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Abstract

Invasive plants can spread over climatically diverse areas. We explore the effects of drought on gas
exchange and water relations on the invasive dune species Oenothera drummondii, using seeds from four
populations with different rainfall and temperature regimes.

Plant material was obtained from germinating plants from one native and three non-native populations in a
greenhouse. Drought stress was induced by withholding water. Responses to drought-stressed plants were
then compared to well-watered controls. Measurements of gas exchange, chlorophyll fluorescence and leaf
traits were taken initially and every 10 days after water was withheld until day 36 when plants were re-
watered and recovery capacity was measured.

The effect of water stress was more evident in F./F, and gas exchange variables. The results suggest that
this species possesses a mechanism of thermal dissipation of energy. Leaf relative water content was
significantly lower in drought-stressed than control plants. At the end of withholding water period, stressed
plants are separated from control plants along the axis | of the ordination analysis evidencing differences
in functional traits. All plants recovered well after re-watering.

Our results provide evidence for permanent differences in morphological traits and functional responses to
drought stress among native and invasive populations of O. drummondii. Although we have only studied
four populations, these results may provide evidence for the role of plasticity in contributing to the invasion

success of this species'.

Keywords: coastal dunes; drought resistance; functional traits; geographical origin; invasive species; trait

variability; water use efficiency
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1. Introduction

Exotic plant invasions are one of the most important causes of global change, contributing to the
decline of biodiversity (Brook et al., 2008; PySek and Richardson, 2010; Vitousek et al., 1997). Invasive
species may substantially alter ecosystem functions and processes, often by increasing nutrient input,
altering nutrient cycling and/or water balances, and by modifying diversity, community composition and
vegetation structure (Castro-Diez et al., 2014; Ehrenfeld, 2010; Liao et al., 2008; Pysek et al., 2012), leading
in some cases to the extinction of native species with huge ecological and economic impacts (Mozdzer and
Zieman, 2010; Novoa et al., 2013; Paini et al., 2016).

In general, the success of exotic invasive species is a multifactorial process related to (i) invasive
traits that allow for success in the new environment, as the existence of active dispersion vectors and
reproductive mechanisms, the production of allelopathic compounds, the changes in soil nutrient and water
balances among others (Antunes et al., 2018; Diaz-Barradas et al., 2015; Rascher et al., 2011; Stanisci et
al., 2010) and (ii) habitat invasibility or vulnerability to invasion (Gallego-Fernandez et al., 2019; Santoro
etal., 2012).

In several studies, it has been reported that under conditions of low resource ability, invasive species
might be more efficient than native species using some limited resources, as occurs with some species of
Acacia (Crous et al., 2012; Funk and Vitousek, 2007; Morais and Freitas, 2012). This capacity is probably
achieved owing to having higher phenotypic plasticity than native species, which allows them to acclimate
to a variety of environmental characteristics (Davidson et al., 2011). Shifts in a number of biological
features have been documented in invasive plant populations relative to their native locations, however,
differences in physiological traits between alien-invasive and native populations of a single plant species
have not been fully investigated (Brodersen et al., 2008).

Plant dune species have to live in a harsh and unstable environment and they exhibit a set of specific
adaptations in order to resist drought, lack of nutrients, wind, burial and sand movement: as prostrate growth
form, horizontal branches, succulent or hairy leaves, slow growth rate among other traits (Garcia-Mora et
al., 1999; Hesp, 1991). Coastal dune communities are especially sensitive to biological invasions due to the
frequent disturbances, low vegetation cover and the existence of open patches free of competitive
interactions (Jgrgensen and Kollmann, 2009; Pardini et al., 2015). Several authors have emphasized that

coastal dunes are among the ecosystems and habitats that have been most affected by invasive species, and
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sometimes, can be considered and “extreme case of species invasion” (Castillo and Moreno-Casasola, 1996;
Gallego-Fernandez et al., 2019).

Oenothera drummondii subsp. drummondii Hook. (Onagraceae) is a short-lived perennial species,
with hairy leaves, yellow flowers and dry fruits. This species is native of coastal dunes from the Gulf of
Mexico and SE of USA, all these regions share a tropical and subtropical climate and water supply all over
the year. Nowadays it has spread over many coastal areas of different continents and it is considered as
invasive in Spain, Israel, China and Australia and naturalized in many places of the world, shifting to
regions with different climatic characteristics. In some coastal areas of the SW of Spain O. drummondii has
significantly reduced the abundance of native dune species as Ammophila arenaria and other have become
locally extinct as Achillea maritima, Eryngium maritimum, Medicago marina and Elymus farctus, although
the impact varies across the gradient from the beach to the inland dunes (Gallego-Fernandez et al., 2019).

In order to invade these new habitats, O. drummondii should have high levels of physiological
tolerance and plasticity, or it must undergo genetic differentiation to achieve required levels of fitness to
the diversity of environmental conditions outside their biogeographic area (Richardson and Pysek, 2006).
Field studies have shown that O. drummondii is well acclimated to Mediterranean coastal dunes, exhibiting
higher photosynthetic rate and better water performance than the native species A. maritima (Zunzunegui
etal., 2020). These authors conclude that the underlying mechanism that confers this species its competitive
capacity might be its ability for water uptake.

As it has been mentioned before, all the native populations of O. drummondii grow on coastal dunes
with tropical climate and field studies have revealed a good capacity of water uptake in Mediterranean
climate (Zunzunegui et al., 2020).Therefore, we hypothesized that the responses of this species to drought
could be different between the populations from different environmental conditions, in particular, that the
plants growing in drier climate regions should face water deficit more effectively than those from milder
climates. To test this hypothesis, we subjected O. drummondii plants from different locations (one
representative native and three non-native populations) to a drought treatment, in order to test how
photosynthetic characteristics, as well as morphological traits, vary among native and invasive populations
from regions with different water availability.

We consider that monitoring changes in functional traits as light responses and water-relation
variables under drought stress may provide clues to the distribution and spread of O. drummondii (Naidoo

and Naidoo, 2018; Vilagrosa et al., 2013) and might be valuable for the control of the invasion.
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91 2. Material and methods

92 2.1. Study areas

93 Our plant material was originated from four O. drummondii natural populations located in different
94  areas of the world with contrasted climatic conditions: México (El Laurel beach), Israel (Rishon Lezion
95 beach) and two locations in Spain (Zarautz and Dique) Table 1.

96

97 Table 1. Geographic location and climatic data (mean of annual temperature, total annual precipitation, and
98 climatic classification) of native and non-native populations of Oenothera drummondii studied. Climatic
99 data were obtained in the Climate-data.org website. 1 Mean annual temperature. 2 Total annual

100  precipitation.

101
P (mm) Koppen
Population  Country Latitude Longitude T (°C)?
Climate
Native El Laurel Mexico  20°29°N  97°01’W 24.0 1497 Am
East- Rishon-
) ) Israel 31°59°N  34°43°W 195 571 Csa
Mediterranean  Lezion
West- ) )
) Dique Spain 37°09°N  06° 54°W 17.8 467 Csa
Mediterranean
Atlantic Zarautz Spain 43°17°N  02°09°W 14.6 1255 Cfb
102
103 El Laurel (México) corresponds to a native population, growing under a tropical type climate (Am)
104  with annual rainfall distributed all over the year (Figure 1). Hereby Native Population.
105 Rishon Lezion Beach (Israel) presents dunes with low vegetation cover. In this site, O. drummondii

106 is an alien species, growing under Mediterranean climate (Csa), with a marked drought season (Figure 1).
107 Hereby East-Mediterranean Population (East-Med).

108 The population of Zarautz is located in Northern Spain. The climate is temperate and humid (Cfb)
109  and annual rainfall is distributed all over the year (Figure 1). Hereby Atlantic Population.

110 Dique is located in Huelva province in the SW Spain. The climate is Mediterranean (Csa) with a
111 marked drought season (Figure 1). Hereby West-Mediterranean Population (West-Med).

112

113



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

300 30 300 30
NATIVE ATLANTIC /= Precipitation
250 | | o5 250 —— Temperature| .
- GF ~
E 200 1 F 20 & E200 20
~ [
5 58 S
2 150 1 15 © §150 - 15 ®
= Q5 [0)
o Q.= Q
3] I £
© 100 A 10 @ £100 - 10 §
T - a fig
50 A r5 50 - 5
0 - : : : : : : : : . . 0 0 - . . . : : : : : . . 0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
300 30 300 30
WEST-MED = Precipitation EAST-MED
250 — Temperature| 25 250 L o5
3 OF %)
£ 200 - 20°; E 200 F20 &
5 [}
s 25 g
T 150 15 5 @ 150 F15 ®
= Q5 °
g 5§ g
@ 100 - 10~ £ 100 | 10 §
o o Pt
50 F5 50 F5
0 T T T T T T T T T T 0 0+——— 7 " 7+ 0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months Months

Fig. 1. Climatic diagrams corresponding to the original sites from which the seeds of the four study
populations have been collected. NATIVE: El Laurel (Mexico), ATLANTIC: Zarautz (North Spain),

WEST-MED: Dique (SW Spain) and EAST-MED: Rishon-Lezion (Israel).

2.2. Seed collection and seedling growing

In each population, fruits of at least 30 randomly individuals were collected. Seeds were extracted
from fruits and stored in paper bags, under laboratory conditions (room temperature) before being used.

In December of 2015, seed lots of each population were germinated in pots of 2.5 | with a substrate
composed of 70% sand and 30% perlite under greenhouse conditions. Temperature ranged between 15-
20°C, relative humidity between 40-60% and natural light was supplemented with artificial light to maintain
a 14h photoperiod. Pots were fertilized (universal fertilizer, Flower, NPK, 6-4-6) in April, May and
September 2016. For each population, a solution of 5 liters of water with 25 ml of liquid fertilizer was
prepared, so each pot was enriched with 250 ml of fertilized water (1.25 ml of fertilizer per pot). In
November 2016, we selected 20 plants from each population in order to develop our experimental design

(80 pots in total).

2.3. Experimental design
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Regular watering was maintained until the 11™" November of 2016, when all the pots were watered,
all plants were measured and afterwards the drought treatment started.

From this date we sorted the 20 pots of each population in two groups, 10 were maintained under
field capacity (control plants) and the other 10 were subjected to a severe drought treatment by withholding
water (stressed plants). In order to maintain the plants alive, pots of stressed plants were weekly weighted
and water supply was equivalent of 10% of the total weight loss. At the end of the drought treatment the
weight of the pots of stressed plants was approximately 75-80% of the original weight (Figure 2), while
control plants were maintained at 100%. After 36 days since water was withheld, all the plants were re-
watered until field capacity, and after 9 days we recorded plant recovery capacity. For measurements, we
randomly selected 5 pots per population and treatment, in order to perform all the physiological
measurements into a comparable period of time.

Measurements were carried out the following days: 11" (first day of experiment of water deficit),
18th and 28th November and 7', 16" December (day 36 of the water deficit experiment and beginning of
re-watering) and 271" December (day 45, end the experiment).

During the experiment, we measured different morphological and physiological traits in 5 pots per
treatment and population (5 plants x 2 treatments x 4 populations= 40 pots), every 10 days. Stomatal density

was only measured before drought stress.

100 Q
g DROUGHT TREATMENT o, CONTROL /)/z\
2 o | \ Y
g % \\_
£ \ / \
‘5 90 - S~ /
[)] —~aA
8 re-watering up
= > to field capacity
S 85 1 .
2 ——e—— Native
= o Atlantic
-%J 80 1 ——-v——-  West-Med
X — —a-—-  East-Med
@ ¢} 6.0

75

Days Days

Fig. 2. Relative weight loss of the different experimental pots subjected to water withholding in relation to
the initial weight (100%) and oscillation of pot weight in well-watered plants (control) during the period of

the drought experiment. The arrow indicates the day of re-watering until field capacity.
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2.4. Morphological Traits

Stomatal density was measured using an electronic microscope (Phenom Pro), of the Research
Facilities of the University of Seville (S.G.I. Celestino Mutis). We randomly selected 10 individuals per
population, one leaf per individual and 3 microscope fields per leaf (on the abaxial surface of the leaf, on
which stomatal were more abundant). We used 950 microscope magnifications, which corresponded to a
field diameter of 285 pm. We registered the number of stomata per field and calculated density as stomatal
number per mm>.

A subsample of fresh leaves per measured plant was selected and taken in plastic bags to calculate
leaf mass per area (LMA), the relative water content (RWC) and leaf dry matter content (LDMC). In the
laboratory, fresh leaves were first weighed, and then their leaf surface scanned, and the leaf area calculated
using Midebmp (R. Ordiales, CSIC, Spain, 2000). Then, the leaves were taken to full water saturation and
weighed again after 24 hours. Finally, the leaves were dried for 24 h at 80 °C and weighed again. LMA was
measured as the ratio of leaf dry mass to leaf area (gm-2). Following several authors this trait is a good index
of the plant strategies to face the local environmental conditions (Westoby et al., 2002).

Relative Water Content (RWC) was calculated using the following equation (Saura-Mas and Lloret,
2007) and it represents a good index of leaf water status: RWC = (Fresh leaf mass - Dry leaf mass) x 100
/(Fully water-saturated leaf mass - Dry leaf mass).

Leaf Dry Matter Content (LDMC) is related to tissues density and plant productivity (Garnier et al.,
2001), it was calculated using the following equation: LDMC =(Dry leaf mass / Fully water-saturated leaf

mass) (mg/g).

2.5. Physiological Traits

Chlorophyll fluorescence kinetics of leaves was assessed in situ by means of the pulse-amplitude
modulation technique using a portable fluorometer (mini-PAM, Walz, Effeltrich, Germany). Fluorescence
was excited by a pulse of modulated red light from a light-emitting diode (LED, type H-3000 Stanley)
connected to a fibreoptic.

Maximum quantum yield of PSII was determined from the ratio of variable to maximal fluorescence,
Fu/Fm = (Fm — Fo)/Fm, where F, and Fr, denote basal and maximal fluorescence of dark-adapted leaves over

20 min, a period found to be sufficient to allow complete reoxidation of the PSII reaction centers. F, was
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determined with a modulated measuring light from an LED at a 600 Hz frequency. Maximal fluorescence
(Fm) was obtained with a brief saturating light pulse. Effective quantum yield (®psii), or photochemical
efficiency of PSII in a light-adapted state, was estimated on environment conditions light-adapted leaves
with leaf clip-holder as ®psii = (F’m— F)/F’m where F’v= maximal and F = steady-state fluorescence under
actinic irradiance (Genty et al., 1989). Non photochemical quenching (NPQ) was calculated as: NPQ = (Fi-
F’m)/F’m (Maxwell and Johnson, 2000). NPQ is linearly related to heat dissipation and lies on a scale 0—
infinity. In a typical plant, values are usually in the range 0.5-3.5 at saturating light intensities; however,
this varies markedly between species and on the previous history of the plant (Maxwell and Johnson, 2000).

Leaf gas exchange measurements were performed the same days as fluorescence measurements, by
means of a gas exchange CO,/H,0 analyzer L1-6400 (LI-COR Inc., Neb., USA). Measurements conditions
inside the leaf-chamber were 1400 umol m? s PPFD, 1.0-1.5 kPa VPD and 400 umol mol* CO,. The
system provides the values of net photosynthetic rate (A), transpiration rate (E), stomatal conductance (gs)
and internal CO; concentration (C;). Water use efficiency (WUE) was calculated as the ratio of CO; uptake
per H,O transpired or A/E, intrinsic WUE as A/gs and carboxylation efficiency as A/Ci. Measurements were
conducted on leaves from terminal shoots and all results were expressed on an area basis, calculated using
Midebmp (R. Ordiales, CSIC, Spain, 2000), from scanned images of the leaves from each measured shoot.

Fluorescence and leaf gas exchange measurements were carried out in two leaves per plant, between
11h amand 13h pm.

In total 2 leaves x 5 plants x 2 treatments x 4 populations were measured in each sampling day.

2.6. Statistical Analysis

After testing for normality of the data using a Kolmogorov—-Smirnov test, one-way ANOVA was
used to compare differences of each trait among populations, before the water stress experiment. In the
drought stress experiment, the temporal differences of each trait in each population and treatment were
analysed by repeated measures ANOVA (Potvin et al., 1990), in which the within-subject factor was time
(with four categories) and the between-subject factor were population and treatment. In these analyses, the
replicates were the individuals, so that there were five replicates per population and treatment. In the cases
where Mauchly’s sphericity was not assumed, we applied Huynh—Feldt’s correction. The data from the fifth
sampling day, in which plants had been re-watered, was excluded from the analyses. In order to compare

individual differences between control and stressed plants, for each variable in each sample day and
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temporal differences in each population (independent of the treatment), we have also used one-way
ANOVA. Tukey’s Post-hoc analyses were performed to test for within-group differences for each variable.
Pearson’s correlation was calculated for pair-comparisons between the different variables. A multivariate
principal component analysis (PCA) was performed with the individual physiological and morphological
trait measurements at the end of the drought period, in order to integrate the complete set of traits measured
in the plants during the last week of drought-treatment. In relation to the relative position of individuals in
the space defined by axis I and 11 of the analysis, we aim to define the patterns of control and stressed plants

from the different populations. All the analyses were performed with IBM-Statistics 22.

3. Results

3.1. Comparison among populations before the water stress

Although the plants were grown under the same greenhouse-conditions, they exhibited differences
in several studied variables according to their population’s origin.

Stomatal density presented significant differences among populations (Table 2). Native and West-
Med populations exhibited the highest stomatal density (approximately 200 stomatas mm-2), while in East-
Med and Atlantic populations stomatal density ranged between 160 and 170 stomatas mm, differences
among populations were significant at p < 0.05 (Table 2).

In relation to leaf morphological traits, there were significant differences in LMA (p < 0.01), with
plants from West-Med population exhibiting the highest values, while LDMC was higher in Native than in
the other populations, but differences were only significant between Native and Atlantic populations (p <

0.05). On the other hand, RWC was similar for all populations (Table 2).

Table 2. Morphological leaf traits of the different populations (average+sd) and the significance for one-
way ANOVA. Stomatal density (stomatas.mm?, LMA (leaf mass area, gm?), LDMC (leaf dry matter
content mg g*), RWC (%). Capital letters indicate Tukey post-hoc differences (p < 0.05) between

populations for each variable.

P value Native Atlantic West-Med East-Med

Stomatal-density <0.05 199.9+48.2 A 170.4+340 AB  202.6+29.6 A 160.9+23.4 B
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LMA <0.01 42.9+5.8 A 42.7+6.9 A 50.1+7.7B 42.6+7.3 A

LDMC <0.05 124.9+23.2B 109.0+18.3A 115.149.9AB  120.5+18.6AB

RWC 0.11 85+6 84+4 88+4 85+3

3.2. Water Stress treatment

Some of the measured traits presented significant differences for population and treatment along the 36
days of water deficit. The following traits, Fu/Fm, NPQ, CO; assimilation (A), leaf conductance (gs),
intrinsic WUE (WUE;) and RWC presented significant temporal effects during the water stress experiment,
which is shown by the within-subject repeated-measures ANOVA (Table 3a). The interaction Time x
Population was significant for Fu/Fm, A, gs, WUE;, LMA and LDMC, which evidences as some of the
populations presented temporal differences for these traits. The interaction Time x Treatment was
significant for FW/Fm, NPQ, A, gs, WUE; and RWC which shows as the treatment exerted significant
temporal differences for these variables. Finally, there were significant differences in the third order
interaction Time x Population x Treatment for four of the traits, Fv/Fm, gs, WUE; and LDMC, revealing as
the studied populations presented different temporal responses to the water stress treatment for these traits
(Table 3a).

For all study traits there were significant differences among populations in the analysis of between-subjects’
effects of the repeated-measures ANOVA (Table 3b), which shows as populations exhibited significant
differences of these traits. The effect of treatment was significant for Fu/Fn, NPQ, A, gs, WUE;, LMA and
RWOC, as these traits were significantly affected by the water stress. However, populations only exhibited
specific differences in response to treatment for WUE;, LMA and LDMC as it is shown in the significant

interaction Population x Treatment (Table 3b).

Table 3. Repeated-measures ANOVA on the effects of time, population and treatment along the 4 weeks
of water withholding. Significant differences, below the P < 0.05 threshold, are marked in bold in the table.
The acronyms used in the table indicate the following variables: F./Fn: maximum quantum yield; ®psg)
effective quantum yield; NPQ non photochemical quenching; A net photosynthetic rate; gs stomatal
conductance; WUE; intrinsic water use efficiency A/gs; LMA leaf mass area; LDMC leaf dry matter

content; RWC relative water content.

10
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a) Within-subjects’ effects of Time and interaction Time x Population, Time x Treatment and Time X

Population x Treatment.

Time Time X Time x Treatment | Time x Population x
Population Treatment

F P F P F P F P
FJFn | 5258 0002 | 3121 0002 | 3452  0.020 2.340 0.019
Desy 2175 0096 | 1309 0243 | 0535  0.660 0.640 0.760
NPQ | 4329 0007 | 1325 0234 | 5119  0.003 1.721 0.095
A 49.012  <0.001 | 4367 0001 | 48939  <0.001 1.000 0.443
0s 19.392 <0001 | 4144 0001 | 17.500  <0.001 3.272 0.006
WUE; | 97.161 <0001 | 13.464 <0.001 | 79.986  <0.001 7.09% <0001
LMA | 0660 0579 | 2559 0011 | 0285  0.836 0.735 0.091
LDMC | 0898 0445 | 2944 0004 | 0364  0.779 2.759 0.007
RWC | 3337 0023 | 138 0205 | 7927  <0.001 1.236 0.282

b) Between-subjects’ effects of population, treatment and the interaction population x treatment.

Population Treatment Population x

Treatment

F P F P F P
Fu/Fm 5.822 0.003 14.683 0.001 1.247 0.309
Dpsy 5.102 0.005 0.124 0.727 1.852 0.158
NPQ 4.735 0.008 27.955 <0.001 | 2.074 0.123
A 11.139 <0.001 | 126.298 <0.001 | 1.970 0.138
Js 12.229 <0.001 | 224.086 <0.001 | 2.308 0.095
WUE; 21.794  <0.001 26.652 <0.001 | 5.193 0.005
LMA 13.023  <0.001 5.138 0.030 7.610 0.001
LDMC | 12574  <0.001 0.090 0.766 9.612 <0.001
RWC 4.721 0.008 9.225 0.005 0.714 0.551

3.2.1. Chlorophyll fluorescence: Fv/Fm, ®PSII, NPQ

During the 36 days of the drought treatment, maximum quantum yield (F./Fm) dropped in Native

and East-Med populations, revealing significant differences between control and stressed plants at the end

of the experiment. The significant interaction Time x Population x Treatment showed that populations

presented different temporal responses to the treatment (Table 3a). After re-watering all the plants

recovered well (Fig 3). Effective quantum yield (®psi) only presented differences among populations; but

did not show differences in response to the treatment, although there were significant differences between

stressed and control plants after the recover treatment in Native population (Table 3, Fig 3). NPQ appears

to be significantly affected by Treatment x Time, regardless of population (Table 3). During the experiment,

11
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it seems that NPQ increased with time in stressed plants, and this trend appears similar in all populations,

as seen in Figure 3.
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Fig. 3. Changes in fluorescence variables in control and stressed plants from the four populations of O.

drummondii during the water deficit experiment. Shadow represents plant response after re-watering. For

each variable, significant differences between control and stressed plants for a single day are shown with *

(p < 0.05) and capital letters evidence temporal differences for each population (control + stressed plants)

along the experiment (p < 0.05).

3.2.2. Gas exchange variables: A, gs, WUEi

The effect of the drought treatment was more evident regarding gas exchange variables.

Photosynthetic CO, assimilation (A) decreased from day 17 of water deficit and the differences between

control and stressed plants were significant for all populations (Figure 4). The significant interaction Time

X Treatment (Table 3a) evidences as stressed plants reduced A with time and this happened for all

populations. However, there is also a significant interaction Time x Population (Table 3a), which suggests

as the temporal response to the treatment is not the same in the 4 populations, with a lower decrease in

12
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West-Med populations, as it is well manifested in Figure 4. With the exception of West-Med, carbon
balance was negative for all populations at the last day of water deficit.

There were also significant differences in stomatal conductance (gs) between control and stressed
plants during the treatment and different responses among populations (See Table 3 a and b; Figure 4). It
seems that the different populations exhibited different temporal responses to the water stress treatment, as
it is shown by the significant third order interaction Time x Population x Treatment

Although A and gs decreased in response to water withholding, the effect was stronger in WUE:i.
This trait presented significant differences in all the effects of repeated-measures ANOVA (Tabe 3 a and
b) and significant levels between control and stressed plants at the end of the treatment (Figure 4). The
significant third order interaction is showing as populations exhibited different temporal responses for the
treatment (Table 3a). After re-watering the stressed plants recovered to similar values than control plants.

There was a negative significant correlation between NPQ and photosynthetic assimilation (r=-
0.436, p < 0.01), which suggested that A decreases in response to the increase of NPQ during the water

stress period.
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Fig. 4. Changes in gas exchange variables in control and stressed plants from the four populations of O.
drummondii during the water deficit experiment. Shadow represents plant response after re-watering. For
each variable, significant differences between control and stressed plants for a single day are shown with *
(p < 0.05) and capital letters evidence temporal differences for each population (control + stressed plants)

along the experiment (p < 0.05).

3.2.3. Relative water content

RWC descended along the water withholding period in all populations, with significant differences
in Time and Time x Treatment (Table 3a) and in Populations and Treatment (Table 3b), which revealed as
the for studied populations responded in similar way to the water stress. In spite of this, plants from West-
Med population maintained the highest values of RWC along the experiment and which never dropped
below 80% along the 36 days of water withholding. In the other populations RWC descended to 70% in the
last day of the stress treatment, with significant differences with the control plants (Fig 5). After re-watering,
all plants recovered well, except for Native populations in which RWC of stressed plants still maintained

significant lower values than control plants. (Fig 5).

3.2.4.LDMC and LMA

Temporal LDMC responses to the water stress were different among populations, as it is shown by
the significant interaction Time x Population (Table 3a). It appears that differences in LDMC between
control and stressed plants appeared at different times for each population, as it is shown by the significant
third order interaction Time x Treatment x Population (Table 3a) and the temporal results of stressed and
control plants (Figure 5). It seems that at the end of the drought period differences between control and
stressed plants only occurred in East- Med population. After re-watering all stressed plants recovered the
values of the control plants (Figure 5).

LMA responses to the water stress were different among populations as it is evidenced in Figure 5,
only showing significant differences in the interaction Time x Population (Table 3a); it seems that in most
populations the overall LMA remained fairly constant through time except for Atlantic populations that
seemed to increase. After re-watering all stressed plants recovered the values of the control plants (Figure

5).
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Fig. 6. Results of the PCA of the individual physiological and morphological traits at the end of the drought
experiment for stressed and control plants. Solid arrows indicate variables correlated with axis 1 and dashed

arrows with axis 2 of the analysis.

3.2.5. Principal component analysis

In the axis 1 of PCA, control plants are separated from those subjected to the water deficit treatment,
independent of the population origin (36.9% of the total variance). Control plants (located in the positive
end of axis 1) are characterized for having higher photosynthetic rates, leaf conductance and RWC, while
stressed plants exhibited higher NPQ. However, axis 2 (25.3% total variance) separate the different
populations of control plants in relation to leaf traits, especially LMA and LDMC in the positive end of
axis 2 (Figure 6). Plants from Native and Atlantic populations are located in the positive end of axis 2,
while East-Mediterranean plants are located in the negative end and West-Mediterranean plants are placed
in an intermediate position (Figure 6), this result is also supported by the between-subject repeated measures
ANOVA, in which there were significant differences among Populations and the interaction Population x

Treatment (Table 3b).

4. Discussion

Our results evidence that O. drummondii plants maintain singular morphological and functional
differences in relation to their original population, despite having germinated and grown under the same
environmental conditions of the greenhouse, showing significant differences in stomatal density, LMA and
LDMC. Moreover, the four study populations exhibited different responses to the water stress as we have
evidenced with the repeated-measures ANOVA, presenting significant differences in different levels of this
analysis and significant third order interaction in Fv/Fm, gs, WUE; and LDMC; but, all populations showed
a high capacity of recover after the period of water withholding.

In stressed plants, F./Frn decreased during the drought treatment but, the values never dropped below
0.750 (observed in Native population in the week 4), suggesting no clear signs of photoinhibition; which
are usually considered when they dropped below 0.7 (Maxwell and Johnson, 2000). The significant third-
order interaction for this trait revealed as the temporal responses for the water stress were different among
the populations. After re-watering, all plants recovered to achieve similar values of the control plants in a

ten-day period. Effective quantum yield only presented differences among populations, but did not show
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significant differences between stressed and control plants along the experiment, which evidenced the
absence of photoinhibition. In many studies, low water availability may predispose leaves to
photoinhibition, probably through stomatal restriction of CO, supply to photosynthetic reaction centers
(Alvarez-Cansino et al., 2010; Werner et al., 2002). However, our results suggest the absence of permanent
photochemical damage in any population, probably because our plants did not experience an excess of
radiation as they were growing under greenhouse conditions. Under field conditions, West-Med populations
of O. drummondii experienced a significant decrease of photochemical efficiency in winter, probably
because low temperatures might cause photoinhibition through an inhibition of electron transport rate
(Zunzunegui et al., 2020). These authors concluded that cold photoinhibition might be due to the tropical
origin of this species.

In terrestrial plants, stomata are key determinants of the trade-off between photosynthetic carbon
fixation and water transpired, therefore stomatal control is an efficient mechanism to avoid water loss in
many species of arid and semiarid regions (Correia and Ascensdo, 2017; Correia and Diaz Barradas, 2000;
Diaz-Barradas et al., 2010). In our study, the decrease in stomatal conductance occurred significantly in all
populations after 17 days of the beginning of the water deprivation treatment, as a consequence there was
a parallel decrease in photosynthetic CO, assimilation in all populations, which indicates that
photosynthesis is mostly dependent of leaf conductance. Only the population of West-Med maintained a
positive carbon balance at the end of the drought period, these results coincide with field studies of O.
drummondii in the same area (Zunzunegui et al., 2020), which emphasizes the capacity of this population
to tolerate a prolonged water stress period and may contribute to their success invading Mediterranean
dunes (Gallego-Fernandez et al., 2019). Although they share the same climate, this tolerance to the
reduction in water availability was not found in the East-Med population, probably new field studies would
help to solve this question. In our study, due to the more pronounced reduction in CO assimilation than in
leaf conductance, WUE; decrease significantly at the end of drought stress period in the four populations,
presenting significant differences at all the levels of the repeated-measures ANOVA.

The negative correlation between NPQ and A suggests that O. drummondii possess an efficient
system of thermal dissipation of the energy, when this energy cannot be assimilated through the electron
transport chain. NPQ is a regulatory mechanism of photosynthetic organisms (Demmig-Adams et al., 1996;
Sello et al., 2019), but its relative weight is variable and depends on the specific species and environmental

niche. The results of this study suggest that, the significant increase of NPQ might contribute for the
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photochemical regulation of water stressed plants (especially in the case of Atlantic and West-Med
populations); this mechanism is achieved by means of thermal dissipation of the excess of energy through
xanthophyll cycle (Demmig-Adams et al., 1996; Demmig-Adams and Adams Il11, 2002; Pefiuelas et al.,
2004). Further studies would be necessary to find out the role of this cycle in the light responses of O.
drummondii.

As it was expected, RWC decreased after one month of water stress treatment and recover well after
re-watering. The decrease was similar in Native, Atlantic and East-Med populations reaching values close
to 70%, but in the West-Med population RWC only decreased to 80% (significant differences in the
interaction Time x Treatment). These results coincide with those of gas exchange, and evidence that West-
Med populations presented a higher tolerance to water stress than the other studied populations. Structural
traits as LMA and LDMC exhibited fluctuations along the water stress treatment (evidenced by the
significant interaction Time x Population and Population x Treatment in the repeated-measures ANOVA),
but there was no clear pattern in response to either the water stress or the population origin. We could expect
an increase in these traits facing water stress, as occurs in Mediterranean Cistus which exhibit significant
differences between summer and winter leaves (Correia and Ascensdo, 2017), but we couldn’t find any
clear pattern, probably because we would need more time to find structural changes in leaves.

The finding of functional traits that facilitate invasibility is an important topic in ecology. In the case
of coastal dunes in Italy, large leaf area, reproductive period in late summer, a biennial/annual life cycle
and thick, long roots were useful traits for the successful colonisation of the most invasive species along
the mobile coastal dunes (Stanisci et al., 2010). In a common garden experiment, using 15 different
genotypes of Phalaris arundinacea from both its native (European) and invasive (North American) range,
the authors have not found clear physiological differences between native and invasive genotypes. Instead,
their results support that morphological traits and defensive secondary compound metabolism may play a
more important role in the invasion success of P. arundinacea (Brodersen et al., 2008). In our study, the
results of the PCA analysis evidenced that under water stress, all the plants experiment an increase in NPQ
and a reduction of RWC, A and gs (negative versus positive axis of the PCA), although plants from the 4
populations exhibited functional trait variability (with and without drought stress). Regarding control
plants, there are some morphological differences (in LMA and LDMC) between Native and Atlantic from

East Mediterranean plants.
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This study also highlights some significant differences between West-Med population and the
others, but there are not clear differences between Mediterranean populations and the others. Before water
stress treatment, LMA was significantly higher in West-Mediterranean plants, which might be a
morphological trait in response to water stress (Correia and Ascensdo, 2017). Field studies have revealed
that West-Med populations of O. drummondii are well acclimated to Mediterranean conditions exhibiting
lower LDMC, higher assimilation rates and water performance than some native species (Zunzunegui et
al., 2020). This site corresponds to a recent deposition dune area in which O. drummondii has spread over
all the gradient from the beach to inner dunes, reaching the highest density 0f 4.5 + 1.9 individuals. m? in
the inner dunes (Gallego-Fernandez et al., 2019). It is estimated that the total number of individuals, in this
area, ranges between 3-4 million plants extended over 100 hectares, but unfortunately, we don’t have
demographic data from the East-Med population, although the population densities are much lower than in
SW Spain (Bar Kutiel, personal communication).

In spite of having a tropical or sub-tropical origin, the results of this study suggest that O.
drummondii is a drought-tolerant species, with high recovery capacity and exhibiting different functional

trait variability in relation to population origin.

5. Conclusion

Our results largely confirm the ability of O. drummondii to modify its physiological traits to local
environmental characteristics, and these modified traits remain when we grow plants from different
biogeographical origins under the same greenhouse conditions. Our initial hypothesis that plants growing
in Mediterranean climate regions can survive water deficits more effectively than those from wet climates
is not totally supported by our results. In spite of West-Med plants presenting better physiological status
under water stress, East-Med population did not turn out to be better adapted to water deficit than the native
population. O. drummondii ability to thrive in a wide range of habitats modifying functional traits might be
the clue for its invasive capacity, becoming an aggressive invasive species of coastal dunes in a wide climate

range.
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