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Past Competition Affects Offspring Foliar Terpenoid Concentrations, Seed Traits, and Fitness in the Invasive Forb Erodium cicutarium (Geraniaceae)
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(1) Environmental conditions experienced in the past may lead to intraspecific differences in ecological and chemical traits of plants, which likely affect future responses to altered or new environments. Whether competition by neighbors is such a trait-shaping factor is not yet well-known. We aimed to understand how the level of ancestral plant competition affects traits related to plant fitness and resource allocation, reproduction, and (phyto-)toxin accumulation in offspring, and whether a potential differentiation in these traits can be found in different geographic origins of which one belongs to the native and one to the invaded range. (2) We compared differentiation of the following traits in offspring plants of multiple populations in Erodium cicutarium (Geraniaceae): biomass, seed production, seed traits related to dispersal and germination, and concentrations of foliar mono- and sesquiterpenes. We tested the allelopatic potential of aqueous extracts of the same E. cicutarium plants on seeds of five different plant families. (3) In plants originating from populations that experienced high levels of competition, we found twice as high monoterpene concentrations. These plants also produced more biomass and a higher proportion of ripe to unripe seeds until harvesting. Seeds originating from high competition sites were shorter. Aqueous E. cicutarium leaf extracts with high terpenoid content reduced radicle length of Zea mays and radicle and hypocotyl length of E. cicutarium seedlings. (4) The results of this study provide first evidence that the surrounding vegetation may shape chemo-ecological plant traits that may be fundamental for competitive ability. Our study calls for more research testing whether competition experienced in the native range may lead to an enhanced capability of plants to establish populations and spread in a new range.
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INTRODUCTION

Plants are strongly influenced by their neighbors within the local environment. It has been shown that persistent competition of plants for above- and belowground resources, such as light (Rajcan and Swanton, 2001), space, nutrients, and water results in a plethora of competition avoidance traits, such as early germination, elongation and pre-emption of space (Weinig, 2000), morphological and physiological adaptation, and the release of phytotoxins (i.e., allelopathy) (Weidenhamer et al., 1989; Fernandez et al., 2016). Such plant traits matching the ancestral competitive environment and thus potentially increasing fitness also for the following generations can be passed on to the offspring (Heger et al., 2014). Plant competition, together with other environmental factors ancestral plant populations experience, can therefore locally shape functional traits and may also influence the future capability of offspring plants to establish and grow in environments, in which the ancestors did not evolve (Saul et al., 2013). Together with general traits that increase the probability for invasion success (van Kleunen et al., 2010), such divergent selection regimes in the native range may lead to trait differences within species and evoke differences in the invasive success among populations. For plants whose ancestors encountered a highly competitive environment i.e., aboveground competition for light, the probability to be likewise exposed to such competition is higher if their regular dispersal distance is small. Local adaptation to competition, e.g., by earlier germination or other trait changes enhancing competition avoidance or competitive strength, could therefore be more efficient if paired with a change in seed morphology, thus enhancing short distance dispersal (Baythavong et al., 2009).

The ability of plants to respond to competitors cannot only be enhanced by morphological and life history traits, but also by chemical traits. Past research revealed an immense intraspecific chemical diversity with regard to specialized plant metabolites (Post and Stenseth, 1999; Pither, 2003; Thuiller et al., 2004; Moore et al., 2014), thus suggesting the potential for local adaptation to the level of competition also in these traits. It was for instance shown in a Brassicaceae species that plants with a history of greater interspecific competition invested more in a toxic allelochemical (i.e., a glucosinolate), even when offspring plants were grown under common conditions (Lankau, 2012). Terpenoids are among the most structurally diverse metabolites in plants (Tholl, 2006) and remarkable levels of intraspecific terpenoid diversity were found in plants from various families, e.g., herbaceous Asteraceae (Johnson et al., 2007; Kleine and Müller, 2011; Wolf et al., 2012), or Fagaceae trees (Loreto et al., 2009). Moreover, mono- and sesquiterpenes in several plant species have been shown to express an allelopathic function (Fischer et al., 1994; Ens et al., 2009), which may also enhance the plants' competitive ability (Callaway and Ridenour, 2004). Monoterpenes function as allelochemicals by inhibiting both cell-nuclear and organelle DNA synthesis and thus cell proliferation in the root apical meristem (Nishida et al., 2005). Furthermore, monoterpenes attack lipophilic layers of the leaf surface and disturb the stomata function, thereby provoking enhanced transpiration (Schulz et al., 2007). Assuming that terpenoids act as allelochemicals and are involved in competition with neighboring plants, competition may lead to a selective pressure and offspring plants which contain higher amounts of allelopathic terpenoids may have a competitive advantage.

Our experimental plant species, the common stork's-bill Erodium cicutarium L' Hér. ex Aiton (Geraniaceae), has been the subject of various chemical and biological studies. E. cicutarium is an annual to biennial herb which is currently distributed globally (Fiz-Palacios et al., 2010), although its native range comprises only Europe, North Africa and Western Asia (Francis et al., 2012). The plant is self-fertile (Baythavong et al., 2009) and each individual can produce up to 9,900 seeds (Blackshaw and Harker, 1998). Thus, E. cicutarium is supposable independent of faunal ecosystem services and main targets of released chemicals may be inter- and intraspecific competitors, or herbivores. Water and alcohol extracts of E. cicutarium plants were shown to act against the Colorado potato beetle Leptinotarsa decemlineata (Lamparski and Wawrzyniak, 2005), the cabbage butterfly Pieris brassicae (Wawrzyniak, 2010) and the tobacco budworm Heliothis virescens (Klocke, 1987). However, less is known about the allelopathic function of E. cicutarium plant extracts and chemicals therein.

Shape, composition and structure of E. cicutarium mericarps (diaspores) are unique and allow for explosive seed dispersal and strong anchorage behavior. The schizocarpic fruits of E. cicutarium contain up to five mericarps (diaspores), which are catapulted up to 100 cm away from the mother plant (Stamp, 1984, 1989; Evangelista et al., 2011). Hygroscopic awns enable the mericarp to drill itself into soil by alternating awn coiling and uncoiling (Stamp, 1989; Evangelista et al., 2011). The mericarps have been characterized from a mechanical perspective (Evangelista et al., 2011), and experiments demonstrated a positive relationship between fruit (i.e., mericarp: seed plus awn) length and ballistic dispersal (Jacobs and Lesmeister, 2012). Secondly, E. cicutarium contains high levels of specialized metabolites such as phenolic compounds (Fecka et al., 2001; Fecka and Cisowski, 2005) and terpenoids (Radulovic et al., 2009; Stojanovic-Radic et al., 2010), which are constitutively contained at remarkably high levels in plant extracts. Moreover, the plant species has been subject of various invasion ecology studies, as it affects biodiversity and agriculture in its invaded range (Blackshaw and Harker, 1998; Brooks, 2000). A long-term study (16 years) revealed a clear suppression of native plants by the presence of invading E. cicutarium, based on competitive plant interactions (Schutzenhofer and Valone, 2006).

Based on these findings, the present study focuses on potential effects of intra- and interspecific plant competition, encountered by ancestral populations collected at two different geographic regions on two continents in which the plant is either native or invasive, on seed traits, fitness and chemical traits of offspring plants. We measured mericarp (= diaspore) morphology and germination ability in the first greenhouse grown generation, and foliar terpenoid concentration, biomass and mericarp number in plants of the second generation.

We hypothesized (1). mericarp awns from populations that had experienced high levels of plant competition to be shorter, leading to short distance dispersal and thereby enabling the offspring to make use of inherited competition-avoidance traits as suggested by (Baythavong et al., 2009). In addition, we expected a higher proportion of germination and a higher ratio of ripe to unripe schizocarps (= fruits, consisting of up to five mericarps) as a measure for earlier development under persistent competition. We further hypothesized (2). higher foliar terpenoid concentrations in offspring plants from high competition-experienced mother plants compared to offspring plants from low-competition ancestors. In many plant species, terpenoids have been found to show an allelopathic function and thus counteract competition. We therefore hypothesized (3). decreased hypocotyl and radicle growth of seeds treated with foliar extracts of terpene-rich E. cicutarium plants, i.e., from high-competition ancestors, Finally, we hypothesized (4). intraspecific differences in the concentrations of foliar terpenoids in the second laboratory generation of plants, as a measure of biochemical adaptations of plants to the local environments (e.g., climatic conditions, presence of herbivores) at the two distinct geographic regions, of which one belongs to the native and one to the invaded range. We expected plants with higher terpenoid concentrations to compromise the additional biochemical costs by allocating fewer resources to biomass and reproductive outcome.



MATERIALS AND METHODS


Origin of Seeds

In 2011 and 2012, 14 populations in Bavaria (Germany, continental climate, native range, see Table S1) and 14 populations in California (USA, Mediterranean climate, invaded range, see Table S1) were chosen, and seeds were collected from up to 20 mother plants per population (Heger et al., unpublished data). At each collection site, the level of competition was assessed in three 50 × 50 cm plots by estimating the cover and measuring aboveground biomass of vegetation surrounding E. cicutarium. The populations have been chosen to represent a gradient in the level of competition they are exposed to, ranging from situations where E. cicutarium was growing among a dense cover of grasses and other plant neighbors to situations with sparse cover of neighbors. Out of this pool of populations and maternal families, we selected four populations in each of both regions (i.e., California and Germany) and five maternal families per population to be included in the current study. For each region, we chose two populations facing a comparably high level of competition, mostly interspecific but also intraspecific, and two with a low level of competition. The categorization of collection sites into “high competition” or “low competition” was done based on the mean cover of vegetation: Collection sites with a mean cover of 73% and more were classified as “high competition sites,” and those with a cover of 35% and less as “low competition sites,” independent of the surrounding plant species (Table S1; see also Heger et al., 2014).

When choosing the populations for sampling, we made sure that the environments were as similar as possible with respect to abiotic conditions, and mainly differed with respect to the level of competition. In each region, we therefore included a high and a low competition population occurring within the same area (i.e., Erlangen, Exerzierplatz in Germany, and McLaughling Natural Reserve in California, Table S1). Soil samples confirmed that sites with a high level of competition were not systematically richer in soil nutrients; also, temperature and precipitation do not differ systematically among the two groups high and low competition (see Table S1).

In order to minimize maternal effects, the seeds were grown for one generation under standardized conditions in a greenhouse. These plants were allowed to self-fertilize, and the seeds were harvested. The produced mericarps (1st generation) were weighed and measured before they were used to grow the experimental plants for this study (2nd generation) in a climate chamber. From the mericarps produced by the 2nd generation, we measured both parts separately, the seed and the uncoiled awn, which was still connected to the seed. Uncoiling was achieved by soaking the mericarps for a few seconds in water.



Germination and Plant Cultivation

To investigate the effect of the level of ancestral competition and geographic region of seed origin, we used the mericarps (1st generation, see above) in a germination assay and thus placed them on 1.2% agar-agar (Bioscience, Roth, Germany) in transparent plastic boxes with semi-transparent lids (l × h × w = 200 × 65 × 200 mm, 20–25 seeds of at least 5–6 populations per box). A 4 cm interspaced grid was drawn underneath each box and letters and numbers were assigned to rows and columns which allowed distinct labeling. Mericarps from different populations (i.e., geographic region and competition level) were randomly distributed among boxes onto the fields of the grids, thus minimizing effects due to potential microclimatic differences within each box and between the boxes without causing confusion of positions. The boxes were placed into a climate chamber at 20°C and 70% humidity 16:8 h light: dark. Seed germination was recorded thrice a day. After 7 days, we planted emerged seedlings into substrate (2:1 river sand: garden mold) in individual pots (l × h × w = 7 × 8 × 7 cm, polypropylene). The seedlings remained in the same climate chamber but received direct light. Plants were watered thrice a week. After 2 weeks, the plants were additionally fertilized twice a week with a standard formulation of mineral fertilizer (Wuxal, Manna, Düsseldorf, Germany).



Plant Harvest and Phenotyping

The numbers of ripe mericarps (diaspores, up to five per schizocarp, consisting of a seed and a connected awn) and unripe (green) schizocarps were counted at day 112 after placing the seeds on agar (see above). Plants which had already produced flowers were harvested on this day; plants which did not flower yet were harvested 14 days later in order to reach a comparable ontogenetic state. All plants had produced at least the first buds until harvest. Shoots were cut off and the fresh biomass was determined. Of each plant, the two youngest leaves above 6 cm length and the three largest leaves of the bottom of the rosette, which are likely the oldest leaves, were pooled, placed on ice and subsequently frozen at × 80°C. The pooled leaf samples were freeze-dried for 24 h and coarsely crushed to homogenize samples before terpenoid extraction and preparation of aqueous extracts to test allelopathy.



Foliar Terpenoid Extraction and Analysis

The extraction and analysis of terpenoids was conducted using a modified protocol of Kleine and Müller (2013). Of the lyophilized leaf samples, 40 mg were supplemented by a stainless steel ball (Ø 5 mm) and ground for 30 s at 30 Hz (Retsch MM 301, Haan, Germany), each in 1 mL n-heptane (Roth, 99% HPLC grade), containing 5 ng μL−1 1-bromodecane (97%, Sigma Aldrich, Karlsruhe, Germany) as internal standard. The samples were incubated for 15 min in an ultrasonic bath at room temperature and centrifuged for 5 min at 13,200 rpm. The supernatants were concentrated under nitrogen flow to a volume of ~30 μL and analyzed by gas chromatography coupled with mass spectroscopy (GC-MS) (Focus GC coupled to a DSQII MS instrument, Thermo, 515 Electron Corporation, S.o.A. Rodano, Italy) in electron impact ionization mode. Helium was used as a carrier gas (flow rate = 1.1 mL min−1). A VF-5 ms column (30 m × 0.2 mm ID, 10 m guard column, Varian, Palo Alto, CA, USA) was used. The GC-injection port was kept at 240°C and operated in split mode (10 mL min−1, ratio = 10:1). The GC oven program started at 50°C for 5 min and increased at 280°C with 10°C min−1 (total run duration 28 min). An alkane standard mix (C8-C20, Sigma Aldrich, Karlsruhe, Germany) was analyzed under the same conditions in order to calculate retention indices (RI) for each targeted compound (Kováts, 1958). The identification of volatiles was accomplished by comparison of RI and mass spectra to the National Institute of Standards and Technology library and the Pherobase (El-Sayed, 2019). Relative concentrations of mono- and sesquiterpenes were calculated by converting the obtained peak areas to sample dry weights and by normalizing the sample to the internal standard peak area (1-bromodecane).

To test allelopathic potential of E. cicutarium leaves, aqueous leaf extract samples were produced (see section Allelopathic potential of foliar extracts). The terpenoid content of these extracts was checked prior to conducting a germination assay by absorption of compounds on conditioned pieces of polydimethylsiloxane-(PDMS) (Eilers et al., 2015). The PDMS- pieces were 4 mm long and left for 1 h in the filtered extracts in Erlenmeyer flasks. Terpenoids were analyzed by a thermal desorption unit (TDU), coupled to a gas-chromatograph and mass spectrometer (GS-MS; TD-20, GC-MS QP2020, Shimadzu, Kyoto, Japan). After insertion of one PDMS sampling tube, the TDU temperature increased from 30 to 230°C at a rate of 30°C min−1 under a helium flow of 60 ml min−1, kept for 8 min. Compounds were desorbed onto a Tenax® adsorbent trap at a temperature of −20°C. The trap was then heated to 250°C for 3 min. The interface heat trap and line temperature were set to 250°C and the split ratio at the injection port was 1:3. Compounds were separated on a Rtx-5MS column (30 m × 0.25 mm, 0.25 μm film thickness, Restek, Bad Homburg, Germany) with a column flow of 1.6 ml min−1 of helium. The oven temperature programme was the same as for liquid injection of heptane extracts.



Allelopathic Potential of Foliar Extracts

We tested the allelopathic potential of aqueous E. cicutarium leaf extracts by using a modified protocol after Fernandez et al. (2016) and Yu et al. (2003). The use of aqueous extracts in this context is admissible, due to high aqueous solubility for several monoterpenes, comparable to the common allelopathic phenolics and organic acids (Weidenhamer et al., 1993; Fischer et al., 1994). Germination rates, radicle and hypocotyl length of the following plant species were tested after application of aqueous leaf extracts of E. cicutarium: Medicago sativa (Fabaceae), Zea mays (variety Badischer Gelber, Poaceae), Daucus carota (variety Nominator, Apiaceae), and Sinapis alba (Brassicaceae) (all Kiepenkerl, Everswinkel, Germany). In addition, E. cicutarium (Geraniaceae; Appels Wilde Samen, Darmstadt, Germany) seeds were tested to investigate auto-allelopathic potential. The leaves for this experiment originated from the same samples as used for foliar terpenoid extraction and analysis (harvesting procedure described in section Plant harvest and phenotyping). We pooled 2 g lyophilized leaf sample for each of the four treatment combinations: “high competition” or “low competition” in region “Germany” or “California.” More specifically, 200 μg lyophilized leaf sample from each of the five maternal families within the two populations for each competition level were combined for each pooled sample, yielding 200 μg × 5 × 2 = 2 g leaf material. Each pooled sample was macerated in borosilicate glassware in 200 mL ultrapure water (Milli-Q, Merck, Germany) by shaking for 24 h on an orbital shaker at 200 rpm in dark conditions at room temperature. The leaves were removed from extracts with folded filters (MN 615, Macherey-Nagel, Düren, Germany). Afterwards, the extracts were immediately transferred to Petri dishes, lined with 55 mm filter paper (MN 615, Macherey-Nagel, Düren, Germany). Four plant seeds were placed individually with forceps in equal distance on the filter papers (n = 8 Petri dishes for each treatment and plant species). The Petri dishes were sealed with Parafilm M (Bemis, Neenah, United States of America) and kept at room temperature in the dark. After 6 days, all seedlings were measured. To quantify the relative amount of terpenoids in aqueous extracts, the method of Eilers et al. (2015) was applied. A polydimethylsiloxane-(PDMS) tube piece was added as absorbance to a 1 mL subsample of each aqueous extracts in glass vials, left for 1 h at 20°C and was analyzed with a thermal desorption-gas-chromatograph coupled to a mass spectrometer (TD-GS-MS, for details see section Foliar terpenoid extraction and analysis).



Statistical Analyses

We used the software “R” version 3.2.3 (R Core Team, 2019) for statistical data analysis. Most of the data were not normally distributed and required logarithmic (log) or square root (sqrt) transformation. We analyzed the effect of level of plant competition at the seed collection site (i.e., high or low) and geographic region of seed origin (i.e., California, USA or Bavaria, Germany) (fixed effects) on the continuous and/or transformed data for seed length, mericarps weight and awn length of the first greenhouse reared generation using linear mixed models (LMM) with Gaussian distribution and a nested design (i.e., populations within competition level and region; function “lmer” in package “lme4”). The non-transformed data for the length of mericarps and awns was tested for correlation (Spearman's rank correlation). We furthermore tested the effect of ancestral competition and geographic region of seed origin on the continuous and/or transformed data for shoot biomass (fresh weight), number of unripe schizocarps, number of ripe mericarps, ratio of ripe to unripe schizocarps and foliar monoterpene and sesquiterpene concentrations in the second laboratory reared generation of plants, using LMM with Gaussian distribution (function “lmer”). To test the effect of region and competition (fixed effects) on the proportion of germinated seeds, we used a generalized linear mixed model (GLMM) with binomial distribution (function “glmer” in package “lme4”). The number of produced mericarps per schizocarp was analyzed by generalized linear mixed-effects models with Poisson distribution. In all mixed-effects models, we included the random effects seed collection site (three groups in each of the two regions, Table S1) and family (five families within each population). To test the effect of aqueous leaf extracts of E. cicutarium plants from different ancestral regions and competition levels on root and shoot length of seedlings from different plant families in the allelopathy experiment, we first averaged the numbers for the four seeds in each of eight Petri dishes. We then used Kruskal-Wallis rank sum tests to compare the five treatment groups and, if differences between groups were significant (p < 0.05), conducted post-hoc pairwise comparisons using Wilcoxon rank sum tests with “BH” adjustment of p- values (Benjamini and Hochberg, 1995).




RESULTS

In the first plant generation, we found an interaction effect of the level of ancestral competition and geographic region of seed origin on the length of seeds (Table 1, Figure 1A). For the plants originating from Californian mother plants, a high level of ancestral competition was associated with a minor (1.9% difference in medians) but significant reduction in seed length of offspring plants. The region of seed origin did not affect the weight of mericarps (Table 1). Seed length and mericarp weight were positively correlated for seeds originating from plants with low competition (Spearman's rank correlation, S = 1,06,150, rho = 0.51, P-value < 0.001, see Figure S1), but there was no such correlation for seeds from high competition sites (Spearman's rank correlation, S = 260,600, rho = 0.14, P-value = 0.13). For plants originating from both competition levels, the length of seeds and awns was positively correlated (Spearman's rank correlation, S = 1,733,900, rho = 0.22, P-value < 0.001, see Figure S2). Awns of those mericarps from high competition sites tended to be longer, and there also tended to be an interaction between ancestral competition and region (Table 1, Figure 1B). Plants originating from populations in California produced significantly longer awns (median length = 3.5 cm) than plants from Germany (median length = 3.1 cm). The proportion of germinated seeds from Californian ancestor plants was significantly lower than of seeds from German ancestor plants (37.5% compared to 62.5%).


Table 1. Statistical analyses of the effects of geographic region of seed origin and level of ancestral competition on reproductive traits and proportion of germinated seeds of Erodium cicutarium plants (1st laboratory generation).
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FIGURE 1. (A) Seed length, (B) awn length (moistened, extended), and (C) proportion of germinated seeds from Erodium cicutarium plants (1st laboratory generation). Data for the proportion of germinated seeds were pooled for all maternal families per region prior to display. Data are shown for two geographic areas of seed origin: California, USA (hatched boxes) and Bavaria, Germany, and two levels of ancestral competition: high (blue boxes), and low. The box and whisker plots show the median (horizontal line), quartiles (boxes), 5 and 95% percentiles (whiskers), and outliers of each data set (open circles). Levels of significance: ***p < 0.001, **p < 0.01, *p < 0.05, •p < 0.1, p > 0.01, not significant. The results of statistical analyses are displayed in Table 1.


In the second plant generation, the interaction of the factors ancestral competition and region of seed origin had a significant impact on the amount of aboveground biomass the plants produced until harvesting (Table 2, Figure 2A). Within the Californian populations, plants originating from high competition sites produced more aboveground biomass (median: 12.59 g) compared to offspring from low competition sites (median: 11.37 g). The number of produced unripe schizocarps until harvest (day 112 for early flowering plants, day 126 for late flowering plants) differed by trend in response to each of the factors ancestral region and competition: plants originating from sites with a high level of competition and from Germany produced on average 2.33 times the number of schizocarps that offspring plants from low competition sites and from California produced (Table 2, Figure 2B). The higher number of schizocarps in offspring plants from Germany corresponds to our observations of first flowering date: Flowering was first observed after 71 days in offspring plants from German sites; the first blossoms on plants from Californian mother plants appeared 14 days later (data not shown). The ratio of ripe to unripe schizocarps (a measure of the progress of phenological development of seeds) differed significantly in relation to ancestral competition; plants from populations that had experienced high levels of competition had a higher ripe to unripe schizocarp ratio at harvesting (median ratio: 0.77) than plants from low competition sites (median ratio: 0.0), indicating a faster life cycle. The number of ripe mericarps and the number of mericarps per schizocarp were neither influenced by ancestral competition, nor geographic region. The foliar concentration of monoterpenes in leaves of plants originating from high ancestral competition sites was on average 2.14 times higher than the foliar monoterpene concentration of plants originating from low competition sites (Table 2, Figure 3A), whereas the sesquiterpene concentration tended to be influenced by geographic region and competition in interaction. Plants from the German populations contained on average 1.86 times higher sesquiterpene concentrations than plants from Californian populations (Table 2, Figure 3B).


Table 2. Overview of statistical analyses testing the effect of geographic region of seed origin and ancestral level of competition on biomass, reproductive traits and foliar terpenoid content of Erodium cicutarium plants (2nd laboratory generation).
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FIGURE 2. (A) Aboveground fresh biomass, (B) number of unripe (green) schizocarps at harvesting, and (C) ratio of ripe to unripe schizocarps produced until harvesting of Erodium cicutarium plants (2nd laboratory generation). Data are shown for two geographic areas of seed origin: California, USA (hatched boxes) and Bavaria, Germany and two levels of ancestral competition: high (blue boxes), and low. The box and whisker plots show the median (horizontal line), quartiles (boxes), 5 and 95% percentiles (whiskers), and outliers of each data set (open circles). Levels of significance: ***p < 0.001, **p < 0.01, *p < 0.05, •p < 0.1, p > 0.01, not significant. The results of statistical analyses are displayed in Table 2.
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FIGURE 3. (A) Foliar monoterpene and (B) sesquiterpene concentrations of Erodium cicutarium plants (2nd laboratory generation) displayed as sum of relative compound abundances, normalized by sample dry weight and peak area of the internal standard. Data are shown for two geographic regions of seed origin: California, USA (hatched boxes) and Bavaria, Germany and two levels of ancestral competition: high (blue boxes), and low. The box and whisker plots show the median (horizontal line), quartiles (boxes), 5 and 95% percentiles (whiskers), and outliers of each data set (open circles). Levels of significance: *p < 0.05, •p < 0.1, p > 0.01, not significant. The results of statistical analyses are displayed in Table 2.


The relative proportions of terpenoid concentrations in pooled samples for the allelopathy experiments (Ca, H: 43.07 relative units, De, H: 104.41 r.u., Ca, L: 51.74 r.u., De, L: 41.67 r.u.) were comparable to the mean terpenoid contents for the individual samples, displayed in Figure 3. Aqueous extracts of E. cicutarium leaves significantly affected the germination of E. cicutarium and Z. mays seeds (Table 3). Both E. cicutarium and Z. mays seeds germinated with the highest proportion on water controls, compared to foliar extracts. The seedlings had the highest radicle length and hypocotyl length on water controls. For these seedlings, the length difference of radicles to those of controls was highest for extracts from plants originating from Germany with high ancestral competition, i.e., the extracts which contained the highest terpenoid concentrations. However, the radicle length did not differ significantly between the four extract treatments.


Table 3. Results of allelopathy experiment, testing the effect of Erodium cicutarium aqueous leaf extracts on radicle and hypocotyl length and germination rate of five target species.
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DISCUSSION

Our experiments indicate that the level of competition experienced in the field influences fruit morphology, aboveground biomass, proportion of ripe to unripe fruits, and foliar terpenoid concentrations of Erodium cicutarium plants of subsequent generations. Further, we found significant differences in most of these traits among the plants grown under uniform conditions related to the geographic region of seed origin (i.e., California or Germany). Aqueous foliar E. cicutarium extracts exhibit allelopathic function in Z. mays and E. cicutarium (auto-allelopathy).


Ancestral Competition Level and Reproductive Traits

We found that a high level of ancestral competition of E. cicutarium plants was related to shorter seeds produced by the offspring, i.e., the first greenhouse generation. However, the length of awns, which are presumably mainly responsible for seed dispersal and self-burial, was not affected by ancestral competition. Additionally, the effect size in seed length difference was rather small. Thus, our first hypothesis can only partially be supported and further experiments are essential.

Plants stemming from sites with high levels of competition produced more aboveground biomass, in trend an increased number of unripe schizocarps, and the ratio of ripe to unripe schizocarps was significantly higher in these plants. These traits suggest an earlier development and reproduction of plants, whose ancestors experienced high levels of aboveground competition. In previous studies on E. cicutarium including the same German seed families used in this study (corresponding to the 1st greenhouse generation investigated in this study), E. cicutarium originating from high competition populations produced less biomass than those from low competition (Heger et al., 2014; Heger, 2016). Indicators for the velocity of the life cycle as time to first flowering and proportion of unripe fruits at harvesting did not differ consistently among high and low ancestral competition levels. In these previous experiments, all (Heger et al., 2014) or half (Heger, 2016) of the used seeds had been collected in the field.



Geographic Origin and Germination

We found a significantly lower proportion of germinated seeds for offspring plants from the Californian region. In a previous germination experiment with E. cicutarium seeds from Germany, California and Chile (Heger et al., 2018; some of the maternal families used there were included in our experiments), results were similar: seeds from German mother plants germinated fastest and in highest proportions. In those experiments, seeds originating from Californian populations displayed a 2-fold dormancy, which was not the case for German seeds. It is very likely that the same mechanism also slowed down germination in Californian seeds in our experiment. Delayed germination may be an adaptation to the Mediterranean climate (see climatic data of sampling sites in Table S1), which either evolved in the new range, or more likely is carried over from the original source region, i.e., most likely Spain for Californian E. cicutarium populations. The difference in seed length among offspring from high and low competition exposed mother plants was more pronounced in Californian populations, which may indicate a local adaptation to competition.



Monoterpenes and Potential Allelopathy

We found foliar monoterpene concentrations in E. cicutarium to respond to the level of ancestral competition, but foliar sesquiterpenes were responsive to the geographic region of seed origin. Depending on the plant species, mono- and sesquiterpenes may be phytotoxic: monoterpenes released by false rosemary (Conradina canescens, Lamiaceae) (Fischer et al., 1994) and sesquiterpenes released by the invasive bitou bush (Chrysanthemoides monilifera, Asteraceae) (Ens et al., 2009) have been shown to act as allelochemicals. The higher concentration of foliar monoterpenes in plants originating from high competition sites is in line with our second hypothesis. Similar results were shown by Lankau (2012), who found higher concentrations of allelopathic glucosinolates in Brassicaceae plants with high interspecific competition at the source site. In line with our third hypothesis, we found a suppression of radicle growth after treatment with terpenoid-rich E. cicutarium leaf extract on Z. mays and E. cicutarium and a trend in the same direction for M. sativa. Whole leaf extracts were tested in our allelopathy experiment, presumably containing a mixture of different terpenoids and other water-soluble primary and specialized metabolites. In addition to terpenoid concentrations of foliar extracts, other factors may play a major role in the allelopathic potential of leaf extracts. For instance, composition of terpenoids may be different and not all compounds within this class function as equally strong allelochemicals (Singh et al., 2002; Nishida et al., 2005). Furthermore, the allelopathic function of chemical compounds depends highly on the target plant family and species. We tested five different target species of which two responded with significant radicle growth inhibition and a trend for inhibition in a third species was observed. E. cicutarium contains high levels of phenolic compounds (Fecka et al., 2001; Fecka and Cisowski, 2005) in addition to terpenoids, which are also known as allelochemicals (Cheng and Cheng, 2015). It is yet unknown, in which way the concentrations of terpenoids and phenolics are related in E. cicutarium. In our allelopathy experiment, the same number of seeds was placed in each Petri dish. However, phytotoxicity may decrease with increasing plant density by dilution (Weidenhamer et al., 1989). Thus, it remains to be tested if the allelopathic effect of E. cicutarium leaf extracts is overall diminished at sites with very high density of surrounding plants, i.e., high intra- and interspecific competition, even though the plants produce higher amounts of terpenoids. Furthermore, the production of allelopathic compounds depends on various abiotic and biotic factors, such as plant size (Weidenhamer et al., 2019). For the sake of simplicity, the plants that were tested for their allelopathic potential in this study were grown under the same standardized conditions and thus further factors that may influence the allelopathic potential of E. cicutarium remain to be tested.



Seed Origin and Terpenoid Contents

The increased concentration of monoterpenes in plants with high ancestral competition did not lead to a decrease in biomass production and reproductive outcome, opposed to our fourth hypothesis. In contrast, plants with high ancestral competition and higher concentrations of monoterpenes yielded more biomass, produced in trend an increased number of unripe schizocarps and the ratio of ripe to unripe schizocarps was significantly higher in these plants. An increased monoterpene production (= qualitative defense) could result in a diminished investment of the plant to other (quantitative) defense compounds and the ability to allocate more resources to growth and reproduction. Likely candidates of other defense compounds may be flavonoids (Saleh et al., 1983) and phenolic acids (Fecka et al., 2001), which are contained in E. cicutarium at high concentrations. Our results do not allow for a comparison of biochemical costs in relation to biomass and reproductive outcome, as we only measured one (i.e., terpenoids) out of several important compound classes. Furthermore, it remains to be determined, whether sesquiterpenes in E. cicutarium indeed belong to the category of qualitative defense. The attempt to classify terpenoids by cost-dependent categories caused controversy in the past, as it appears to be highly species-specific (Stamp, 2003). The involvement of terpenoids in a broad range of ecological functions, such as defense against herbivores and pathogens, allelopathy, nutrient cycling, and attraction of pollinators (Gershenzon, 1994), may as well point toward qualitative defense. The higher sesquiterpene concentrations in plants with German origin may be explained as an adaptation to the different climate and environment at the geographic origin of the seeds (see Table S1) or may have evolved as defense against specialist herbivores within the native but not the exotic regime (enemy release hypothesis, ERH, Keane and Crawley, 2002). Overall, the variance estimates of the mixed models calculated for the contents of both measured types of foliar terpenoids are comparatively high for the random effect “seed origin” (Table 2), indicating that a high intraspecific diversity of terpenes exists, not only with regard to the tested variables region and source site competition. Future experiments therefore will have to cover a broader range of populations in both ranges and should ideally also include more samples per population. Additionally, other important defense compounds, such as phenolics, should be considered and measured simultaneously with terpenoids.




CONCLUSIONS

Our data indicate intraspecific differences in plant traits relating to experienced environmental conditions of the grandparental plant generation of E. cicutarium, such as aboveground competition for light. High levels of competition experienced by ancestral populations were connected to early seed production, more aboveground biomass, and increased concentrations of foliar monoterpenes in the offspring. These differences were accompanied by shorter seeds in the populations from high competition, and the potentially resulting shorter dispersal distance could have enhanced the formation of trait differentiation. Since we selected the collection sites within each region to be as similar as possible in terms of abiotic conditions, with two out of four populations per region being located close to each other (see Table S1), it is very likely that the trait differences within each region are really driven by the level of competition experienced by the populations.

Interestingly, trait differentiation in response to ancestral competition is consistent across the two sampled ranges. The higher monoterpene concentrations found in offspring plants from high competition sites may act as allelochemicals and enhance the competitive ability, but still these plants showed accelerated biomass and fruit production compared to plants from low competition sites. Monoterpenes may act as allelochemicals, as shown for other plant species, and could therefore be a competition avoidance trait, employed by offspring plants from high competition sites. In our allelopathy experiment, we found aqueous E. cicutarium leaf extracts containing the highest monoterpene concentration to inhibit radicle and hypocotyl growth in seedlings of E. cicutarium (auto-allelopathy) and to inhibit radicle growth in Z. mays (Poaceae). Future experiments are however required, to investigate which terpenoids are expressing the allelopathic function and if their function interacts with other metabolites, such as phenolic compounds. In E. cicutarium, sesquiterpenes were found in lower relative concentrations than monoterpenes. They may rather function as antiherbivore or antipathogen defense and may therefore be less important for competition avoidance in E. cicutarium, but linked to the presence or absence of respective antagonists at the geographic origin of ancestor plants. Lower foliar concentrations of sesquiterpenes in our experimental plants originating from California (i.e., an invaded region) may indicate the importance of reduced terpenoid concentrations in the invasion success of the plant. However, these interpretations have to be treated with care, since due to logistic and other constraints our sample size was not very high.

In our experiments, increased monoterpene concentrations were accompanied by an increased production of aboveground biomass, which may be interpreted as an additional trait that could potentially enhance competitive ability. As the function of terpenoids and the biochemical costs for their production in E. cicutarium remain largely unknown and supposedly differ between mono- and sesquiterpenes, additional experiments are essential to gain further clarity. Hence, our results call for more studies investigating the effects of past competition on intraspecific trait variation, and on the invasion success of plants with high intraspecific chemodiversity, such as E. cicutarium.
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competition. Mean values  stendard deviations (s.d) for the n = 8 Petri dishes are shown. P-values refer o Kruskal-Wells rank sum tests, bold letters behind s.d. values indicate
significant differences (p < 0.05) after post-hoc pairwise comparisons using Wilcoxon rank sum tests. The germination rate refers to all 32 tested seeds.
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Seed length Mericarp weight Awn length Germinated seeds (%)

Model type LMM LMM LMM GLMM
(Gaussian) (Gaussian, log transformed) (Gaussian, log transformed) (binomial, logt)
Observations 300 231 238 306
Intercept 5.41 (£0.19) 1.51 (£0.06) 2.1 (£0.03) ~0.52 (£0.51)
Parameter estimates of fixed effects
Region (Germany) 0.3 (+0.25) ~0.07 (£0.07) 0,05 (£0.04)* 1.45 (£0.74)*
Competition (low) 0.04 (20.09)* ~0.02 (+0.39) 0.00 (0.02)e 0.29 (+0.48)
Region: competition ~0.41 (£0.12) ~0.02 (+0.06) ~0.06 (£0.03)e ~051 (0.65)
Variance estimates of random effects
Site 0.09(g=6) 001(g=6) 000(g=6) 053(g=6)
Famiy 001(g="5) 000(g=5) 000(g="5) 000(g="5)

Displayed are parameter estimates for the (generalized)) linear mixed models [(GILMM) and levels of significance (asterisks) for the effects of geographic region of seed origin and ancestral
competition (std. error values are provided in brackets]. Variance estimates are shown for the random effects seed collection site and family and the number of groups is given in brackets.
Significant values (o < 0.05) are highlighted in bold and resuits are graphically displeyed in Figure 1.

Levels of significance: **p < 0.001, *p < 0.01, *p < 0.05, ep < 0.1, p > 0.01, not significant.
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