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ABSTRACT KEYWORDS
Seedlings of invasive species often exhibit superior physiological traits that Competitive advantage; heat
facilitate their spread at early stages of invasion, although it is unclear stress; kerangas; OJIP test
whether these traits persist at the post-establishment stage. To determine

whether mature exotic Acacia spp. possess superior traits over mature

native plants, we compared foliar gas exchange and chlorophyll a fluores-

cence of Acacia auriculiformis and Acacia mangium coexisting with tropical

heath forest tree species Buchanania arborescens and Dillenia suffruticosa in

Brunei Darussalam. The CO, assimilation rates of Acacia spp. were signifi-

cantly higher than those of heath species at current prevailing conditions

of ~400 ppm ambient CO,, 1,500 umol m= s™' photosynthetically active

radiation and 30°C leaf temperature. The photosystem Il of Acacia spp.

exhibited significantly higher maximum quantum yield of primary photo-

chemistry at comparable temperatures, and was more sensitive to an

elevated temperature (42°C for 1 h). Better photosynthetic performance

of Acacia spp., due to larger stomatal openings, better light harvesting

efficiency, and greater plasticity in photosystem Il, may enable adult Acacia

trees to sustain a competitive growth advantage and suppress native

tropical heath forest species. The competitive advantage maintained by

Acacia spp. in post-establishment stage likely facilitates the establishment

of monospecific Acacia stands in invaded heath forests.

Introduction

Exotic plants typically possess novel traits or extreme trait values, which confer compe-
titive advantages over native species (Grotkopp, Rejmdnek, & Rost, 2002; Matzek, 2012;
Van Kleunen, Weber, & Fischer, 2010b). For example, Vitousek and Walker (1989)
reported that N,-fixing ability of the introduced Myrica faya facilitated its ability to out-
compete the dominant native Metrosideros polymorpha and invade successfully into young
volcanic sites in Hawaii, USA. Thus, comparisons of the performance of invasive alien
species and co-occurring native plants have provided some insights into mechanisms of
invasion success (Daehler, 2003; Funk, 2013; Hulme & Bernard-Verdier, 2017; Van
Kleunen, Dawson, Schlaepfer, Jeschke, & Fischer, 2010a). The contribution of specific
traits and trait values that define successful invaders varies according to different invasion
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stages, i.e., transport, introduction, establishment, and spread (Andersen, Adams, Hope, &
Powell, 2004; Blackburn et al., 2011; Dawson, Burslem, & Hulme, 2009; Van Kleunen,
Dawson, & Maurel, 2015).

About 300 Australian Acacia spp. have been introduced globally, primarily for forestry and
horticulture (Lowe, Browne, Boudjelas, & De Poorter, 2000; Morris, Esler, Barger, Jacobs, &
Cramer, 2011). Of these, 23 species have become highly invasive and cause negative impacts
on ecosystem services of invaded areas (Richardson & Rejmanek, 2011). Australian Acacia
spp. were introduced into Brunei Darussalam, Northwest Borneo in the early 1990s for land
rehabilitation and plantation forestry, and have since spread into many natural habitats,
especially disturbed tropical heath forests (Osunkoya, Othman, & Kahar, 2005). Bornean
heath forests (Kerangas) are lowland tropical forests on nutrient-poor sandy soils but still
maintain moderately high levels of plant endemism (Din, Metali, & Sukri, 2015) and pro-
ductivity (Miyamoto, Kohyama, Rahajoe, Mirmanto, & Simbolon, 2016; Miyamoto, Rahajoe,
Kohyama, & Mirmanto, 2007; Wong, Ahmad, Low, & Kalat, 2015). Intact Bornean heath
forests are diminishing at an alarming rate (MacKinnon, Hatta, Halim, & Mangalik, 1997;
Miyamoto et al, 2007) and some well-preserved Kerangas patches in Brunei are facing
numerous negative impacts from anthropogenic activities such as land-use changes and fire
(Din et al., 2015). Populations of Acacia spp. have been previously reported spreading into
Brunei’s heath forests (Osunkoya & Damit, 2005), with documented negative effects on
Kerangas soils (Matali & Metali, 2015) and soil seed bank compositions (Suhaili,
Tennakoon, & Sukri, 2015). The invasion of Acacia spp. usually reduces species richness of
invaded ranges to ultimately establish monospecific Acacia spp. stands (Lazzaro et al., 2014).
However, some native tree species such as Buchanania arborescens, Calophyllum inophyllum,
Dillenia suffruticosa, Melastoma beccarianum, and Ploiarium alternifolium can still co-exist
with mature exotic Acacia spp. in disturbed Bornean heath forest patches (Tuah, 2014).

Seedlings of A. mangium were reported as having faster growth than those of a
common Bornean heath species, Melastoma beccarianum, only under high-light, but not
low-light, conditions (Osunkoya et al., 2005). This suggests that high-light conditions may
facilitate the photosynthetic activities of Acacia spp., thereby conferring Acacia spp.
seedlings a competitive advantage over native heath species seedlings under tropical
conditions. However, whether adult invasive Acacia spp. trees still sustain this superior
photosynthetic performance compared to co-existing native heath species is still unclear.

Plant photosynthesis is mainly limited by stomatal conductance, the activation of
ribulose-1,5-bisphosphate (RuBP) carboxylase/oxygenase (RuBisCO) and the electron
transport capacity for RuBP regeneration (Farquhar & Sharkey, 1982; Hikosaka,
Noguchi, & Terashima, 2016). Photosynthesis is also affected by light absorption of
photosystems (PS) in the photosynthetic apparatus (Golbeck & Est, 2014). Additionally,
photosynthetic traits in higher plants are strongly influenced by environmental variables
such as soil and climate (Maire et al., 2015). Gas exchange measurements provide insights
into instantaneous photosynthetic parameters, such as the CO, assimilation rate, stomatal
conductance and transpiration rate, and insights into biochemical parameters of leaf
photosynthesis, such as RuBisCO activity and electron transport capacity (Von
Caemmerer & Farquhar, 1981). The analysis of chlorophyll a (Chl a) fluorescence
transients provides information regarding the behavior of PS II, reflecting the structure,
conformation, and function of the photosynthetic apparatus at any physiological state,
such as under heat stress (Strasser, Srivastava, & Tsimilli-Michael, 2000).
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Invasive plants typically exhibit leaf traits such as higher photosynthetic capacity per dry mass
and lower leaf construction costs that promote rapid growth (Leishman, Haslehurst, Ares, &
Baruch, 2007), often placing them differently along the leaf economics spectrum compared to
native species (Wright et al., 2004), especially in sites with high resource availability (Leishman,
Thomson, & Cooke, 2010; Penuelas et al., 2010). Most studies comparing invasive and native
species have focused on characteristics of seedlings in the introduction and establishment stages
(Grotkopp et al., 2002; Osunkoya et al., 2005) but information on adult plant invaders remains
scarce (Mufoz, Linares, Castro-Diez, & Sass-Klaassen, 2015). In this study, we investigated
whether invasive Acacia spp. maintain a competitive advantage in photosynthesis over native
plant species at the post-establishment stage of invasion. We compared photosynthetic perfor-
mances, i.e., foliar gas exchange and Chl a fluorescence, of adult trees of two invasive Acacia spp.
[Acacia auriculiformis A. Cunn. ex Benth. and A. mangium Willd. (Leguminosae,
Mimosoideae)] and two co-occurring native tree species [Buchanania arborescens (Blume)
Blume (Anacardiaceae) and Dillenia suffruticosa (Griff.) Martelli (Dilleniaceae)] in a tropical
heath forest patch in Brunei Darussalam. The two native species were selected as both species are
commonly observed coexisting with Acacia-invaded heath forest patches in Brunei Darussalam
(Tuah, 2014). We hypothesized that the adult trees of A. auriculiformis and A. mangium would
exhibit higher photosynthetic rates compared to trees of the two native plant species,
Buchanania arborescens and Dillenia suffruticosa.

Materials and methods
Study site and sampling procedures

This study was carried out in a coastal heath forest patch surrounding Universiti Brunei
Darussalam campus (N 04 96.4" E 114 86.9’, elevation of 43 m a.s.l.). Heath forests soils are
podzolized sandy soils with low nutrient content and high acidity (Jaafar, Sukri, & Proches,
2016; Matali & Metali, 2015). The climate of Brunei Darussalam is aseasonal, with a mean
monthly temperature of 28.2°C and total annual rainfall of 2182.2 mm recorded at the
Brunei International Airport (ca. 2 km away from the study site) in 2016 (Brunei
Darussalam Meteorological Department, unpublished data). Acacia mangium and A. aur-
iculiformis are the two most dominant invasive Acacia spp. in Brunei Darussalam’s coastal
heath forests (Osunkoya & Damit, 2005), while both B. arborescens and D. suffruticosa are
common in disturbed heath forests and in secondary forest sites in Borneo (Coode, Kirkup,
Dransfield, Forman, & Said, 1996; Nakagawa et al., 2013; Rosleine & Suzuki, 2012).

Individual trees of the target species, with approximate heights between 6.0 and 7.0 m, were
selected for sampling. The minimum distance between the two nearest individuals was ~10 m.
Fully expanded and healthy mature phyllodes for Acacia spp. or leaves for heath forest species
in the upper tree canopy from 6 (n = 6 for gas exchange measurements) and 30 (n = 30 for
chlorophyll fluorescence measurements) individuals of each species were selected, and three
phyllodes or leaves per individual were measured to obtain average values.

Gas exchange and chlorophyll a fluorescence transient measurements

The gas exchange of phyllodes or leaves was measured with a portable gas exchange
system (LI-6400XT; Li-Cor, Lincoln, NE, USA), following Le, Tennakoon, Metali, Lim,
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and Bolin (2016a, 2016b). The flow rate of the gas into the chamber, leaf temperature,
photosynthetically active radiation (PAR), and relative humidity inside the chamber were
maintained at 500 pumol s™1, 30°C, 1,500 pmol m 2 s ! and 60-65%, respectively. The air
CO, concentration (C,) in the chamber was varied at 50, 100, 150, 250, 400, 500, 700, 950,
and 1,250 ppm to generate CO, photosynthetic response curves. The intercellular CO,
concentration (C; ppm), CO, assimilation rates (A; umol CO, m~2 s7'), stomatal con-
ductance (gs; mol H,O m~? s and transpiration rate (E; mmol H,O m? s7') were
recorded directly from the output readings of the portable gas exchange system. The water
use efficiency (WUE; pumol CO, mmol™' H,0) was calculated using the A/E ratio
(Farquhar & Richards, 1984). The CO, response curves were generated by plotting A to
varying C, (A-C, curve) or C; (A-C; curve).

The maximum carboxylation rate of RuBisCO (V pax pmol CO, m™ s™'), potential
electron transport rate for regeneration of RuBP (J,.x wmol CO, m? s7'), RuBP-
saturated CO, assimilation rate (Ag; pmol CO, m ™2 s7') and RuBP-limited CO, assimila-
tion rate (A; pumol CO, m™> s™') were generated by fitting A-C; curves into the Von
Caemmerer-Berry biochemical model of photosynthesis (Farquhar, von Caemmerer, &
Berry, 1980; Von Caemmerer, 2000) using the “plantecophys” package in R software
(Duursma, 2015).

Chlorophyll fluorescence was induced by a red light at 3,500 pmol m™> s~ with a
saturation width at 1.0 sec (Strasser et al, 2000) and subsequently measured with a
portable chlorophyll fluorometer (OS-30P+; Opti-science, Inc., Hudson, NH, USA).
Detached phyllodes and leaves were dark-adapted and temperature-treated (25°C, 30°C,
or 42°C) for 1 h, and Chl a fluorescence was recorded immediately after treatments as
described by Yu and Ong (2002). Fluorescence intensities after light excitation at different
time points (F), 20 us (O), 3 ms (J) and 30 ms (I), and the maximal fluorescence (P) of
each measurement were expressed after normalization to respective fluorescence intensi-
ties at 0 s (Fy). The Chl a fluorescence transient curves were generated by plotting
normalized F, versus time (ms, logarithmic scale). The quantum yields of Chl a at time
zero were interpreted as: (i) the maximum quantum yield of primary photochemistry
(@po), (ii) the quantum yield of electron transport (@g,), (iii) the quantum yield of energy
dissipation (¢p,), and (iv) the probability that a trapped exciton moves an electron into
the electron transport beyond the primary quinone acceptor of PSII (y,), as described by
Strasser et al. (2000) and Strasser, Srivastava, and Tsimilli-Michael (2004).

2

Statistical analysis

Statistical tests were conducted with R version 3.2.3 (R Core Team, 2015). Data were first
visualized using the ggqqplot function of “ggpubr” R package (Kassambara, 2017) and
then statistically tested for normality using Shapiro test. One-way ANOVA and post-hoc
Tukey’s tests were used to determine pairwise differences among investigated species in
photosynthetic parameters at maximum (Vi pn.x and Jn..), photosynthetic parameters
measured at 400 ppm ambient CO, (A, Aj/A., A, g, E, WUE), Chl a fluorescence
parameters (Ppo, Pro» Yo and @p,) and variation of photosynthetic parameters (A, g, E,
WUE) induced by CO, elevation (from 400 to 500 ppm). A t-test was used to determine
differences in Chl a fluorescence parameters (@po, Pro, Yo, and @p,) of the same species
when subjected to different temperature treatments (30°C and 40°C).
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Results
Gas exchange in Acacia spp. and native species

There was no difference in patterns of CO, response curves (A-C, and A-C;) between
species from the same group, i.e. Acacia spp. or native species (Figure la & 1b). However,
in comparison to native species, Acacia spp. tended to have higher A measured at the
same comparable C, in the range of 250-500 ppm (Figure 1a) but similar A measured at
the same comparable C; which is smaller than 350 ppm (Figure 1b). At the same
comparable C, greater than 950 ppm or C; greater than 400 ppm, Acacia spp. showed
lower A than native species (Figure la & 1b).

There were no significant differences in V a0 Jmax and A, between species from the
same group, i.e. Acacia spp. or native species (Table 1). There was no distinct difference in
Vemax between two groups, i.e. Acacia spp. vs. native species, but Acacia spp. exhibited a
significantly lower J,.x and Aj/A. ratio than the native species (P < 0.001).

At C, of 400 ppm, there were no significant differences in observed and fitted A, g, E,
and WUE between species from the same group but Acacia spp. exhibited significantly
higher A, g; and E, and a significantly lower WUE than the native species (P < 0.001,
Table 2). In response to the C, elevation (from 400 to 500 ppm), Acacia spp. showed
significantly smaller increases in A and significantly greater decreases in g; and E
(P < 0.001) when compared with the native species (Figure 2).

Chlorophyll a fluorescence of Acacia spp. and native species

Acacia spp. and native species exhibited different patterns of Chl a fluorescence transient
curves in response to different temperature treatments (25°C, 30°C, and 42°C, Figure 3).
Acacia spp. tended to exhibit lower relative maximal fluorescence (P) values at 42°C than at
25°C or 30°C (Figure 3a & b). In contrast, native species appeared showing similar patterns
of Chl a transient curves at 25°C, 30°C, and 42°C (Figure 3c & d). At the same comparable
temperature, the Acacia spp. seemed to show a higher P than the native species (Figure 3).

For each species investigated, there were no differences in @p,, Qro, Ppo and ¥y when they
were subjected to 25°C and 30°C temperature treatments (data not shown). However, Acacia

30

|al

—e— Acacia awriculiformis
e dcacia mangiim
— & = Buchanania arborescens

—& - Dillenia suffiticosa

Kate 01CU, assimuiation (umol CU, ms s*)

0 r T T T T T T 1
{ 200 400 600 800 1000 1200 1400 0 ‘ 200 400 600 800 1000 1200 1400

Air CO, concentration in the chamber (ppm) Intercelluar CO, concentration (ppm)

Figure 1. (A) CO, assimilation rates in response to air CO, concentration and (B) to intercellular CO,
concentration of Acacia spp. and native species. n = 6, data are expressed as mean.
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Table 1. Biochemical photosynthetic parameters at maximum (Vmax and Jyax) and at 400 ppm ambient
CO, (Ac and A;) of Acacia spp. and native species. Data are expressed as mean + standard deviation,
n = 6; different letters indicate significantly different means among species at P < 0.05,
Vemax = maximum carboxylation rate of RuBisCO, Jy.x = potential electron transport rate for the
regeneration of ribulose-1,5-bisphosphate, A, = ribulose-1,5-bisphosphate-saturated CO, assimilation
rate, A; = ribulose-1,5-bisphosphate-limited CO, assimilation rate.

chax Jmax C Aj/Ac
Species (umol CO, m™2s™")  (umol CO, m™2s™")  (umol CO, m™2s™") (arbitrary unit)
Acacia auriculiformis 112 +£62 134+9° 162 +06° 1.04 = 0.06 €
Acacia mangium 101 +£5° 129 +5° 155+ 072 1.08 + 0.06 ©
Buchanania arborescens 109 + 10 °° 151 +8° 139+ 09° 1.25 + 0.06 °
Dillenia suffruticosa 120 £10° 149 +9° 15.0 + 0.8 * 1.15 + 0.06 °
ANOVA F-value 55 11.4 9.1 15.1
P-value <0.01 <0.001 <0.001 <0.001

Table 2. Observed and fitted (in parenthesis) instantaneous gas exchange parameters of Acacia spp.
and native species measured at air CO, concentration of 400 ppm. Data are expressed as mean +
standard deviation, n = 6; different letters indicate significantly different means among species at
P < 0.05, A = CO, assimilation rate, g; = stomatal conductance, E = transpiration rate, and WUE = water
use efficiency.

A g E WUE

S
Species (umol CO, m™2s™")  (mol H,0 m™2s™")  (mmol H,0 m™2s™")  (umol CO, mmol™" H,0)
Acacia auriculiformis (13.8 £ 0.3) (0.14 + 0.01) (22 +0.2) (6.4 +0.4)
(13.8 £ 0.3) (0.14 + 0.01) (22 +0.2) (6.4 + 0.4)
Acacia mangium 134+05° 023 £0.01° 33+02° 40+02°
(13.6 £ 0.7) (0.16 + 0.01) (24 +£0.2) (5.7 £0.3)
Buchanania arborescens 110+02° 0.12 £ 001 ° 22+01° 51+02°2
(109 = 0.4) (0.10 + 0.01) (1.5 £ 0.1) (75 £ 0.4)
Dillenia suffruticosa 114 +04° 0.12+001° 21+02° 55+06°
(114 £ 0.5) (0.10 + 0.01) (1.5 £ 0.1) (7.7 £ 0.5)
ANOVA F-value 83.1 81.5 68.0 29.0
(53.2) (52.9) (52.9) (21.0)
P-value <0.001 <0.001 <0.001 <0.001
(<0.001) (<0.001) (<0.001) (<0.001)

spp. exhibited significant reductions of @p,, ¢r, and ¥, and a significant increase in @p,
when they were under the treatment at 42°C compared at 30°C (P < 0.001, Figure 4). In
contrast, both native species showed no difference in these parameters (¢po, Qro» o, and
®po) when they were subjected to 42°C compared to 30°C (P > 0.05, Figure 4).

Under the same comparable temperature treatments, Acacia spp. had significantly
higher @p,, ¢r,, and ¥, values, but a significantly lower ¢p,, than the native species
(P < 0.01, Figure 4). There were no significant differences in the phyllode Chl a fluores-
cence parameters between Acacia spp. (i.e., A. auriculiformis vs. A. mangium) subjected to
the same temperature treatments (P > 0.05). For the native species, D. suffruticosa had
significantly higher @p,, @po, and ¥, values, but a significantly lower ¢p, than B.
arborescens when subjected to the same temperature treatments (P < 0.05).

Discussion

This study revealed that Acacia spp. exhibited higher rates of photosynthesis, which can be
attributed to their greater g, and ¢p,, and greater adjustment of photosynthetic apparatus
to temperature changes compared to native species under the specific habitat conditions
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Figure 2. The variation in the instantaneous gas exchange parameters of Acacia spp. and native species
induced by an increase in the air CO, concentration (from 400 to 500 ppm). n = 6, data are expressed as means
+ standard deviations, different letters indicate significantly different means among species at P < 0.05,
A = CO, assimilation rate, gs = stomatal conductance, E = transpiration rate, and WUE = water use efficiency.

o

P P
Acacia auriculiformis ...l Acacia mangium

“w

re

w

o

Relative chlorophyll fluroresnce (Ft/Fo)
o

Buchanania arborescens E‘ Dillenia suffruticosa

g]

IS wn

w

o

Relative chlorophyll fluroresnce (Ft/Fo)

0.01 0.1 1 10 100 1000 10000 0.01 0.1 1 10 100 1000 10000
Time (ms) Time (ms)

Figure 3. Chlorophyll a fluorescence transient curves of Acacia spp. and native species under different
temperature treatments. n = 30, data are expressed as means; Fy and F, = fluorescence intensity at 0 s
and time t, respectively; O, J and | = relative fluorescence intensities at 20 ps, 3 ms and 30 ms,
respectively; P = relative maximal fluorescence.
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Figure 4. Chlorophyll a fluorescence quantum yields of Acacia spp. and native species under different
temperature treatments. n = 30, data are expressed as means * standard deviations, different letters
indicate significantly different means of the same parameters among species at P < 0.05,
©po, = Maximum quantum yield of primary photochemistry, @, = quantum vyield of electron transport,
®po = quantum yield of energy dissipation, ¥, = probability that a trapped exciton moves an electron
into the electron transport beyond the primary quinone acceptor of photosystem II.

investigated. The higher CO, assimilation rates, better light harvesting efficiency under
comparable conditions and greater plasticity of PS II in response to temperature stress of
Acacia spp. than native species may allow invasive species to maintain a competitive
advantage over native vegetation at the post-establishment stage of invasion process and
consequently establish monospecific stands at invaded ranges in the tropics.

A relatively large stomatal opening facilitates CO, diffusion from ambient air to sites of
CO, assimilation in the chloroplast but also increases water loss (higher E) that may
eventually lead to water deficiency in plants (Farquhar & Sharkey, 1982). Most plants
under natural conditions respond to a lack of soil water by partly closing their stomata,
with a trade-off of reduced A and E, but increased WUE (Escalona, Flexas, & Medrano,
2000; Farquhar & Sharkey, 1982; Gollan, Turner, & Schulze, 1985). Previous studies have
reported no significant differences in the WUE between Acacia spp. (A. longifolia and A.
saligna) and native vegetation, such as Protea repens, Chrysanthemoides monilifera,
Dodonaea viscosa and Leucadendron salignum (Kraaij & Cramer, 1999; Peperkorn,
Werner, & Beyschlag, 2005). In this study, we found that Acacia spp. follow a different
strategy from native species in which invasive species maintain a higher stomatal opening
level (denoted by higher g) to enable a higher A while retaining a higher E and lower
WUE than the native species.

Transpiration rates of Acacia spp. are poorly documented (Morris et al., 2011). Here we
found that Acacia spp. had higher E than native species, which is consistent with the
patterns previously reported for Acacia cyclops in comparison with indigenous fynbos
species in South Africa (Rutherford & Bosenberg, 1988). High transpiration rates facilitate
nutrient acquisition, e.g., phosphorus (Pang et al., 2018), but also increase water loss. One
possible mechanism that Acacia spp. may use to overcome the disadvantage of greater
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water loss (denoted by the higher E compared with that of the native species) is to develop
their greater root surface areas and longer root lengths than native plants (Lowe et al,,
2000; Morris et al., 2011; Richardson & Rejmanek, 2011; Werner, Zumbkier, Beyschlag, &
Maguas, 2010).

Measurements of Chl a fluorescence and its multiphase transient (OJIP) are commonly
used to probe photosynthetic performance (Murchie & Lawson, 2013; Papageorgiou &
Govindjee, 2004). The typical range of ¢p, value is 0.75-0.85 in healthy, unstressed leaves
(Bjorkman & Demmig, 1987; Bolhar-Nordenkampf & Oquist, 1993; Méthy, Gillon, &
Houssard, 1997) and under optimal conditions for most C; plants, the ¢p, value is
typically 0.83 (Kalaji et al.,, 2014; Murchie & Lawson, 2013). Our data revealed that at
both 25°C and 30°C, the ¢p, values of Acacia spp. (0.81-0.82) were closer to optimal ¢p,
values of C; plants compared to the lower ¢Po values for native species (0.75-0.78).
Further, we found no significant change in ¢p, values for the two native species when
subjected to 25°C, 30°C and 42°C (0.75 for B. arborescens and 0.78 for D. suffruticosa). In
contrast, the two Acacia spp. significantly decreased their ¢p, values (0.79 for A. auricu-
liformis and 0.80 for A. mangium) when they were subjected to 42°C compared to their
@p, values at 25°C or 30°C (0.82 for A. auriculiformis at both temperatures; 0.81 and 0.82
for A. mangium at 25°C and 30°C, respectively). Yu and Ong (2002) also reported that the
optimum temperature for photosynthetic CO, assimilation of A. mangium seedlings in
Singapore was 30-32°C and no significant changes in their @p, values were recorded
between the temperature range of 20-40°C.

Climate change induces physiological heat stress over short durations (hour to day scales) in
plants and causes an imbalance between light-driven electron transport and carbon assimilation
in most plants (Allen et al., 2010; Pachauri et al., 2014; Wujeska-Klause, Bossinger, & Tausz,
2015). Notably in our study, at 25°C, 30°C, and 42°C, Acacia spp. consistently exhibited
significantly higher ¢p, values than native species, suggesting that PSII systems of Acacia spp.
harvest light better than the native species at temperatures investigated and thus, a greater
plasticity of PSII in Acacia spp. We argue that the better adjustment in photosynthetic
apparatus such as PSII in Acacia spp. to a broader temperature range (25-42°C) may allow
Acacia spp. to maximize their photosynthetic capacity at more optimal temperatures (25-30°C)
while also quickly protecting their photosynthetic apparatus from non-optimal temperatures
(42°C) and heat stress. This plasticity would enable Acacia spp. to better perform at optimal
temperatures and show higher survival under conditions of heat stress compared to native
species, provided that leaf temperatures remain below the upper limit of acclimation for these
species (Zhu et al., 2018). In contrast, the lack of plasticity of PSII for the native species would
put them at a disadvantage over Acacia spp. particularly under elevated temperatures. It is likely
that Acacia spp. will recover their maximum photosynthetic capacity faster than native species
after removing heat stress conditions, however further studies are needed to support this.

A faster acquisition, or more efficient use, of resources facilitates the successful invasion of
exotic plants (Cordell, Cabin, & Hadway, 2002; Durand & Goldstein, 2001; Funk & Vitousek,
2007). The key biological traits of Acacia spp. that indicate their ability to rapidly acquire
resources are typically the substantial allocation to root mass, heteroblasty, and strong N,-
fixation ability (Morris et al., 2011; Werner et al., 2010). Our study further demonstrated that
a higher g; along with the high light-harvesting efficiency and ability to better protect the
photosynthetic apparatus against heat stress in Acacia spp. may also give them a competitive
advantage over co-occurring native tree species at the post-establishment stage of Acacia spp.
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invasion process in Bornean heath forests. Our study, using photosynthetic parameters, could
also aid in projecting the future performance of invasive Acacia spp. in natural habitats in
response to climate change associated with temperature fluctuations.

Our study may have some limitations since we only evaluated plant performance using
instantaneous gas exchange parameters and in situ environmental leaf data, which may be
different from whole plant response patterns. Thus, a concerted effort using an integrated
approach to gather comparative ecophysiological information, such as water relations,
mineral profiles, and growth data, over a few growing seasons is required to precisely
determine whether these patterns are habitat-specific, and thus potentially influenced by
the edaphic and habitat conditions in which these exotic Acacia spp. become established.

Our study was conducted at the post-establishment stage of Acacia spp. invasion in which
invasive species have successfully established in invaded ranges. An exotic species can fail to
become an invader if it cannot pass any one of the barriers at any stage of the invasion
process, and invasion can fail even after the alien species has spread (Blackburn et al., 2011).
Thus, our findings are crucial in that they provide some ecophysiological insights into
understanding the mechanisms that may facilitate the further success of Acacia spp. invasion
at the post-establishment stage. Acacia spp. are usually introduced into novel ranges for some
initial ecological benefits such as land rehabilitation, and are typically neglected until they are
naturalized, widely spread and cause negative impacts on invaded native ecosystems. An
understanding of the competitive advantage of mature Acacia spp. over native tree species
will aid in the selection of appropriate methods to mitigate the negative impacts of these
invasive species, especially when other management methods such as prevention, eradication
or containment do not appear to be effective (PySek & Richardson, 2010).

Funding

This work was funded by the Brunei Research Council (UBD/BRC/11) and partial postdoctoral
funding awarded by Universiti Brunei Darussalam to LQV. We thank Mohammad Hilmi Ibrahim
for assistance with fieldwork, and Salwana Md. Jaafar and Hazimah Hj Mohammad Din for
assistance with logistics. We are grateful to the Forestry Department, Ministry of Primary
Resources and Tourism, Brunei Darussalam for entry and collection permits ([99]/JPH/UND/17
PT1). We thank the Brunei Darussalam Meteorological Department for temperature and rainfall
data from the Brunei International Airport. The authors have no conflicts of interest to declare.

References

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, M., ... Cobb,
N. (2010). A global overview of drought and heat-induced tree mortality reveals emerging climate
change risks for forests. Forest Ecology and Management, 259(4), 660-684.

Andersen, M. C., Adams, H., Hope, B., & Powell, M. (2004). Risk assessment for invasive species.
Risk Analysis, 24, 787-793. doi:10.1111/risk.2004.24.issue-4

Bjorkman, O., & Demmig, B. (1987). Photon yield of O, evolution and chlorophyll fluorescence
characteristics at 77 K among vascular plants of diverse origins. Planta, 170, 489-504.
doi:10.1007/BF00402983

Blackburn, T. M., Pysek, P., Bacher, S., Carlton, J. T., Duncan, R. P., Jarosik, V., ... Richardson, D.
M. (2011). A proposed unified framework for biological invasions. Trends in Ecology ¢ Evolution,
26(7), 333-339. doi:10.1016/j.tree.2011.03.023


https://doi.org/10.1111/risk.2004.24.issue-4
https://doi.org/10.1007/BF00402983
https://doi.org/10.1016/j.tree.2011.03.023

JOURNAL OF SUSTAINABLE FORESTRY 1

Bolhar-Nordenkampf, H. R.,, & Oquist, G. (1993). Chlorophyll fluorescence as a tool in photo-
synthesis research. In D. O. Hall, J. M. O. Scurlock, H. R. Bolhar-Nordenkampf, R. C. Leegood, &
S. P. Long (Eds.), Photosynthesis and production in a changing environment (pp. 193-206).
Dordrecht, The Netherlands: Springer.

Coode, M., Kirkup, D., Dransfield, J., Forman, L., & Said, I. (1996). A checklist of the flowering plants
and gymnosperms of Brunei Darussalam. Bandar Seri Begawan, Brunei Darussalam: Ministry of
Industry and Primary Resources.

Cordell, S., Cabin, R., & Hadway, L. (2002). Physiological ecology of native and alien dry forest
shrubs in Hawaii. Biological Invasions, 4, 387-396. d0i:10.1023/A:1023669530782

Daehler, C. C. (2003). Performance comparisons of co-occurring native and alien invasive plants:
Implications for conservation and restoration. Annual Review of Ecology, Evolution, and
Systematics, 34, 183-211. doi:10.1146/annurev.ecolsys.34.011802.132403

Dawson, W., Burslem, D. F., & Hulme, P. E. (2009). Factors explaining alien plant invasion success
in a tropical ecosystem differ at each stage of invasion. Journal of Ecology, 97, 657-665.
doi:10.1111/j.1365-2745.2009.01519.x

Din, H., Metali, F., & Sukri, R. S. (2015). Tree diversity and community composition of the tutong
white sands, Brunei Darussalam: A rare tropical heath forest ecosystem. International Journal of
Ecology, 2015, 1-10. doi:10.1155/2015/807876

Durand, L. Z., & Goldstein, G. (2001). Photosynthesis, photoinhibition, and nitrogen use
efficiency in native and invasive tree ferns in Hawaii. Oecologia, 126, 345-354. d0i:10.1007/
5004420000535

Duursma, R. A. (2015). Plantecophys-an R package for analysing and modelling leaf gas exchange
data. PLOS ONE, 10, 1-13. doi:10.1371/journal.pone.0143346

Escalona, J. M., Flexas, J., & Medrano, H. (2000). Stomatal and non-stomatal limitations of
photosynthesis under water stress in field-grown grapevines. Functional Plant Biology, 27, 421-
433. doi:10.1071/PP99019_CO

Farquhar, G., & Richards, R. (1984). Isotopic composition of plant carbon correlates with water-use
efficiency of wheat genotypes. Functional Plant Biology, 11, 539-552.

Farquhar, G., von Caemmerer, S. V., & Berry, J. (1980). A biochemical model of photosynthetic
CO, assimilation in leaves of Cs species. Planta, 149, 78-90. doi:10.1007/BF00386231

Farquhar, G. D., & Sharkey, T. D. (1982). Stomatal conductance and photosynthesis. Annual Review
of Plant Physiology, 33, 317-345. doi:10.1146/annurev.pp.33.060182.001533

Funk, J. L. (2013). The physiology of invasive plants in low-resource environments. Conservation
Physiology, 1, 1-17. doi:10.1093/conphys/cot026

Funk, J. L., & Vitousek, P. M. (2007). Resource-use efficiency and plant invasion in low-resource
systems. Nature, 446, 1079-1081. doi:10.1038/nature05719

Golbeck, J., & Est, A. (2014). The biophysics of photosynthesis. New York, NY: Springer.

Gollan, T., Turner, N., & Schulze, E. D. (1985). The responses of stomata and leaf gas exchange to
vapour pressure deficits and soil water content. Oecologia, 65, 356-362. doi:10.1007/BF00378909

Grotkopp, E., Rejmanek, M., & Rost, T. L. (2002). Toward a causal explanation of plant invasive-
ness: Seedling growth and life-history strategies of 29 pine (Pinus) species. The American
Naturalist, 159, 396-419.

Hikosaka, K., Noguchi, K., & Terashima, 1. (2016). Modeling leaf gas exchange. In K. Hikosaka, U.
Niinemets, & N. P. R. Anten (Eds.), Canopy photosynthesis: From basics to applications (pp. 61-
100). Dordrecht, The Netherlands: Springer.

Hulme, P. E., & Bernard-Verdier, M. (2017). Comparing traits of native and alien plants: Can we do
better? Functional Ecology, 32, 117-125. doi:10.1111/1365-2435.12982

Jaafar, S. M., Sukri, R. S., & Proches, S. (2016). An investigation of soil physico-chemical variables
across different lowland forest ecosystems of Brunei Darussalam. Malaysian Journal of Science,
35, 148-166. doi:10.22452/mjs.vol35n02.6

Kalaji, H. M., Schansker, G., Ladle, R. J., Goltsev, V., Bosa, K., Allakhverdiev, S. I, ... Zivcak, M.
(2014). Frequently asked questions about in vivo chlorophyll fluorescence: Practical issues.
Photosynthesis Research, 122(2), 121-158. d0i:10.1007/s11120-014-0024-6

Kassambara, A. (2017). “ggpubr: “ggplot2” based publication ready plots”. R Package Version 0.1 2.


https://doi.org/10.1023/A:1023669530782
https://doi.org/10.1146/annurev.ecolsys.34.011802.132403
https://doi.org/10.1111/j.1365-2745.2009.01519.x
https://doi.org/10.1155/2015/807876
https://doi.org/10.1007/s004420000535
https://doi.org/10.1007/s004420000535
https://doi.org/10.1371/journal.pone.0143346
https://doi.org/10.1071/PP99019_CO
https://doi.org/10.1007/BF00386231
https://doi.org/10.1146/annurev.pp.33.060182.001533
https://doi.org/10.1093/conphys/cot026
https://doi.org/10.1038/nature05719
https://doi.org/10.1007/BF00378909
https://doi.org/10.1111/1365-2435.12982
https://doi.org/10.22452/mjs.vol35no2.6
https://doi.org/10.1007/s11120-014-0024-6

12 (&) L QUANG-VUONG ET AL.

Kraaij, T., & Cramer, M. (1999). Do the gas exchange characteristics of alien acacias enable them to
successfully invade the fynbos? South African Journal of Botany, 65, 232-238. doi:10.1016/50254-
6299(15)30979-0

Lazzaro, L., Giuliani, C., Fabiani, A., Agnelli, A. E., Pastorelli, R., Lagomarsino, A., ... Foggi, B.
(2014). Soil and plant changing after invasion: The case of Acacia dealbata in a Mediterranean
ecosystem. Science of the Total Environment, 497, 491-498. doi:10.1016/j.scitotenv.2014.08.014

Le, Q. V., Tennakoon, K. U., Metali, F., Lim, L. B., & Bolin, J. F. (2016a). Ecophysiological responses
of mistletoe Dendrophthoe curvata (Loranthaceae) to varying environmental parameters. Journal
of Tropical Forest Science, 28, 59-67.

Le, Q. V., Tennakoon, K. U., Metali, F., Lim, L. B., & Bolin, J. F. (2016b). Host specific variation in
photosynthesis of an obligate xylem-tapping mistletoe Dendrophthoe curvata in a Bornean heath
forest. Nordic Journal of Botany, 34, 235-243. doi:10.1111/njb.00628

Leishman, M. R., Haslehurst, T., Ares, A., & Baruch, Z. (2007). Leaf trait relationships of native and
invasive plants: Community- and global-scale comparisons. New Phytologist, 176, 635-643.
doi:10.1111/nph.2007.176.issue-3

Leishman, M. R., Thomson, V. P., & Cooke, J. (2010). Native and exotic invasive plants have
fundamentally similar carbon capture strategies. Journal of Ecology, 98, 28-42. doi:10.1111/(ISSN)
1365-2745

Lowe, S., Browne, M., Boudjelas, S., & De Poorter, M. (2000). 100 of the world’s worst invasive alien
species: A selection from the global invasive species database. Auckland, New Zealand: Invasive
Species Specialist Group Auckland.

MacKinnon, K., Hatta, G., Halim, H., & Mangalik, A. (1997). The ecology of kalimantan. Oxford,
UK: Oxford University Press.

Maire, V., Wright, L. ]., Prentice, I. C., Batjes, N. H., Bhaskar, R., van Bodegom, P. M., ... Santiago,
L. S. (2015). Global effects of soil and climate on leaf photosynthetic traits and rates. Global
Ecology and Biogeography, 24, 706-717. doi:10.1111/geb.2015.24.issue-6

Matali, S., & Metali, F. (2015). Selected soil physico-chemical properties in the Acacia mangium
plantation and the adjacent heath forest at andulau forest reserve. Malaysian Journal of Soil
Science, 19, 45-58.

Matzek, V. (2012). Trait values, not trait plasticity, best explain invasive species’ performance in a
changing environment. PLOS ONE, 7, 1-10. doi:10.1371/journal.pone.0048821

Méthy, M., Gillon, D., & Houssard, C. (1997). Temperature-induced changes of photosystem II
activity in Quercus ilex and. Pinus Halepensis. Canadian Journal of Forest Research, 27(1), 31-38.
doi:10.1139/x96-127

Miyamoto, K., Kohyama, T. S., Rahajoe, . S., Mirmanto, E., & Simbolon, H. (2016). Forest structure
and productivity of tropical heath and peatland forests, tropical peatland ecosystems. In M. Osaki
& N. Tsuji (Eds.), Tropical peatland ecosystems (pp. 151-166). Tokyo, Japan: Springer.

Miyamoto, K., Rahajoe, J. S., Kohyama, T., & Mirmanto, E. (2007). Forest structure and primary
productivity in a Bornean heath forest. Biotropica, 39, 35-42. doi:10.1111/btp.2007.39.issue-1

Morris, T. L., Esler, K. J., Barger, N. N., Jacobs, S. M., & Cramer, M. D. (2011). Ecophysiological
traits associated with the competitive ability of invasive Australian acacias. Diversity and
Distributions, 17, 898-910. doi:10.1111/j.1472-4642.2011.00802.x

Muiioz, N. G., Linares, J. C., Castro-Diez, P., & Sass-Klaassen, U. (2015). Contrasting secondary
growth and water use efficiency patterns in native and exotic trees co-occurring in inner Spain
riparian forests. Forest Systems, 24, 1-10.

Murchie, E. H., & Lawson, T. (2013). Chlorophyll fluorescence analysis: A guide to good practice
and understanding some new applications. Journal of Experimental Botany, 64, 3983-3998.
doi:10.1093/jxb/ert208

Nakagawa, M., Momose, K., Kishimoto-Yamada, K., Kamoi, T., Tanaka, H. O., Kaga, M., ...
Nakashizuka, T. (2013). Tree community structure, dynamics, and diversity partitioning in a
Bornean tropical forested landscape. Biodiversity and Conservation, 22, 127-140. doi:10.1007/
$10531-012-0405-0

Osunkoya, O. O., & Damit, N. (2005). Population dynamics of the invasive acacias in Brunei
Darussalam using matrix modeling. Journal of Physical Science, 16, 115-126.


https://doi.org/10.1016/S0254-6299(15)30979-0
https://doi.org/10.1016/S0254-6299(15)30979-0
https://doi.org/10.1016/j.scitotenv.2014.08.014
https://doi.org/10.1111/njb.00628
https://doi.org/10.1111/nph.2007.176.issue-3
https://doi.org/10.1111/(ISSN)1365-2745
https://doi.org/10.1111/(ISSN)1365-2745
https://doi.org/10.1111/geb.2015.24.issue-6
https://doi.org/10.1371/journal.pone.0048821
https://doi.org/10.1139/x96-127
https://doi.org/10.1111/btp.2007.39.issue-1
https://doi.org/10.1111/j.1472-4642.2011.00802.x
https://doi.org/10.1093/jxb/ert208
https://doi.org/10.1007/s10531-012-0405-0
https://doi.org/10.1007/s10531-012-0405-0

JOURNAL OF SUSTAINABLE FORESTRY 13

Osunkoya, O. O., Othman, F. E., & Kahar, R. S. (2005). Growth and competition between seedlings
of an invasive plantation tree, Acacia mangium, and those of a native Borneo heath-forest species.
Melastoma Beccarianum. Ecological Research, 20, 205-214. doi:10.1007/s11284-004-0027-4

Pachauri, R. K., Allen, M., Barros, V., Broome, J., Cramer, W., Christ, R., ... van Ypersele, J-P.
(2014). Climate change 2014: Synthesis report. Contribution of Working Groups I, II and III to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, Geneva,
Switzerland.

Pang, J., Zhao, H., Bansal, R., Bohuon, E., Lambers, H., Ryan, M. H., & Siddique, K.H.M. (2018).
Leaf transpiration plays a role in phosphorus acquisition among a large set of chickpea genotypes.
Plant, Cell & Environment, 41(9), 2069-2079.

Papageorgiou, G. C., & Govindjee. (2004). Chlorophyll a fluorescence: A signature of photosynthesis.
Dordrecht, The Netherlands: Springer.

Penuelas, J., Sardans, J., Llusia, J., Owen, S. M., Carnicer, J., Giambelluca, T. W., ... Niinemets, U.
(2010). Faster returns on ‘leaf economics’ and different biogeochemical niche in invasive com-
pared with native plant species. Global Change Biology, 16, 2171-2185. do0i:10.1111/j.1365-
2486.2009.02054.x

Peperkorn, R., Werner, C., & Beyschlag, W. (2005). Phenotypic plasticity of an invasive Acacia versus
two native Mediterranean species. Functional Plant Biology, 32, 933-944. doi:10.1071/FP04197

Pysek, P., & Richardson, D. M. (2010). Invasive species, environmental change and management,
and health. Annual Review of Environment and Resources, 35, 25-55. doi:10.1146/annurev-
environ-033009-095548

R Core Team (2015). R: A language and environment for statistical computing. Vienna, Austria.
Retrieved 25 December 2015, from http://www.R-project.org

Richardson, D. M., & Rejmének, M. (2011). Trees and shrubs as invasive alien species—A global
review. Diversity and Distributions, 17, 788-809. doi:10.1111/j.1472-4642.2011.00782.x

Rosleine, D., & Suzuki, E. (2012). Secondary sucession at abandoned grazing sites, Pangandaran
Nature Reserve, West Java, Indonesia. Tropics, 21, 91-104. doi:10.3759/tropics.21.91

Rutherford, M., & Bosenberg, J. D. W. (1988). Some responses of indigenous western Cape
vegetation to the Australian invasive, Acacia cyclops. In F. Di Castri, C. Floret, S. Rambal, & J.
Roy (Eds.), Time scales and water stress: Proceedings of the 5th international conference on
mediterranean ecosytems (pp. 631-636). Paris, France: International Union of Biological Sciences.

Strasser, R. J., Srivastava, A., & Tsimilli-Michael, M. (2000). The fluorescence transient as a tool to
characterize and screen photosynthetic samples. In M. Yunus, U. Pathre, & P. Mohanty (Eds.),
Probing photosynthesis: Mechanisms, regulation and adaptation (pp. 445-483). London, UK:
Taylor and Francis.

Strasser, R. J., Srivastava, A., & Tsimilli-Michael, M. (2004). Analysis of the chlorophyll a fluores-
cence transient. In G. C. Papageorgiou & Govindjee (Eds.), Chlorophyll a fluorescence: A
signature of photosynthesis (pp. 321-362). Dordrecht, The Netherlands: Kluwer Academic.

Suhaili, A. L. R., Tennakoon, K. U., & Sukri, R. S. (2015). Soil seed bank of an exotic Acacia sp.
Plantation and an adjacent tropical heath forest in Brunei Darussalam. BIOTROPIA-The
Southeast Asian Journal of Tropical Biology, 22, 140-150.

Tuah, W. (2014). Impact of post-fire Acacia invasion on native plant diversity in coastal Kerangas
forests. BSc Dissertation, Universiti Brunei Darussalam, Gadong, Brunei Darussalam.

Van Kleunen, M., Dawson, W., & Maurel, N. (2015). Characteristics of successful alien plants.
Molecular Ecology, 24, 1954-1968. doi:10.1111/mec.2015.24.issue-9

Van Kleunen, M., Dawson, W., Schlaepfer, D., Jeschke, J. M., & Fischer, M. (2010a). Are invaders
different? A conceptual framework of comparative approaches for assessing determinants of
invasiveness. Ecology Letters, 13, 947-958.

Van Kleunen, M., Weber, E., & Fischer, M. (2010b). A meta-analysis of trait differences between
invasive and non-invasive plant species. Ecology Letters, 13, 235-245. doi:10.1111/ele.2010.13.
issue-2

Vitousek, P. M., & Walker, L. R. (1989). Biological invasion by Mpyrica faya in Hawai’i: Plant
demography, nitrogen fixation, ecosystem effects. Ecological Monographs, 59, 247-265.
doi:10.2307/1942601


https://doi.org/10.1007/s11284-004-0027-4
https://doi.org/10.1111/j.1365-2486.2009.02054.x
https://doi.org/10.1111/j.1365-2486.2009.02054.x
https://doi.org/10.1071/FP04197
https://doi.org/10.1146/annurev-environ-033009-095548
https://doi.org/10.1146/annurev-environ-033009-095548
http://www.R-project.org
https://doi.org/10.1111/j.1472-4642.2011.00782.x
https://doi.org/10.3759/tropics.21.91
https://doi.org/10.1111/mec.2015.24.issue-9
https://doi.org/10.1111/ele.2010.13.issue-2
https://doi.org/10.1111/ele.2010.13.issue-2
https://doi.org/10.2307/1942601

14 (&) L QUANG-VUONG ET AL.

Von Caemmerer, S. (2000). Biochemical models of leaf photosynthesis. Collingwood, Australia:
CSIRO.
Von Caemmerer, S. V., & Farquhar, G. (1981). Some relationships between the biochemistry of
photosynthesis and the gas exchange of leaves. Planta, 153, 376-387. doi:10.1007/BF00383894
Werner, C., Zumkier, U., Beyschlag, W., & Mdguas, C. (2010). High competitiveness of a resource
demanding invasive acacia under low resource supply. Plant Ecology, 206, 83-96. doi:10.1007/
$11258-009-9625-0

Wong, K. M., Ahmad, J. A., Low, Y. W, & Kalat, M. A. A. (2015). Rainforest plants and flowers in
Brunei Darussalam. Bandar Seri Begawan, Brunei Darussalam: Forestry Department, Ministry of
Industry and Primary Resources.

Wright, L. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F., ... Villar, R. (2004).
The worldwide leaf economics spectrum. Nature, 428, 821-827. doi:10.1038/nature02437

Woujeska-Klause, A., Bossinger, G., & Tausz, M. (2015). Responses to heatwaves of gas exchange,
chlorophyll fluorescence and antioxidants ascorbic acid and glutathione in congeneric pairs of
Acacia and Eucalyptus species from relatively cooler and warmer climates. Trees, 29, 1929-1941.
doi:10.1007/s00468-015-1274-4

Yu, H., & Ong, B. L. (2002). The effect of phyllode temperature on gas exchange and chlorophyll
fluorescence of Acacia mangium. Photosynthetica, 40, 635-639. doi:10.1023/A:1024328808629

Zhu, L., Bloomfield, K. J., Hocart, C. H., Egerton, J. G., O’Sullivan, O. S., Penillard, A., ... Atkin, O.
K. (2018). Plasticity of photosynthetic heat tolerance in plants adapted to thermally contrasting
biomes. Plant Cell ¢ Environment, 41(6), 1251-1262. doi:10.1111/pce.v41.6


https://doi.org/10.1007/BF00383894
https://doi.org/10.1007/s11258-009-9625-0
https://doi.org/10.1007/s11258-009-9625-0
https://doi.org/10.1038/nature02437
https://doi.org/10.1007/s00468-015-1274-4
https://doi.org/10.1023/A:1024328808629
https://doi.org/10.1111/pce.v41.6

	Abstract
	Introduction
	Materials and methods
	Study site and sampling procedures
	Gas exchange and chlorophyll a fluorescence transient measurements
	Statistical analysis

	Results
	Gas exchange in Acacia spp. and native species
	Chlorophyll a fluorescence of Acacia spp. and native species

	Discussion
	Funding
	References

