Kochmer and Handel 1986), and for the endemic
flora of the southern and south-western Cape Province,
South Africa (Johnson 1993). Likewise, Davis et al. (2012)
show that phenological responses to climate change are
often similar among closely related taxa, even between
those in geographically disjunct communities. These
results have demonstrated the regulation of evolutionary
on flowering time (Gaudinier and Blackman, 2020). In
addition, the low A value indicates no phylogenetic effect
on the variation in onset of phenological traits. We believe
that this reflects the non-conservative evolutionary nature
of onset pehnological traits, which contrasts with the con-
servative nature of offset phenological traits (e.g., Ollerton
and Lack 1992). For example, while beginning time of

leafing, flowering and senescing phenologies are known
to vary with abiotic and biotic factors as is evident from
studies of global climate change (Cleland et al. 2007), end-
ing time of phenologies should have evolved adaptively
and generally to favorable periods during the growing sea-
son, particularly in climatically stressful habitats such as
alpine meadows. Furthermore, the weakened relationships
between the onset time of phenology and functional traits
in association with the low A value may be ascribed to
the phylogenetic regulation on functional traits, which has
been widely reported. For example, phylogenetic signal of
maximum plant height was observed in a mountain ecosys-
tem in northeastern China (Xu et al. 2017). Phylogenetic
signal of leaf traits was observed in Acer species in Japan
(Nakadai et al. 2014). Our results indicate that phyloge-
netic associations must be considered in the study on the
interspecific variation in functional traits.

Conclusions

Our data reveal significant correlations between species
traits and plant phenologies for co-existing herbaceous
species in an alpine meadow. Plant species with higher
stem tissue density has lower relative growth rate, higher
leaf mass per area, and higher maximum plant height in
the alpine meadow. Species with early leaf-out also had
early occurrence of all other studied phenological events.
Leaf mass per area and relative growth rate in height pro-
vide a robust predictor of vegetative phenologies, while
stem tissue mass density and leaf mass per area are good
predictors for reproductive phenologies. Phylogeny has
some effects on the offset time of phenology, but not on
the onset time of phenology. Phylogeny weakened the cor-
relations between functional traits and offset time of phe-
nological events. Our findings highlight that plant phenol-
ogy diversity could be better predicted by the combination
of and trade-off among functional traits relative to single
functional trait. Future studies are required to determine
whether these results can be extrapolated to other habitats
dominated by grassland herbaceous species.
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