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To determine the invasiveness of invasive plants, many studies have compared photosynthetic traits or
strategies between invasive and native species. However, few studies have compared the photosynthetic
dynamics between invasive and native species during light fluctuations. We compared photosynthetic
induction, relaxation dynamics and leaf traits between the invasive species, Tithonia diversifolia and two
native species, Clerodendrum bungei and Blumea balsamifera, in full-sun and shady habitats. The
photosynthetic dynamics and leaf traits differed among species. T. diversifolia showed a slower induction
speed and stomatal opening response but had higher average intrinsic water-use efficiency than the two
native species in full-sun habitats. Thus, the slow induction response may be attributed to the longer
stomatal length in T. diversifolia. Habitat had a significant effect on photosynthetic dynamics in
T. diversifolia and B. balsamifera but not in C. bungei. In shady habitat, T. diversifolia had a faster photo-
synthetic induction response than in full-sun habitat, leading to a higher average stomatal conductance
during photosynthetic induction in T. diversifolia than in the two native species. In contrast, B. balsamifera
had a larger stomatal length and slower photosynthetic induction and relaxation response in shady
habitat than in full-sun habitat, resulting in higher carbon gain during photosynthetic relaxation.
Nevertheless, in both habitats, T. diversifolia had an overall higher carbon gain during light fluctuations
than the two native species. Our results indicated that T. diversifolia can adopt more effective response
strategies under fluctuating light environments to maximize carbon gain, which may contribute to its
successful invasion.

Copyright © 2023 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Biological invasion is a key threat to global biodiversity and
ecosystem function (Diagne et al., 2021). Invasive plants may have
different functional traits or strategies that allow them to succeed
in the introduced ranges. Among these, photosynthesis is generally
regarded as an important process for supporting plant growth and
received more attention. Over the last decade, many studies have
compared steady-state photosynthetic processes between invasive
and native species. However, the light intensity in the field
e of Plant Diversity.
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frequently changes from shade to sun and sun to shade in seconds
(Pearcy, 1994; Zhu et al., 2004; Slattery et al., 2018). Fluctuating
light may lead to dynamic photosynthesis and influence total car-
bon gain in the field (Pearcy, 1990). Modulating photosynthesis
under fluctuating light conditions may more accurately reflect the
photosynthetic process in the field. However, few studies have
focused on comparing photosynthetic dynamics between invasive
and native species under fluctuating light conditions.

The process by which leaves begin to increase the assimilation
of CO2 as light transitions from low (shade) to high (sun) is defined
as photosynthetic induction, which features a lag due to time
required for the regeneration of ribulose 1,5-bisphosphate (RuBP),
the synthesis of carbon metabolite intermediates, activation of
ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco), and
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
by/4.0/).
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stomatal opening when photosynthesis shifts to a steady state
(Pearcy, 1994; Mott and Woodrow, 2000). Because of the delay
effect, the leaf photosynthetic rate (A) is lower throughout induc-
tion than at steady state, which results in a considerable loss of
daily carbon gain (Taylor and Long, 2017; Tanaka et al., 2019).
Electron transport and activation have been shown to limit CO2
assimilation (A) during short flecks (Soleh et al., 2017; Taylor and
Long, 2017) because of the rapid activation of RuBP regeneration
and Rubisco (Mott and Woodrow, 2000; Kaiser et al., 2016; Deans
et al., 2019). In addition, diffusion triggered by stomatal conduc-
tance (gs) and mesophyll conductance (gm) mainly constrains A
during longer light periods (Pearcy, 1990). Both gs and gm influence
dynamic photosynthesis under light fluctuation and, in turn, affect
CO2 provision to the RuBP carboxylation site (Sakoda et al., 2022).

Leaf stomata predominantly control CO2 uptake for photo-
synthesis and transpiration and further determine plant produc-
tivity and water-use efficiency. The balance between
photosynthesis and transpiration relies on internal signals and
environmental sensitivity of stomata, and the synchrony of sto-
matal movement relative to the CO2 requirement of the meso-
phyll (Lawson and Blatt, 2014). The response of gs to light
fluctuation is slower commonly than the biochemical process,
which is a significant limitation of A during the induction phase
(Kaiser et al., 2017; Sakoda et al., 2022). The response of gs is
primarily explained by the stomatal movement via the regulation
of signal transduction and metabolic processes (Lawson and Blatt,
2014). gs is also affected by the morphological features of the
stoma, such as the size and shape (dumbbell and elliptical sha-
ped) of a single stoma, stomatal density, and stomatal distribution
(Sakoda et al., 2022). Several studies have shown that smaller
stomata have faster response rates than larger ones (Drake et al.,
2013; Lawson and Blatt, 2014). However, it is remains contro-
versial. Other studies have not observed a relationship between
stomatal behavior and morphology (Elliott-Kingston et al., 2016).
Zhang et al. (2019) found that smaller stomata have a slower
initial induction speed and lower stomatal conductance during
the initial phase of light induction relative to larger stomata.

Tithonia diversifolia A. Gray, a perennial invasive shrub, is native
to Central America (Laduke, 1982). It was introduced as an orna-
mental and green manure plant in many countries, which offered
opportunities for its dispersal throughout most of the tropical and
subtropical areas worldwide (Morales, 2000). This species can
reproduce both sexually, with a large production of seeds, and
asexually. Once its population is established, it quickly forms dense
monospecific stands by inhibiting the germination and growth of
neighboring species (Oyerinde et al., 2009; Otusanya and Ilori,
2012; Kato-Noguchi, 2020), leading to a decrease in biodiversity
(Obiakara and Fourcade, 2018; Dai et al., 2021). It can invade a
variety of habitats. It can grow in open and sunny areas, such as
roadsides, wastelands, riverbanks and disturbed sites, and in shady
areas, including forest edges and disturbed secondary forests. This
suggests that they are likely to respond rapidly and efficiently to
heterogenous environments during physiological processes. How-
ever, the photosynthetic strategy of T. diversifolia in different hab-
itats under natural fluctuating light conditions remains unclear.

Here, we measured gas exchange under fluctuating light con-
ditions in Tithonia diversifolia and two native species, Clerodendrum
bungei and Blumea balsamifera, grown in full-sun and shady sites.
We selected these two native plants because of their overlapping
habitats. C. bungei is an accompanying species of T. diversifolia;
B. balsamifera, similar to T. diversifolia, belongs to the Compositae
family. We also measured the stomatal traits of all species. We
hypothesized that (1) T. diversifolia has a faster and more efficient
response to photosynthetic induction than two native species, (2)
habitat type under different light intensities affects photosynthetic
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dynamics, and (3) changes in photosynthetic induction and relax-
ation speed are associated with leaf traits.

2. Materials and methods

2.1. Study site and species

This study was conducted at Xishuangbanna Tropical Botanical
Garden (XTBG), Chinese Academy of Sciences, Yunnan Province,
China. The mean day/night temperature in March at XTBG is
22.8 �C/15.2 �C, with a day/night relative humidity of 64%/100% (Liu
et al., 2004). Our study included an invasive shrub,
Tithonia diversifolia, and two native shrubs, Clerodendrum bungei
and Blumea balsamifera. Prior to this study, T. diversifolia and C.
bungei grew naturally in XTBG, and B. balsamifera was planted for
more than 20 years in XTBG. These three species can grow under
full-sun light and shady conditions in the field. We identified six
locations with similar soil but different light conditions under
which the three species grew (see Table 1). For each individual,
similar mature leaves (4the5th from the shoot tip) in the new
shoots of the current year were selected.

2.2. Gas exchange measurements

Gas exchange parameters of six individuals per species were
measured under full sunlight (� 1200 mmol photons m�2 s�1) and
shade (� 300 mmol photonsm�2 s�1) environments using the Li-6800
portable photosynthesis system (LI-COR Inc., USA) with 27 �C air
temperature, 500mmol s�1

flowrate,1.2e1.8 kPawater vapor pressure
deficit (VPD), and 65% relative humidity. The mature fully expanded
leaves were selected at random for measuring gas exchange param-
eters, and the measurement was performed between 10:00e14:00
(because of thick fog before 9:30 a.m.) to avoid confounding photo-
synthesis with any marked circadian effects. The definitions and ab-
breviations of all the measured traits are specified in Table 2.

To determine the range of adaptation to light intensity, we
measured the light response curves of the three species. Photo-
synthetic parameters were measured at saturating CO2 concen-
tration (400 mmol mol�1) and light intensities of 0, 15, 75, 150, 200,
300, 500, 800, 1000, 1500, and 2000 mmol m�2 s�1. The light
saturation point (LSP) and light compensation point (LCP) were
fitted using “Photosynthesis” v.1.0.

For induction, leaves were allowed to reach a steady state under
low light (50 mmol m�2 s�1 PPFD) for 5 min, followed by 30 min of
high light (1700 mmol m�2 s�1 PPFD). For relaxation, the light in-
tensity on leaves was decreased back to low light (50 mmol m�2 s�1

PPFD) for 15 min after 30 min of high light. Gas exchange param-
eters were logged every minute.

Average stomatal conductance (gsmi) and average intrinsic
water-use efficiency (iWUEmi) over 30 min of photosynthetic in-
duction and average stomatal conductance (gsmr) and average
intrinsic water-use efficiency (iWUEmr) over 15 min of photosyn-
thetic relaxation were calculated.

The speed of photosynthetic induction was calculated by
measuring the time in minutes to 50% relative to steady-state CO2
uptake (IT50i). The speed of stomatal opening was assessed as the
time to 50% steady-state stomatal conductance during induction
(Tgs50i). The initial gs at pre-illumination can constrain the photo-
synthetic induction response by affecting the activation state of the
biochemical response (Kaiser et al., 2016). To eliminate the influ-
ence of initial status on induction speed, we regarded the last A and
gs at low light as the initial A0 and gs0, and we obtained values of
each corresponding DA and Dgs by subtracting the initial A0 and gs0
from the observed value during induction. Finally, we calculated
the induction rate of A and the opening speed of the stoma with



Table 1
Background information of sampling sites.

Habitat Species Height (cm) Aboveground biomass (g) Soil pH Soil AN (mg kg�1) Soil AP (mg kg�1) Soil AK (mg kg�1)

Full sun T. diversifolia 427 ± 20a 1168.20 ± 92.50a 7.77 ± 0.13a 12.13 ± 1.83a 29.53 ± 6.81a 376.83 ± 31.89a

C. bungei 414 ± 16ab 606.07 ± 53.13b 7.55 ± 0.19ab 11.11 ± 1.72a 33.02 ± 7.78a 296.67 ± 45.19a

B. balsamifera 155 ± 11d 292.65 ± 39.98c 7.11 ± 0.08b 8.95 ± 0.69a 13.51 ± 3.03b 212.67 ± 50.44a

Shade T. diversifolia 407 ± 7.0b 384.09 ± 35.43c 7.87 ± 0.07a 7.79 ± 1.32a 8.17 ± 1.58b 281.50 ± 45.86a

C. bungei 374 ± 10c 536.61 ± 56.75b 7.20 ± 0.32b 11.03 ± 3.33a 20.90 ± 4.22ab 365.83 ± 121.93a

B. balsamifera 59 ± 3e 97.55 ± 13.33d 7.10 ± 0.08b 11.03 ± 0.54a 11.51 ± 3.13b 210.07 ± 23.44a

Note: All data are mean ± SE of six individuals.
Soil AN, Soil AP, Soil AK mean soil available nitrogen, phosphorus and kalium, respectively.
Different lowercase letters indicate statistically significant difference (P < 0.05).

Table 2
A summary of all traits measured and mentioned in the text. Units and light conditions are included.

Traits Description Unit

Photosynthetic traits LCP Light compensation point mmol m�2 s�1

LSP Light saturation point mmol m�2 s�1

IT50i Time to 50% induction minute
Tgs50i Time to 50% stomatal conductance during photosynthetic induction minute
Tgs50r Time to 50% stomatal conductance during photosynthetic relaxation minute
gsmi Average stomatal conductance during photosynthetic induction mol m�2 s�1

gsmr Average stomatal conductance during photosynthetic relaxation mol m�2 s�1

iWUEmi Average intrinsic water-use efficiency during photosynthetic induction (iWUE ¼ A/gs) mmol CO2 mol H2O�1

iWUEmr Average intrinsic water-use efficiency during photosynthetic relaxation (iWUE ¼ A/gs) mmol CO2 mol H2O�1

Cindu The integrated amount of CO2 assimilation during photosynthetic induction mmol m�2

Crelax The integrated amount of CO2 assimilation during photosynthetic relaxation mmol m�2

Ctotal The integrated amount of CO2 assimilation during photosynthetic induction and relaxation mmol m�2

Stomatal traits SD Stomatal density No. mm�2

SL Stomatal length mm
SW Stomatal width mm
LN Leaf nitrogen content g kg�1
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series DA and Dgs. The speed of stomatal closure was also evaluated
based on the time to 50% of the new steady-state stomatal
conductance after returning to low light (Tgs50r).

The integrated amount of CO2 uptake (Cindu) during 30 min of
light induction, and the integrated amount of CO2 uptake (Crelax)
during 15 min of light relaxation were calculated using Eq. (1):

½C¼At �dt � (1)

where At is the transient photosynthetic rate (Xiong et al., 2022).
The integrated amount of CO2 uptake (Ctotal) during light in-

duction and relaxation is the sum of Cindu and Crelax.

2.3. Leaf traits measurement

Mature leaves from the same position were sampled. Leaf ni-
trogen (N, g kg�1) concentration was measured using a CeN
elemental analyzer (Vario Max CN, Elementar Analysensysteme
GmbH, Hanau, Germany). The leaves (2 � 2 cm) were excised and
soaked in a solution (ethanol : acetic acid ¼ 1:1, v/v) in a 70 �C
thermostatic water bath until the leaves were clear, and the abaxial
side of the leaf was torn and stained with safranin. Temporary slices
for stomatal observations were made. Images were obtained using a
lightmicroscope (LeicaMicrosystems Ltd, Leica DM2500) connected
to a digital camera. The stomatal length and width were measured
as the major and minor axes of the ellipse, respectively. Stomatal
density was defined as the number of stomata per unit of leaf area.

2.4. Statistical analyses

We used a two-way ANOVA to determine the effects of species,
habitat type, and their interaction on all traits. Further multiple
comparisons among species and habitat types were performed
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using the new least significant range method (Duncan) (R; “agri-
colae”). To test pairwise relationships among stomatal traits, in-
duction speed, and carbon gain during photosynthetic induction,
we conducted Pearson's correlation analysis for each habitat.

To determine the most important factors affecting Cindu, Crelax
and Ctotal, we examined a full model consisting of stomatal traits,
response speed, average gs, and average intrinsic water-use effi-
ciency during light induction and relaxation to detect the most
important factors. Best regressions were selected using stepwise
regression (R; “MASS”). All analyses were performed using R v. 4.2.1
(R Core Team, 2020).

3. Results

3.1. Light response curve

There was a significant difference in the parameters of the light
response curve among the three species in the different habitats
(Table S1). Tithonia diversifolia had higher LSP (1682.00 ± 38.83)
and LCP (40.67 ± 2.17) than the two native species in sunny habitat
(Fig. S1). Habitat also affected the LSP and LCP of the three species
(Table S1). In shady habitat, LSP (1276.37 ± 49.24) and LCP
(19.33 ± 6.48) of T. diversifolia and LSP (1096.01 ± 108.96) of
C. bungei were obviously lower relative to the sunny habitats. For
LCP (full-sun:26.00 ± 1.16; shady: 25.33 ± 1.69) of C. bungei, there
was no significant difference between the sunny and shady habi-
tats. Therefore, in the shady habitats, T. divesifolia showed a similar
LCP to but higher LSP than the two native species (Fig. S1).

3.2. Gas exchange parameters

The speed of induction differed significantly among the three
species (Table S1). In sunny habitats, the speed of induction of A and
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gs of T. diversifoliawere slower (higher IT50i and Tgs50i) than those in
C. bungei and B. balsamifera (Fig. 1). Habitat had a significant effect
on induction speed, but this effect differed among species (signif-
icant interaction) (Table S1). The time of induction and stomatal
opening of T. diversifolia was shortened (lower IT50i and Tgs50i), but
that of B. balsamifera was lengthened (higher IT50i and Tgs50i) in
shady habitat than in sunny habitat (Fig. 1). The trends in gs and A
were tightly coupled, regardless of the species and habitat type
during induction (Fig. 2). The iWUE first increased and then
decreased with increasing light intensity for T. diversifolia in the
two habitats and for B. balsamfera in shady habitat (Fig. 3). In
C. bungei, iWUE rapidly increased and was maintained during
photosynthetic induction (Fig. 3). T. diversifolia was the top-
performing species for gsmi and iWUEmi, and it also achieved the
highest Cindu, while B. balsamifera was the lowest-performing
species in all habitats (Table 3).

During the transition from high to low light, there were no
significant differences in the speed of stomatal closing (Tgs50r)
among species in full-sun habitat. However, in shady habitat,
B. balsamifera showed a slower speed of stomatal closure (higher
Tgs50r) relative to that in full-sun habitat, and stomatal closure was
slower than that in T. diversifolia and C. bungei in shady habitat
(Fig. 1). Inconsistent with light induction, the dynamics of A and gs
were not coupled, with A decreasing much faster during light
relaxation (Fig. 2). Except for B. balsamifera, the iWUE also rapidly
decreased during photosynthetic relaxation (Fig. 3). For
B. balsamifera, the iWUE showed an increasing trend during
photosynthetic relaxation (Fig. 3). The gsmr was not significantly
different among species, but the iWUEmr and Crelax of B. balsamifera
were higher than those of the other two species during photo-
synthetic relaxation (Table 3). Even so, T. diversifolia had the highest
Ctotal during the entire light fluctuation period (Table 3).
3.3. Leaf traits

Leaf traits differed among the species and habitats (Table S1). In
full-sun habitats, T. diversifolia and C. bungei had higher leaf nitro-
gen than B. balsamifera. In shady habitats, B. balsamifera had
increased leaf nitrogen relative to that in sunny habitats, but both
C. bungei and B. balsamifera had lower leaf nitrogen than
T. diversifolia (Fig. 4). Stomatal traits were different among species
and habitats (Table S1). Regardless of the habitat type, T. diversifolia
had the lowest stomatal density (Fig. 4). Compared to the sunny
habitats, the stomatal density of B. balsamifera was significantly
lower in shady habitats (Fig. 4). In full-sun habitats, T. diversifolia
Fig. 1. Time to 50% induction of CO2 uptake (IT50i, a), time to 50% induction of stomatal c
stomatal conductance (Tgs50r, c). These traits were measured in three species [Tithonia divers
bar) and shady (gray bar) habitats. Each bar is the mean (±SE) of six plants. Different lowe
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had higher stomatal length values than the two native species, and
a higher stomatal width than C. bungei (Fig. 4). B. balsamifera dis-
played longer stomatal length in shady habitat than in full-sun
habitat. In shady habitat, the stomatal size of B. balsamifera was
higher than that of C. bungei, but similar to that of T. diversifolia
(Fig. 4). There was also a significant negative relationship between
stomatal length and density in full-sun habitats (Fig. 5).

3.4. Correlations between gas change parameters and leaf traits

Induction speed (IT50i increased) decreased with increasing leaf
nitrogen, and these relationships were observed in sunny habitats.
With increasing stomatal length, the induction speed (IT50i and
Tgs50i increased) decreased in full-sun habitats; however, no such
relationships were found in shady habitats (Fig. 5). Stomatal length
had no obvious relationship with Tgs50r in either habitat (Fig. 5). No
significant correlations were found between stomatal density and
induction speed (in full-sun habitats, IT50i: R2 ¼ 0.09, P ¼ 0.220;
Tgs50i: R2 ¼ 0.11, P ¼ 0.181; Tgs50r: R2 ¼ 0.008, P ¼ 0.720; in shady
habitats: IT50i: R2 ¼ 0.08, P ¼ 0.244; Tgs50i: R2 ¼ 0.07, P ¼ 0.318;
Tgs50r: R2 ¼ 0.13, P ¼ 0.183), although there was a negative rela-
tionship between stomatal length and density. The induction time
(IT50i and Tgs50i) showed significantly negative relationships with
gsmi in shady habitat but not in full-sun habitat (Fig. 6). However,
induction time (IT50i and Tgs50i) showed significant positive re-
lationships with iWUEmi in both habitats (Fig. 6). The relaxation
time (Tgs50r) showed a significantly positive relationship with gsmr

and iWUEmr in shady habitat but not in full-sun habitat (Fig. 6).

3.5. Modelling trait variation

In full-sun habitat, Cindu was best predicted by gsmi and iWUEmi;
Crelax was best predicted by leaf traits (leaf nitrogen, stomatal
density and length) and iWUEmr; Ctotal was best predicted by gsmi
and iWUEmi (Table 4). In shady habitat, Cindu was best predicted by
IT50i, gsmi and iWUEmi, Crelax was best predicted by gsmr and
iWUEmr, Ctotal was best predicted by gsmi, and iWUEmi, followed by
IT50i and Tg50r (Table 4).

4. Discussion

To understand how the invasive plant Tithonia diversifolia re-
sponds to light fluctuation, we compared the photosynthetic re-
sponses to fluctuating light among the invasive plant and two
native plants distributed in full-sun and shady environments. We
onductance (Tgs50i, b) during photosynthetic induction, and time to 50% relaxation of
ifolia (T. d), Clerodendrum bungei (C. b), and Blumea balsamifera (B. b)] in full-sun (white
rcase letters indicate statistically significant differences at P < 0.05.



Fig. 2. Photosynthetic rate (A) and stomatal conductance (gs) over time showing an increase during photosynthetic induction (transition from low light (50 mmol m�2 s�1) to high
light (1700 mmol m�2 s�1) and photosynthetic relaxation (transition from high light to low light). Measurements were taken in three species [Tithonia diversifolia (a, d), Cler-
odendrum bungei (b, e) and Blumea balsamifera (c, f)] in full-sun and shady habitats. Red line and black line represent A and gs, respectively. Periods of low light are shown by the
gray areas in the figure, and the period of highlight is shown in white.

Fig. 3. Intrinsic water-use efficiency (iWUE) over time during photosynthetic induction (transition from low light (50 mmol m�2 s�1) to high light (1700 mmol m�2 s�1) and
photosynthetic relaxation (transition from high light to low light). Measurements were taken in three species [Tithonia diversifolia (a), Clerodendrum bungei (b), and Blumea bal-
samifera (c)] in the full-sun (red line) and shady (black line) habitats. Periods of low light are shown by the gray areas in the figure, and the period of high light is shown in white.

Table 3
Stomatal conductance, intrinsic water-use efficiency, and carbon gain.

Habitat Species Photosynthetic induction Photosynthetic relaxation Ctotal

gsmi iWUEmi Cindu gsmr iWUEmr Crelax

Full sun T. diversifolia 0.31 ± 0.03a 79.04 ± 4.24a (42.65 ± 1.70) 103a 0.18 ± 0.04a 7.07 ± 3.65b (0.63 ± 0.21) 103b (43.28 ± 1.67) 103a

C. bungei 0.30 ± 0.01a 64.43 ± 2.31bc (34.76 ± 0.98) 103b 0.21 ± 0.01a 5.49 ± 0.85b (1.01 ± 0.07) 103b (35.77 ± 1.03) 103b

B. balsamifera 0.21 ± 0.02b 61.04 ± 2.83c (22.48 ± 2.05) 103c 0.14 ± 0.01a 8.27 ± 0.84b (0.94 ± 0.07) 103b (23.42 ± 2.02) 103c

Shade T. diversifolia 0.34 ± 0.04a 58.23 ± 5.33c (32.85 ± 1.41) 103b 0.18 ± 0.02a 6.55 ± 1.46b (0.74 ± 0.10) 103b (33.60 ± 1.43) 103b

C. bungei 0.19 ± 0.01b 62.25 ± 2.84bc (20.79 ± 0.67) 103c 0.14 ± 0.01a 6.89 ± 2.65b (0.70 ± 0.25) 103b (21.49 ± 0.76) 103c

B. balsamifera 0.17 ± 0.02b 75.67 ± 7.09ab (18.88 ± 1.58) 103c 0.18 ± 0.02a 22.64 ± 3.42a (3.35 ± 0.38) 103a (22.23 ± 1.55) 103c

Note: Values of mean ± SE (standard error) are shown.
Different lowercase letters indicate statistically significant difference (P < 0.05).
See Table 2 for trait abbreviations.

J. Li, S.-B. Zhang and Y.-P. Li Plant Diversity 46 (2024) 265e273

269



Fig. 4. Stomatal density (a), stomatal length (b) and stomatal width (c), and leaf nitrogen (d) of three species [Tithonia diversifolia (T. d), Clerodendrum bungei (C. b) and Blumea
balsamifera (B. b)] in full-sun (white bar) and shady (gray bar) habitats. Each bar is the mean (±SE) of six plants. Different lowercase letters indicate statistically significant dif-
ferences at P < 0.05.
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found that the photosynthetic induction dynamics differed among
the three species in different habitats. The invasive species
T. diversifolia showed different photosynthetic induction in full-sun
and shady habitats, whereas the native species B. balsamifera dis-
played different photosynthetic relaxations. For C. bungei, the
photosynthetic dynamics were not significantly different between
the two habitats. These differences lead to an overall higher carbon
gain during fluctuating light for the invasive species T. diversifolia in
both habitats, which may contribute to its successful invasion.

4.1. Difference in photosynthetic dynamic

Tithonia diversifolia adopts different strategies to respond to light
induction in full-sun and shady habitats to maximize carbon gain
during light fluctuation. In full-sun habitat, T. diversifolia showed
slower photosynthetic induction speed in gs and A than native spe-
cies (Fig. 1). This is attributed to the larger stomata of T. diversifolia
relative to native species, as suggested by positive relationship be-
tween stomatal length and induction speed in full-sun habitat
(Fig. 5). Stoma controls both CO2 uptake and water transpiration
(Voelker et al., 2016); when the light intensity increases suddenly,
the rapid opening of large stomata may obtain more CO2, but
potentially lead to more water loss, leading to a reduction in the
photosynthesis rate (Drake et al., 2013). In the field, wilting and
drooping leaves have been observed in T. diversifolia at noon, sug-
gesting that this invasive species may be less resistant to drought
than the two native species. Correspondingly, we also observed that
T. diversifolia had higher iWUEmi than the two native species in full-
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sun habitat, which contributed to higher Cindu (Tables 3 and 4). This is
inconsistent with the idea that a slow response to photosynthetic
induction may result in a loss of daily carbon gain (Taylor and Long,
2017; Tanaka et al., 2019). On the contrary, in shady habitat,
T. diversifolia increased the induction speed relative to conspecifics in
full-sun habitat, and it was faster than that of the native plant
B. balsamifera. Thus, faster induction speed plays a key role in
maintaining high gsmi in shady habitat (Fig. 6) and contributes
significantly to carbon gain during photosynthetic induction in Cindu
(Table 4). Although the increase in induction speed led to some loss
of iWUEmi, this appears to be of less importance in such an envi-
ronment. The regression analysis results also indicated that iWUEmi
is a key factor contributing to carbon gain during light induction in
full-sun habitat, whereas gsmi plays an important role in carbon gain
during light induction in shady habitat (Table 4).

Light fleck theory predicts that shade-adapted plants should
rapidly open stomata in response to light increase to make use of
light flecks, while also slowly closing stomata during light decrease
to make the most of potential future light flecks (Knapp and Smith,
1987). This theory explains the difference in stomata closure speed
among the three species in shady habitat. The native species
B. balsamifera had lower LSP and LCP values than the other two
species, especially in shady habitat (Fig. S1), suggesting that it is
more adapted to shady environment than the other two species.
Correspondingly, we found that this species showed slower sto-
mata closure (higher Tgs50r value) from high light to low light
(Fig. 1). In addition, the slower closing of stomata may maintain gs
to some degree and promote photosynthesis.We also observed that



Fig. 5. Correlations between stomatal length and stomatal density (a), time to 50% induction of CO2 uptake (IT50i, b), time to 50% induction of stomatal conductance (Tgs50i, c) during
photosynthetic induction, and time to 50% relaxation of stomatal conductance (Tgs50r, d) and correlation between leaf nitrogen and time to 50% induction of CO2 uptake (e) in three
species [Tithonia diversifolia (full-sun: red solid circle; shade: empty circle), Clerodendrum bungei (full-sun: green solid triangle; shade: empty triangle), and Blumea balsamifera (full-
sun: blue solid square; shade: empty square)] in the full-sun (full line) and shady (dotted line) habitats. Each point represents one replication.
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Fig. 6. Correlations between average stomatal conductance and time to 50% induction of CO2 uptake (IT50i, a), time to 50% induction of stomatal conductance (Tgs50i, b) during
induction, and time to 50% relaxation of stomatal conductance (Tgs50r, c) during relaxation. Correlations between average intrinsic water-use efficiency and IT50i (d), Tgs50i (e), and
Tgs50r (f) in three species [Tithonia diversifolia (full-sun: red solid circle; shade: empty circle), Clerodendrum bungei (full-sun: green solid triangle; shade: empty triangle) and Blumea
balsamifera (full-sun: blue solid square; shade: empty square)] in full-sun (full line) and shady (dotted line) habitats. Each point represents one replication.

Table 4
Step regression models to predict carbon gain during light fluctuation.

Full-sun habitat Shady habitat

Cindu Crelax Ctotal Cindu Crelax Ctotal

IT50i �0.08# e �0.08** �0.31* e �0.46*

Tgs50i e e e e e 0.17#

Tgs50r e 0.33* e e e �0.41*

gsmi 0.79*** e 0.75*** 1.11*** e 0.87**

gsmr e 0.31# e e 0.37*** 0.32#

iWUEmi 0.5*** e 0.53*** 0.56** e 0.73**

iWUEmr e 0.52** �0.06** e 0.89*** 0.20*

SL e �0.70* e e e 0.39*

SD e �0.58* �0.07** e 0.11# 0.27*

LN 0.06# �0.50* e e e 0.15#

Model R2 0.99 0.78 0.99 0.94 0.97 0.99

Note: Standardized beta value from the final equation is reported only for significant
predictors.
See Table 2 for trait abbreviations.
# P < 0.10; * P < 0.05; ** P < 0.01; *** P < 0.001.
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B. balsamifera displayed a higher gsmr and iWUEmr (Table 3), which
contributed to a higher Crelax (Table 4). One possible reason for this
is that water is not a limiting factor in shady habitat. Maximum
utilization of light energy may be more important in such envi-
ronments. Nevertheless, the strategy adopted by T. diversifolia in
different habitats was more effective for total carbon gain relative
to that of B. balsamifera, because total carbon gain during light
fluctuationmainly came from photosynthetic induction rather than
photosynthetic relaxation.
4.2. Effect of leaf traits

Stomatal traits are important factors that affect the photosyn-
thetic response dynamics to light fluctuations (Xiong et al., 2022).
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Our results also indicated relationships between stomatal length
and stomatal opening and induction speed; species with large
stomata have slower stomatal opening relative to species with
small stomata. This is consistent with other studies on many spe-
cies (Drake et al., 2013; Xiong et al., 2022). However, a relationship
between stomatal length and stomatal opening speed was not
observed in shady habitat. This could be because the stomatal
length of B. balsamifera was significantly higher in shady habitat
than in full-sun habitat, whereas therewas no significant difference
in stomatal length between the two habitats for the other two
species. Thus, changes in stomatal length may lead to slower sto-
matal opening and closing speeds in B. balsamifera during light
induction and relaxation (Figs. 1 and 4), suggesting that stomatal
morphological traits mediate stomatal behavior species. Drake et al.
(2013) also suggested that plants with larger stomata often exhibit
a slower response rate to environmental fluctuations (Drake et al.,
2013). However, the specific regulatory mechanism for stomatal
morphology is still not clear. One possible mechanism is that larger
stomata may require more osmotic substances and energy inside
the leaves than smaller stomata (Santelia and Lawson, 2016). In
addition, T. diversifolia showed faster induction and stomatal
opening speed in shady habitat than in full-sun habitat, although
no significant differences in stomatal traits were found. This sug-
gests that, in addition to stomatal traits, there may be other factors
or mechanisms affecting the induction speed of T. diversifolia.

Leaf nutrients are essential elements for stromal enzymes and
thylakoid proteins (Sudo et al., 2003; Takashima et al., 2004), and
can potentially affect photosynthesis. Liu et al. (2021) found that
leaf nitrogen content was negatively correlated with the time to
50% and 100% of the maximum photosynthetic rate across eight
genotypes of Brassica napus. Sun et al. (2022) also indicated that
tomato seedlings grown under high nitrogen conditions had faster
photosynthetic induction speeds. In contrast, in this study, we
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found a positive relationship between leaf nitrogen content and
time to 50% of the maximum photosynthetic rate in full-sun habi-
tats. One possible reason for this is that plants with high leaf ni-
trogen also have a larger stomatal size (longer stomatal length).
Stomatal traits have a greater impact than leaf nitrogen content on
photosynthetic induction speed.
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