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Abstract
Aims  Temporally heterogeneous environments have crucial in�uences on plant survival and growth,
leading to greater variations in plasticity, but direct experimental evidence is rare. Our objective was to
investigate how early experience with temporally heterogeneous water conditions may affect the
subsequent performance and plasticity of plants in response to water availability.

Methods   We subjected eight plant species from xeric, mesic or hydric habitats, four exotic and four
native to North America, to initial exposure to either an alternating drought and inundation treatment (Ehet,
heterogeneous experience) or a consistently moderate water supply (Ehom, homogeneous experience),
and to a second round of drought, moderate watering or inundation treatments.

Results  Compared to Ehom, Ehet increased the �nal total mass across all species, but did not affect
mortality. For species in groups, Ehet relative to Ehom decreased the initial total mass of native species, but
increased the mass of exotic species, but natives had greater late growth than exotics after Ehet. Ehet also
increased the total mass and late growth of mesic species more than xeric and hydric species.

Conclusions  Our �ndings suggest that previous exposure to temporal heterogeneity in water supply may
be not bene�cial immediately, but can be bene�cial for plant late growth and plastic responses under
water stress. Species from different habitats, and exotics vs. natives showed contrasting abilities to
exploit such bene�ts from early heterogeneous experience, regardless of their �nal performance. This
revealed the importance of modulating future plastic responses, or “metaplasticity”.  

Introduction
Phenotypic plasticity is crucial for organisms that inhabit variable environments (Bradshaw 1965;
Pigliucci 2001). Phenotypic plasticity can be a rapid response to the environment (Metlen et al. 2009), but
it is also repeated variability, or �exibility, over time as environmental conditions continue to change
(Wang et al. 2017). For example, exposure to stressful conditions such as drought or inundation may be
harmful to plants, but such previous experiences may subsequently enhance advantageous plastic
responses to stress later in the life of an individual (Wang et al. 2017). The in�uence of plant’s past
experience on its ability to respond to future environmental conditions (Huber et al. 2012; Niu et al. 2014)
has been called "plasticity in plasticity" (Schmid and Weiner 1993), "metaplasticity" (Novoplansky 2009)
and “secondary plasticity” (Wang et al. 2017). Such variation in plasticity can clearly contribute to
adaptation. For example, contemporary levels of plasticity evolve through selection (Hendry 2016). Thus,
this ability or �exibility in modulating the degree of plasticity expressed over time not only re�ects
conventional strategies of plants in current adaptation to environmental heterogeneity, but also
foreshadows their evolution (Hendry 2016).

Since plasticity can evolve as a trait itself (Ackerly et al. 2000; Richards et al. 2006; Via and Lande 1985),
phenotypic plasticity has become a key component of ecological evolutionary developmental biology
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(Pfennig 2016). Thus, studies have attempted to understand the evolutionary implications of plasticity
(Bradshaw 1965; Ghalambor et al. 2015; Levis and Pfennig 2016; Moczek et al. 2011; Steams 1989), but
our understanding of the ecological consequences of plasticity is limited (Fitzpatrick 2012; Miner et al.
2005; Nicotra et al. 2010; Niklaus et al. 2017). Exploring variability in plasticity has the potential to narrow
the gap between empirical studies of contemporary, or immediate, plastic responses (Huber et al. 2011;
Metlen et al. 2009; Poorter et al. 2012; Wright et al. 2017) and studies that predict how plasticity evolves
(Arnold et al. 2019; Chevin and Hoffmann 2017; Levis and Pfennig 2019; Pigliucci 2005; Schlichting
1986).

Highly plastic species are assumed to have an evolutionary history of greater environmental
heterogeneity, in either time or space (Alpert and Simms 2002; Baythavong 2011; Bradshaw and
Holzapfel 2006; Gianoli and González-Teuber 2005). For individual plants, temporal environmental
variation is common (Grant and Grant 2002; Morrissey and Had�eld 2012), with many environmental
factors changing repeatedly over a lifespan. There is a large body of literature on plant plasticity
expressed among individuals in response to spatial heterogeneity (Hodge 2004; Huber-Sannwald and
Jackson 2001; Van Buskirk 2017); reviewed by (García-Palacios et al. 2012), but responses by individuals
to temporal heterogeneity have been examined much less (Gianoli and González-Teuber 2005; Lázaro-
Nogal et al. 2015), and results are mixed. For example, (De Meester 1996) reported that plasticity in
kairomone-induced phototactic responses of Daphnia is higher in lakes with higher temporal variation in
�sh predation. Similarly, (Gianoli and González-Teuber 2005) found that plasticity in four traits of
Convolvulus chilensis was greatest for the population that experienced the greatest temporal variation in
nature. (Lázaro-Nogal et al. 2015) found that greater interannual variation in precipitation was correlated
with higher plasticity expressed by the semi-arid Chilean shrub, Senna candolleana. In contrast, (Mou et
al. 2013) found lower morphological plasticity in response to higher spatial and temporal heterogeneity in
nutrients, compared to controls. Phenotypic plasticity itself is not necessarily adaptive, and plastic
responses under stressful conditions are often negative or passive (a decrease in mean trait values). If
�uctuation in water conditions cause stress to plants, their immediate response should be lower than in
moderate water conditions, producing negative plasticity, which is often regarded as nonadaptive or
maladaptive. However, a passive response to stress in a trait is not clearly harmful or maladaptive.
Regardless, if heterogeneous experiences can improve trait plasticity by alleviating reduction in responses
to later stress, such changes in plasticity, or metaplasticity, might be of adaptive signi�cance.

Correlations between temporally variable environments and more plastic sub-populations that occupy
them hint at evolutionary causes, and possibly the potential for plants that live in temporally variable
habitats to develop greater plasticity in their plasticity (the shift in plasticity). But, there have been very
few studies of the effects of prior experiences on plasticity at later stages. Of these studies, early
stressful experience has been shown to improve the later performance of plant species under the same
stress or different stresses (Wang et al. 2017). This has been referred to as the “priming effect” (Tanou et
al. 2012) or "stress memory" (Walter et al. 2013). If plants with such memory can improve tolerance when
subjected to the same, different, or even contrary stressful conditions at later stages (Wang et al. 2017),
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previous exposure to temporally heterogeneous conditions may also improve the performance and
plastic responses in a trait, perhaps through alleviating its decrease under less favorable environments.

In these contexts, we investigated the effects of prior heterogeneous experiences on the subsequent
performance and plasticity in plant mass traits in different water availability treatments. In most
environments, plants experience highly �uctuating changes in water conditions at different scales over a
single lifespan (D'Odorico and Bhattachan 2012; Parolin et al. 2010). Understanding how early experience
with temporal heterogeneity in water availability might affect subsequent plasticity in response to later
water supply might reveal important but poorly understood strategies by which plants deal with
environmental heterogeneity over their lifespans. Also, species from different habitats may differ in their
ability to react and adapt to early heterogeneous experiences (Hendry 2016). For example, species from
�ooded forests may experience repeated experiences with inundation and drying out, and species from
arid environments experience dramatic pulses in water availability (Novoplansky and Goldberg 2001). In
addition, exotic invasive species have been hypothesized to show greater phenotypic plasticity than
native species (Funk 2008; Hulme 2008; Palacio-López and Gianoli 2011; Richards et al. 2006), but this
has not been studied in the context of temporal environmental heterogeneity over time.

Here, we investigated whether and how prior exposure to temporal heterogeneity in water availability
affects the subsequent performance and plastic responses to a water gradient for eight species, four
exotic invasive species and four native species. We asked the following questions: (1) does early
exposure to temporally heterogeneous water supply alter subsequent performance in drought, moderate
water and inundation conditions? (2) Does such early exposure affect plant plasticity in response to late
drought and inundation, i.e., secondary plasticity? And, (3) Do species from different hydrological
habitats and native and exotic species vary in later performance and plasticity in response to early
temporally heterogeneous experience?

Materials And Methods

Study species
The species we used in this study were the same as in a prior paper (Wang et al. 2017), including four
exotic invasive species - Leucanthemum vulgare Lam., Centaurea stoebe L. ssp. micranthos (Gugler)
Hayek, Leonurus cardiaca L. and Potentilla recta L., and four native species - Heterotheca villosa (Pursh)
Shinners, Gaillardia aristata Pursh, Agastache urticifolia (Benth.) Kuntze and Potentilla arguta Pursh
(Wang et al. 2017). Thus, three pairs of exotics and natives shared families and one pair were congeners.
All seeds were collected from natural grasslands in western Montana, USA. These species overlap
substantially in distributions, but the selected groups of target species generally occur in habitats that
share positions on a soil moisture gradient (for details see Wang et al. 2017).

Experimental design
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We conducted the experiment in a greenhouse at the University of Montana, Missoula, Montana. We
maintained greenhouse temperatures between 15–30ºC, corresponding roughly to natural summer
temperatures in the region. Natural light was supplemented by metal halide bulbs, with maximum total
photosynthetically active radiation on clear days reaching ~ 1200 µmol m− 2 s− 1. Seeds of all species
were planted into plastic trays (54.2 × 27.3 cm in width and 6.5 cm in height) in December 2010. Two
weeks after emergence, individual seedlings were transplanted into pots (7 × 7 cm in width and 20.6 cm
in height) �lled with a 1:1 mixture of top garden soil and sterile silica sand. Forty days after transplanting,
the length of the longest leaf for each plant was measured, as the initial size of each individual, before
the �rst round of treatments. We implemented a split plot design, with the �rst round of treatments as a
main factor and the second round of treatments and species as sub-factors. There were two “early
experience” treatments: alternative inundation-drought as an early heterogeneous treatment (Ehet), and
consistent moderate watering as an early homogeneous treatment (Ehom, control). For each species, a
subgroup of plants (20 samples for each species from each early treatment) from these treatments was
harvested after 90 days to measure performance during the early stage, and as a reference for calculating
“late growth” after the subsequent (or later) treatments. The remaining plants (30 pots for each species in
each early treatment) from each of the two early treatment groups (Ehet and Ehom) were divided into three
subgroups (10 for each subgroup), each of which was later exposed to one of the three subsequent
treatments: inundation, moderate watering and drought, establishing a gradient of moisture, in the
second round (Fig. S1). For each treatment combination in the second round, eight species with ten
individuals for each species were used (twenty individuals per species were measured from each
treatment in the early treatment). In sum, with one individual per pot, and 20 × 8 × 2 individuals with early
treatments only (sampling at the end of the �rst round) + 10 individuals × 8 species × 2 early treatments ×
3 late treatments (sampling at the end of the second round) = 800 pots in total.

Experimental treatments
Alternative inundation-drought conditions and moderate water conditions were created using six identical
tanks (161 × 91.3 cm in width, 8.5 cm in height), with three tanks assigned to each treatment. Tanks were
lined with heavy plastic and �t with drains to regulate water depth. The Ehet treatment was implemented
by �rst subjecting plants to a round of inundation for two weeks, then another round of drought for
another two weeks, followed by two weeks of inundation again, for a total three periods of two-week
inundation mixed with two-week drought experiences. There were no intervals between any two rounds of
treatments, thus the durations of drought treatments were actually shorter than two weeks, during which
soil moisture in pots was not measured. From the observed performances of species, we estimated that
the drought treatment did not cause a stress as strong enough as the inundation treatment. Nevertheless,
early experience with the temporally heterogeneous hydrological event appeared to cause more stress
than the early experience of continuous moderate water conditions. For the Ehom treatment, we watered
each pot daily to capacity, and soil remained moist throughout the experiment. The �rst round of
treatments lasted for 90 days, before the initiation of the second round, in which subsets of plants from
each 1st -round treatment were either placed into inundation, moderate water or drought conditions, or
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harvested and measured for evaluating early performance after the heterogeneous treatment (Fig. S2). In
the second round of treatments, we also used six tanks to create inundation, drought, and moderate water
conditions, with two tanks assigned to each treatment. The duration of the second round of treatments
was 60 days. Plants receiving both rounds of treatments were harvested and measured after 150 days,
separated into roots and shoots, dried at 60oC for two days and weighed.

The inundation, moderate and drought treatments we applied in both rounds of treatments were as
similar in greenhouse and hydrological conditions as possible. For the inundation treatment, the water
level was maintained at 7 cm in depth above the bottom of the tank, approximately 10 cm below the
surface of the soil in the pots, and pots were also watered to saturation every day. There was no standing
water in the moderate or drought treatment tanks, but in the moderate treatment, pots were watered to
saturation every other day. Pots in the drought treatment were watered to saturation once or twice per
week. This created periods of standing water in the tanks as we tried to stress plants without killing them.

Statistical analyses
Mortality rates and total mass for all treatment combinations were calculated. Overall, there were 720
individuals surviving at the end of the experiment, which were used for analyses. Traits of total mass,
shoot mass and root mass and root to shoot ratio were used to assess the performance of species. Late
growth (LG) for shoot mass, root mass and total mass of each species for all early - late treatment
combinations was calculated with the formula (Wang et al. 2017):

LG = (Y – X) / X   (1)

where X is the mean trait value of 20 individuals from each early treatment (early response group), and Y
is the mean trait value in the late treatment of 10 individuals from the same early treatment as the early
response group. For example, to calculate the LG for total biomass in late drought for a species with early
heterogeneous experience, X is the mean total mass of individuals with early heterogeneous experience
and Y is the mean value of individuals in the late drought with early heterogeneous experience.

Mean values of shoot mass, root mass and total mass were log-transformed, and mortality rates were
square root-transformed, to minimize variance heterogeneity. The r2 values derived from models for
ANCOVA analyses on shoot mass, root mass, total mass and root to shoot ratio were higher with species
as a variable than models with habitat type and nativity (native vs. exotic) as variables. However, due to
signi�cant effects of habitat type and nativity on traits, we used the analytic results of ANOVAs or
ANCOVAs with the two factors as variables. For individuals that only received one round of treatments,
three-way ANCOVA was conducted to evaluate effects of the �rst round of treatments, habitat type,
nativity and their interactions on four traits, including shoot mass, root mass, total mass and root to
shoot ratios. The initial size (the length of the longest leaf per individual) of individuals was used as a
covariate (the same covariate was applied in the following ANCOVAs). For those with two rounds of
treatments, we used four-way ANCOVA for mean values of shoot mass, root mass, total mass and
root:shoot ratio (with initial size as a covariate), and four-way ANOVA for mortality, late growth values (of
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shoot mass, root mass and total mass), with the �rst and (or) second treatment rounds, habitat type,
nativity, and their interactions as effects, since there were not enough degrees of freedom to analyse the
effects of individual species on these variables. All dependent variables were then analysed with one-way
ANCOVA or ANOVA for the effects of early experience for each or all species, for each or all late
treatments, and differences among different groups of species within each of or across all the other
treatments. Adjusted mean values for all four traits including total mass, shoot mass, root mass and
root:shoot ratio were also produced from one-way ANCOVA in General Linear Model (GLM, for the effects
of late treatments on mean values after removal of size effects), to calculate the plasticity in traits.

Adjusted mean values were then used for these traits to calculate the degree of trait plasticity in response
to late water conditions. Plasticity for mean values in a given trait was calculated using the Simpli�ed
Relative Distance Plasticity Index (Valladares et al. 2006) as:

RDPIs = (Y2-Y1) / Y1   (2 − 1)

Another index of plasticity (PI) was used for late growth because the late growth values were already
relative by calculation. PI for late growth in a given trait was calculated as:

PI = Y2-Y1 (2–2)

where Y2 represented mean trait values for each species in inundation or drought after early
heterogeneous or homogeneous treatments, and Y1 represented mean trait values in moderate water
treatments after the same early treatments. For any individual or group of species, to compare effects of
early inundation and drought treatments on their subsequent responses, we de�ned “difference variables”
(‘Diff-’, Wang et al. 2017), as the difference in the mean trait values between individuals from the early
homogeneous treatment (Ehom) and the early heterogeneous treatment (Ehet):

Diff-Y = Yhet - Yhom   (3)

where Diff-Y was the difference in late performance between individuals after the early time-
heterogeneous treatment (Ehet) and those after the early time-homogeneous treatment (Ehom) for a trait of
a species. For a given species, Yhom was the mean trait value in a late condition after Ehom (control) and
Yhet was its mean trait value in the same late condition after Ehet. For example, to calculate the Diff-TM
(difference in total mass) due to Ehet in late drought for a species, Yhom is its mean total biomass in late
drought after Ehom, and Yhet is its mean total biomass in late drought after Ehet.

For a given trait, Diff-values due to early treatments were regarded as signi�cant when its mean values (in
the same late conditions) differed between two early treatments at 0.10 level (LSD method in one-way
ANOVA). The degree of plasticity was regarded as signi�cant when mean values of two late water
treatments differed signi�cantly at 0.05 level (LSD method in one-way ANOVA). Diff-values and plasticity
for all traits were also analysed with three-way ANOVA, with the �rst (for plasticity) or second (for Diff-
values) treatment rounds, habitat type, nativity, and their interactions as effects. One-way ANOVA was
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used to analyze effects of the 1st -round/2nd -round treatments on the plasticity and Diff-values for all
traits as well as differences among groups of species in them, for each species and across all and within
groups of species. The LSD method was used for multiple comparisons of mean values for mortality,
mass traits and their late growth, as well as Diff-values and plasticity in all traits among the 1st -round
treatments (if available), among the 2nd -round treatments (if available), among different habitat types
and between exotic and native species, within each of or across all the other treatments.

Results
Mortality

The habitat type in which species occurred was the only factor that affected mortality rate, which was
also affected by interactions between habitat type and nativity, and between the 2nd -round treatments
and nativity (Table 1). Across all species and treatments, mortality was 4.7% by the end of the �rst round
of treatments and 11.5% after the second round, but these rates did not differ (ANOVA, F = 2.0; df = 1,63; P 
= 0.162; Fig. 1; Fig. S3 in the Supplementary Material). Considering individual species, the mortality of H.
villosa, G. aristata, A. urticifolia (all of these are native species) in late inundation ranged from 2 ~ 8%
after early homogeneous experience (Ehom), higher than that following an early heterogeneous experience
for these species (Ehet; F = 4.9; df = 1,9; P = 0.047; Fig. S3 in the Supplementary Material).
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Table 1
F-values for three-way and four-way ANCOVAs for effects of 1st round (1st ) and/or 2nd

round (2nd ) of treatments, habitat type (HA), nativity (NA) and their interactions. Analyses
were performed on Sqt (mortality rate [MR]), log10 (shoot mass [SM]), log10 (root mass [RM]),
log10 (total mass [TM]) and log10 (root: shoot [R/S])), for all plants subjected to the �rst round
of treatments, and those subjected to two rounds of treatments. Log10 (initial size [IS]), as a
covariate, was nested in the species effect in ANCOVAs. Signi�cance levels are: * P < 0.05, **

P < 0.01, *** P < 0.001.
Source df MR Log10 (SM) Log10 (RM) Log10 (TM) Log10 (R/S)

After the 1st round          

Log10(IS) 1 0.562 127.47*** 226.49*** 205.25*** 143.45***

1st 1 0.134 5.12* 1.52 2.08 1.31

HA 2 2.407 18.12*** 35.88*** 30.70*** 29.41***

NA 1 3.105 28.79*** 0.08 4.31* 63.83***

1st × HA 2 0.018 2.58 6.32** 5.27** 6.24**

1st × NA 1 0.184 5.03* 2.36 4.02* 0.26

HA × NA 2 0.383 16.74*** 12.45*** 8.44*** 75.46***

After the 2nd round          

Log10(IS) 1 0.280 62.66*** 130.43*** 120.59*** 41.91***

1st 1 0.025 5.01* 14.44*** 13.08*** 4.93*

2nd 2 2.356 4.79** 54.92*** 37.21*** 53.19***

HA 2 7.604** 17.44*** 107.33*** 51.08*** 159.28***

NA 1 1.854 97.36*** 83.70*** 85.88*** 3.17

1st × 2nd 2 1.831 0.76 0.73 0.82 0.17

1st × HA 2 0.059 3.14 4.38* 3.64* 6.30**

1st × NA 1 1.088 13.39*** 18.52*** 15.81*** 12.65***

2nd × HA 4 0.481 1.61 0.47 1.81 0.72

2nd × NA 2 2.525 5.40 7.84*** 6.99** 1.05

HA × NA 2 0.961 7.49*** 24.27*** 14.74*** 92.22****

After the 1st round of treatments (early experience), and across both early experience treatments, native
species had higher mortality than exotic species (F = 4.4; df = 1,15; P = 0.055; Fig. 2), and species from
xeric habitats had higher mortality than species from mesic habitats (LSD, P = 0.036; Fig. 3). After the 2nd
round of treatments, there was no difference in mortality between natives and exotics (Fig. 2); but species
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from hydric habitats suffered higher mortality (32.5%) than species from other habitats (4.4%), across
both early experience treatments (F = 13.8; df = 1,95; P < 0.001; Fig. 3).
Total biomass and its allocation

Across all species and treatments, after the 1st round of treatments, for total mass and root:shoot ratio,
the effects of early experience (the 1st -round treatments) were not signi�cant, but the effects of habitat
type and species nativity (exotic vs. native), and their interaction, as well as interactions between early
experience and habitat type were signi�cant (Table 1). The interaction between early experience and
nativity was also signi�cant for total mass. After the 1st round of treatments, early experience did not
affect mean total mass of all species combined (Fig. 1). However, Ehet, relative to Ehom, increased the total
mass of exotic species (ANCOVA, F = 3.87; df = 1,156; P = 0.051) and decreased that of native species (F = 
4.89; df = 1,146; P = 0.029; Fig. 2). Ehet also increased the total mass of species from hydric habitats (F = 
8.03; df = 1,78; P = 0.006), decreased root:shoot ratios of mesic species (F = 5.92; df = 1,155; P = 0.016;
Fig. 3). Exotics had higher total mass and lower root:shoot ratios than natives after Ehet (F = 16.03 and
9.69; df = 1,151; P < 0.001 and P = 0.002 for total mass and root:shoot ratio respectively; Fig. 2). Species
from hydric habitats had lower total mass, and mesic species had higher root:shoot ratios, than other
species across Ehet and Ehom combined (Fig. 3; P < 0.001).

After the 2nd round of treatments, the effects of early experience, late conditions, habitat type and nativity
(exotic vs. native) were signi�cant for most cases, with signi�cant interactions between 1st round and
nativity, and between habitat type and nativity (Table 1). Across all species, after the second round, Ehet,
relative to Ehom, increased total mass by 10.6% (ANCOVA, F = 6.7; df = 1,412; P = 0.010; Fig. 1). In terms of
Diff-TM (difference in total mass between Ehet and Ehom) of individual species, total mass in late
moderate or inundation conditions was signi�cantly higher after Ehet than after Ehom, producing a positive
Diff-TM for exotic species from mesic and hydric habitats (P. recta, L. cardiaca and L. vulgare; P < 0.05;
Fig. S5 in the Supplementary Material). Ehet increased the total mass of exotic species (F = 7.22; df = 
1,218; P = 0.008), but not that of native species (Fig. 2). Ehet increased the total mass of species from
mesic (F = 7.02; df = 1,227; P = 0.009) and hydric (F = 7.00; df = 1,80; P = 0.01) habitats, and the root:shoot
ratios of mesic species (F = 9.57; df = 1,227; P = 0.002; Fig. 3; Fig. S3 in the Supplementary Material).
Across both Ehet and Ehom, exotics had higher total mass than natives (F = 22.93; df = 1,412; P < 0.001;
Fig. 2); xeric species had lower total mass and root:shoot ratio than other species (F = 41.57 and 57.32 for
total mass and root:shoot ratio respectively; df = 2,413; P < 0.001; Fig. 3).
Late growth

All factors, and most interactions between factors, had signi�cant effects on late growth (growth during
the 2nd round of treatments) of all three traits (Table 2), and the effects of habitat type and nativity were
also signi�cant for the difference in late growth of total mass (Diff-LGTM; Table 3). Across all late
treatments, in comparison to Ehom, Ehet tended to improve late growth for total mass (LGTM) of native
species (F = 3.5; df = 1,23; P = 0.077) and for species from mesic habitats (F = 6.8; df = 1,23; P = 0.016),
with positive Diff-values (Fig. 2–4). For individual species, Ehet increased late growth from an average of
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59.60–114.5% of LGTM for native species from xeric and mesic habitats (H. villosa, G. aristata and P.
arguta) under all late conditions (F = 8.06; df = 1,53; P = 0.006; Fig. S4 in the Supplementary Material). In
contrast, Ehet decreased late growth for the exotic hydric species, L. cardiac, after late drought from
126.5–11.5% (F = 18.24; df = 1,5; P = 0.013).

Table 2
F-values for four-way ANOVA for the effects of the 1st
and 2nd rounds of treatments (1st, 2nd ), habitat type

(HA), nativity (NA) and their interactions, on late
growth of shoot mass, root mass and total mass

(LGSM, LGRM, LGTM), for plants that had been subjected
to two rounds of treatments. Signi�cance levels are: *

P < 0.05, ** P < 0.01, *** P < 0.001.
Source df LGSM LGRM LGTM

1st 1 2.88 8.47* 11.67**

2nd 2 9.27** 34.29*** 25.27***

HA 2 55.31*** 13.61*** 44.93***

NA 1 48.26*** 2.69 25.48***

1st × 2nd 2 0.22 0.30 0.37

1st × HA 2 3.01 5.06* 4.16*

1st × NA 1 8.16** 8.23** 6.52**

2nd × HA 4 10.25** 17.71** 25.52***

2nd × NA 2 4.48* 3.66 2.90

HA × NA 2 28.36*** 12.52** 30.38***
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Table 3
F-values for three-way ANOVA for effects of the 2nd round (2nd ) of treatments, habitat type (HA),

nativity (NA) and their interactions on the differences due to early experience (Diff-values). Effects are
presented for mean shoot mass (Diff-SM), root mass (Diff-RM), total mass (Diff-TM) and root: shoot
(Diff-R/S), and the relative growth of shoot mass (Diff-LGSM), root mass (Diff-LGRM) and total mass

(Diff-LGTM), for plants that had been subjected to two rounds of treatments. Signi�cance levels are: * P 
< 0.05, ** P < 0.01, *** P < 0.001.

Source df Diff-SM Diff-RM Diff-TM Diff-R/S Diff-LGSM Diff-LGRM Diff-LGTM

2nd 2 0.308 0.866 0.659 3.031 0.484 2.482 2.431

HA 2 0.712 3.023 1.381 2.192 3.595 12.826** 7.461*

NA 1 0.460 0.476 0.22 1.846 16.369** 52.226*** 54.337***

2nd × HA 4 0.303 2.235 1.349 5.716* 0.833 7.492* 4.930*

2nd × NA 2 0.246 0.236 0.072 5.581* 0.684 1.159 0.492

HA × NA 2 0.250 2.895 1.520 4.135 4.811 3.98 6.083*

Across both early experience treatments, late inundation, relative to moderate and drought conditions,
increased the LGTM of hydric species (LSD, P < 0.05). Across all late conditions after Ehet, native species
had higher late growth (LSD, P < 0.05; Fig. 2) and higher Diff-values (difference in LGTM between Ehet and
Ehom; F = 15.88; df = 1, 23; P < 0.001; Fig. 4), than exotic species. Across the two early experiences and all
late conditions, xeric species had higher late growth than species from other habitats (F = 8.08; df = 2, 47;
P = 0.001; Fig. 3), while species from hydric habitats had lower Diff-values in late growth than other
species (LSD, P < 0.05; Fig. 4).
Plasticity in mass traits and late growth

The effects of early experience were not signi�cant across all species considered together for plasticity in
mean trait values and late growth rates (Table S2 in the Supplementary Material). However, relative to
Ehom, Ehet increased plastic responses to late drought in root:shoot ratios for mesic species (F = 9.53; df = 
1,7; P = 0.021), but did not affect plasticity in response to inundation for any trait of any group of species
(Fig. 5). For individual species, the effects of Ehet vs. Ehom on plasticity to drought were signi�cant in
more species than on plasticity to inundation (Table 4; Fig. S6, S7 in the Supplementary Material).
Compared to Ehom, Ehet increased plastic responses to inundation in mass traits and their late growth for
L. vulgare and A. urticifolia (P < 0.05); increased plastic responses to drought in these traits for L. vulgare
and G. aristata (P < 0.01), but decreased their plastic responses to drought of L. cardiaca and P. recta (P < 
0.01). Species from xeric and hydric habitats generally had less negative plasticity in traits (F = 60.15 and
13.68 for xeric and habitat species respectively; df = 1,23; P < 0.001) in response to drought than to
inundation (Fig. 5).
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Table 4
F-values for one-way ANOVAs for the effects of the 1st rounds of treatments on plasticity to inundation

and drought for shoot mass, root mass, total mass (RDPIs) and their late growth (PI) for each species that
had been subjected to two rounds of treatments. Signi�cance levels are: * P < 0.05, ** P < 0.01, *** P < 

0.001.

  Plastic response to inundation Plastic response to drought

Species RDPIs for mean
value

PI for mean
LG

RDPIs for mean
value

PI for mean LG

Centaurea 0.067 0.37 0.983 6.496

Heterotheca 6.327 0.711 3.62 1.84

Leucanthemum 60.949** 142.912*** 56.523** 64.794**

Potentilla recta 4.72 3.204 23.689** 35.218**

Gaillardia 0.313 3.866 103.457** 603.852***

Potentilla
arguta

2.545 5.304 0.783 1.519

Leonurus 4.965 0.127 74.951** 44.587**

Agastache 27.036** 9.724* 3.443 0.248

Discussion
Our most important �nding was that temporally heterogeneous experiences (Ehet) early in the lives of
plants were often bene�cial to their later performance, although immediate effects were adverse for
several species. We found very few negative effects of early heterogeneous experiences. Generally, Ehet

reduced mortality in later conditions and improved performance (measured in a number of ways) and late
growth in total biomass in various later environmental treatments. The effects of early environmental
heterogeneity were different in extent for species, suggesting different adaptive strategies. Ehet decreased
the total mass of native species from mesic habitats immediately, but improved their late growth in total
mass later; in contrast, it improved the immediate total mass of exotic species, and did not affect their
late growth.

Adaptive later response to early heterogeneous experience
The stress induced by our inundation and drought treatments was not severe enough to increase
mortality more than that in moderate conditions. However, mean total biomass of species was decreased
by early experience of water �uctuation and late inundation. Additionally, most species, whether exposed
to heterogeneous or homogenous treatments, performed more poorly in later inundation than later
moderate water (control) and drought conditions, suggesting inundation was more stressful than
drought. The drought treatments we set up in the �rst round of treatments (testing for effects of
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temporally heterogeneous water supply) might not have been severe enough prior to the second round of
water treatments. If so, this may have mitigated the adverse effects of drought treatment in the second
round. Even so, several species showed reduced survival, shoot mass, root mass or total mass in late
drought, in comparison to control, after either early experience. Thus, our drought treatments in either the
�rst round of temporally heterogeneous experience or the second round of late water conditions should
have caused stress to our species. Such drought and inundation stress in the early heterogeneous water
treatment may have promoted the late growth of different species to different extents, so that their �nal
performance was less negatively affected. This suggests that plants not only can bene�t from a single
extreme hydrological experience (inundation or drought) (Wang et al. 2017), but also may be able to react
positively to alternating inundation and drought. Heterogeneous experiences may improve plant total
mass via promoting increased root:shoot ratios, as a larger root system should be essential for
adaptation to either late drought or inundation conditions (Wang et al. 2017), and is consistent with
studies on plant response to drought (Eziz et al. 2017; Poorter et al. 2012).

Models predict that spatial variation more strongly favors plasticity in traits than temporal variation
(Scheiner 2013). However, they also found that among-generation temporal heterogeneity favors
plasticity, whereas heterogeneity within the span of one generation should also favor plasticity if
environmental changes are highly correlated. We found that the alternating drought-inundation treatment
delivered the same duration and frequency of these experiences, and appeared to provide reliable signals
to plants. This may explain why temporally heterogeneous experiences promoted plant later growth,
though not higher plasticity. The two ends of water gradient, inundation and drought, may have sent
signals that elicited the same responses (Wang et al. 2017). Consequently, response to either stress may
have conferred an advantage to species in dealing with both stresses in later growth stages, though it
was not bene�cial immediately.

Species from different habitats
Only species from mesic habitats, as a group, showed improved late growth after early heterogeneous vs.
homogeneous experience. This result contrasted with other reports of decreases in late growth after early
extreme experiences (Wang et al. 2017). This contrast might be explained by several factors. First, a
single extreme experience may not have the same effect of heterogeneity in water availability over time.
Second, mesic species were better able to deal with the adverse effects of inundation (more stressful
than drought in this study), but were more vulnerable to drought, which was not as detrimental as in
(Wang et al. 2017). Third, heterogeneous water supply provided an intermediate amount of water, which
may have bene�tted mesic species more than species from other habitats. The third explanation is
consistent with the observation that the habitat in which a species occurs can play an important role for
determining metaplasticity in response to early experiences (Wang et al. 2017). Nevertheless, mesic
species may not lack a history of adaptation to extreme environments in general, but may have a limited
ability to tolerate stress. In variable environments, mesic species may tend to adopt “bet-hedging”
strategies, which indicate the ability to maintain stable performances in stressful environments, but
limited growth potential in benign environments. Finally, temporally heterogeneous environmental
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changes might have stimulated phenotypic canalization, especially in traits important to �tness, such as
total mass, which can be adaptive to highly variable environments (Debat and David 2001; Liefting et al.
2009; Stearns et al. 1995; Wagner et al. 1997).

Species from hydric habitats suffered higher mortality and gained fewer bene�ts from early
heterogeneous experience than those from other habitats. This may be because species from hydric
habitats have adapted to habitats with a relatively narrow range of variation in water availability, and are
less likely to encounter drought and thus exceptionally heterogeneous water conditions over their
lifetimes. Interestingly, xeric species did not show lower tolerance to inundation than species from mesic
or hydric habitats, in terms of late growth, and even showed greater late growth in late moderate water
and drought conditions than other species from other habitats after either early experience. Since
performance in mass traits was an additive result of both early growth and late growth, lower mass traits
do not represent lower overall growth potential. These suggested that xeric species are able to adapt a
wider range of water conditions than other species.

For plasticity, the effects of early experience were less dependent on the habitat type of species or the
nativity of species. For example, Ehet increased the plastic response to inundation for L. vulgare and A.
urticifolia, but increased the plastic response to drought for L. vulgare and G. aristata, and decreased this
plastic response for L. cardiaca and P. recta. Nevertheless, the lower plasticity shown in response to late
inundation expressed by hydric and xeric species was a result of much better performances under late
moderate conditions, rather than lower performances when inundated. Therefore, mesic species and
species from more-extreme habitats showed adaptive changes in plasticity due to early heterogeneous
experience.

Exotic versus native species
There were no differences in late plasticity between exotic and native species, and these species did not
differ in how plasticity changed in response to early experience in general. However, exotic and native
species differed in their later performances in response to early heterogeneous experiences, revealing
potentially contrasting adaptive strategies. For example, we found that exotic species were larger in total
mass than native species (after removal of effects of their initial sizes) immediately and in late
conditions after early heterogeneous experience. This suggests that exotics may respond more rapidly to
environmental variability than natives (Davidson et al. 2011; Richards et al. 2006). However, this early
growth appeared to come at the cost of lower later growth for exotics after early heterogeneous
experience. This may have revealed a kind of “plasticity-history limit” (van Kleunen and Fischer 2005;
Weinig and Delph 2001) demonstrated by exotic species, which may invest in expenditures which reduces
the potential to improve growth rates in the future. The limits of plasticity include information reliability,
lag times, developmental range limit and plasticity-history limit (Givnish 2002; van Kleunen and Fischer
2005). Many studies have focused on the costs and bene�ts of plasticity, but the corresponding limits are
seldom reported (Donohue et al. 2000; Murren et al. 2015; Relyea and Yurewicz 2002; Van Buskirk and
Steiner 2009; Weijschedé et al. 2006).
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In contrast, native species showed greater late growth and greater improvement in late growth after
temporally heterogeneous experiences than exotic species, implying that immediate plastic responses
that appear to be disadvantageous do not necessarily mean a permanent disadvantage, even over the
lifetime of a single individual. Environment-driven decreases in performance may even render future
bene�ts in the long term.

Costs and bene�ts of plasticity
There are several types of costs associated with plasticity. These include maintenance costs, production
costs, information acquisition costs, genetic costs and developmental instability costs (DeWitt et al.
1998). The “plasticity-history limit”, manifest by exotic species also appears to be a cost of plasticity, as
maintaining performance in a temporally heterogeneous environment might come at the cost of reduced
growth rates later in life. Such costs are rarely detected, probably because studies usually focus on
contemporary plasticity in response to different environmental treatments, and not on the long-term
consequences of plasticity. Another reason for the di�culty in detecting costs of plasticity (DeWitt et al.
1998; Valladares et al. 2007) might be that costs and bene�ts occur simultaneously, either for a given
trait, an organism or a species (Weijschedé et al. 2006). For example, compared to the least plastic
phenotypes, species with greater phenotypic plasticity may survive stressful conditions and insure
normal growth and reproduction in the future via adjusting numerous traits, leading to bene�ts compared
to non-plastic ones. Such bene�ts may counteract costs associated with plasticity (Scheiner and Berrigan
1998; Sultan and Spencer 2002). The overall results may often be neutral or slightly bene�cial. More
importantly, in the long term, a currently passive or non-active plastic response to an environmental event
produced by species may be compensated by future bene�ts. This was shown well by adaptation of
native species to early heterogeneous water conditions.

Conclusions
Temporally heterogeneous experiences were bene�cial, or at least not harmful, for species in many cases,
relative to temporally homogeneous experiences. For species grouped by different habitats, the effects of
early temporally heterogeneous experience improved the late growth of mesic species, but was less
bene�cial for hydric and xeric species. For exotic vs. native species, early temporally heterogeneous
experience was more bene�cial for the latter, suggesting different strategies in dealing with
heterogeneous environments. Our results demonstrated the value of studies of secondary plasticity,
which provides understanding of plant plasticity in a long-term perspective. We provided perspective on
this by examining how early environmental experiences may alter plant subsequent responses to
environmental conditions, which in turn may contribute to costs and limits of plasticity. The implications
of how temporally variable experiences affect plant growth may be substantially underestimated, and
deserve attention in the future.
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Figure 1

Mean values (±SE) of mortality rates and total mass for all species across all late conditions after the 1st
and 2nd rounds of treatments, showing the effects of the 1st round of heterogeneous (Ehet) and
homogeneous (Ehom) experiences. Different letters denote differences between the two early treatments
(P < 0.05).
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Figure 2

Effects of early heterogeneous (Ehet) and homogeneous (Ehom) treatments on mean values (±SE) of
mortality rate, total mass and root:shoot ratio and late growth of total mass (LGTM) for exotic vs. native
species after the 1st (left) and 2nd (right) round of treatments. Different lower-case letters denote
differences between the early treatments and between exotic and native species; the P values compare
exotic vs. native species across both early treatments.
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Figure 3

Effects of early heterogeneous (Ehet) and homogeneous (Ehom) treatments on mean values (±SE) of
mortality rate, total mass and root:shoot ratio, and late growth of total mass (LGTM) for species grouped
by hydric, mesic and xeric habitat ranges after the 1st (left) and 2nd (right) round of treatments. Different
lower-case letters denote differences between the two early treatments within a group; different upper-
case letters denote differences between habitats (P < 0.05).



Page 25/26

Figure 4

Mean differences in late growth of total mass (LGTM) due to early experience (Diff-LGTM) across all late
conditions, for (a) invasive v. native species; (b) species from hydric, mesic and xeric habitat ranges.
Signi�cance levels for Diff-LGTM are: * P < 0.10; ** P < 0.05, and different letters denote differences
among groups of species (P < 0.05).

Figure 5

Effects of early heterogeneous (Ehet) and homogeneous (Ehom) treatments on plasticity (RDPIs) in
response to late inundation (left) and drought (right) in total mass (TM) and root:shoot ratios (R/S) for
species grouped by hydric, mesic and xeric habitat ranges. Signi�cant levels for RDPI values (* P < 0.05;
** P < 0.01) are reported from the results of ANCOVAs for the effects of the 2nd round of treatments.
Different lower-case letters denote differences between the early treatments within a group of species;
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different upper-case letters denote differences between plasticity to inundation and plasticity to drought
as well as between the groups of species (P < 0.05).
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