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* Background and Aims Phenotypic plasticity and local adaption can contribute to the success of invasive spe-
cies. While the former is an environmentally induced trait, the latter involves a selection process to filter the best
genotype for a location. We examined the evidence for phenotypic plasticity and local adaptation for seed and
seedling traits of the invasive tree Gleditsia triacanthos, with three origins distributed along an approx. 10° latitude

gradient across three biomes.

* Methods In sub-tropical forests, dry woodlands and secondary temperate grasslands in Argentina, we harvested
seeds from clusters of neighbouring trees (i.e. families) distributed within 15-20 km in each origin (biome). We
manipulated the environmental conditions relevant to each biome, assuming that propagule availability did not
represent an ecological barrier. In growth chambers, we evaluated seed imbibition and seed germination under
different light, temperature and water potential. In a 2 year common garden, we evaluated the impact of resident

vegetation removal on seedling survival and growth.

* Key Results Mean time to complete seed imbibition differed among origins; seeds from temperate grasslands
reached full imbibition before seeds from dry woodlands and sub-tropical forests. Germination was always >70 %,
but was differentially affected by water potential, and light quantity (dark-light) and quality (red—far red) among
origins, suggesting local adaptation. In the common garden, vegetation removal rather than origin negatively af-
fected seedling survival and enhanced seedling growth. Vegetation removal increased basal diameter, leaves per
plant and spine number, and reduced the height:basal diameter ratio.

* Conclusions We conclude that local adaptation in seed germination traits and plastic changes in seedling al-
lometry (e.g. height:diameter) may allow this tree to respond over the short and long term to changes in envir-
onmental conditions, and to contribute to shape G. triacanthos as a successful woody invader. Overall, our study
revealed how local adaptation and plasticity can explain different aspects of tree invasion capacity across biomes.

Key words: Gleditisa triacanthos, tree invasion, regional study, sub-tropical forest, dry woodland, temperate
grassland, seed germination, common garden, seedling establishment, seedling growth, variance components,

Argentina.

INTRODUCTION

Many invasive plants have a range of ecological tolerance that
allows them to establish successfully in different environments
(Richards et al., 2006). Phenotypic plasticity and local adapta-
tion may contribute to the distribution of widespread invasive
plants (Drake et al., 1990; Williamson, 1996; Agrawal, 2001;
Sexton et al., 2002; Parker et al., 2003; Richards et al., 2006;
Zenni and Nuiiez, 2013). Phenotypic plasticity is the ability of
a genotype to generate different phenotypes according to the
environment where it lives (Valladares et al., 2006), and local
adaptation is the genetically fixed advantage of a population
under certain environmental conditions (Oduor et al., 2016).
For a successful tree invader, seed germination, seedling sur-
vival and early seedling growth are critical life stages, due to
their sensitivity to environmental stressors (e.g. water, light
and temperature; Cavender-Bares and Bazzaz, 2000; Donohue
et al., 2010). However, despite the importance of plasticity and

local adaptation in plant invasion, few works have simultan-
eously evaluated both seeds and seedlings from different popu-
lations of an invader species (see Geng et al., 2007; Donohue
et al., 2010).

Phenotypic plasticity and local adaptation are central to com-
munity and invasion ecology. First, phenotypic plasticity may
allow a species to colonize different environments despite a re-
stricted genetic base, and thus could be advantageous under en-
vironments highly variable in space and time (Richards et al.,
2006). The fast responses of seedlings to sudden changes in
biotic and abiotic conditions may enhance invader perform-
ance, whereas species lacking plasticity to maintain growth and
survival in novel environments could fail as invaders (Sultan,
2000; Zenni and Nuiiez, 2013; Oduor et al., 2016). Although
it is frequently assumed that phenotypic plasticity evolved
as an adaptation to environmental heterogeneity, many re-
sponses could be attributed to passive plasticity (van Kleunen
and Fischer, 2005). As passive and active plasticity may occur
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simultaneously with opposite sign (negative and positive slope)
and different magnitude (Forsman, 2015), it can be assumed
that the final result represents a net balance between them.
Secondly, local adaptation implies evolved traits that provide
an advantage under specific conditions, regardless of the conse-
quences of these traits for fitness in other habitats (Williamson,
1996; Kawecki and Ebert, 2004; Oduor et al., 2016). This im-
plies that selective forces filtered the genotypes best adapted
to local conditions (Sultan, 2000; Sexton et al., 2002; Parker
et al., 2003; Oduor et al., 2016). However, the fact that woody
species have more genetic diversity within rather than among
populations, especially for outcrossing tree species, makes the
process of local adaptation slow in comparison with that in
herbaceous plants (Hamrick, 2004). In summary, phenotypic
plasticity and local adaptation both may occur during inva-
sion depending on the time elapsed since introduction and the
number of introduction events. A long introduction time and a
larger number of events may favour local adaptation (Roman
and Darling, 2007; Donaldson et al., 2014). In contrast, high
genetic interchange among populations through long-distance
dispersal could weaken local adaptation (Hamrick et al., 1992;
Oduor et al., 2016).

There exist complementary approaches to evaluate pheno-
typic plasticity and local adaptation. Ecologists frequently
measure plant trait changes under contrasting environmental
conditions, for example by manipulating variables of eco-
logical interest such as water stress, light conditions and com-
petition (Tsegay et al., 2005; Ramirez Valente et al., 2010;
Rotundo et al., 2015; Mathiasen and Premoli, 2016) and con-
structing reaction norms (Via et al., 1995). The slope of the
trait value across a set of environments indicates the level of
plasticity of each genotype, and significant genotype X envir-
onment interaction suggests local adaptation (Kawecki and
Ebert, 2004; Hulme, 2008). Thus, local adaptation is reflected
as the development of a specialized genotype for a specific
range of environmental conditions. In addition, assigning
phenotypic variance to different sources is a complementary
way to understand phenotypic plasticity of a structured popu-
lation (Ramirez-Valiente et al., 2010). Total phenotypic vari-
ability can be partitioned in a hierarchical manner, considering

populations, families within populations and individuals within
families (Schnabel and Hamrick, 1990; Schnabel et al., 1991).

Gleditsia triacanthos L. is a leguminous tree native to US
deciduous forests (Schnabel and Wendel, 1998) that invades
different ecosystems in Africa (Nei et al., 2004), Australia
(Csurhes and Kiriticos, 1994), Europe (Ferus et al., 2013)
and South America (Mazia et al., 2001; Marco et al., 2002;
Tecco et al., 2012; Fernandez et al., 2017). This thorny tree
was introduced into Argentina in around the 1850s to provide
cattle shade, live fences and as ornamentals (Hudson, 1918;
Fernandez et al., 2017). Gleditsia triacanthos has entomophile
pollination, produces an indehiscent legume with >20 seeds
per pod and its seeds are successfully dispersed by cattle and
wildlife (Schnabel and Wendel, 1998; Marco and Paez, 2000;
Fernandez et al., 2017). High seed production, great dispersal,
rapid growth and a short juvenile period (Burton and Bazzaz,
1991; Marco and Paez, 2000) contribute to the high invasive
potential of G. triacanthos. In Argentina, it has been reported
to invade woodlands (Marco and Paez, 2000), temperate grass-
lands (Mazia et al., 2001; Ghersa et al., 2002; Chaneton et al.,
2004) and sub-tropical forest ecosystems (Ferreras and Galetto,
2010; Giorgis et al., 2011; Fernandez et al., 2017). According
to a recent study developed in Argentina, G. triacanthos is ex-
cluded as an invader species in dry, cold and flooding environ-
ments (Fernandez et al., 2017).

Our aim was to examine phenotypic plasticity and local
adaptation for seeds and seedlings of three populations of
G. triacanthos from different origins in Argentina (i.e. sub-
tropical forest, dry woodlands and temperate grasslands; Table
1), where this species is an aggressive invader (Fernandez et al.,
2017). This study covers an approx. 10° latitudinal gradient
with a wide range of climates, including temperature, seasonal
precipitation regimes and light conditions (Table 1). First, in
chamber experiments, we examined germination under dif-
ferent environmental conditions regarding water availability,
temperature and light quantity (light—dark) and quality [red—far
red (R/FR)], as these treatments comprise the conditions that
seeds from different origins are exposed to during germin-
ation (Tablel). For instance, we exposed the seeds to hydric
stress (—2 MPa), which is the frequent condition in Pampean

TABLE 1. Characterization of the three origins where seeds were collected and where G. triacanthos is a common invader

Origin TG

DW SF

Biome* Temperate grassland

Dry woodland Sub-tropical forest

Location Carlos Casares (Buenos Aires) Salsipuedes (Cérdoba) Valle de La Sala (Tucuman)
Latitude 35.53°S 31.09°S 26.78°S
Longitude 61.12°W 64.31°W 65.38°W
Altitude (m asl) 100 744 900-1000

Mean annual precipitation (mm) 1060 897 1031

Mean growing-season’ precipitation (mm) 715.6 730.9 898

Mean annual temperature (°C) 16.1 17.3 19.5

Mean maximum temperature (°C) 22.6 24 25.8

Mean minimum temperature (°C) 10.4 14.2 11.3

Mean growing-season’ temperature (°C) 20.6 21.5 23.7
Precipitation regime Isohigro Monsonic Monsonic
Recent use history Agriculture—cattle husbandry Cattle husbandry Cattle husbandry

Pods from three different families were collected, defined as groups of 15-20 neighbouring trees separated by 3—5 km from other families within each origin.

In each origin, the spatial extent covered was around 15 x 20 km. The common garden experiment was carried out in a temperate grassland in Buenos Aires (TG).

*From Oyarzabal et al. (2018).
"The growing-season runs between October and April.
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grassland after seed imbibition, and to conditions where water
availability is non-limiting (0 MPa), which is frequent in sub-
tropical forests (Table 1). While temperature and water poten-
tial may modify germination rates (Baskin and Baskin, 1998),
light conditions, frequently associated with common dis-
turbances in grasslands and forests, may modify the rate and
shape of seedling development (Casal et al., 1991; Baskin and
Baskin, 1998). Secondly, in a 2 year common garden field ex-
periment, we evaluated the impact of resident vegetation on
seedling survival and early growth. Small soil disturbances by
burrow mammals in grasslands and canopy disturbances cre-
ating small and large gaps in forests both generate changes in
light quantity and quality (Mazia et al., 2010, 2019). Overall,
through performing germination trials and field experiments,
we experimentally manipulated the environmental conditions,
simulating an invasion window under conditions relevant to
each biome, when propagule availability does not represent an
ecological barrier (Mazia et al., 2001; Shea and Chesson, 2002;
Donaldson et al., 2014).

We hypothesized that the requirements for seed germination
vary in accordance with the prevailing abiotic conditions of each
region (Donohue et al., 2010). If local adaptation was important
(Table 1), we predicted that seeds from dry woodlands and sub-
tropical forests find better conditions for germination under
high temperature and water potential. In contrast, seeds from
temperate grassland enhance germination under drier condi-
tions. If plasticity was important, we predicted that germination
is enhanced under light and a high R/FR ratio independently
of the origin, as G. triacanthos is an early successional species
that colonizes disturbed environments and seedlings do not re-
cruit in shaded environments (Mazia et al., 2001). In a common
garden, we hypothesized plastic responses in seedling growth
and survival with the removal of resident vegetation, independ-
ently of the origin. We predicted that seedlings growth is higher
without resident vegetation, independently of origin because
this species is an early successional tree adapted to grow in dis-
turbed environments (Schnabel and Wendel, 1998).

MATERIALS AND METHODS

Seed origin and collection

We collected G. triacanthos seeds from three different origins
in Argentina, which correspond to different biomes in terms
of vegetation physiognomy, climatic conditions and history of
human use (Table 1). Carlos Casares, Buenos Aires Province,
is a secondary temperate grassland, represented by a mosaic
of native and exotic patches immersed within a matrix of agri-
culture (Tognetti et al., 2010). This origin shows iso-hygro
precipitation, but its high evapotranspiration frequently deter-
mines negative water balance in summer. Salsipuedes, Cérdoba
Province, is a dry woodland, degraded by livestock and frag-
mentation (Zak et al., 2004). This origin shows the highest
mean minimal temperature and summer precipitation, which
generate warm and humid conditions during the growing season
(Table 1). Finally, Valle de La Sala, Tucumén Province, is an
open sub-tropical forest, characterized by a long history of live-
stock grazing (Fernandez et al., 2016, 2017). This origin shows
the highest mean maximal and mean annual temperatures, that
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combined with high precipitation (Table 1) results in humid
and dense forests year-round (Oyarzabal ef al., 2018). All these
sites are highly invaded by woody plants, mainly G. triacanthos
(Mazia et al., 2010; Tecco et al., 2012; Fernandez et al., 2017).

In each origin, seed collection followed a hierarchical sam-
pling, with families nested within origins. Here, we considered
a cluster of neighbouring trees (n = 15-20) within a radius of 50
m as a family, and origin represents a group of families within
a biome. To ensure the spatial representation of each origin, we
harvested pods from 3-5 families distributed within a radius of
15-20 km. Families were separated by 3—5 km, probably being
connected by dispersal and pollination and not representing in-
dependent genetic populations. Gleditsia triacanthos pods were
collected in April-May 2009 (autumn) from the ground, to be
sure seeds had completed the process of maturation. Given that
pods are indehiscent, we were able to distinguish new vs. pre-
vious years pods by their state of degradation. In the laboratory,
all pods from a family were treated as a group, thus seeds were
extracted from pods and pooled at the family level. Seeds were
air dried and kept at 5 °C until the start of experiments (i.e.
<6 months later; Baskin and Baskin, 1998).

Experimental design

We performed three experiments in growth chambers to
evaluate seed germination traits (E1-E3) and one more experi-
ment under field conditions to evaluate plant establishment and
growth traits (E4). Some experiments did not account for the
effect of families within origin (see below), although it was
possible to test for differences among the origins of the plants.

E1: seed imbibition. To evaluate differences in seed imbibition,
a prerequisite to start germination, we followed seed weight
for 5 d (Baskin and Baskin, 1998). We placed ten seeds into
each of five Petri dishes for each family and origin (temperate
garden, one family; dry woodland, three families; sub-tropical
forest, five families; temperate garden had only one family due
to mislabelling). Seeds were scarified by manual abrasion with
sandpaper, as it has produced the best results in previous as-
says (Mazia et al., 2013), and placed in fixed positions in each
Petri dish to follow their individual seed weight. Petri dishes
were placed in a growth chamber set at 20/30 °C in 12/12 h
cycles, and were watered daily with 5 mL of deionized water.
We weighed each seed daily to 0.1 mg (Mettler Toledo, Tec
Instrumental, BA, Argentina), after drying with tissue paper.

E2: seed germination and hypocotyl shape in response to light
conditions. Apart from germination, hypocotyl shape (i.e.
the length:diameter ratio) has been related to adaptations to
drought, herbivory or fire for wild species (Fisher, 2008) and
to successful emergence under crusted soils for some culti-
vated species (Finch-Savage and Bassel, 2016). To evaluate
seed germination and hypocotyl expansion in response to light,
we exposed seeds to two contrasting light environments (fol-
lowing Casal et al., 1991; Batlla et al., 2000). These treatments
simulated changes in light quantity (dark vs. light) and light
quality (R vs. FR wavelength). First, under dark conditions,
seeds were wrapped in a black polyethylene material receiving
no light, while in light conditions, the seeds were exposed to the
light of a fluorescent tube [photosynthetically active radiation
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(PAR) 60 umol m= s7!; Casal et al., 1991; Batlla et al., 2000;
Ferreras et al., 2015]. Secondly, to emulate changes in light
quality received by reflection from other plants, we changed
the R/FR ratio by enriching the light in R (660 nm, open gap)
or FR wavelengths (730 nm, closed canopy). This replicated
light signals in the absence or presence of competition, respect-
ively (Batlla et al., 2000). We placed 15 seeds into each of three
Petri dishes for each family and origin (i.e. 45 seeds per family
per treatment, split across three Petri dishes; temperate garden,
five families; dry woodland, three families; sub-tropical forest,
five families). In all cases, seeds were irradiated with their re-
spective light treatments for 1 h (dark, light, R, FR), wrapped
in black polyethylene and placed in a germination chamber
(Cavadevices, Buenos Aires, Argentina) with alternating tem-
peratures (20/30 °C in 12/12 h cycles; see Casal et al., 1991).
Initial counts were performed under green light (Burkart and
Sanchez, 1969) and, after 15 d, we quantified the percentage of
germination for each treatment.

E3: seed germination in response to temperature and water po-
tential. To evaluate seed germination in response to different
combinations of temperature and water potential, we utilized
three temperature chambers (20, 25 and 30 °C; Cavadevices)
and two water potentials (0 and —2 MPa; Baskin and Baskin,
1998). In each chamber, we placed three Petri dishes for each
origin and water potential condition. Each Petri dish contained
15 scarified seeds on filter paper and was watered daily with
5 mL of a solution with a water potential of 0 (deionized) or
—2.0 MPa. The reduction in water potential was achieved by
adding 0.424 g of polyethylene glycol (PEG) per g of deionized
water, following Hardegree and Emmerich (1990). To main-
tain the water potential of each treatment, we changed the filter
paper daily before watering (Hardegree and Emmerich, 1990).
The experiment lasted for 15 d. There was one chamber per
temperature; thus temperature was not properly replicated.
However, chamber effect is most likely to represent tempera-
ture, since chambers were specially designed to maximize
control over other variables. This experiment did not consider
families within origins.

E4: seedling growth and survival in response to vegetation re-
moval. We established a field, common garden experiment to
evaluate the effect of vegetation removal on the performance
of G. triacanthos seedlings from three origins. The experi-
ment was established within an old-field grassland in Carlos
Casares (Buenos Aires Province, Table 1), which was cultivated
for 50 years and then closed to agriculture in 2004. Vegetation
resembled mid-successional old fields and was dominated by
exotic annual and perennial grasses (e.g. Lolium multiflorum,
Sorghum halepensis and Festuca arundinacea) and forbs (e.g.
Baccharis pingraea and Carduus acanthoides; see Tognetti
et al., 2010). We established six blocks, each consisting of two
3 x 3 m plots that were assigned to two vegetation removal
levels: intact (-R) or vegetation removed (+R). Vegetation
was manually removed at the beginning of the experiment
(i.e. before transplanting seedlings), and subsequently every
3—4 months. Vegetation removal increased light penetration,
measured as the proportion of PAR at soil level, from 11.5 to
89 % (Fly5 =156.35, P <0.001; light ceptometer: Cavadevices).

In December 2009, we planted 18 G. triacanthos seedlings
per plot (3 origins x 3 families per origin x 2 individuals per

family), resulting in a total of 216 seedlings (basal diam-
eter = 1.79 £ 0.21 mm, height = 9.98 + 2.7 cm; mean + s.d.).
Here, origin was a sub-plot within disturbance, and family
was nested within origin, following a split-plot nested design
(Schielzeth and Nakagawa, 2013). Seedlings were grown in a
greenhouse by sowing scarified seeds in 90 cm? containers and
growing them for 6 weeks before transplanting (Mazia et al.,
2013). Each seedling was labelled with a metal tag. During
two complete growth seasons (January 2010 to March 2010,
November 2010 to April 2011) we measured plant height,
basal diameter and number of leaves. Plant height was meas-
ured with a standard measuring tape from the base to the in-
sertion of the last fully expanded leaf. Basal diameter was
measured with a calliper at 0.5 cm above the soil surface. In
April 2011, we also counted the number of spines and meas-
ured the chlorophyll content for all living plants. Spines were
counted in log-scale categories (0, no spines; 1, 1-10 spines
per plant; 2, 10—100 spines per plant; 3, >100 spines per plant).
Chlorophyll content was measured using a chlorophyll meter
(SPAD 502 Plus Chlorophyll Meter, Konica Minolta, EU).
SPAD values are strongly correlated with leaf N content (see
Zakeri et al., 2015).

Data analysis

Analyses were performed in R (R Core Team, 2017). We
used linear mixed effects models [package ‘nlme’ (Pinheiro
et al., 2017) and ‘lme4’ (Bates et al., 2015)] to evaluate seed
imbibition and germination, plant growth and traits. This ap-
proach accounted for the nested nature of the experiments (i.e.
families nested within origins), modelled variances to fulfil
homoscedasticity assumptions (varldent) and/or included a
correlation structure (corAR1) to account for the lack of in-
dependence in measurements with time (imbibition and field
experiment). We tested for the inclusion of these components
using likelihood ratio tests (Zuur et al., 2009). In all cases,
we generated reaction norms for each origin in response to
different environmental factors during germination (i.e. imbi-
bition, water potential and light) or field conditions (i.e. vege-
tation removal); here, we considered origin and treatments as
fixed effects. In parallel, we estimated variance components
for all experiments (remlVCA function in the ‘VCA’ package;
Erhardt and Schuetzenmeister, 2017). In these analyses, we
considered ‘origin’ as a random factor. Therefore, these es-
timates were only considered indicative of the proportion of
phenotypic variance assigned to blocks, origins, families and
error, according to each experiment.

To evaluate seed imbibition, we modelled weight as a func-
tion of origin and days since the start of the experiment. After
residual exploration, we included a quadratic term (Day?),
which strongly improved model fit (AAIC = 68; likelihood ratio
test: P < 0.001) but excluded higher order interactions as they
are difficult to interpret and may contain artefacts (i.e. Day and
Day? correlation). To evaluate the effect of light conditions on
seed germination, we performed two separate analyses com-
paring dark vs. light and R vs. FR treatments. Here, the model
included light treatment, origin and their interaction. To evaluate
the response to changes in water potential and temperature, we
carried out a two-step analysis, given that temperature was not
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replicated. First, we modelled germination as a function of water
potential, origin and families nested within temperature, to test
interactions (e.g. temperature X water potential). Secondly, we
ran a separate analysis within each temperature. For light and
water potential data, germination percentage was arcsine trans-
formed {i.e. arcsine [square root (germination/100)]} to im-
prove the distribution of residuals and fulfil model assumptions.

To test if origins responded differentially to vegetation re-
moval, we ran two separate analyses. First, we evaluated the
temporal growth response of individual plants (height, basal
diameter and leaf number). Here, we considered the factorial
arrangement of origin, vegetation removal and time under a
repeated measure model considering the consecutive measure-
ments of each individual plant. We modelled variances by time
and vegetation removal, and used the correlation structure to
account for the consecutive readings on the same individual
(Zuur et al., 2009). Secondly, to focus on the change in traits
in response to vegetation removal, we analysed the last sam-
pling date (April 2011) under a factorial origin x removal de-
sign. We also analysed relative growth rates (RGRs) for height,
diameter and leaf number. The RGR was calculated as the nat-
ural logarithm of the final (April 2011) over initial (December
2009) values for each individual plant. Replication for the
final measurements was still adequate, despite low survival in
some groups (mean n = 1.47 seedlings per treatment per family
per block; range = 6-12 seedlings per treatment per family).
Height, diameter, number of leaves and their RGRs were highly
and positively correlated (i.e. Pearson’s r = 0.75-0.97); to re-
duce spurious information, we present results for three of them
(RGRheigm, diameter and number of leaves; see the Results).

To evaluate G. triacanthos seedling survival, we utilized
two approaches. First, we estimated survival for each group
employing the Kaplan—Meier method and using the ‘survival’
R-package (Therneau, 2015). This non-parametric method pro-
vides confidence intervals for the survival curves, allowing
us to indirectly test differences among factors and treatments
(Therneau and Grambsch, 2000). As it was not possible to test
a factorial arrangement, we performed three separate compari-
sons: treatments (six levels), origins (three levels) and vegeta-
tion removal (two levels), adjusting P-values with a Bonferroni
correction (Crawley, 2007). Secondly, to consider the fixed and
random structure of the experimental design, we also performed
a logistic regression for survival on the last sampling date
using a binomial distribution and a logit link function under a
generalized mixed effects model (see above, Crawley, 2007).
Here, the origin and disturbance were fixed effects, and fam-
ilies nested within disturbance, nested within blocks were the
random structure, thus permitting us to account for the fact that
families were nested in origin, within each disturbance level in
each block (split-plot nested design; Schielzeth and Nakagawa,
2013). Both Kaplan—Meier and logistic regression approaches
produced consistent results.

RESULTS

Seed germination traits

Before imbibition, seed weight did not differ among origins
(F,, = 1.53, P = 0.29; grey boxes in Fig. 1). During imbibi-
tion, the increase in seed weight differed among origins (Table

Temperate Dry
grasslands woodlands

Sub-tropical
forests
0.6

T
T BT g

1 2 3 4 5 1

Seed weight (g)

2 3 45 1 2 3 45

Time (d)

Fi1G. 1. Imbibition of seeds of G. triacanthos over time from temperate grass-

lands, dry woodlands and sub-tropical forests during 5 d in distilled water.

Boxes are central quartiles with the median, and vertical lines indicate the
10-90 percentile range. Grey boxes indicate the initial seed weight.

2; Supplementary data Table Sla). Seeds from dry woodlands
and sub-tropical forests increased their weight faster than seeds
from temperate grasslands, whereas the seeds from this origin
reached their maximum weight on days 4-5 and then stabilized
(origin x day 2 in Table 2; Fig. 1; Supplementary data Table
Sla).

Water potential affected seed germination depending on seed
origin and on temperature (water potential x origin and water
potential x temperature interactions in Supplementary data
Table S2), but in all cases seed germination was >70 % (near
90 % for —2 MPa; Supplementary data Table S1b). Considering
each temperature separately, seed origin interacted with water
potential (Table 3; Fig. 2A—C). In general, seeds from tem-
perate grasslands consistently showed higher germination at
—2 MPa and lower germination at 0 MPa. In contrast, seeds
from dry woodlands and sub-tropical forests changed in re-
sponse to water potential across temperatures (Table 3; grey
and black points in Fig. 2A—C). For example, the germination
response of dry woodlands to increasing water potential (from
-2 to 0 MPa) changed from neutral to positive with the increase
in temperature (Supplementary data Table S1b).

Light quantity (light vs. dark) and quality (R vs. FR) dif-
ferentially affected germination rate and the shape of the
hypocotyl (Table 4; Fig. 2D-G; Supplementary data Table
Slc). First, neither origin nor R/FR light treatment affected
the germination rate, although we detected that seed germin-
ation from sub-tropical forests showed a non-significant dim-
inution under FR environment (Fig. 2E; Table 4). In addition,
germination was higher for seeds from dry woodlands than for
sub-tropical forests or temperate grasslands, independently of
light quantity (Table 4; Fig. 2D). Secondly, the three origins
differed in the initial shape of the seedling hypocotyl. Seeds
from temperate grasslands produced shorter and wider hypo-
cotyls independently of light quantity (Fig. 2F). In contrast,
light quality (R/FR) differentially affected three origins (origin
x light; Table 4). While the hypocotyl shape of seedlings from

6102 1990100 g0 UO Josn BIWouoIBY 8p 9B OWY Aq 872 1LGS/L0E/2/7Z | AOBISAe-0[ILE/GOE/WOD dNO"0lWapEsE)/:SdRY WO} POPEOJUMOQ


http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz077#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz077#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz077#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz077#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz077#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz077#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz077#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz077#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz077#supplementary-data

312 Tognetti et al. — Adaptation and plasticity in an invasive tree

TABLE 2. ANOVA table with Wald-test results of the mixed effect
models for the weight of seeds during imbibition for the three ori-
gins (temperate grasslands, dry woodlands and tropical forests)
during 5 days. The model included a Day’ term, as it improved

model fit.
d.f. Imbibition
F P
Origin 2,6 8.97 0.015
Day 1,425 158.13 <0.001
Day? 1,425 35.54 0.002
OxD 2,425 10.98 <0.001
O x D? 2,425 11.62 <0.001
Family oy 0.020 g
Residuals T, 0.025 ¢

Last two rows indicate restricted maximum likelihood estimation for the
standard deviation associated with the “families” within the three origins (77)
and the residual standard error (7,). Degrees of freedom are approximate and
are detailed to indicate the correct model specification. Bold indicates signifi-
cant terms in the model.

TABLE 3. ANOVA table with Wald test results of the mixed effects

model for the effect of origin (temperate grasslands, dry wood-

lands and sub-tropical forest), water potential (0 and —2 MPa) and
temperature (20, 25 and 30 °C) on G. triacanthos germination.

d.f. Germination
F P
Origin 2,4 1.43 0.411
Water potential 1,41 13.63 0.001
Temperature 1,1 0.67 0.561
O x WP 2,41 22.85 <.001
OxT 2,41 0.26 0.789
WP xT 1,41 4.56 0.038

Even though temperatures were not truly replicated, differences between
chambers probably represented temperature, since chambers were specially de-
signed to maximize control over other variables (see Supplementary data Table
S1 for separate temperature analyses). Degrees of freedom are approximate,
and only detailed to indicate the correct model specification. Bold indicates
significant terms in the model.

temperate grasslands did not change across light quality envir-
onments, seeds from dry woodlands increased and thoset from
sub-tropical forests decreased hypocotyl shape with a lower
R:FR ratio (higher FR; Fig. 2G).

Plant establishment and growth traits

Before establishment of the field experiment, plants differed
in height and diameter among origins. Seedlings from temperate
grasslands were shorter than those from dry woodlands and sub-
tropical forests (height, TG* = 8.17 + 0.34 cm; DW® = 10.12 +
0.29 cm; SF¢=11.68 +0.32 cm; mean + s.e.m.; letters indicate
significant differences after Tukey test with a = 0.05), whereas
the diameter of seedlings from sub-tropical forests and dry
woodlands were wider than those from temperate grasslands

(diameter, TG*=1.74 = 0.25 mm; DW" = 1.85 + 0.30 mm; SF®
1.79 £ 0.25 mm).

At the end of the experiment, vegetation removal ra-
ther than origin affected seedling traits (Table 5; Fig. 3;
Supplementary data Table S1d), and there were no signifi-
cant origin x vegetation removal interactions (all origin X
removal P > 0.1; Table 5). First, across vegetation removal
treatments, the RGR for plant height was 25 % higher for
temperate grasslands and dry woodlands with respect to sub-
tropical forest seedlings (Fig. 3A; Table 5; Supplementary
data Table S1). Secondly, vegetation removal increased
final basal diameter by 4 mm (Fig. 3B) and reduced the
height:diameter ratio by 11 % (Fig. 3C), resulting in more
robust plants. Vegetation removal also increased leaves per
plant by 32 leaves (+70 % with respect to controls) and spine
number by one order of magnitude (Fig. 3D, E). Finally,
neither vegetation removal nor origin affected chlorophyll
levels (Table 5; Fig. 3F).

During the 2 years of the experiment, plant height increased
differentially among origins (Supplementary data Table S3;
Supplementary data Fig. S1). Plants from dry woodlands were
taller and responded more positively to vegetation removal
than plants from sub-tropical forests and temperate grass-
lands. However, basal diameter and the number of leaves re-
sponded positively to vegetation removal over time for plants
of all origins (Supplementary data Table S3; Supplementary
data Fig. Sla).

Both vegetation removal and origin affected plant survival
(Kaplan-Meier: x*, = 51.8; P < 0.001, Fig. 4). Only approx.
41 % of plants from sub-tropical forests in plots with removed
vegetation survived, in contrast to approx. 90 % for intact plots
with plants from dry woodlands (Fig. 4). However, when vege-
tation removal and origin were analysed separately, vegetation
removal (>, =46.4; P <0.001) was more important than origin
(;(22 =5.1; P =0.078) in determining survival. On average, 45
% of plants survived in plots with removed vegetation [sur-
vival 95 % confidence interval (CI) = 38-53], against 77 %
(survival 95% Cl= 70-84%) in intact plots (Fig. 4). The gen-
eralized mixed effects model indicated that vegetation removal
reduced final survival from 84 % to 62 %, independently of
origin (likelihood ratio x*: removal, x21 = 12.67, P < 0.001;
origin, x>, = 1.08, P = 0.57; removal x origin, x*, = 0.045,
P =0.97).

Variance components

For most traits, the standard deviation for families was smaller
than the standard deviation for the error term (Tables 2, 4 and
5), indicating low differentiation of families within populations.
Furthermore, the proportion of variance explained by origin
was generally lower than that for residual error (Supplementary
data Figure S2), indicating that plant variability within a family
was higher than among origins.

DISCUSSION

The role of local adaptation and plastic responses has been
understudied, particularly among invasive trees (Lee, 2002; van
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F1G. 2. Reaction norms to changes in water potential and temperature (A—C), and light conditions (D-G) on germination (A-E) and hypocotyl shape (F and G) of
seeds from temperate grasslands, dry woodlands and sub-tropical forests. Vertical bars indicate + s.e.m.

TABLE 4. ANOVA table with Wald test results of the mixed effects models for the effect of light quantity (Light — Dark) or light quality
(Red — Far Red) and the three origins (temperate grasslands, dry woodlands and subtropical forests) on the percentage of germination
and the shape of the hypocotyl (length/diameter) of G. triacanthos seeds.

Germination Hypocotyl shape

Light—dark R-FR Light—dark R-FR

d.f. F P F P d.f. F P d.f. F P
Light 1,48 2.66 0.109 0.791 0.378 1,363 0.09 0.753 1,334 0.90 0.3434
Origin 2,48 7.90 0.001 0.947 0.394 2,20 21.13 <0.001 2,20 6.78 0.0137
OxL 2,48 0.56 0.574 1.119 0.335 2,363 0.11 0.891 2,334 63.08 <0.0001
Family oy - - 0.91 mm™' mm 1.22 mm™ mm
Residuals 0. - - 1.34 mm™ mm 1.90 mm™' mm

The last two rows indicate restricted maximum likelihood estimation for the standard deviation associated with families within the three tree origins (d7) and

the residual standard error (7). Degrees of freedom are approximate and are detailed just to indicate the correct model specification. Bold indicates significant

terms in the model.

Kleunen and Fischer, 2005; Facon et al., 2006; Oduor et al.,
2016). Here, we found evidence of phenotypic plasticity and
local adaptation for early establishment of G. triacanthos, an
exotic tree invading different biomes worldwide. In germination

trials, we found signals of local adaptation in seed germination
regarding changes in water potential and in hypocotyl shape
in response to changes in light environment (Figs 1 and 2;
Supplementary data Table S1). Even so, average germination
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TABLE 5. ANOVA table with Wald test results of the mixed effect models for the effect of vegetation removal (intact/removed vegetation)
and the three origins (temperate grasslands, dry woodlands and sub-tropical forests) on plant traits of G. triacanthos seedlings after
16 months (two growing seasons).

d.f. RGRh Diameter Shape (H/D)
F P F P F P
Vegetation removal 1,5 2.14 0.204 10.55 0.022 13.11 0.015
Origin 2,20 6.72 0.006 0.33 0.722 0.10 0.901
OxR 2,20 0.36 0.702 2.23 0.132 0.29 0.748
Family ay 0.18 In (cm/cm) 0.43 mm 0.10 cm/mm
Residuals O. 0.29 In(cm/cm) 1.29 mm 1.53 cm/mm
d.f. Leaves Spines SPAD
F P F P F P
Vegetation removal 1,5 10.86 0.0216 10.14 0.024 0.88 0.39
Origin 2,20 0.40 0.672 1.72 0.204 1.62 0.221
OxR 2,20 1.30 0.292 1.17 0.329 0.20 0.814
Family oy 19.98 counts 0.33 counts 3.34 units
Residuals Oe 25.39 counts 0.74 counts 5.83 units

Measured traits were relative growth rate in height (RGRh), seedling diameter, shape (height/diameter), number of leaves, number of spines and chlorophyll
level (SPAD). The last two rows in each section indicate restricted maximum likelihood estimation for the standard deviation associated with the families within
origins (dy) and the residual standard error (,). Degrees of freedom are approximate and are detailed just to indicate the correct model specification.
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FiG. 3. Reaction norms in the common garden experiment for G. triacanthos seedlings growing in plots with intact (— R) or with resident vegetation removed

(+ R) after 16 months of growth under field conditions. (A) Relative growth rate in height [In (cm / cm .. )], (B) diameter (mm); (C) plant shape ex-

pressed as height / diameter ratio (cm/mm); (D) number of leaves (counts); (E) number of spines (log, scale); and (F) chlorophyll level in leaves (SPAD units).

Seedlings from temperate grasslands, dry woodlands and subtropical forest were grown in a greenhouse before transplanting to the temperate grassland field site.
Vertical bars indicate + s.e.m.

was high and independent of treatments and seed origin, sug-
gesting that plastic responses could also play arole in explaining
homeostasis (flat reaction norm; Forsman, 2015). In a common
garden, vegetation removal increased seedling growth in diam-
eter more than in height, whereas plants in intact plots grew
less on average (Supplementary data Table S1). Such plastic
changes in the height:diameter ratio with vegetation removal

highlight the ability of G. triacanthos to adjust their allometry
according to changes in resource availability. Together, ger-
mination and common garden results highlight that phenotypic
plasticity and local adaptation may allow G. triacanthos to re-
spond over the short and long term to changes in environmental
conditions and lastly contribute to shape this species as a suc-
cessful woody invader.
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F1G. 4. Survival curves for the G. triacanthos seedlings (temperate grasslands,
TG; dry woodlands, DW; sub-tropical forests, SF) and the two removed vege-
tation levels (—R/intact; +R/removed vegetation). Vertical bars are the Kaplan—
Meier 95 % confidence intervals. Within a month, symbols were slightly
displaced for clarity. See the Materials and Methods for further details.

Germination trials

Although all the experiments showed high levels of seed
germination (>70 %; see Baker, 1965; Ferus et al., 2013),
G. triacanthos seeds exhibited distinctive germination pat-
terns (Fig. 2). We found that seeds from temperate grasslands
showed a consistent pattern of increasing germination with
negative water potential (Fig. 2; Supplementary data Table
S1). In contrast, seeds from dry woodlands and sub-tropical
forests decreased germination under negative water potential.
Interestingly, these opposite patterns could match prevailing
environmental conditions in the origin (Table 1). Growing
seasons in dry woodlands and sub-tropical forests are humid
and warm (Table 1), as well as in the native range (Schnabel
and Hamrick, 1990; Schnabel et al., 1991; Fernandez et al.,
2017). Thus spring—summer precipitation allows successful
seed imbibition and germination throughout the growing
season (Tecco et al., 2012; Fernandez et al., 2017). In con-
trast, summers in temperate grasslands tend to be drier, and
germination occurs in early summer. In this context, it is pos-
sible that seeds from temperate grassland had locally adapted
to germinate under water stress condition and also had devel-
oped higher sensitivity to damage by imbibition, caused by
rapid water uptake under high water potential (Powell and
Matthews, 1979). This soil condition is rare during the period
of seed germination of G. triacanthos in temperate grassland,
and coincides with our records of scarce or null G. triacanthos
invasion under oversaturated soil conditions (E. J. Chaneton,
pers. obs.). The capacity to germinate at low water potential
might have permitted G. triacanthos to succeed in the Pampa
grasslands (Chaneton et al., 2012). This finding suggests
local adaptation of temperate grasslands seeds to achieve suc-
cessful germination matching with abiotic conditions during
the growth season. Similar results were found in seven popu-
lations of this woody species in the Danube basin (Ferus et al.,
2013). Besides these signals of local adaptation, our results
also showed that the percentage seed germination of the three
studied origins was relatively high under a wide range of ex-
perimental conditions (approx. 70 %; Supplementary data
Table S1) that G. friacanthos might face in the early stages
of germination (e.g. changes in water availability and light

conditions). Thus G. triacanthos germination might adjust to a
general purpose genotype, defined as a species that thrives in
a wide range of environmental conditions through phenotypic
plasticity (Baker, 1965; Parker et al., 2003).

We also found differences in hypocotyl shape in response to
light environment among origins; seeds from temperate grass-
lands produced shorter and wider hypocotyls (Fig. 2; Table 4).
Hypocotyl shape has been related to an adaptation to disturb-
ances and harsh environments, thus allowing seedlings to main-
tain cotyledons close to the soil surface, preventing damage by
fire, herbivory or drought (Fisher, 2008). Changes in hypocotyl
shape may also facilitate successful emergence under crusted
soils for some cultivated species (Finch-Savage and Bassel,
2016), thus enhancing seedling survival. Even though we
cannot unequivocally assign these changes to any disturbance
type, our results support the fact that the variations in morpho-
logical traits could be associated with environmental factors.
For example, it is possible that the low length/diameter hypo-
cotyl shape detected in the case of temperate grasslands could
reduce early seedling death by drought. This abiotic stress is
common in Pampean grasslands, and temporally coincides with
G. triacanthos seedling emergence and early survival (Mazia
et al., 2001, 2010).

Common garden

In our experiment, phenotypic plasticity, rather than local
adaptation, was evident for some seedling growth traits (Fig.
3). This result agrees with ecological theory, which states that
the adaptative filter for successful germination and early estab-
lishment is stronger for seeds than for seedling survival and
growth (Lee, 2002; Petit et al., 2004). Traits related to dispersal
or germination (Petit et al., 2004; Donohue et al., 2010) may
be filtered out before traits related to growth or reproduction,
which are usually more plastic (Lee, 2002). In fact, while bar-
riers such as seed predation (Orrock et al., 2006; Busch et al.,
2012) or extreme climatic events (i.e. dry years; Mazia et al.,
2010; Chaneton et al., 2012) have dichotomous (live—dead) ef-
fects on early phases of establishment, filters such as the effect
of resident vegetation (Chaneton et al., 2012) can retard growth
until a gap in the vegetation is opened (see Mazia et al., 2001,
2013; Aranda et al., 2015). This plastic response to disturb-
ance mainly evidenced by changes in height:basal diameter
ratio seems to be advantageous in any of the three ecosystems
studied.

We found that seedling growth increased (e.g. basal diam-
eter and leaf number) and the height:diameter ratio diminished
when resident vegetation was removed (Figs 3 and 4). These
results agree with previous evidences on invasive species traits
in general, and with G. friacanthos in particular (Mazia et al.,
2013). In general, invasive species show positive responses to
increased resource availability (Davis et al., 2000; Facon et al.,
2006; Richards et al., 2006). Such high capacity of resource
capture before resident vegetation recovery generates different
niche opportunities for invasive species (Davis et al., 2000; Shea
and Chesson, 2002). Interestingly, increasing leaf number and
basal diameter suggest that seedlings in plots with vegetation
removal could differentially accumulate reserves in the stem
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(as starch; M. J. Aranda, pers. obs.) and deplete them during
unfavourable periods or after fire or grazing. Contrarily, seed-
lings in intact plots showed a high height:diameter ratio (less
robust seedlings), which could allow seedlings to persist under
canopy light competition (Valladares et al., 2006; Ramirez-
Valiente et al., 2010). The faster trees overcome the height of
resident vegetation, the more benefits they obtain in terms of
resource acquisition (Valladares et al., 2006; Wakeling et al.,
2011; Aranda et al., 2015). Finally, we found that the number
of spines increased in plots with vegetation removal, which
could be beneficial in repelling herbivores when the seedling is
more apparent (Cooper and Owen-Smith, 1986). In summary,
we found that G. triacanthos show responses in growth when
resources increased. However, interestingly, this woody species
also shows changes in allometry (height:diameter ratio); such
plastic changes suggest a high capacity for successful establish-
ment and high invader capacity under different and contrasting
environmental conditions. In contrast to seedling growth results,
vegetation removal diminished seedling survival (Fig. 4). Even
s0, a great proportion of seedlings survived independently of the
applied treatment. Other studies have shown that differences in
G. triacanthos survival may vary with climatic conditions, patch
type and resident community (Mazia et al., 2013, 2019).

We are aware that we did not include population genetic
analysis or reciprocal transplanting that could help to discern
between local adaptation and alternative causes (e.g. genetic
drift and founder effects). However, considering that the pro-
cess of local adaptation in woody plants is long (Premoli,
2003; Germino et al., 2019), the high intrapopulation vari-
ability, probably originating from outcrossing fecundation
and long-distance dispersal, could contribute to weaken the
process of local adaptation (Schnabel and Hamrick, 1990;
Schnabel et al., 1991; Schnabel and Wendel, 1998; van
Kleunen and Fischer, 2005; Oduor et al., 2016). In agree-
ment, our results showed weak signals of local adaptation and
high individual variability, even within families and origin,
which is expected for perennial, woody and predominantly
outcrossing species (Hamrick et al., 1992; Nybom, 2004). In
addition, G. triacanthos populations were not isolated, but
connected through animal and water dispersal (Schnabel and
Wendel, 1998; Fernandez et al., 2017). This continuous gen-
etic interchange could preclude the process of local adapta-
tion and ecotype differentiation (Premoli, 2003; Hoffmann
and Sgro, 2011), but at the same time maintains the chance of
invasion under a wide set of environmental and management
scenarios (Hulme, 2008; Tecco et al., 2015).

Conclusions

Rapid local adaptation and phenotypic plasticity enable in-
vasive plant species to become established in a broad range
of novel habitats (Facon et al., 2006; Oduor et al., 2016).
Although signs of local adaptations were weaker than plasti-
city, our study revealed that both mechanisms are plausible to
explain the capacity of G. triacanthos to invade grassland, dry
woodland and sub-tropical forest ecosystems. Interestingly,
adaptation to local germination conditions and maintaining
plastic responses to vegetation removal provide a versatile

strategy to invade different ecosystems. In particular, the cap-
acity to germinate at low water potential might have promoted
the success of G. triacanthos in the historically ‘tree-less’
Pampa grasslands (Chaneton et al., 2012). Regional pre-
dictions for temperate grasslands, dry woodlands and sub-
tropical forests suggest increases in summer precipitation and
mean annual temperatures (Vera et al., 2006; Barros et al.,
2015). Under global change scenarios (Hellmann et al., 2008;
Hoffman and Sgro, 2011), high levels of phenotypic plasti-
city would allow G. triacanthos populations to respond to
sudden changing environmental conditions better than locally
adapted genotypes.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Figure S1: height,
diameter and number of leaves for the three G. triacanthos
origins during two growth seasons under intact and removed
vegetation. Figure S2: estimated percentage of the variance
components including blocks, origins, families and error for
different G. triacanthos traits in each of the chamber and field
experiments. Table S1: estimates for the mixed effect models
for imbibition, germination, hypocotyl shape and seedling traits
of G. triacanthos from three origins. Table S2: ANOVA table
with Wald test results of the mixed effect models for the effect
of water potential and the three origins on the percentage of
seed germination. Table S3: ANOVA table with Wald test re-
sults of the mixed effect model for the growth of G. triacanthos
seedlings from three origins in response to vegetation removal
levels during two growth seasons.
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