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A B S T R A C T

Plant reproductive traits have often evolved to optimize plant fitness under different environmental conditions,
and their relationships with vegetative functional traits reflect more general plant reproduction and resource
allocation strategies. How those relationships change during succession remains unclear. Here, we investigated
the relationships between 8 reproductive traits and 18 functional traits of leaves, stems and whole plants during
succession of a subtropical forest. We found that most leaf traits of dominant species were associated with seed/
fruit dispersal mode and pollination pattern in the early successional forest, while with flower and fruit phe-
nology in the middle and late successional forests. Plant reproduction traits were associated with specific re-
source utilization strategies during succession, i.e., plants with acquisitive resource utilization strategies tended
to have long-distance fruit dispersal in the early succession, while with conservative resource utilization stra-
tegies tended to have early flowering (fruiting) or a long flowering (fruiting) period in the late succession. Our
results indicate that acquisitive species may invest less energy and resources on reproduction in early succession,
and that the conservative species may invest more energy and resources on reproduction in late succession.

1. Introduction

Plant fitness under different environmental conditions has long been
recognized to depend on reproductive functional traits (e.g., seeds) and
reproductive phenology (Fitter and Fitter, 2002; Körner and Basler,
2010; Wolkovich and Cleland, 2014). Advances in studying re-
productive phenology are needed to make better predictions under
future environmental change (Volis and Bohrer, 2013; Wolkovich and
Ettinger, 2014). However, progress towards such goals have been sty-
mied by the high variation in reproductive traits across species. One
urgent question is which reproductive traits (e.g., seed and flower
phenology) are associated with species that have specific resource uti-
lization strategies. Building upon research over the past decades,
Wolkovich and Cleland (2014) pointed out that the covariance between
variation in plant reproductive traits and other vegetative functional
traits should be investigated under different environments. Many

studies, however, have largely ignored the role of reproductive phe-
nology (Wright et al., 2005b; Lebrija-Trejos et al., 2010; Lohbeck et al.,
2013; Salguero-Gómez et al., 2016). It is suggested that a combined
investigation of reproductive traits and other plant functional traits
during succession would increase our understanding of the re-
productive strategies of species that differ in allocation during succes-
sion (Karlsson, 1994; Obeso, 2002; Salguero-Gómez et al., 2016;
Santangelo et al., 2019).

Succession is a community assembly process, in which species re-
placement occurs due to the adaptation of species to changing light and
water conditions (Lebrija-Trejos et al., 2010; Lohbeck et al., 2013).
Because of the ecological importance and ease of measurement, leaf
economic traits have often been used to represent plant adaptation and
resource utilization strategies during succession (Wright et al., 2005b;
Lebrija-Trejos et al., 2010; Lasky et al., 2014; Wigley et al., 2016). For
example, specific leaf area (SLA) and leaf photosynthesis are usually
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considered as proxies of plant light capture and use efficiency, respec-
tively (Wright et al., 2001; Poorter and Bongers, 2006; Wright et al.,
2005b). Plant functional traits have been recognized as measurable
indicators of acquisitive and conservative strategies of plants, reflecting
how plants adopt and influence their habitats (Balachowski and
Volaire, 2018). In general, acquisitive species have higher resource
capture and growth rates than conservative species. Previous studies
have found that acquisitive species in early succession generally have a
high leaf maximum net photosynthetic rate per unit leaf mass (Amass), a
high leaf maximum stomatal conductance rate per unit leaf mass (gs), a
high SLA, and a high leaf stomatal density (SD), while conservative
species in late succession have a high leaf dry matter content (LDMC), a
high leaf thickness (LT), and a high woody density (WD) (Wright et al.,
2005a; Wright et al., 2005b; Marino et al., 2010; Ali and Yan, 2017).

Theoretical arguments about plant reproductive traits suggest that
reproductive phenology and seed traits have particular biological at-
tributes, and often lead to different ecological responses to environ-
mental gradients (Kunin and Shmida, 1997; Fitter and Fitter, 2002;
Körner and Basler, 2010; Thomann et al., 2015). For example, the
numbers of staminate and pistillate inflorescences of Xanthium stru-
marium are significantly greater in a resource-rich garden than in a
resource-poor garden (Lechowicz and Blais, 1988). Early flowering
species might be particularly sensitive to drought during seed matura-
tion (Segrestin et al., 2018). Water availability influences the fruiting
patterns of tropical plants (Primack, 1987). In addition, Lechowicz and
Blais (1988) reported that sustained growth and reproduction depend
not only on resource availability in the local environment but also on
their allocation to structures and metabolic activities. As an example,
cocklebur plants with higher rates of photosynthesis and transpiration
tend to produce more fruits than those with lower rates (Lechowicz and
Blais, 1988). Adler et al., (2014) found that species that invest in a few
large seeds tend to have a greater influence of survival and a weaker
influence of individual growth and fecundity on population growth
rates. Therefore, the relationships between reproductive traits and
other plant or leaf traits may be affected not only by different en-
vironment conditions (e.g., constraints of light, water, or nutrients), but
also by different resource utilization strategies of species (Ashman,
1994; Obeso, 2002; Santangelo et al., 2019). That is, the relationships
between specific reproductive traits and other vegetative plant func-
tional traits could increase our understanding of the responses of plant
reproductive strategies to different environmental conditions.

In general, acquisitive species produce many small seeds, while
conservative species produce a small number of large seeds (Foster and
Janson, 1985). The small seeds of acquisitive species in the early suc-
cession have a higher probability of wind dispersal (a common seed/
fruit dispersal mode) than the large seeds of conservative species in the
late succession (Hammond and Brown, 1995). Santangelo et al., (2019)
have also found certain associations between plant defenses and flower
size. However, owing to the logistical challenges associated with the
field measurement of reproductive phenological traits, which requires
intensive and repeated sampling over time, research aimed at under-
standing how phenology is related to other traits has been quite limited
over the past 30 years (Wolkovich and Ettinger, 2014; Lozanovska
et al., 2018). Although Wolkovich and Cleland (2014) reported im-
portant associations between flowering phenology and vegetative
functional traits related to return in investment for temperate herbac-
eous species, whether reproductive traits such as flower or fruit phe-
nology and pollination pattern are also related to plant resource utili-
zation strategies still requires investigation in subtropical successional
forests (Lechowicz and Blais, 1988; Körner and Basler, 2010).

As a zonal vegetation type of the subtropical region in southern
China, the monsoon evergreen broadleaved forest has long been dis-
turbed by human activities (Yan et al., 2006a; Yan et al., 2006b). Our
study site in this region, the Dinghushan National Nature Reserve, is
now composed of several different communities, including a three-stage
succession series of subtropical forest, i.e. coniferous forest (Suc-1),

mixed coniferous and broadleaved forest (Suc-2), and monsoon ever-
green broadleaved forests (Suc-3). Extensive long-term studies of
community structures, functions, and dynamics have been conducted in
these subtropical forests, and the plant functional traits have been
found to be good predictors of community dynamics (Yan et al., 2006b;
Li et al., 2015; Zhang et al., 2018). Systematic researches on re-
productive traits of these forests, however, are needed to understand
species fitness and replacement during succession. As part of a research
program on field reproductive traits in this region, we studied 8 re-
productive traits, and 18 plant leaf, stem, and whole-plant traits for the
dominant species in each stage of the three-stage forest succession
series. By analyzing how the reproductive traits covary with other ve-
getative functional traits during succession, we attempted to answer the
following two questions:

1) How do the relationships among reproductive traits vary during
succession?

2) Are reproductive traits of specific dominant species associated with
specific resource-use strategies during succession?

2. Materials and methods

2.1 Research site

This study was conducted at the Dinghushan National Nature
Reserve, southern China (E 112°32′57″, N 23°9′51″), which has a mean
annual precipitation of 1788mm and a mean annual temperature of
21.9 °C. Most precipitation falls from April to September, and the
coldest mean monthly temperature (12.6 °C) occurs in January (Lu
et al., 2018). Previous studies have determined that the forests in this
nature reserve represent a three-stage forest succession series, including
a coniferous forest (Suc-1, about 60 years old), a mixed coniferous
broadleaved forest (Suc-2, about 100 years old), and an old-growth
monsoon evergreen broadleaved forest (Suc-3, about 400 years old)
(Brown et al., 1995; Ouyang et al., 2003; Mo et al., 2003;Yan et al.,
2006b; Zhao et al., 2011; Liu et al., 2012; Sun et al., 2013). Among
them, Suc-1 is dominated by Pinus massoniana, one of the coniferous
species that are usually considered as acquisitive species; the Suc-2 is
dominated by both coniferous and broadleaved species: Castanea henryi,
Schima superba and Pinus massoniana; and the Suc-3 is only dominated
by broadleaved species: Macaranga sampsonii, Schima superba and
Blastus cochinchinensis (see Supplementary Table S1 for details). In ad-
dition, all the three types of forests are characterized by small hills and
a low soil pH (< 4.0). The dominant species in each forest were de-
termined as those having the sum of their “importance values” (IV)
(Peng, 1996) exceeding 75% of the total IV based on the community
survey in 2015 at Dinghushan (the dominant species were shown in
Supplementary Table S1).

2.2. Plots

We established five 30m×30m plots in each of the three forests in
2016; all plots had similar altitudes, slopes, and aspects. In each plot,
we assessed 8 reproductive traits including seed/fruit dispersal mode
(DM), pollination pattern (PP), fruit type (FT), flower and fruit phe-
nology; and 18 vegetative traits including 16 leaf traits, 1 stem trait,
and 1 whole-plant trait (Table 1). All the 24 traits were selected because
they are important for competition, defense, and reproduction. The
reproductive traits were assessed throughout 2016 and 2017, and ve-
getative plant traits were measured from June to August in 2016 and
2017. Most traits in this study were measured following the standard
protocols of Cornelissen et al., (2003).

2.2.1. Reproductive traits
In 2016, we randomly selected three mature individuals (females

were selected for dioecious species) for each dominant species from the
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five 30m×30m plots in each forest. Flowering and fruiting phenology
were monitored at a 15-d intervals for a total of 24–25 census days in
2016 and again in 2017 (Giménez-Benavides et al., 2006). At each
census, we recorded whether there were any flowers or fruits on each
tree. We also collected mature fruits from each individual tree and re-
moved their appendage (e.g., pulp) to obtain the seeds. The seed mass
was measured as the dry weight of 1000 seeds because many of them
were too small to be weighed individually. PP, DM, and FT were de-
termined based on field observations, local informants, and literatures
(Pei, 2011; Lin, 2012).

Flowering and fruiting phenology were characterized for each
dominant species by measuring three variables (Table 2): (1) first
flowering or fruiting time (FFL or FFR), i.e., the total days from 1
January to first flowering or fruiting divided by 30; (2) maximum
flowering or fruiting time (MFL or MFR), i.e., the total days from 1
January to the day of maximum flower or fruit count on each tree di-
vided by 30; (3) the length of flowering or fruiting period (LFL or LFR),
i.e., total days that the individuals remained in bloom or fruit divided
by 30 (Giménez-Benavides et al., 2006). Because strong positive cor-
relations between FFL and MFL, and between EFR and MFR were found
in our pilot study, we selected FFL, FFR, LFL, and LFR as the flowering
and fruiting phenology traits.

2.2.2. Leaf functional traits
We sampled 50–100 fully expanded outer canopy leaves for each

dominant species in each plot in 2016 and again in 2017. To maintain
moisture, the leaves were sealed in polyethylene bags and transported
to the laboratory within 3 h. LT was measured by a thousandths digital
thickness gauge (EXPLOIT, China) for 15–20 leaves, which were also
used to measure chlorophyll content per unit area (CHl) with a SPAD-
502Plus chlorophyll meter (Konica Minolta, China) (Rozendaal et al.,
2006). SLA was defined as leaf area (LA) divided by leaf dry weight
(DW). Leaf mass per area (LMA) was defined as the DW divided by LA.
LA was measured with a LI-3000C portable area meter (LI-COR, USA).
The fresh weight (FW) was defined as the leaf weight minus the leaf
petiole. DW was determined after leaves were oven-dried at 60 °C for
72 h. Leaf dry matter content (LDMC) was defined as DW divided by
FW. Leaf N and P content were measured by the modified Kjeldahl
method, and molybdenum anti-colorimetric method, respectively
(Dong, 1997). We also used a stereo-microscope (JSM-6360LV, Japan)
to determine the stomatal density (SD).

During June to August in 2016 and 2017, a LI-COR 6400 photo-
synthesis system (LI-COR, USA) was used to measure the leaf physio-
logical traits per leaf area (this was done with fully developed mature
leaves in the morning of each day between 8:30–12:00am). We mea-
sured 3–6 light response curves for each dominant species. The light
intensity gradient was set as 1600, 1200, 1000, 800, 600, 400, 200,
100, 50, 20, or 0 µmol m−2 s−1 with a red-blue LED light source; the
chamber temperature was set at 25 °C, and the CO2 concentration was
set at 400 µmol mol−1 (Lu et al., 2018). By using a light curve-fitting
SAS program (Dubois et al., 2010), we calculated the maximum net
photosynthetic rate per unit of leaf area (Aarea), maximum transpiration
rate per unit of leaf area (Tarea), maximum stomatal conductance per
unit of leaf area (ga), and leaf dark respiration rate per unit of leaf area
(Rarea). The physiological traits per leaf mass were calculated by di-
viding by LMA (i.e., Amass= Aarea/LMA; Tmass= Tarea/LMA;
Rmass= Rarea/LMA; gs = ga/LMA) (Osnas et al., 2013). Photosynthetic

N-use efficiency (PNUE) and photosynthetic P-use efficiency (PPUE)
were determined as the ratio of Amass to leaf N, P content, respectively
(Wright et al., 2005b).

Using a stereo-microscope (JSM-6360LV, Japan), we determined
whether a multi-layered epidermis (MLE), trichomes (Tr), or enhanced
cuticles (EC) were evident on five leaves for each species (Chen and
Huang, 2013). EC was defined based on the cuticle thickness in young
and mature leaves. If the mature leaves were thicker than young leaves,
we recorded the cuticle of mature leaves as “enhanced” (Kursar and
Coley, 1992; Chen and Huang, 2013).

2.2.3. Other traits
Wood density (WD) (stem-specific density) was defined as the oven-

dry weight of the main stem divided by its volume. According to
Cornelissen et al. (2003), the volume was measured by volume re-
placement method. We determined WD for five individuals of each
species in each forest. In addition, the tree height (H) was determined
for 20–30 mature tree in each forest.

2.3. Statistical analysis

Because of the wide range of values for most traits among different
species and the high species turnover during succession, we used the
average trait values for each species to answer our questions, although
we recognize that intraspecific trait variation might be important in
species adaptation during succession (Lohbeck et al., 2013; Plourde
et al., 2015). All functional traits except the categorical traits were
log10-transformed before regression analysis. We also averaged the data
of two years for each trait of each species in each forest to reduce the
influence of year and to obtain more accurate estimations. Linear re-
gression was used to assess the relationships among traits because it can
deal with the naturally occurring variations in reproductive costs
(Reznick, 1985). Standardized major axis (SMA) regression was used to
assess the relationships between two traits because it can describe the
best-fit scaling relationship between traits (Leishman et al., 2007; Crous
et al., 2017). Statistical significance was set at P < 0.05. Data analysis
was conducted using packages “psych”, “smatr”, and “ade4” in R 3.4.4
(Warton et al., 2012; Bougeard and Dray, 2018; Revelle, 2018).

3. Results

3.1. Relationships among reproductive traits during succession

The relationship between FFL and LFL was significantly positive in
Suc-3, but not in Suc-1 or Suc-2 (Fig. 1a; Table S2). FFL was negatively
related to FT in Suc-2 and Suc-3, and the slopes and intercepts of their
fitted lines were not different (Fig. 1b; Table S2). A negative relation-
ship between DM and SM was evident only in Suc-3 (Fig. 1c; Table S2).
LFL was negatively related to FT in Suc-2 and Suc-3, and neither the
slopes nor intercepts of the fitted lines differed between the two suc-
cessional stages (Fig. 1d; Table S2).

3.2. Relationships between reproductive traits and vegetative traits during
succession

We detected many significant relationships between reproductive
traits and other vegetative traits. DM was positively related to Amass, gs,

Table 2
Methods for the measurements of plant flower and fruit phenology in 2016 and 2017.

Plant phenology traits Abbreviations Descriptions

First flowering (fruiting) time FFL or FFR (month) Total days from 1 January to first flowering (fruiting) divided by 30
Maximum flowering (fruiting) time MFL or MFR (month) Total days from 1 January to maximum flower (fruit) count on each tree divided by 30
Length of flowering (fruiting) period LFL or LFR (month) Total days that plant remained in bloom or fruit divided by 30
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Rmass, SLA, and SD in Suc-1 (Fig. 2a, b, c, d, e; Table S2), and was
negatively related to LT in Suc-1 (Fig. 2f; Table S2). We found the PP
had negative relationships with Amass, gs, Rmass, SLA, and SD in Suc-1 or
Suc-2 (Fig. S1a, b, c, d, e; Table S2) and had a positive relationship with
LT in Suc-1 (Fig. S1f; Table S2).

The relationship between FFL and Rmass was positive in Suc-3
(Fig. 3a; Table S2). LFL was positively related to LDMC in Suc-2 and
Suc-3 (Fig. 3b; Table S2), and negatively related to H in Suc-3 (Fig. 3c;
Table S2). For the relationship between LFL and LDMC, the slopes and
intercepts of the fitted lines did not significantly differ between Suc-2
and Suc-3.

FFR was negatively related to MLE and LDMC in Suc-3 (Fig. 3d, e;
Table S2). The relationship between LFR and WD was significantly
positive in Suc-3 (Fig. 3f; Table S2).

4. Discussion

4.1. Changes in relationships among reproductive traits during succession

Our results showed that almost all the significant relationships
among reproductive traits were observed in the middle or late succes-
sion (Suc-2 and 3), rather than in the early succession (Suc-1). The
different relationships among FFL, LFL, and FT suggested that, in the
middle or late succession, early flowering plants tended to have shorter
flowering periods and higher probabilities of dried fruits than later
flowering plants. In general, the timing of flowering is usually linked to
the abundance of pollinators (Primack, 1987; Sandring and Ågren,
2009; Segrestin et al., 2018). We therefore infer that the early flowering
species in our study may be associated with the strength of wind, be-
cause these species tend to bloom between January to February when

the wind is stronger than other times; and also because the taller height
of them (Fig. 1a, 3c) than other species in the communities, which may
contribute to wind pollination. The observation that these early flow-
ering species have a shorter flowering period than late flowering species
may be because a long flowering period would require a substantial
investment of energy and resources when the climate is cold, which is
not an optimal resource allocation strategy (Williams, 1966; Levins,
1968). In addition, the time-size trade-off hypothesis predicts that early
flowering species would have a longer time to mature seeds than later
flowering species (Bolmgren and Cowan, 2008; Segrestin et al., 2018),
that may also be a reason for our finding that early flowering species
have short flowering period since they may need more time to mature
seeds. The high probability of dried fruits associated with early flow-
ering species could also be explained by the greater height of the early
flowering species, because seed/fruit dispersal by wind would be more
efficient than other dispersal modes (e.g., by animals) in the relatively
open environment of the upper canopy. In contrast, the later flowering
species tend to have long flowering periods and high probabilities of
fleshy fruits in the late succession. This could be caused by the rela-
tively low height as well as the coincidence between the flowering/
fruiting time and a period when most insects and animals are active
(which promote pollination and dispersal) (Thompson and Willson,
1979; Primack, 1987). Meanwhile, the time-size trade-off hypothesis
suggests that species flower later may have a short seed maturation
period to decrease the potential seed exposure in stressful conditions,
may indirectly explain the association between later flowering and long
flowering period (Bolmgren and Cowan, 2008; Segrestin et al., 2018).
We therefore speculate that in the late succession, early flowering
species mainly depend on wind pollination, while later flowering spe-
cies mainly depend on biotic pollination. This would be consistent with

Fig. 1. Relationships among reproductive traits in three successional stages (Suc-1, Suc-2, and Suc-3) in Dinghushan. Suc-1, Suc-2, and Suc-3 represent the coniferous
forest, mixed coniferous broadleaved forest, and monsoon evergreen broadleaved forest, respectively. (a) first flowering time (FFL) vs. length of flowering cycle
(LFL); (b) FFL vs. fruit type (FT); (c) seed/fruit dispersal mode (DM) vs. seed mass (SM); and (d) LFL vs. FT. All values are shown on a log10 scale except those for FT
and DM. Standardized major axis (SMA) analyses were performed at the species level (average value for observations of three individual trees for reproductive traits)
among three successional stages in Dinghushan. Solid lines and dotted lines indicate that the fitted lines are significant, and non-significant, respectively. “Slope-
homo” and “Int-shift” indicate the significance of the SMA tests for slope heterogeneity and intercept shift; “dried” and “fleshy” indicate dried fruit and fleshy fruit;
“close”, “medium”, and “long” indicate close-, medium-, and long-distance fruit dispersal, respectively.
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the finding that herbivory is more likely in the late than in the early
succession at our study site (Peng and Ren, 1998).

4.2. Changes in relationships between reproductive traits and other plant
traits

One important finding in our study was that most leaf traits were
associated with DM, and PP in the early succession, while with flower
and fruit phenology in the late succession (some leaf traits were also
associated with flower and fruit phenology in the middle succession).
According to Bawa (2016), our finding may be because that most
dominant species mainly depend on long-distance dispersal in the re-
latively open environments in the early successional forests (Fig. 2). In
the late successional forests, in contrast, plants must diversify their
reproductive phenology to sustain their suitable niche owing to the
closed, competitive environment (Figs. 1, 3). This observation is con-
sistent with the theoretical arguments that different plant reproductive
traits may respond differently to environmental conditions (Jacquemyn
et al., 2012).

4.2.1. Early successional stage
Reproductive traits in the early succession should be related to

functional traits that represent the attributes of acquisitive species (e.g.,
high Amass, high SLA, and high SD) based on the trade-offs between
growth and reproduction and the relative dominance of acquisitive
species in the early successional forest (Reekie and Bazzaz, 1987;
Lohbeck et al., 2013). In current study, the dominant species in the
early succession were found to have high values for leaf photosynthesis
rate, respiration rate, stomatal conductance, stomatal density, and SLA,
but low values of LT. That is, the characters of acquisitive species in this
study were usually associated with the attributes of long-distance fruit
dispersal. In general, wind-pollinated species typically have small

flowers in which elements of the perianth have been reduced or even
lost (Primack, 1987; Warring et al., 2016). Fruits that are wind-dis-
persed tend to be small and light in weight, and their dispersal distances
are greater than those of large fruits (Augspurger, 1986; Segrestin et al.,
2018). In our study, although we did not measure the sizes of flowers
and fruits of the dominant species, we observed that the flowers and
fruits of the dominant species tended to be smaller in the early than late
succession (personal observations), which was proved by many pre-
vious studies (e.g., Jansen et al., 2008; Lohbeck et al., 2013; Warring
et al., 2016).

In a review, Primack (1987) showed that species with small seeds
tend to occupy habitats that are relatively sunnier, drier and more
disturbed. We also found that the acquisitive species in our study
tended to have small seeds and fruits, and were mostly distributed in
the relatively open and dry early successional forest. Segrestin et al.
(2018) reported that seed mass is significantly lower in wind-dispersed
than in animal- and gravity-dispersed species. Obeso (2002) showed
that plants with larger flowers generally invest more resources in re-
production than those with smaller flowers, and there must be a trade-
off in resource allocation between vegetative growth and reproduction.
We therefore speculate that, in terms of resource allocation, acquisitive
species in the early succession may invest less energy and resources in
reproduction than conservative species.

4.2.2. Middle or late successional stage
Reproductive traits in the late succession should be related to traits

that represent the attributes of conservative species (i.e., high LDMC,
WD, LT, multilayer epidermis, low Rmass, and low H). In this study,
flower and fruit phenology had significant relationships with these
conservative attributes of plants in the late succession (some of these
relationships were also significant in middle succession). In terms of
flower phenology, we found that early flowering species tended to have

Fig. 2. Relationships between seed/fruit dispersal mode (DM) and other plant traits in three successional stages (Suc-1, Suc-2, and Suc-3) in Dinghushan. Suc-1, Suc-
2, and Suc-3 represent the coniferous forest, mixed coniferous broadleaved forest, and monsoon evergreen broadleaved forest, respectively. (a) DM vs. mass-based
leaf light-saturated photosynthesis (Amass); (b) DM vs. mass-based leaf stomatal conductance (gs); (c) DM vs. mass-based leaf respiration rate (Rmass); (d) DM vs.
specific leaf are (SLA); (e) DM vs. stomatal density (SD); and (f) DM vs. leaf thickness (LT). All values were shown on a log10 scale except those for DM. Standardized
major axis (SMA) analyses were performed at the species level (average value of observations for three individual trees for reproductive traits and five individual
trees for other plant traits) among three successional stages in Dinghushan. Solid lines and dotted lines indicate that the fitted lines are significant, and non-
significant, respectively. “close”, “medium”, and “long” indicate close-, medium-, and long-distance fruit dispersal, respectively.
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lower respiration rates than the later blooming species; and the species
with a longer flowering period tended to have a lower tree height and a
higher LDMC value than species with a shorter flowering period. Given
that a high value of LDMC, a low rate of leaf respiration, and a low tree
height are typical traits of conservative species (Lohbeck et al., 2013),
our results indicate that the dominant conservative species in the late
(or middle) successional stage are associated with either an early
flowering (fruiting) or a long flowering (fruiting) period. Plants are
expected to invest more energy and resources into reproduction if they
have a longer flowering period that would enable the success of polli-
nation by specific pollinators. They would need this increased invest-
ment to maintain and also to deal with the flowers that are easily da-
maged by other biotic or abiotic factors during a long period of
exposure (Santangelo et al., 2019). This explanation is consistent with
the finding that fruit development will normally occur as rapidly as
possible to minimize exposure to seed predators and to minimize me-
tabolic costs (Augspurger, 1981; Primack, 1987; Bolmgren and Cowan,
2008; Segrestin et al., 2018). Because of a lack of relevant data, how-
ever, additional studies are needed to clarify the trade-offs between
reproduction investments and growth investments during succession in
subtropical forests in the future.

In the late succession, we also found that the earlier fruiting species
tended to have leaves with a multilayer epidermis and high LDMC
values, while species with later and longer fruiting periods tended to
have high WD values. Conservative species of late successional stages
generally have a multilayer leaf epidermis and high values for LDMC
and WD (Lohbeck et al. 2013), and are associated with either an early
fruiting or a long fruiting period. Plants are expected to invest more
energy and resources in fruits if they have a long fruiting period.

5. Conclusions

Our study of subtropical dominant trees shows that reproductive
strategies are usually associated with different resource utilization
strategies in different successional stages. In the lower subtropical re-
gion of China, acquisitive species appear to invest less energy and re-
sources on reproduction in the early succession, while the conservative
species appear to invest more energy and resources on reproduction in
the late succession. Plants with acquisitive strategies tend to have long-
distance fruit dispersal in the early succession. Plants with conservative
strategies tend to have early flowering (fruiting) or a long flowering
(fruiting) period in the late succession. Our results also indicate that
early flowering species mainly depend on wind pollination, while later
flowering species mainly depend on biotic pollination in late succes-
sion. Our analyses on the relationships between vegetative functional
traits and reproductive traits can help us better understanding plant
adaptation to successional environmental changes. Owing to the lower
variations of reproductive phenology compared with conservative
species, we suggest that the acquisitive species might be ideal candi-
dates for predicting the global climate change using plant phenology.
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Fig. 3. Relationships between flower and fruit phenology traits and other plant traits in three successional stages (Suc-1, Suc-2, and Suc-3) in Dinghushan. Suc-1, Suc-
2, and Suc-3 represent the coniferous forest, mixed coniferous broadleaved forest, and monsoon evergreen broadleaved forest, respectively. (a) first flowering time
(FFL) vs. mass-based leaf respiration rate (Rmass); (b) length of flowering cycle (LFL) vs. leaf dry matter content (LDMC); (c) LFL vs. tree height (H); (d) first fruiting
time (FFR) vs. the number layer of epidermal cell of leaf (MLE); (e) FFR vs. LDMC; and (f) length of fruiting cycle (LFR) vs. wood density (WD). All values were shown
on a log10 scale except those for MLE. Standardized major axis (SMA) analyses were performed at the species level (average value for observations of three individual
trees for reproductive traits) among three successional stages in Dinghushan. Solid lines and dotted lines indicate that the fitted lines are significant, and non-
significant, respectively. “Slope-homo” and “Int-shift” indicate the significance of the SMA tests for slope heterogeneity and intercept shift; “multilayer” and
“monolayer” indicate that the leaf epidemic cell was multilayer or monolayer.

T. Han, et al. Ecological Indicators 102 (2019) 538–546

544



Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ecolind.2019.03.007.

References

Adler, P.B., Salguero-Gomez, R., Compagnoni, A., Hsu, J.S., Ray-Mukherjee, J., Mbeau-
Ache, C., et al., 2014. Functional traits explain variation in plant life history strate-
gies. Proc. Natl. Acad. Sci. U.S.A. 111, 740–745. https://doi.org/10.1073/pnas.
1315179111.

Ali, A., Yan, E.R., 2017. Functional identity of overstorey tree height and understorey
conservative traits drive aboveground biomass in a subtropical forest. Ecol. Ind. 83,
158–168. https://doi.org/10.1016/j.ecolind.2017.07.054.

Ashman, T.L., 1994. A dynamic perspective on the physiological cost of reproduction in
plants. Am. Nat. 144, 300–316. https://doi.org/10.1086/285676.

Augspurger, C.K., 1981. Reproductive synchrony of a tropical shrub: experimental studies
on effects of pollinators and seed predators in Hybanthus prunifolius (Violaceae).
Ecology 62, 775–788. https://doi.org/10.2307/1937745.

Augspurger, C.K., 1986. Morphology and dispersal potential of wind-dispersed diaspores
of neotropical trees. Am. J. Bot. 73, 353–363. https://doi.org/10.1002/j.1537-2197.
1986.tb12048.x.

Baker, T.R., Phillips, O.L., Malhi, Y., Almeida, S., Arroyo, L., Di, F.A., et al., 2010.
Variation in wood density determines spatial patterns in Amazonian forest biomass.
Glob. Change Biol. 10, 545–562. https://doi.org/10.1111/j.1365-2486.2004.
00751.x.

Balachowski, J.A., Volaire, F.A., 2018. Implications of plant functional traits and drought
survival strategies for ecological restoration. J. Appl. Ecol. 55, 631–640. https://doi.
org/10.1111/1365-2664.12979.

Bawa, K.S., 2016. Kin selection and the evolution of plant reproductive traits. Proc. R.
Soc. B-Biol. Sci. 283, 20160789. https://doi.org/10.1098/rspb.2016.0789.

Bolmgren, K., Cowan, P.D., 2008. Time—size tradeoffs: a phylogenetic comparative study
of flowering time, plant height and seed mass in a north-temperate flora. Oikos 117,
424–429. https://doi.org/10.1111/j.2007.0030-1299.16142.x.

Bougeard, S., Dray, S., 2018. Supervised multiblock analysis in R with the ade4 package.
J. Stat. Softw. 86, 1–17. https://doi.org/10.18637/jss.v086.i01.

Brown, S., Lenart, M., Mo, J.M., Kong, G.H., 1995. Structure and organic matter dynamics
of a human-impacted pine forest in a MAB reserve of subtropical China. Biotropica
27, 276–289. https://doi.org/10.2307/2388914.

Chabot, B.F., Hicks, D.J., 1982. The ecology of leaf life spans. Annu. Rev. Ecol. Evol.
Systematics 13, 229–259. https://doi.org/10.1146/annurev.es.13.110182.001305.

Chapman, C.A., Chapman, L.J., Struhsaker, T.T., Zanne, A.E., Clark, C.J., Poulsen, J.R.,
2005. A long-term evaluation of fruiting phenology: importance of climate change. J.
Trop. Ecol. 21, 31–45. https://doi.org/10.1017/S0266467404001993.

Chen, Y.Z., Huang, S.Q., 2013. Red young leaves have less mechanical defence than green
young leaves. Oikos 122, 1035–1041. https://doi.org/10.1111/j.1600-0706.2012.
20852.x.

Cornelissen, J., Lavorel, S., Garnier, E., Diaz, S., Buchmann, N., Gurvich, D., et al., 2003. A
handbook of protocols for standardised and easy measurement of plant functional
traits worldwide. Aust. J. Bol. 51, 335–380. https://doi.org/10.1071/BT02124.

Crous, K.Y., O'Sullivan, O.S., Zaragoza-Castells, J., Bloomfield, K.J., Negrini, A.C.A., Meir,
P., et al., 2017. Nitrogen and phosphorus availabilities interact to modulate leaf trait
scaling relationships across six plant functional types in a controlled-environment
study. New Phytol. 215. https://doi.org/10.1111/nph.14591.

Dong, M., 1997. Survey, Observation and Analysis of Terrestrial Biocommunities.
Standards Press of China, Beijing, China.

Dubois, J.J., Fiscus, E.L., Booker, F.L., Flowers, M.D., Reid, C.D., 2010. Optimizing the
statistical estimation of the parameters of the Farquhar-von Caemmerer-Berry model
of photosynthesis. New Phytol. 176, 402–414. https://doi.org/10.1111/j.1469-8137.
2007.02182.x.

Faegri, K., Van, D.P.L., 1979. The Principles of Pollination Ecology. Elsevier 2013.
Fenster, C.B., Armbruster, W.S., Wilson, P., Dudash, M.R., Thomson, J.D., 2004.

Pollination Syndromes and Floral Specialization. Annu. Rev. Ecol. Systematics 35,
375–403. https://doi.org/10.1146/annurev.ecolsys.34.011802.132347.

Fitter, A., Fitter, R., 2002. Rapid changes in flowering time in British plants. Science 296,
1689–1691. https://doi.org/10.1126/science.1071617.

Foster, S., Janson, C.H., 1985. The relationship between seed size and establishment
conditions in tropical woody plants. Ecology 66, 773–780. https://doi.org/10.2307/
1940538.

Galetti, M., Zipparro, V.B., Morellato, P.C., 1999. Fruiting phenology and frugivory on the
palm Euterpe edulis in a lowland Atlantic forest of Brazil. Ecotropica 5, 115–122.

Garnier, E., Cortez, J., Billès, G., Navas, M.L., Roumet, C., Debussche, M., et al., 2004.
Plant functional markers capture ecosystem properties during secondary succession.
Ecology 85, 2630–2637. https://doi.org/10.1890/03-0799.

Giménez-Benavides, L., Escudero, A., Iriondo, J.M., 2006. Reproductive limits of a late-
flowering high-mountain Mediterranean plant along an elevational climate gradient.
New Phytol. 173, 367–382. https://doi.org/10.1111/j.1469-8137.2006.01932.x.

Gitelson, A.A., Gritz, Y., Merzlyak, M.N., 2003. Relationships between leaf chlorophyll
content and spectral reflectance and algorithms for non-destructive chlorophyll as-
sessment in higher plant leaves. J. Plant Physiol. 160, 271–282. https://doi.org/10.
1078/0176-1617-00887.

Hammond, D.S., Brown, V.K., 1995. Seed size of woody plants in relation to disturbance,
dispersal, soil type in wet neotropical forests. Ecology 76, 2544–2561. https://doi.
org/10.2307/2265827.

Jacquemyn, H., De Meester, L., Jongejans, E., Honnay, O., 2012. Evolutionary changes in
plant reproductive traits following habitat fragmentation and their consequences for
population fitness. J. Ecol. 100, 76–87. https://doi.org/10.1111/j.1365-2745.2011.
01919.x.

Jansen, P.A., Bongers, F., Van Der Meer, P.J., 2008. Is farther seed dispersal better?
Spatial patterns of offspring mortality in three rainforest tree species with different
dispersal abilities. Ecography 31, 43–52. https://doi.org/10.1111/j.2007.0906-7590.
05156.x.

Karlsson, P., 1994. Photosynthetic capacity and photosynthetic nutrient-use efficiency of
Rhododendron lapponicum leaves as related to leaf nutrient status, leaf age and
branch reproductive status. Funct. Ecol. 694–700. https://doi.org/10.2307/
2390228.

Körner, C., Basler, D., 2010. Phenology under global warming. Science 327, 1461–1462.
https://doi.org/10.1126/science.1186473.

Kunin, W.E., Shmida, A., 1997. Plant reproductive traits as a function of local, regional,
and global abundance. Conserv. Biol. 11, 183–192. https://doi.org/10.1046/j.1523-
1739.1997.95469.x.

Kursar, T.A., Coley, P.D., 1992. Delayed greening in tropical leaves: an antiherbivore
defense? Biotropica 256–262. https://doi.org/10.2307/2388520.

Lasky, J.R., Uriarte, M., Boukili, V.K., Chazdon, R.L., 2014. Trait-mediated assembly
processes predict successional changes in community diversity of tropical forests.
Proc. Natl. Acad. Sci. U.S.A. 201319342. https://doi.org/10.1073/pnas.1319342111.

Lebrija-Trejos, E., P-rez-Garcíez-GarcTrMeave, J.A., Bongers, F., Poorter, L., 2010.
Functional traits and environmental filtering drive community assembly in a species-
rich tropical system. Ecology 91, 386–398. https://doi.org/10.1890/08-1449.1.

Lechowicz, M.J., Blais, P.A., 1988. Assessing the contributions of multiple interacting
traits to plant reproductive success: environmental dependence. J Evol Biol 1,
255–273. https://doi.org/10.1046/j.1420-9101.1998.1030255.x.

Leishman, M.R., Haslehurst, T., Ares, A., Baruch, Z., 2007. Leaf trait relationships of
native and invasive plants: community- and global-scale comparisons. New Phytol.
176, 635–643. https://doi.org/10.1111/j.1469-8137.2007.02189.x.

Levin, D.A., 1973. The role of trichomes in plant defense. Q. Rev. Biol. 48, 3–15. https://
doi.org/10.1086/407484.

Levins, R., 1968. Evolution in Changing Environments: Some Theoretical Explorations.
Princeton University Press.

Li, R., Zhu, S., Chen, H.Y., John, R., Zhou, G., Zhang, D., et al., 2015. Are functional traits
a good predictor of global change impacts on tree species abundance dynamics in a
subtropical forest? Ecol. Lett. 18, 1181–1189. https://doi.org/10.1111/ele.12497.

Lin, G.J., 2012. Study community assembly rules across life stages in a subtropical forest.
Beijing, Doctoral thesis. Graduate University of the Chinese Academy of Sciences.

Liu, L., Gundersen, P., Zhang, T., Mo, J., 2012. Effects of phosphorus addition on soil
microbial biomass and community composition in three forest types in tropical
China. Soil Biol. Biochem. 44, 31–38. https://doi.org/10.1016/j.soilbio.2011.08.017.

Lohbeck, M., Poorter, L., Lebrija-Trejos, E., Martínez-Ramos, M., Meave, J.A., Paz, H.,
et al., 2013. Successional changes in functional composition contrast for dry and wet
tropical forest. Ecology 94, 1211–1216. https://doi.org/10.1890/12-1850.1.

Loranger, J., Shipley, B., 2010. Interspecific covariation between stomatal density and
other functional leaf traits in a local flora. Botany 88, 30–38. https://doi.org/10.
1139/B09-103.

Lozanovska, I., Ferreira, M.T., Aguiar, F.C., 2018. Functional diversity assessment in ri-
parian forests–multiple approaches and trends: a review. Ecol. Ind. 95, 781–793.
https://doi.org/10.1016/j.ecolind.2018.08.039.

Lu, X., Vitousek, P.M., Mao, Q., Gilliam, F.S., Luo, Y., Zhou, G., et al., 2018. Plant ac-
climation to long-term high nitrogen deposition in an N-rich tropical forest. Proc.
Natl. Acad. Sci. U.S.A. 115, 5187–5192. https://doi.org/10.1073/pnas.1720777115.

Marino, G., Aqil, M., Shipley, B., 2010. The leaf economics spectrum and the prediction of
photosynthetic light-response curves. Funct. Ecol. 24, 263–272. https://doi.org/10.
1111/j.1365-2435.2009.01630.x.

Mo, J., Brown, S., Peng, S., Kong, G., 2003. Nitrogen availability in disturbed, re-
habilitated and mature forests of tropical China. For. Ecol. Manage. 175, 573–583.
https://doi.org/10.1016/S0378-1127(02)00220-7.

Obeso, J.R., 2002. The costs of reproduction in plants. New Phytol. 155, 321–348.
https://doi.org/10.1046/j.1469-8137.2002.00477.x.

Osnas, J.L., Lichstein, J.W., Reich, P.B., Pacala, S.W., 2013. Global leaf trait relationships:
mass, area, and the leaf economics spectrum. Science 340, 741–744. https://doi.org/
10.1126/science.1231574.

Ouyang, X., Huang, Z., Zhou, G., Zhu, G.W., Li, J., Shi, J.H., et al., 2003. Accumulative
effects of forest community succession on soil chemical properties in Dinghushan of
tropical China. J. Soil Water Conserv. 4, 013.

Pei, N.C., 2011. Community phylogenetic ecology and trait evolution of lower subtropical
forest in Dinghushan. Beijing, Doctoral thesis. Graduate University of the Chinese
Academy of Sciences.

Peng, S., 1996. Community Dynamics of Lower Subtropical Forests. Science Press, Beijing,
China.

Peng, S., Ren, H., 1998. The energy ecology study in sub-tropical forest ecosystem. China
Meteorological Press, Beijing, China.

Plourde, B.T., Boukili, V.K., Chazdon, R.L., 2015. Radial changes in wood specific gravity
of tropical trees: inter- and intraspecific variation during secondary succession. Funct.
Ecol. 29, 111–120. https://doi.org/10.1111/1365-2435.12305.

Poorter, L., Bongers, F., 2006. Leaf traits are good predictors of plant performance across
53 rain forest species. Ecology 87, 1733–1743. https://doi.org/10.1890/0012-
9658(2006) 87[1733:LTAGPO]2.0.CO;2.

Primack, R.B., 1987. Relationships among flowers, fruits, and seeds. Annu. Rev. Ecol.
Evol. Systematics 18, 409–430. https://doi.org/10.1146/annurev.es.18.110187.
002205.

Pritsch, C., Muehlbauer, G.J., Bushnell, W.R., Somers, D.A., Vance, C.P., 2000. Fungal

T. Han, et al. Ecological Indicators 102 (2019) 538–546

545

https://doi.org/10.1016/j.ecolind.2019.03.007
https://doi.org/10.1016/j.ecolind.2019.03.007
https://doi.org/10.1073/pnas.1315179111
https://doi.org/10.1073/pnas.1315179111
https://doi.org/10.1016/j.ecolind.2017.07.054
https://doi.org/10.1086/285676
https://doi.org/10.2307/1937745
https://doi.org/10.1002/j.1537-2197.1986.tb12048.x
https://doi.org/10.1002/j.1537-2197.1986.tb12048.x
https://doi.org/10.1111/j.1365-2486.2004.00751.x
https://doi.org/10.1111/j.1365-2486.2004.00751.x
https://doi.org/10.1111/1365-2664.12979
https://doi.org/10.1111/1365-2664.12979
https://doi.org/10.1098/rspb.2016.0789
https://doi.org/10.1111/j.2007.0030-1299.16142.x
https://doi.org/10.18637/jss.v086.i01
https://doi.org/10.2307/2388914
https://doi.org/10.1146/annurev.es.13.110182.001305
https://doi.org/10.1017/S0266467404001993
https://doi.org/10.1111/j.1600-0706.2012.20852.x
https://doi.org/10.1111/j.1600-0706.2012.20852.x
https://doi.org/10.1071/BT02124
https://doi.org/10.1111/nph.14591
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0085
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0085
https://doi.org/10.1111/j.1469-8137.2007.02182.x
https://doi.org/10.1111/j.1469-8137.2007.02182.x
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0095
https://doi.org/10.1146/annurev.ecolsys.34.011802.132347
https://doi.org/10.1126/science.1071617
https://doi.org/10.2307/1940538
https://doi.org/10.2307/1940538
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0115
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0115
https://doi.org/10.1890/03-0799
https://doi.org/10.1111/j.1469-8137.2006.01932.x
https://doi.org/10.1078/0176-1617-00887
https://doi.org/10.1078/0176-1617-00887
https://doi.org/10.2307/2265827
https://doi.org/10.2307/2265827
https://doi.org/10.1111/j.1365-2745.2011.01919.x
https://doi.org/10.1111/j.1365-2745.2011.01919.x
https://doi.org/10.1111/j.2007.0906-7590.05156.x
https://doi.org/10.1111/j.2007.0906-7590.05156.x
https://doi.org/10.2307/2390228
https://doi.org/10.2307/2390228
https://doi.org/10.1126/science.1186473
https://doi.org/10.1046/j.1523-1739.1997.95469.x
https://doi.org/10.1046/j.1523-1739.1997.95469.x
https://doi.org/10.2307/2388520
https://doi.org/10.1073/pnas.1319342111
https://doi.org/10.1890/08-1449.1
https://doi.org/10.1046/j.1420-9101.1998.1030255.x
https://doi.org/10.1111/j.1469-8137.2007.02189.x
https://doi.org/10.1086/407484
https://doi.org/10.1086/407484
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0195
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0195
https://doi.org/10.1111/ele.12497
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0205
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0205
https://doi.org/10.1016/j.soilbio.2011.08.017
https://doi.org/10.1890/12-1850.1
https://doi.org/10.1139/B09-103
https://doi.org/10.1139/B09-103
https://doi.org/10.1016/j.ecolind.2018.08.039
https://doi.org/10.1073/pnas.1720777115
https://doi.org/10.1111/j.1365-2435.2009.01630.x
https://doi.org/10.1111/j.1365-2435.2009.01630.x
https://doi.org/10.1016/S0378-1127(02)00220-7
https://doi.org/10.1046/j.1469-8137.2002.00477.x
https://doi.org/10.1126/science.1231574
https://doi.org/10.1126/science.1231574
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0255
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0255
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0255
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0260
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0260
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0260
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0265
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0265
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0270
http://refhub.elsevier.com/S1470-160X(19)30188-8/h0270
https://doi.org/10.1111/1365-2435.12305
https://doi.org/10.1890/0012-9658(2006) 87[1733:LTAGPO]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006) 87[1733:LTAGPO]2.0.CO;2
https://doi.org/10.1146/annurev.es.18.110187.002205
https://doi.org/10.1146/annurev.es.18.110187.002205


development and induction of defense response genes during early infection of wheat
spikes by Fusarium graminearum. Mol. Plant Microbe Interact. 13, 159–169. https://
doi.org/10.1094/MPMI.2000.13.2.159.

Reekie, E., Bazzaz, F., 1987. Reproductive effort in plants. 1. Carbon allocation to re-
production. Am. Nat. 129, 876–896. https://doi.org/10.1086/284681.

Revelle, W., 2018 psych: Procedures for Personality and Psychological Research,
Northwestern University, Evanston, Illinois, USA, https://CRAN.R-project.org/pack-
age=psych Version = 1.8.10.

Reznick, D., 1985. Costs of reproduction: an evaluation of the empirical evidence. Oikos
257–267. https://doi.org/10.2307/3544698.

Rozendaal, D.M.A., Hurtado, V.H., Poorter, L., 2006. Plasticity in leaf traits of 38 tropical
tree species in response to light; relationships with light demand and adult stature.
Funct. Ecol. 20, 207–216. https://doi.org/10.1111/j.1365-2435.2006.01105.x.

Salguero-Gómez, R., Jones, O.R., Jongejans, E., Blomberg, S.P., Hodgson, D.J., Mbeau-
Ache, et al., 2016. Fast–slow continuum and reproductive strategies structure plant
life-history variation worldwide. Proc. Natl. Acad. Sci. U.S.A. 113, 230–235. https://
doi.org/10.1073/pnas.1506215112.

Sandring, S., Ågren, J., 2009. Pollinator-mediated selection on floral display and flow-
ering time in the perennial herb Arabidopsis lyrata. Evolution 63, 1292–1300. https://
doi.org/10.1111/j.1558-5646.2009.00624.x.

Santangelo, J.S., Thompson, K.A., Johnson, M.T., 2019. Herbivores and plant defences
affect selection on plant reproductive traits more strongly than pollinators. J. Evol.
Biol. 32, 4–18. https://doi.org/10.1111/jeb.13392.

Segrestin, J., BernardiVerdier, M., Violle, C., Richarte, J., Navas, M.L., Garnier, E., 2018.
When is the best time to flower and disperse? A comparative analysis of plant re-
productive phenology in the Mediterranean. Funct. Ecol. 32, 1770–1783. https://doi.
org/10.1111/1365-2435.13098.

Sterck, F.J., Poorter, L., Schieving, F., 2006. Leaf traits determine the growth-survival
trade-off across rain forest tree species. Am. Nat. 167, 758–765. https://doi.org/10.
1086/503056.

Sun, Z., Ren, H., Schaefer, V., Lu, H., Wang, J., Li, L., et al., 2013. Quantifying ecological
memory during forest succession: a case study from lower subtropical forest eco-
systems in South China. Ecol. Ind. 34, 192–203. https://doi.org/10.1016/j.ecolind.
2013.05.010.

Thompson, J.N., Willson, M.F., 1979. Evolution of temperate fruit/bird interactions:
phenological strategies. Evolution 33, 973–982. https://doi.org/10.1111/j.1558-
5646.1979.tb04751.x.

Thomann, M., Imbert, E., Engstrand, R.C., Cheptou, P.O., 2015. Contemporary evolution
of plant reproductive strategies under global change is revealed by stored seeds. J.
Evol. Biol. 28, 766–778. https://doi.org/10.1111/jeb.12603.

Volis, S., Bohrer, G., 2013. Joint evolution of seed traits along an aridity gradient: seed
size and dormancy are not two substitutable evolutionary traits in temporally het-
erogeneous environment. New Phytol. 197, 655–667. https://doi.org/10.1111/nph.
12024.

Warton, D.I., Duursma, R.A., Falster, D.S., Taskinen, S., 2012. smatr 3 – an R package for
estimation and inference about allometric lines. Methods Ecol. Evol. 3, 257–259.
https://doi.org/10.1111/j.2041-210X.2011.00153.x.

Warring, B., Cardoso, F.C.G., Marques, M., Varassin, I.G., 2016. Functional diversity of
reproductive traits increases across succession in the Atlantic forest. Rodriguésia 67,
321–333. https://doi.org/10.1590/2175-7860201667204.

Williams, G.C., 1966. Natural selection, the costs of reproduction, and a refinement of
Lack’s principle. Am. Nat. 100, 687–690. https://doi.org/10.1086/282461.

Wolkovich, E.M., Cleland, E.E., 2014. Phenological niches and the future of invaded
ecosystems with climate change. AoB Plants 6. https://doi.org/10.1093/aobpla/
plu013.

Wolkovich, E.M., Ettinger, A.K., 2014. Back to the future for plant phenology research.
New Phytol. 203, 1021–1024. https://doi.org/10.1111/nph.12957.

Wigley, B.J., Slingsby, J.A., DJaz, S., Bond, W.J., Fritz, H., Coetsee, C., 2016. Leaf traits of
African woody savanna species across climate and soil fertility gradients: evidence for
conservative versus acquisitive resource-use strategies. J. Ecol. 104, 1357–1369.
https://doi.org/10.1111/1365-2745.12598.

Wright, I.J., Reich, P.B., Cornelissen, J.H.C., Falster, D.S., Groom, P.K., Hikosaka, K.,
et al., 2005a. Modulation of leaf economic traits and trait relationships by climate.
Glob. Ecol. Biogeogr. 14, 411–421. https://doi.org/10.1111/j.1466-822x.2005.
00172.x.

Wright, I.J., Reich, P.B., Falster, D.S., Garnier, E., Hikosaka, K., Lamont, B.B., et al.,
2005b. Assessing the generality of global leaf trait relationships. New Phytol. 166,
485–496. https://doi.org/10.1111/j.1469-8137.2005.01349.x.

Wright, I.J., Reich, P.B., Westoby, M., 2001. Strategy shifts in leaf physiology, structure
and nutrient content between species of high- and low-rainfall and high- and low-
nutrient habitats. Funct. Ecol. 15, 423–434. https://doi.org/10.1046/j.0269-8463.
2001.00542.x.

Yan, E.R., Wang, X.H., Huang, J.J., 2006a. Shifts in plant nutrient use strategies under
secondary forest succession. Plant Soil 289, 187–197. https://doi.org/10.1007/
s11104-006-9128-x.

Yan, J., Wang, Y., Zhou, G., Zhang, D., 2006b. Estimates of soil respiration and net pri-
mary production of three forests at different succession stages in South China. Glob.
Change Biol. 12, 810–821. https://doi.org/10.1111/j.1365-2486.2006.01141.x.

Zhang, H., Chen, H.Y., Lian, J., John, R., Ronghua, L., Liu, H., et al., 2018. Using func-
tional trait diversity patterns to disentangle the scale-dependent ecological processes
in a subtropical forest. Funct. Ecol. 32, 1379–1389. https://doi.org/10.1111/1365-
2435.13079.

Zhao, H., Peng, S., Chen, Z., Wu, Z., Zhou, G., Wang, X., et al., 2011. Abscisic acid in soil
facilitates community succession in three forests in China. J. Chem. Ecol. 37,
785–793. https://doi.org/10.1007/s10886-011-9970-z.

Zhu, S.D., Chen, Y.J., Cao, K.F., Ye, Q., 2015. Interspecific variation in branch and leaf
traits among three Syzygium tree species from different successional tropical forests.
Funct. Plant Biol. 42, 423–432. https://doi.org/10.1071/FP14201.

T. Han, et al. Ecological Indicators 102 (2019) 538–546

546

https://doi.org/10.1094/MPMI.2000.13.2.159
https://doi.org/10.1094/MPMI.2000.13.2.159
https://doi.org/10.1086/284681
https://doi.org/10.2307/3544698
https://doi.org/10.1111/j.1365-2435.2006.01105.x
https://doi.org/10.1073/pnas.1506215112
https://doi.org/10.1073/pnas.1506215112
https://doi.org/10.1111/j.1558-5646.2009.00624.x
https://doi.org/10.1111/j.1558-5646.2009.00624.x
https://doi.org/10.1111/jeb.13392
https://doi.org/10.1111/1365-2435.13098
https://doi.org/10.1111/1365-2435.13098
https://doi.org/10.1086/503056
https://doi.org/10.1086/503056
https://doi.org/10.1016/j.ecolind.2013.05.010
https://doi.org/10.1016/j.ecolind.2013.05.010
https://doi.org/10.1111/j.1558-5646.1979.tb04751.x
https://doi.org/10.1111/j.1558-5646.1979.tb04751.x
https://doi.org/10.1111/jeb.12603
https://doi.org/10.1111/nph.12024
https://doi.org/10.1111/nph.12024
https://doi.org/10.1111/j.2041-210X.2011.00153.x
https://doi.org/10.1590/2175-7860201667204
https://doi.org/10.1086/282461
https://doi.org/10.1093/aobpla/plu013
https://doi.org/10.1093/aobpla/plu013
https://doi.org/10.1111/nph.12957
https://doi.org/10.1111/1365-2745.12598
https://doi.org/10.1111/j.1466-822x.2005.00172.x
https://doi.org/10.1111/j.1466-822x.2005.00172.x
https://doi.org/10.1111/j.1469-8137.2005.01349.x
https://doi.org/10.1046/j.0269-8463.2001.00542.x
https://doi.org/10.1046/j.0269-8463.2001.00542.x
https://doi.org/10.1007/s11104-006-9128-x
https://doi.org/10.1007/s11104-006-9128-x
https://doi.org/10.1111/j.1365-2486.2006.01141.x
https://doi.org/10.1111/1365-2435.13079
https://doi.org/10.1111/1365-2435.13079
https://doi.org/10.1007/s10886-011-9970-z
https://doi.org/10.1071/FP14201

	Are reproductive traits of dominant species associated with specific resource allocation strategies during forest succession in southern China?
	Introduction
	Materials and methods
	2.1 Research site
	Plots
	Reproductive traits
	Leaf functional traits
	Other traits

	Statistical analysis

	Results
	Relationships among reproductive traits during succession
	Relationships between reproductive traits and vegetative traits during succession

	Discussion
	Changes in relationships among reproductive traits during succession
	Changes in relationships between reproductive traits and other plant traits
	Early successional stage
	Middle or late successional stage


	Conclusions
	Acknowledgments
	Supplementary data
	References




