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Introduction

non-native species undergoing range expansion may 
encounter spatial variation in abiotic conditions in the 
invaded environments that vary from high-quality resource 
patches to lower quality, physiologically stressful patches. 
One hypothesis for invasive success in such habitats is that 
rapid, adaptive phenotypic responses might help invasive 
species to persist and thrive in patchy resource environ-
ments. Baker (1965) suggested that broadly adapted spe-
cies could produce appropriate phenotypes across a wide 
range of environmental conditions via a high capacity for 
response plasticity (i.e., the “general purpose genotype”). 
however, richards et al. (2006) argued that a trade-off 
might exist between exploiting limited favorable conditions 
and sustaining a high level of performance across different 
environments. recent meta-analyses testing for increased 
within-generation phenotypic plasticity of invasive species 
compared with less successful adventives or natives have 
found conflicting results: Davidson et al. (2011) reported 
that invasive species have greater phenotypic plasticity 
compared to native species, whereas Palació-lópez and 
gianoli (2011) and godoy et al. (2011) found no differ-
ences between the plasticity of invasive and non-invasive 
species.

Dyer et al. (2010) proposed an alternative, but not 
mutually exclusive, hypothesis to explain the positive 
population growth of non-native species in highly vari-
able environments. transgenerational plasticity (tgP), 
or maternally induced phenotypic plasticity, occurs 
when plastic responses of individuals to environmental 

Abstract adaptive transgenerational plasticity (tgP), 
i.e., significantly higher fitness when maternal and off-
spring conditions match, might contribute to the population 
growth of non-native species in highly variable environ-
ments. however, comparative studies that directly test this 
hypothesis are lacking. therefore, we performed a recipro-
cal split-brood experiment to compare tgP in response to 
n and water availability in single populations of two inva-
sive (Amaranthus retroflexus, Galinsoga parviflora) and 
two congeneric non-invasive introduced species (Amaran-
thus albus, Galinsoga ciliata). We hypothesized that the 
transgenerational effect is adaptive: (1) in invasive species 
compared with non-invasive adventives, and (2) in stress-
ful conditions compared with resource-rich environments. 
the phenotypic variation among offspring was generated, in 
large part, by our experimental treatments in the maternal 
generation; therefore, we demonstrated a direct tgP effect 
on the offspring’s adult fitness. We found evidence, for the 
first time, that invasive and non-invasive adventive species 
differ regarding the expression of tgP in the adult stage, as 
adaptive responses were found exclusively in the invasive 
species. the manifestation of tgP was more explicit under 
resource-rich conditions; therefore, it might contribute to 
the population dynamics of non-native species in resource-
rich sites rather than to their ecological tolerance spectra.
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conditions influence the phenotype and fitness of their off-
spring (Mousseau and Fox 1998; galloway and etterson 
2007; Dyer et al. 2010). Phenotypic plasticity is a within-
generation adjustment to environmental conditions; tgP 
occurs between generations. therefore, with tgP, off-
spring are prepared for maternal environmental conditions 
and adaptive trait expression is seen as early as germination 
and seedling emergence. With phenotypic plasticity, there 
is a delay in adaptive trait expression due to the lag time 
required for the developmental response (Kirkpatrick and 
lande 1989). tgP can be considered adaptive if offspring 
fitness is increased when maternal and offspring conditions 
match (Marshall and uller 2007; these authors called it an 
“anticipatory maternal effect”). tgP is more likely to occur 
in habitats with temporally stable environmental conditions 
(schuler and Orrock 2012), in species with low gene flow 
among populations and seed dispersal distances not larger 
than the maternal patch (galloway 2005). When condi-
tions that favor tgP change, the responses conditioned by 
the maternal plant can be maladaptive as well. specifically, 
as the scale of environmental heterogeneity decreases, 
maternal and offspring environmental conditions may be 
less likely to match and the trait responses favored by the 
maternal growing conditions may fail to increase fitness in 
the offspring environment (galloway 2005). therefore, if 
tgP is a specific mechanism for range expansion in inva-
sive plants, maladaptive tgP can restrict the range of con-
ditions in which a species can spread and maintain popula-
tions (sultan et al. 2009).

adaptive tgP is predicted in range-expanding species. 
First, it is highly probable that parents and offspring will 
encounter the same environmental conditions: the seed 
number-to-distance relationship is leptokurtic with only 
short-distance dispersal between consecutive years for the 
large majority of seeds (Willson and traveset 2000). sec-
ond, potential habitat shifts might occur due to pollen or 
seed movement over several generations (uller 2008; sul-
tan et al. 2009). a plastic response of the mother plant 
transmitted to the offspring is therefore more beneficial 
than a fixed genetic specialization (local adaptation). 
Despite the potential benefits of adaptive tgP in plants, lit-
tle is known about ecologically meaningful differences in 
tgP among species and about their role in species distribu-
tion (sultan et al. 2009; herman and sultan 2011). Moreo-
ver, there is a serious lack of knowledge regarding the role 
of tgP in plant invasion (Dyer et al. 2010; herman and 
sultan 2011; rice et al. 2013).

It has been suggested that the adaptive expression of 
tgP will be favored primarily under stressful conditions 
(sultan et al. 2009; herman and sultan 2011). By enhanc-
ing the stress tolerance and fitness of offspring, tgP may 
increase the ecological amplitude of non-native species 
to include suboptimal, resource-poor conditions (herman 

et al. 2012). this outcome can be achieved, for example, 
by accelerated phenology, by adjusted seed dispersal dis-
tance, or by regulating functional traits to reduce the effect 
of stress under these resource-poor conditions (Dyer et al. 
2010; Jacobs and lesmeister 2012). alternatively, tgP 
can increase plant fitness in high-resource sites by ensur-
ing high reproductive output after the first generation; 
therefore, tgP can allow invasive species to become more 
abundant locally (Dyer et al. 2010). adaptive tgP is predi-
cated on the maternal plant perceiving and responding to 
environmental cues correctly, and for those cues to be pre-
dictive of the growing conditions that will be experienced 
by the offspring (Mousseau and Fox 1998).

the mechanisms of tgP have been linked to the quantity 
and composition of starch provisioning, mrnas, proteins, 
hormones or metabolites packed in the seed and also to epi-
genetic variation (reviewed by herman and sultan 2011). 
all of these mechanisms might be associated with changes 
in the phenotypic expression of traits; however, their mani-
festations vary considerably within an individual’s life cycle 
(latzel and Klimešová 2010; herman and sultan 2011). 
For example, starch provisioning of the mother plant might 
affect seed quality and germination, but its effects often 
decline later in the life cycle of the offspring. In contrast, 
other mechanisms may have effects that persist over the 
entire life cycle of the offspring or even over subsequent 
generations (Bischoff and Müller-schärer 2010; herman 
et al. 2012). as germination and seedling traits are known 
to be largely affected by maternal conditions (roach and 
Wulff 1987; agrawal 2001) and these aspects have already 
been studied in non-native species with different degrees of 
invasive success (sultan et al. 2009), we were interested in 
whether tgP influences fitness by shaping ecological traits 
in later stages of plant development.

In this study, we present the results of a reciprocal 
split-brood experiment comparing tgP in response to two 
important resources, water and n availability, in single 
populations of two congeneric pairs of invasive and non-
invasive non-native species. By comparing invasive to non-
invasive adventive congeners under contrasting conditions, 
we can investigate whether tgP enhances or constrains the 
distribution of non-native species and, therefore, the contri-
bution tgP makes to invasion success. We measured both 
functional [specific leaf area (sla) and shoot/root ratio] 
and performance traits (total biomass, offspring seed num-
ber, and seed mass) in plants grown in environments that 
were similar to or in contrast to that of their mothers. We 
formulated two hypotheses regarding the manifestation of 
tgP in annual non-native plant populations:

1. adaptive transgenerational phenotypic expression is 
stronger in invasive species compared with non-inva-
sive adventives.
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2. adaptive transgenerational phenotypic expression is 
greater under more stressful conditions and, therefore, 
serves to broaden the ecological range of invasive spe-
cies as opposed to increasing fitness under resource-rich 
conditions.

Materials and methods

study species

two congeneric pairs of non-native annual plant species 
were chosen for our study, one pair from the asteraceae 
family [Galinsoga parviflora cav. (invasive) and Galinsoga 
ciliata Blake (non-invasive)] and one pair from the ama-
ranthaceae family [Amaranthus retroflexus l. (invasive) and 
Amaranthus albus l. (non-invasive)]. all species are obli-
gate annuals and population persistence depends entirely 
on recruitment from seeds. the selected species meet the 
requirements necessary to answer our questions for the fol-
lowing reasons: (1) testing the effect of tgP on closely 
related species will decrease the potential phylogenetic 
bias; (2) all four species are self-compatible and thus able 
to create genetically similar offspring by artificial pollina-
tion; and (3) in central-eastern europe, one of the species 
in each pair is invasive, whereas the other is a non-invasive 
adventive species. the invasive status of each species was 
extracted from the catalogue of non-native plants of roma-
nia (anastasiu and negrean 2009) and of hungary (Balogh 
et al. 2004). note that A. albus has invasive status in the 
former catalogue due to its abundant occurrence along the 
Black sea coast (anastasiu et al. 2011), whereas it appears 
only sporadically in transylvania (a. Fenesi, e. ruprecht, 
personal observations), where seeds were collected and the 
experiment was conducted. achenes and capsules (hereaf-
ter “seeds”) were collected from one naturalized population 
per species in the neighborhoods of cluj-napoca (tran-
sylvania, romania) during september and October 2010. 
seeds from 20 to 30 individuals per species were collected 
in a single bag.

Maternal generation

seeds of the four species were allowed to germinate in 
1-l pots (December–May). emerging seedlings were then 
transplanted individually at the 3-week stage to 3-l pots 
filled with a 2:1 mixture of soil and sand. the potting soil 
mixture contained 0.032 mg n g−1 directly available to the 
plant. a total of 0.025 g of nutrient mixture (20 % P2O5, 
44 % K2O, 0.05 % Fe, 0.025 % Mn, 0.008 % Zn, 0.006 % 
cu, 0.02 % B, and 0.0035 % Mo) was added to each pot 
before the beginning of the experiment to ensure that there 
was no shortage in any of the necessary nutrients except n. 

One week after transplanting, we manipulated the avail-
ability of water and n to create two gradients for these 
resources. all treatment levels had four replicates.

to vary the water treatment, three levels of water avail-
ability were established by adjusting the soil water content 
(% volume) to low (18 %), medium (33 %) and high (68 %) 
water quantity, measured by an sM300 soil Moisture sen-
sor connected to an hh2 meter for instant readings (Delta-
t Devices, cambridge, uK). the medium level modeled 
the average soil water content in european grasslands dur-
ing early summer [20–50 % (Bahn et al. 2008)], the low 
level corresponded to a drought-stressed, resource-poor 
condition, and the highest level modeled the well-watered, 
resource-rich condition.

the n availability gradient also had three levels: low, 
medium and high n availability, obtained by adding 0, 
0.3 g (corresponding to 7.5 g m−2), and 0.6 g (correspond-
ing to 15 g m−2), respectively, of nh4nO3 per pot. the 
medium quantity was chosen according to the average 
level of n fertilizers applied in 2009 in the european union 
(60–80 kg ha−1 year−1), the low level modeled a resource-
poor condition without fertilizers, and the high level corre-
sponded to the maximum quantities used by the eu mem-
ber states (120–150 kg ha−1, resource-rich setting) (Jensen 
et al. 2011).

as we tested each treatment variable in a resource gra-
dient, the other treatment variable was kept at a medium 
level: medium soil water content for all n treatments and 
medium n availability for each water treatment. there-
fore, we created five types of environments for our plants, 
as the medium level treatment was common to both the 
water and the n gradients. Pots were arranged randomly in 
a protected open-air experimental facility in the university 
Botanical garden at cluj-napoca, romania, and covered 
with a transparent polyethylene sheet to exclude precipita-
tion. Plants were kept until fruiting in september.

to create genetically similar offspring, we excluded for-
eign pollen by bagging the plants individually. as the pollen 
sizes of the four species were extremely small (20–60 μm), 
special bags were created to exclude all the foreign pollen. 
the cylindrical bag had an upper part made of nylon fab-
ric that allowed light to enter, whereas the sides were made 
from light-weight white material that allowed ventilation 
but excluded both wind- and insect-borne pollen. as all spe-
cies were self-compatible, we produced uniparental seeds, 
i.e., each parent plant was both the maternal and paternal 
parent. seeds of each mother plant were collected, counted 
and weighed (five times 50 seeds weighed to 10−4 g).

Offspring generation

seeds collected from four maternal genotypes per species 
grown in each of the n or water treatments were used in 
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the subsequent year to test for the expression of tgP. In 
Galinsoga species, we used only the disc achenes with pap-
pus because many more achenes with pappus [~80–85 % 
(Kucewicz et al. 2010)] occur in capitula than achenes 
without pappus. seeds were placed on the soil surface of 
3-l pots filled with the same mixture of soil and sand as 
the parent plants in December. the pots were subjected to 
five treatments to create the same environmental conditions 
as in the parental generation: low, medium and high lev-
els of both water and n availability. seeds originating from 
mother plants grown under water treatments (independent 
of the level of the treatment) were assigned to low, medium 
and high water treatments, but not to differing nutri-
ent treatments. similarly, seeds originating from mother 
plants grown under nutrient treatments were assigned to 
low, medium and high nutrient treatments, but not to dif-
fering water treatments. the maternal genotypes (4 geno-
types × 5 treatments per species) were represented by four 
replicates per treatment; therefore, 16 pots were subjected 
to each treatment per species in this second generation 
(n = 1,088 pots). We were limited to using only four field-
collected genotypes per treatment and per species in this 
experiment due to the very high number of pots required 
in the offspring generation. the addition of one more geno-
type would considerably increase the number of individuals 
(and pots) included. therefore, we draw conclusions about 
the characteristics of a species from very limited sampling 
of a natural population.

seedlings were thinned to one per pot during the peak 
germination of seeds, and grown until flowering and seed 
set. three fully matured leaves were collected from all plants 
before flowering. the individual mean sla (mm2 g−1) was 
measured according to garnier et al. (2001). Flower heads 
(calathids) of Galinsoga species were continuously collected 
from the beginning of seed production (two to three times 
per week), whereas capsules of Amaranthus species were 
gathered at the end of the ripening phase. Fruits (hereafter 
“seeds”) were counted and weighed (number of seeds and 
50-seed weight). all individuals were harvested at the end of 
the seed-ripening phase, and the roots were washed free of 
soil. the biomass was separated into shoots and roots, dried 
for 48 h at 60 °c and weighed (total biomass and shoot/root 
ratio). We chose the root/shoot ratio and sla as functional 
traits to detect the plastic allocation responses of individuals 
under different resource treatments, and we chose the total 
biomass, number of seeds, and seed weight as performance 
traits to test the potential effect of tgP on the final fitness of 
adult non-native species.

the adaptiveness or maladaptiveness of a plastic 
response in functional traits can be assessed only in the 
light of individual performance. We consider a plastic tgP 
response in functional trait as adaptive when the plastic allo-
cation is directly linked to increased plant performance.

statistical analysis

linear mixed-effect models were used to test for differ-
ences between the invasive and non-invasive adventive spe-
cies in the effect of differing maternal environment on the 
mature traits of offspring grown in an environment that was 
similar or contrasting to that of their mother plants (hypoth-
esis 1). two functional traits (shoot/root ratio and sla) 
and three performance traits (total biomass, number of 
seeds and seed weight) were treated as dependent variables. 
analyses were performed separately for the two treatment 
types (water or n) and the two species pairs. effects of spe-
cies (A. retroflexus, A. albus or G. parviflora, G. ciliata; 
fixed effect), maternal treatment (low, medium, high; fixed 
effect) and offspring treatment (low, medium, high; fixed 
effect) on dependent variables and their interactions were 
included in the models. a significant three-way interac-
tion (species × maternal treatment × offspring treatment) 
would indicate a significantly different tgP in the two spe-
cies involved. Maternal seed mass was used as a covariate 
in these models because it may have affected seedling vigor 
and, thus, plant growth. Maternal plant identity (genotype) 
nested within species was included in the models as a ran-
dom factor. Maternal individuals were randomly sampled 
and between-individual variation was of no interest; indi-
vidual genotypes merely served as replicates. however, we 
examined the significance of the random term (genotype 
nested within species) based on likelihood ratio tests used 
to compare models with and without random terms.

If tgP was detected, whether or not it depended on the 
species identity (significant interactions: maternal treat-
ment × offspring treatment or species × maternal treat-
ment × offspring treatment), analyses were performed 
separately on individual species as well (without species 
as a fixed term). In the case of significant interaction terms 
(maternal treatment × offspring treatment), a tukey post 
hoc multiple comparison test was performed (r package 
multcomp, function glht). Variables were log or Box-cox 
transformed whenever necessary to obtain normally dis-
tributed residuals and/or to achieve homoscedastic distribu-
tions. all analyses were performed using the r statistical 
environment, version 3.0.1 (r core team 2013).

Results

the magnitude of response of species pairs to offspring 
treatments differed significantly, with the exception of Gal-
insoga in the water treatment (table 1). the main effects 
of maternal treatments were not significant for any species 
on any of the measured traits, whereas offspring treatment 
effects were highly significant for nearly every trait (mater-
nal treatment and offspring treatment; table 1). Maternal 
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plant identity (genotype) did not strongly influence the 
measured traits except in Amaranthus species under the 
water treatment. the effect of maternal seed mass (covari-
ate) was significant only on offspring seed mass under the 
water treatments. the inclusion of maternal seed mass as 
a covariate in the models might mask or counter certain 
mechanisms contributing to tgP. accordingly, models with 
and without the covariate were compared using likelihood 
ratio tests, but no significant differences between the tests 
were detected.

the congeneric pairs showed significantly different phe-
notypic plasticity responses (species × offspring treatment; 
table 1) in all but one case (total biomass in Galinsoga 
species under n treatment). that is, the species pairs did 
not respond in the same way to treatments experienced by 
the offspring generation. In addition, the manifestation of 
tgP in the offspring generation was very frequent in the 
functional and performance traits (maternal treatment × 

offspring treatment) and the manifestation of tgP often 
varied across species (species × maternal treatment × off-
spring treatment) (table 1).

tgP in the n treatments

In the invasive A. retroflexus, under elevated n conditions, 
offspring matching the maternal environment had a signifi-
cantly higher sla index than offspring from other mater-
nal environments (table 2; Fig. 1a). the non-invasive A. 
albus did not manifest tgP in this trait. tgP in seed num-
ber differed significantly between invasive and non-inva-
sive Amaranthus species (table 1, 2; Fig. 1). In the inva-
sive A. retroflexus, under high n conditions, offspring from 
mothers grown in high n conditions produced 85 % more 
seeds than offspring from mothers grown in low n condi-
tions and 105 % more seeds than offspring from mothers 
grown in medium n treatments (Fig. 1g). In contrast, in 

Table 1  results of linear mixed-effect models for effects of two treatment types (water and n) on growth and reproduction of congeneric pairs 
of Amaranthus and Galinsoga

Dependent variables were shoot/root ratio (SRR), specific leaf area (SLA), total biomass, number of seeds and seed weight. Fixed factors were 
species (S), maternal treatment (MT), and offspring treatment (OT). seed weight of mother plants (SWM) was used as covariate; genotype nested 
within species (Genotype) was included as a random factor in each model. Values show F-statistics for fixed factors and likelihood ratio statistics 
for the random term

* P < 0.05, ** P < 0.01, *** P < 0.001

genotype s Mt Ot sWM s × Mt s × Ot Mt × Ot s × Mt × Ot

Amaranthus, n treatment

 sla 1.06 5.36*** 0.47 13.90*** 0.85 0.58 16.04*** 8.79*** 1.58

 srr 3.15 150.38*** 1.44 7.50** 0.87 0.48 133.99*** 0.75 0.32

 Biomass 1.03 16.82*** 0.70 63.86*** 0.05 0.05 85.84*** 1.39 1.80

 seed number 1.31 0.85 0.29 19.94*** 0.60 0.44 122.45*** 3.34* 2.72*

 seed weight 3.36 230.50*** 1.07 4.23* 1.75 3.30* 151.19*** 0.67 0.49

Galinsoga, n treatment

 sla 0.01 0.92 1.76 38.30*** 1.32 1.71 20.66*** 0.28 2.75*

 ssr 0.01 7.31*** 0.07 100.00*** 0.38 5.34* 43.52*** 0.82 0.36

 Biomass 0.01 14.64*** 2.04 215.53*** 0.01 2.41 0.52 1.96 1.83

 seed number 0.01 16.13*** 1.67 104.08*** 0.49 3.52* 7.90** 1.54 0.36

 seed weight 8.63** 90.76*** 0.81 28.41*** 1.88 1.78 24.47*** 2.03 0.30

Amaranthus, water treatment

 sla 0.01 4.10** 0.39 82.43*** 0.61 1.98 13.15*** 1.33 0.95

 srr 24.50*** 180.52*** 1.36 248.90*** 2.42 0.09 53.18*** 4.82*** 3.03*

 Biomass 0.01 1.94 0.51 239.48*** 2.10 4.08* 88.53*** 2.78* 4.75***

 seed number 11.61** 12.05*** 0.29 163.67*** 0.10 0.65 55.71*** 2.01 5.81***

 seed weight 8.42* 133.63*** 2.88 47.16*** 17.27*** 1.31 6.87** 3.20* 1.28

Galinsoga, water treatment

 sla 0.009 4.93* 0.96 73.33*** 1.26 2.68 29.15*** 6.40*** 1.23

 srr 0.01 0.11 1.92 169.63*** 0.32 0.36 9.65*** 0.26 0.16

 Biomass 5.61* 0.006 0.19 75.76*** 0.64 0.11 16.99*** 1.58 10.68***

 seed number 1.48 1.70 0.05 94.02*** 0.19 1.26 10.10*** 2.55* 3.02*

 seed weight 1.29 41.39*** 0.34 67.40*** 4.44* 0.25 4.65* 1.59 2.11
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the non-invasive A. albus and under a medium level of n 
content, offspring with a maternal environment of low n 
content produced significantly more seeds than offspring 
with a maternal environment of medium or high n content 
(Fig. 1h).

species-specific tgP was manifested in Galinsoga spe-
cies as well (Fig. 2). Interestingly, in the invasive G. parvi-
flora under the high n treatment, offspring with a maternal 
environment of medium n content had a higher sla than 
offspring with a maternal environment of high n content 
(Fig. 2a).

tgP in the watering treatments

tgP differed significantly between invasive and non-inva-
sive Amaranthus species (table 1). In the non-invasive A. 
albus, in dry soil, offspring from maternal plants reared 
under dry conditions produced 33 % less biomass and 42 % 
fewer seeds than offspring from moderately well-watered 
maternal plants and 37 % less biomass and 44 % fewer 
seeds than offspring from well-watered maternal plants 
(Fig. 3f, h). In addition, we found a significantly higher 
allocation to roots in offspring of drought-stressed moth-
ers under dry conditions (Fig. 3d). In contrast, we did not 
detect tgP in A. retroflexus in functional or performance 
traits in the watering treatments (Fig. 3a, c, e and g).

tgP differed between invasive and non-invasive Galin-
soga species in the watering treatments. under the high water 
treatment, offspring of drought-stressed non-invasive G. cil-
iata mothers produced 55 % greater biomass and 62 % more 
seeds than those of well-watered mothers (Fig. 4f, h). In 
contrast, in the invasive G. parviflora under moist soil treat-
ment, offspring of well-watered mothers produced 49 and 
51 % greater biomass and 59 % (non-significant difference) 
and 119 % more seeds than did offspring of drought-stressed 
or moderately watered mothers, respectively (Fig. 4e, g). In 
addition, we found significantly higher sla in G. ciliata off-
spring of well-watered mothers under drought-stress condi-
tions compared with offspring from a maternal environment 
of low and medium water availability (Fig. 4b).

Discussion

Manifestation of tgP in invasive vs. non-invasive  
adventive species

although the effect of tgP has long been documented 
(reviewed by herman and sultan 2011), the study by 
Dyer et al. (2010) has only recently drawn attention to 
the potential link between tgP and invasion success. 
therefore, there are only a few recent examples of the 
adaptive effect of tgP in invasive plants [e.g., Cype-
rus esculentus (Dyer et al. 2010); Aegilops triuncia-
lis (espeland and rice 2012); Carduus nutans (Zhang 
et al. 2012)]. to date, only one study has compared the 
effects of tgP in non-native species with differing inva-
sion success (sultan et al. 2009). that study found that 
drought-stressed individuals of Polygonum persicaria 
(a widely distributed introduced species) produced off-
spring that had longer roots and greater biomass when 
grown in dry conditions. In contrast, the closely related 
Polygonum hydropiper (a less successful introduced spe-
cies) presented a maladaptive tgP. sultan et al.’s (2009) 
study focused on early developmental traits. Our study, 
in contrast, focuses on comparing tgP effects on adult 
plant performance (total biomass, number of seeds, seed 
mass). these performance traits are likely more closely 
associated with population growth and spread, the key 
parameters determining invasiveness.

the manifestation of tgP proved to be a general 
phenomenon in the four studied annual non-native spe-
cies because the interaction between maternal treat-
ment and offspring treatment was significant for several 
traits. Moreover, we found that invasive and non-invasive 
adventive species in both congeneric pairs showed differ-
ing patterns of tgP in response to maternal moisture and 
n treatments for the most important fitness traits (total 
biomass and number of seeds; table 2). In addition, in 
certain cases, tgP also influenced the functional traits 
differently (shoot/root ratio or sla) in invasive vs. non-
invasive species. Our results are in accordance with the 

Table 2  the manifestation of adaptive transgenerational plasticity 
(tgP) (increased offspring fitness when maternal and offspring con-
ditions match) and maladaptive tgP (decreased fitness when mater-

nal and offspring conditions match) in invasive (I) Amaranthus ret-
roflexus and Galinsoga parviflora and non-invasive (NI) Amaranthus 
albus and Galinsoga ciliata

traits where tgP was detected in response to treatment type and level are indicated

species treatment sla shoot/root ratio total biomass seed number seed weight

Amaranthus n I, high: adaptive – – I, high: adaptive
nI, medium: maladaptive

–

Galinsoga n I, high: maladaptive – – – –

Amaranthus Water – nI, low: maladaptive nI, low: maladaptive nI, low: maladaptive –

Galinsoga Water nI, low: maladaptive – I, high: adaptive nI, high: 
maladaptive

I, high: adaptive nI, high: 
maladaptive

–
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findings of sultan et al. (2009) and latzel et al. (2010) 
that dissimilarities in the expression of tgP might exist 
even between closely related species and that this effect 

might contribute to the phenotypic and behavioral dif-
ferences [i.e., ecological diversity (sultan et al. 2009)] 
among species. therefore, our results underscore that 

Fig. 1  effects of maternal and offspring n treatment on vegeta-
tive and reproductive traits of Amaranthus retroflexus (invasive) and 
Amaranthus albus (non-invasive). a, b specific leaf area. c, d shoot/
root ratio. e, f total biomass. g, h number of seeds (thousands). 
Lowercase letters denote significant differences between factor lev-
els [P < 0.05, tukey honest significant difference (hsD) test], and 
are shown only when significant transgenerational plasticity (tgP) 
(maternal treatment × offspring treatment) was detected in lin-
ear mixed-effect models (lMMs) run for each species separately. 
Mean ± se are shown

Fig. 2  effects of maternal and offspring n treatment on vegetative 
and reproductive traits of Galinsoga parviflora (invasive) and Gal-
insoga ciliata (non-invasive). a, b specific leaf area. c, d shoot/root 
ratio. e, f total biomass. g, h number of seeds (thousands). Low-
ercase letters denote significant differences between factor levels 
(P < 0.05, tukey hsD test), and are shown only when significant 
tgP (maternal treatment × offspring treatment) was detected in 
lMMs run for each species separately. Mean ± se are shown. For 
abbreviations, see Fig. 1
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the result of environmentally induced maternal effects is 
a highly important and neglected feature of invasiveness 
and deserves greater attention in future studies.

adaptive tgP in performance traits [i.e., significantly 
higher biomass and reproductive output when maternal and 
offspring conditions match (galloway 2005)] was found in 
the invasive G. parviflora under well-watered conditions 

Fig. 3  effects of maternal and offspring water treatment on vegeta-
tive and reproductive traits of A. retroflexus (invasive) and A. albus 
(non-invasive). a, b sla. c, d shoot/root ratio. e, f total biomass. g, 
h number of seeds (thousands). Lowercase letters denote significant 
differences between factor levels (P < 0.05, tukey hsD test), and are 
shown only when significant tgP (maternal treatment × offspring 
treatment) was detected in lMMs run for each species separately. 
Mean ± se are shown. For abbreviations, see Fig. 1

Fig. 4  effects of maternal and offspring water treatment on veg-
etative and reproductive traits of G. parviflora (invasive) and G. cil-
iata (non-invasive). a, b specific leaf area. c, d shoot/root ratio. e, f 
total biomass. g, h number of seeds (thousands). Lowercase letters 
denote significant differences between factor levels (P < 0.05, tukey 
hsD test), and are shown only when significant tgP (maternal treat-
ment × offspring treatment) was detected in lMMs run for each spe-
cies separately. Mean ± se are shown. For abbreviations, see Fig. 1
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(Fig. 4g) and in invasive A. retroflexus under high n condi-
tions (Fig. 1g; table 2). note that in both invasive species, 
offspring of such high-resource mothers did not outperform 
other treatment groups in low- or medium-level conditions. 
this finding suggests that tgP may be an adaptive strategy 
under favorable resource conditions rather than simply a 
“silver spoon” effect (grafen 1988) in which mother plants 
developed under favorable circumstances enjoy a fitness 
advantage by providing useful resources to the offspring 
via seed provisioning. In contrast, under the same environ-
mental conditions, the non-invasive congeners showed no 
tgP or maladaptive tgP. In addition, in the non-invasive 
A. albus, maternal drought stress negatively influenced the 
performance of offspring under offspring drought treat-
ments (maladaptive tgP), whereas the invasive congener 
showed no tgP. these differing responses of the conge-
neric species might be responsible, at least in part, for their 
current invasive status, as the beneficial expression of tgP 
in invasive species can contribute to their local and land-
scape-level success (see below). In contrast, the maladap-
tive effect of tgP expressed in non-invasive species might 
limit the fitness of offspring and, therefore, decrease their 
ability to compete and to spread.

Most importantly, the differences between tgP in inva-
sive vs. non-invasive species were most often manifested 
in the number of seeds produced, the quintessential fitness 
trait in annual plants. the increased (in invasive species) or 
decreased (in non-invasive species) reproductive output as 
a result of adaptive or maladaptive tgP might have a num-
ber of implications for the invasiveness of species. Prop-
agule pressure (the number of dispersing individuals) is 
recognized as an important factor that influences invasion 
success within each invasion state (lockwood et al. 2005). 
at the population level, a higher number of seeds produced 
may contribute to the local population growth (ahlroth 
et al. 2003; travis et al. 2005; rice et al. 2013); whereas at 
the landscape scale, propagule pressure contributes to the 
further spread of the invasive species. Proximity to a source 
of dispersing individuals and the size of the source can 
increase the likelihood that the invasive species will expand 
its geographical range (rouget and richardson 2003).

studying functional traits [i.e., morphological or physi-
ological attributes with significant effects on plant fitness 
(Violle et al. 2007)] offers the possibility to investigate the 
mechanisms (e.g., trade-offs) underlying the manifestation 
of tgP in fitness traits. the adaptiveness or maladaptive-
ness of functional traits can be assessed when a plastic 
response in allocation can be directly linked to altered plant 
performance. In this study, A. retroflexus offspring from 
mothers grown in high n conditions invested less per unit 
leaf area (higher sla) in high n conditions compared with 
offspring from mothers grown in medium or low n con-
ditions. high sla [rapid growth rate, low investment in 

leaf biomass (Poorter and remkes 1990)] might be corre-
lated with high reproductive output based on the allocation 
theory. this theory assumes that individuals must divide 
the limited supply of resource among several competing 
functions such as growth, storage and reproduction (Baz-
zaz 1997). In the offspring generation, A. retroflexus indi-
viduals with high sla had significantly more seeds than 
those with lower sla (adaptive tgP in functional trait 
(Fig 1a, g), which is consistent with the results of earlier 
works (Vilela et al. 2008; Dujardin et al. 2011). similarly, 
higher allocation to roots in A. albus offspring of drought-
stressed mothers under dry conditions resulted in less total 
biomass and fewer seeds than in offspring from moderately 
and well-watered mothers (maladaptive tgP in functional 
traits). In other cases, however, it was impossible to iso-
late the role of individual functional traits on fitness traits 
because plant performance might be dependent on whole 
functional strategy of a plant [a spectrum of co-varying 
functional traits (Maire et al. 2013)]. For example, G. parv-
iflora offspring from different maternal treatments growing 
in high n conditions did not exhibit changes in fitness even 
though they differed significantly in sla.

the manifestation of tgP in the invasive A. retro-
flexus, namely, that the offspring of mothers grown under 
suboptimal environmental conditions (low or medium n 
treatments) showed reduced fitness under high n condi-
tions (Fig. 1g), corresponds closely to Barker’s hypothesis 
(Barker 1997), which appears generally valid across taxa 
(schuler and Orrock 2012). Barker’s hypothesis refers 
to the increased prevalence of human metabolic diseases 
in offspring who lived in a food-enriched environment 
and whose mothers were food deprived during pregnancy 
(Barker 1997). schuler and Orrock (2012) suggest that 
plant species may experience similar metabolic and func-
tional disorders due to the temporally highly heterogene-
ous habitats experienced by subsequent generations. these 
effects may be associated with human-induced heterogene-
ous landscapes caused by fragmentation, fertilization and 
climate change (schuler and Orrock 2012). In addition, the 
stochasticity of environmental conditions experienced by 
the spreading non-native species can also be responsible for 
the manifestation of such an effect. Many invasive popula-
tions have a higher probability of arriving in an environ-
ment dissimilar to the mother’s environment due to rapid 
population expansion (sakai et al. 2001). When habitat 
heterogeneity increases, behavioral cues become unreli-
able, and plant individuals may experience an evolution-
ary trap (schuler and Orrock 2012) such that a seemingly 
good decision (previously adaptive behavior) results in sub-
optimal outcomes (e.g., reduced offspring reproduction). 
More research is needed in wild plant population to show 
whether spreading invasive species experience such mater-
nally derived evolutionary traps in natural systems.
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tgP in stressed vs. resource-rich conditions

tgP might increase a species’ ecological amplitude by 
enhancing its stress tolerance and offspring fitness in 
stressful environments (sultan et al. 2009; herman et al. 
2012). however, tgP may also confer fitness benefits in 
high-resource conditions when “pre-adapted” individu-
als become more abundant locally or in similar habitats 
(Dyer et al. 2010). to test the idea that beneficial tgP 
can be more strongly manifested under stressful rather 
than resource-rich conditions, in this study, we tested the 
expression of tgP along the two most important resource 
gradients for plants (n and water).

galloway (2005) argues that the adaptiveness of tgP 
depends strongly on the size of habitat patches. For exam-
ple, nitrification and fertilization have created heteroge-
neous patches of nutrient-rich and nutrient-poor habitats 
over such small spatial scales (lechowicz and Bell 1991) 
that offspring seldom experience maternal environments. 
these conditions are not appropriate for the evolution of 
tgP and may explain why the species investigated in this 
study showed a much lower expression of tgP along the 
n gradient than under the water treatments: all four spe-
cies thrive in secondary successional communities and dis-
turbed habitats on soils with an extremely patchy nutrient 
distribution. however, A. retroflexus is an important weed, 
primarily in fields and horticultural row crops (costea 
et al. 2004), where nutrients are uniformly distributed due 
to fertilizer adjustment. therefore, A. retroflexus has had 
the opportunity to evolve adaptive environmental maternal 
effects under elevated n concentrations and showed adap-
tive tgP for reproductive output (table 2; Fig. 1g). soil 
water content usually varies at a larger spatial scale (gal-
loway 2005), hence it is more likely that adaptive tgP will 
occur along a water gradient. this pattern was also evident 
in our study system: adaptive tgP, as well as maladaptive 
tgP, occurred in Galinsoga species under the water treat-
ment. however, the frequency of habitat patches also influ-
ences the evolution of adaptive maternal effects, as rare and 
stochastic environmental conditions (e.g., extreme drought) 
hamper the selection of adaptive responses at the popula-
tion level (galloway 2005). this concept may explain our 
result that adaptive responses of invasive G. parviflora were 
manifested under moist conditions and not under drought 
stress.

In addition to the attributes of the habitat, adaptive tgP to 
certain environmental conditions is strongly linked with the 
dispersal range of the species (galloway 2005). as disper-
sal beyond the maternal home site will most likely increase 
the heterogeneity of microenvironments experienced by 
the offspring (Jacobs and lesmeister 2012), it is predicted 
that adaptive tgP to specific environments will be mani-
fested more commonly in species without explicit dispersal 

capacity. earlier studies suggested that adaptive tgP for 
seed dispersal could represent a potentially important mech-
anism in annual plants to cope with environmental heteroge-
neity (Donohue 1999). For example, Jacobs and lesmeister 
(2012) found that the invasive Erodium cicutarium may 
increase its probability of dispersing into nutrient-rich micro-
sites by adjusting ballistic seed dispersal distance via tgP. 
however, the hypothesis that the effect of tgP weakens with 
an increase in the probability that the offspring disperses far 
from the mother plant has never been explicitly tested. as the 
dispersal ability of Amaranthus species is low, their seeds 
will most likely land in close proximity to the mother plant, 
and the effect of tgP should be stronger in these species, in 
contrast to the primarily wind-dispersed Galinsoga species. 
Because we found adaptive tgP in both genera, our results 
could not support this hypothesis. however, as our study 
system is not suitable for answering this question due to the 
phylogenetic differences between genera, further studies are 
needed to directly demonstrate the effects of dispersal capac-
ity on the expression of tgP.

In summary, according to our results, adaptive tgP 
was exhibited under both high n and water treatments and 
could facilitate the spread of invasive species in resource-
rich habitats. however, further studies are needed to clearly 
link the importance of adaptive tgP to invasiveness across 
a broader sample of populations experiencing resource-rich 
conditions.

Conclusion

In accordance with previous predictions, we found that tgP 
persists throughout the life cycle of the offspring genera-
tion and has a strong impact over the lifetime performance 
of annual non-native species. We found evidence that inva-
sive and non-invasive adventive species differ regarding the 
expression of tgP in the adult stage; adaptive tgP was 
only observed for the invasive species. therefore, cross-
generational plasticity may play a role in shaping the dis-
tribution of introduced species (sultan 2004) and thus their 
invasive success. We also found that tgP was manifested 
primarily under resource-rich conditions, therefore con-
tributing to the invasiveness of populations by ensuring 
high reproductive output after the first generation in high 
resource conditions. thus, we suggest that tgP can allow 
invasive species to become more abundant locally.

Of the mechanisms potentially driving tgP, maternal 
seed weight differences did not have direct fitness conse-
quences in the offspring generation in the majority of spe-
cies and environmental conditions (except for the shoot/root 
ratio in A. albus under water treatment). these results do not 
support the findings of Dyer et al. (2010). Instead, they sug-
gest that epigenetic mechanisms changing gene expression 
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that are not conditioned by changes in Dna sequences 
(rossiter 1996, Bossdorf et al. 2008), rather than seed pro-
visioning, might be the underlying mechanisms responsible 
for tgP in the adult life stage.
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