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Given the strong degradation of natural habitats by nutrient enrichment, and the resulting
increase in competition, understanding the ability of plant populations to adapt to changing
conditions is highly important. Here, We contribute by investigated whether acommon
calcareous grassland herb recently evolved its competitive ability and response to nutrient
availability
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Abstract

1. Rapid environmental changes across Europe include warmer and increasingly variable

temperatures, changes in soil nutrient availability and pollinator decline. These abiotic
and biotic changes can affect natural plant populations by imposing significant selection
pressures and forcing plants to optimize resource use against competitors. Although
recent studies have demonstrated the rapid and ongoing evolution of European plants to
global change dynamics, the evolution of competitive ability in the context of changes
in nutrient availability remains understudied.

In this study, we investigated whether the common calcareous grassland herb Leontodon
hispidus recently evolved its competitive ability and response to nutrient availability.
We grew ancestors sampled in 1995 and descendants sampled in 2018 from a single
population under common conditions and applied a competition treatment using the
natural competitor Brachypodium pinnatum. Furthermore, we applied nutrient
treatments to plants grown under competition, supplying plants weekly with either no

fertilizer, or with nitrogen, phosphorus, or both.

. We found evidence for evolution of increased competitive ability, with descendants

producing more vegetative biomass than ancestors when grown under competition. The
competitive ability also depended on the nutrient treatment, indicating that descendants
might be adapted to lower nitrogen concentrations, which could be linked to the
decreasing nitrogen emissions into the atmosphere since the 1990s. Furthermore, we
observed evolution of taller flower stems, which may reflect a strategy to increase
pollinator visits under the existing pollinator decline in recent decades.

Overall, our study demonstrates rapid contemporary evolution, but also the complexity
of the underlying processes of contemporary evolution, and sheds light on the

importance of understudied potential selection agents such as nutrient availability.
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Keywords: Competition; Contemporary evolution; Fertilization experiment; Global change;

Rapid evolution; Resurrection approach

Introduction

Environmental conditions have been rapidly changing for decades and are affecting ecosystems
worldwide (IPCC, 2018). These rapid changes include, among others, higher frequencies and
intensities of droughts and heatwaves (Dore, 2005; Ruosteenoja et al., 2018; Samaniego et al.,
2018), pollinator decline (Potts et al., 2010), and changes in nutrient availability (Galloway et
al., 2008; Newman, 1995; Smith et al., 1999). These abiotic and biotic changes can disturb
natural plant populations by imposing significant selection pressures and forcing plants to
optimize their resource use against competitors (Bonser & Ladd, 2011; Gao et al., 2022;

Mosquin, 1971).

Agricultural land use and fossil fuel combustion contribute to the continuous release of
nitrogen (N) and phosphorus (P) into ecosystems worldwide through extensive fertilization and
deposition from the atmosphere (Galloway et al., 2008; Newman, 1995; Smith et al., 1999).
Excess agricultural fertilizer can be released to adjacent ecosystems via runoff or transport by
freshwater bodies (Ceulemans et al., 2014). Since the beginning of the industrial revolution, the
yearly release of N in the biosphere increased from 15.3 to 259 Mt and of P from 0.3 to 16 Mt
(Pefiuelas et al., 2012). Whereas N emissions have been steadily decreasing again since the
1990s (European Environment Agency, 2021), P levels are still above the recommended ranges
in many agricultural soils in Europe (BDB, 2005; Djodjic et al., 2004; Ketterings et al., 2005;
Reijneveld et al., 2010). Phosphorus has a much slower amelioration over time than N and thus,
the effects of P enrichment are also likely to be more persistent in the future (Parkhurst et al.,
2022). These shifts in the availability of N and P are likely affecting plant populations, and
rapid adaptation to those changes will be essential for population persistence (Sala et al., 2000;

Tilman et al., 2001). While the impact of an excess of N on plants has been widely studied since
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decades now, especially through atmospheric N deposition (Bobbink et al., 1998; Clark &
Tilman, 2008; Cleland & Harpole, 2010; Conley et al., 2009; Phoenix et al., 2006; Stevens et
al., 2004), the effect of P enrichment has received less attention (but see Ceulemans et al., 2011,
2014; Janssens et al., 1998; van Dobben et al., 2017). The effects of nutrient enrichment can
have big impacts on plant populations through competitive exclusion, higher susceptibility to
pests and abiotic stressors, soil acidification, and even through toxicity (Bobbink et al., 2010;

Hautier et al., 2009; Johnson, 1993; Olsson & Tyler, 2004; Stevens et al., 2010).

Since plants are continuously competing for space and resources such as light, water and
nutrients (Craine & Dybzinski, 2013), changes in the availability of these resources will
strongly affect the evolution of plant responses since less competitive species are likely to
experience higher mortality (Grime, 1973). An increase in soil nutrient resources causes
increased aboveground vegetative growth in general, but will also increase shading and thereby
reduce light availability for smaller plants. Competition for above- and belowground resources
therefore changes with plant productivity (Rajaniemi, 2002). In originally nutrient-poor
habitats, competition may shift from below- to aboveground when nutrients suddenly become
abundant (Hautier et al., 2009), while a reduction in nutrients causes stronger belowground
competition (Newman, 1973). Here, plants may increase their root length to acquire more
nutrients for themselves, while at the same time this reduces the nutrient availability for their
competitors (i.e., supply pre-emption, Craine et al., 2005). Nutrient availability can also be
affected by the climate-change related increase in the occurrence of droughts. This is because
root uptake of most mineral nutrients depends on soil moisture (Taiz & Zeiger, 2006).
Additionally, the enzymatic activity of soil microorganisms may also be affected by droughts,
leading to impairment of nutrient mineralization (Silva et al., 2010). Hence, depending on the
soil physiochemical properties nutrient availability can be low for plants, even if nutrient

concentrations are high (Amtmann & Blatt, 2009). Consequently, changes in nutrient supply
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and resulting impacts on competition can impose strong selection pressure on plants to
evolutionarily increase their competitive ability through adjusting growth-related traits under
the novel environmental conditions (Craine & Dybzinski, 2013; Falster & Westoby, 2003).
Given the strong degradation of natural habitats by nutrient enrichment and the resulting
increase in competition, understanding the ability of plant populations to adapt to these
changing conditions is of high importance (Ceulemans et al., 2013, 2014; Hautier et al., 2009;

Smith et al., 1999; Stevens et al., 2010).

Over the recent decades, the resurrection approach has been widely used to study rapid
evolution of plant populations (Franks et al., 2018; Hamann et al., 2021; Rauschkolb et al.,
2023; Thomann et al., 2015; Wooliver et al., 2020). This approach involves an experimental
design that utilizes seeds collected from a population before (ancestors) and after (descendants)
a potential selection pressure, such as consecutive drought years. Comparisons of the
phenotypes of these two generations in a controlled environment can then uncover evolutionary
changes (Franks et al., 2007). Resurrection studies have provided compelling evidence that
plant populations can undergo rapid evolution in various morphological, physiological, and
phenological traits within just a few generations (Franks et al., 2007; Hamann et al., 2018; Nevo
etal., 2012; Sekor & Franks, 2018; Thomann et al., 2015; Thompson et al., 2013). Whereas the
evolution of competitive ability has been studied in some resurrection experiments (Frachon et
al., 2017; Sultan et al., 2013; Ziska, 2017), resurrection studies on evolutionary responses to
nutrient availability are currently, to our knowledge, lacking. Sultan and colleagues (2013)
conducted a resurrection study on the invasive species Polygonum cespitosum and found
evolution of higher competitive ability after 11 years through higher reproductive output, and
stronger plasticity in physiological traits and root allocation. Frachon and colleagues (2017)
found that Arabidopsis thaliana responded to local warming and increased competition through

a delay in bolting time and evolution of an adaptive strategy that mainly involved the tendency
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to escape competition in crowded environments through lateral growth. Since competitive
ability is also highly dependent on abiotic factors, it is important to examine evolution of
competitive ability in the context of changing nutrient availability to gain a deeper

understanding of plant responses to environmental changes.

Here, we conducted a resurrection study to investigate recent adaptive evolution of
Leontodon hispidus (Asteraceae), a common herb in calcareous grasslands, to N and P
enrichment and competition. We used ancestors sampled in 1995 and descendants sampled in
2018 (i.e., a 23-year difference) of one population in a Belgian nature reserve. After two
refresher generations, we grew ancestors and descendants under common conditions and
applied a competition treatment using the natural competitor Brachypodium pinnatum
(Poaceae). Furthermore, we applied nutrient treatments to plants that were subject to
competition, supplying those plants weekly with either no nutrients, or with nitrogen,
phosphorous, or both. We measured growth, leaf and floral traits. We hypothesized that the
decrease in soil nutrient availability lead to a shift from aboveground competition for light to
belowground competition for nutrients. Thus, we expect evolution of lower competitive ability
aboveground and higher competitive ability belowground. Further, we hypothesized that the
decrease of N emissions over the last decades selected for higher fitness in descendants of L.
hispidus under low N availability. In contrast, we expect that descendants and ancestors respond
similarly to high P availability due to slower reduction of P emissions and greater persistence

in the soils in the last decades.
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Material and methods

Study species and seed origin

Leontodon hispidus L. (Asteraceae) is a perennial rosette-forming herbaceous plant. It is self-
incompatible and can flower in the first year after germination, which typically occurs from
June to October (Kihn & Klotz, 2002). It is widespread throughout Europe and commonly
found in calcareous grasslands, which received conservation priority by the European
commission (“Festuco-Brometalia™; EU code 6210: Semi-natural dry grasslands and scrubland
facies on calcareous substrates). Calcareous grasslands are threatened by eutrophication and
lack of management (Habel et al., 2013) and L. hispidus as a typical species for this habitat is

steadily declining in the northern parts of Belgium (Hoste et al., 2006).

Seed material was collected from one population in a nature reserve called “Thier a la
Tombe” in the northeastern part of Belgium (50°47'34.7"N, 5°40'22.6"E) in two temporal
origins: 1995 (ancestors) and 2018 (descendants). The vegetation is a calcareous grassland that
was unmanaged until 2007, after which sheep grazing was introduced yearly in spring and early
summer. The nature reserve is situated on a west-facing slope next to an agricultural field. The
distance to the nearest other population is approximately 2 km, decreasing the likelihood of
cross-pollination between populations of L. hispidus. The ancestral seed collection was
conducted by the Meise Botanic Garden (Belgium) for conservation purposes. Although the
precise number of sampled individuals was not recorded, efforts were made to represent the
genetic diversity of the population in the sampling. All seeds were cleaned, bulked, and dried
at 15 % relative humidity. Finally, the seeds were stored at -20 °C in the seed bank of Meise
Botanic Garden. In summer 2018, we revisited the population and collected the seeds from all
inflorescences from 20 mother plants. These seeds were cleaned, bulked and then stored at 4
°C. To ensure that the ancestral seed material is comparable to descendant seed material, and

that both samplings represent the genetic diversity of the population, Rauschkolb et al. (2022a)
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analyzed the genomic relatedness of both temporal origins. Analysis showed similar relatedness
of plants in the seed material of ancestors and descendants, as well as similar allelic richness,
altogether indicating that the genetic structure is comparable between samplings, that sufficient
seed material was collected, and that there is low influence of bottlenecks or gene flow

(Rauschkolb et al., 2022a).

Experimental design

Both ancestral and descendant seeds were grown for a refresher generation (Rauschkolb, et al.,
2022b) in order to reduce environmental, maternal and storage effects (Franks et al., 2018).
We sowed 300 seeds from each temporal origin and selected 15 random individuals for each
temporal origin that were haphazardly pollinated by hand in cages to prevent unintentional
cross-pollination (Rauschkolb, et al., 2022b). Due to inadequate seed production from some
seed families, we grew a second refresher generation using the seed material obtained from the
first refresher generation. We cultivated the plants in the same conditions and we used
bumblebees (Natupol seeds, Koppert GmbH, Straelen, Germany) as pollinators. Ultimately,
nine seed families from both ancestral and descendant temporal origin yielded sufficient seed

material for the experiment.

In March 2022, we prepared 25 pots (1.5 L) for each maternal line with nutrient-poor
soil (Einheitserde Typ 1, Einheitserde, Sinntal-Altengronau, Germany) in the greenhouse and
sowed 3 seeds into each pot. Simultaneously, we sowed 150 g of seeds of Brachypodium
pinnatum (UG12, Rieger Hofmann GmbH, Blaufelden-Raboldshausen, Germany) in 6 trays
using the same nutrient-poor soil. Brachypodium pinnatum was used as a competing grass in
this experiment as it is a natural competitor of L. hispidus in its natural habitat. All pots and
trays were watered three times a week to soil capacity, meaning that the soil could not take up
any more water after each watering event. Once the L. hispidus seedlings emerged and all

seedlings developed their first true leaf, we thinned them to a single individual per pot and



219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

moved this individual to the center of the pot. Three weeks after germination, we started the
nutrient and competition treatments. To prevent nutrient deficiencies, we first added 1.2 grams
of slow-release fertilizer (Osmocote Pro, Controlled Release Fertilizer 3-4, ICL Group,

Ludwigshafen, Germany) to each pot.

We divided the pots into 5 treatment groups with 5 replicates per seed family and applied
the following competition and nutrient treatments: (i) without competition and without fertilizer
(i.e., without competition control); (ii) with competition and without fertilizer (with competition
control); (iii) with competition and nitrogen fertilizer (N); (iv) with competition and phosphorus
fertilizer (P); (v) with competition and nitrogen + phosphorus fertilizer (NP) (Fig. 1). In the
competition groups, we transplanted four individuals of B. pinnatum with approximately 10 cm
height into each pot with an equidistance of 5 cm around the center of the pot (Fig. 1). For the
N source, we used urea (CH4N2O, Roth, Karlsruhe, Germany) and for the P source, we used
monosodium phosphate (NaH2POa, Roth, Karlsruhe, Germany). We chose these fertilizers, as
they only contain the macronutrient of interest and no additional macronutrients (Marschner,
1995). The plants were watered three times per week to soil capacity and weekly with their
respective fertilizer solution to simulate constant nutrient influx: 17.86 mg urea (= 10 mg N) in
20 ml H20 for the N-treatment; 21.92 mg monosodium phosphate (= 5 mg P) in 20 ml H.O for
the P-treatment. These concentrations were chosen as they simulate a strong influx of nutrients
which is comparable to the yearly influx of nutrients into ecosystems: 17 kg N/ha/year and up
to 5 kg/P/ha/year (Newman, 1995; Stevens et al., 2004). Plants in the NP-treatment received
the N- and P-treatment consecutively. In total, the experiment consisted of 450 pots (2 temporal
origins x 9 seed families x 5 treatment groups x 5 replicates). We randomized all pots every

two weeks and moved the pots to an outdoor common garden after four weeks.
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Plant measurements

During the course of the experiment, we recorded the onset of flowering and the height of the
first flower stem of L. hispidus every Monday, Wednesday and Friday. We defined flowering
onset as the point when the first anther became visible. After 17 weeks, all plants had flowered
and we harvested them after measuring the rosette diameter. We collected all the flower heads
and stems as reproductive biomass and the leaves as vegetative biomass. For each individual,
three randomly selected healthy and fully developed leaves were sampled and their combined
area was measured with the smartphone application “easy leaf area free” (Easlon & Bloom,
2014). The leaves were dried in a drying oven at 60 °C for three days and then weighed at a
high-precision scale (CPA225D-0CE, e = 1 mg, Sartorius AG, Goéttingen, Germany). We
calculated specific leaf area (SLA) by dividing the combined leaf area by its dry weight. The
root biomass of L. hispidus was separated from the roots of the grasses and washed to remove
soil. The root biomass, vegetative biomass and reproductive biomass were separately dried in a
drying oven at 60 °C for 72 hours and then weighed at the high-precision scale as well. For the
final values of vegetative biomass, we added the dry weight of the three leaves we collected for
the leaf area measurements. Finally, we calculated reproductive investment as the ratio of

reproductive biomass to vegetative biomass.
Soil analysis

In autumn 2021 we took soil samples of 25 cm?® at 10 cm soil depth at four random locations in
the natural population of L. hispidus. All four soil samples were bulked and dried at 40 °C for
one week in a drying oven. We sieved the samples to < 2 mm, and we milled 0.3-1 g of the
sieved soil with a Mixer Mill MM400 (Retsch, Haan, Germany) for 60 seconds with 30 rounds
per second. To avoid contamination between samples, we cleaned the sieving and milling tools
between samples with an air-compressor and water. The samples were then analyzed to

determine the amount of fundamental minerals (total element content of P, K, S, Ca, C, N and
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S), as well as pH level and salinity (Table S1). Total C and N measurements were performed
by elemental analysis through thermal combustion and thermal conductivity detection of
CO2/N2 (Thermo Scientific, Flash 2000 HT Plus, Bremen, Germany). For total element
concentrations, we digested the samples with a mixture of HNO3, HF and H20> (4:2:1) in a
microwave oven (Mars 6, CEM, Kamp-Lintfort, Germany). Then we complexed excess HF
with H3BO3 and measured total element concentrations by ICP-OES. We confirmed complete
element recovery of total digestions with certified reference material (BCR2, Columbia river

basalt).

Data analysis

Since we were specifically interested in the effects of competition per se and of the nutrient
treatments per se, we divided and analysed the data in two subsets. To analyse the effect of
competition on the temporal origins, we included only the groups without fertilizer (i.e., without
competition control, and with competition control) in the first subset. The second subset
contained all groups with nutrient treatments (N, P and NP) and the competition group without
fertilizer (with competition control). All statistical analyses were performed using R (version
4.0.3, R Core Team, 2020). We performed linear mixed-effects models (LMMs) using the Imer
function implemented in the Ime4 package (Bates et al., 2015) to analyse the following response
variables: vegetative biomass, rosette diameter, root biomass, SLA, reproductive biomass,
reproductive investment, flower stem height, and onset of flowering. Using the competition data
set, we tested for effects of the competition treatment, temporal origin and their interaction as
fixed factors and seed family nested in temporal origin as random factor. Using the nutrient
treatment data set, we tested for effects of the nutrient treatment, temporal origin and their
interaction as fixed factors and seed family nested in temporal origin as random factor. When
the normality and homoscedasticity of model residuals were not met, we applied appropriate

transformations to the response variables (see transformations in Table 1 and Table 2). All linear
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models were analysed using the Anova function (Type 1) and analyses were always followed by
Tukey post-hoc tests for each treatment pair within temporal origins and for each temporal

origin within each treatment using the emmeans package (Lenth, 2021).

Results

According to the LMMs, the competition treatment had a significant effect on all measured
traits except onset of flowering (Table 1), while significant differences between ancestors and
descendants were found in vegetative biomass, rosette diameter, SLA, and flower stem height
(Table 1). Competition had contrasting effects on ancestors and descendants in vegetative
biomass and root biomass, as indicated by the significant interaction between competition and
temporal origin (Table 1). Post-hoc comparisons show that without competition, descendants
and ancestors did not differ in their vegetative biomass or root biomass, but competition led to
lower vegetative and root biomass in ancestors compared to descendants (Fig. 2AC). Without
competition, descendants had a significantly larger rosette diameter compared to ancestors (Fig.
2B) and taller flower stems (Fig. 2G), but did not differ in the remaining traits (Fig. 2).
Competition generally decreased rosette diameter, reproductive biomass and the reproductive
investment in both temporal origins, but these traits were not significantly different between
ancestors and descendants (Fig. 2BEF). Onset of flowering was not significantly affected by
competition nor differed between ancestors and descendants (Fig. 2H). Finally, competition
also increased SLA for ancestors and descendants, but post-hoc tests show that descendants had

a significantly lower SLA compared to ancestors under competition (Fig 2D).

The nutrient treatments significantly affected the rosette diameter (Table 2) and the
onset of flowering (Table 2). Temporal origin affected rosette diameter, root biomass, SLA,
flower stem height significantly, and vegetative biomass marginally significantly (Table 2),
while a significant interaction between the nutrient treatments and temporal origin was found

only for root biomass (Table 2). According to the post-hoc comparisons, the N-treatment
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showed increased rosette diameter of ancestors compared to the control (Fig. 3B), but the rosette
diameter was not significantly affected by other nutrient treatments. In contrast, the N-treatment
did not affect the rosette diameter of descendants, whereas the NP-treatment increased the
rosette diameter of descendants compared to the control (Fig. 3B). The N-treatment decreased
the root biomass and the reproductive biomass of descendants compared to the control (Fig.
3CE) leading to no significant differences of root biomass between descendants and ancestors
in the N-treatment (Fig. 3C). Furthermore, descendants flowered later in the N-treatment
compared to the P-treatment (Fig. 3H). According to the post-hoc comparisons, significant
differences between ancestors and descendants in the control treatment, if any, disappeared in
the N-treatment. In the P-treatment, descendants maintained higher root biomass (Fig. 3C),
lower SLA (Fig. 3 D) and taller flower stems (Fig. 3G) compared to ancestors, but vegetative
biomass and rosette diameter lost differences between ancestors and descendants. Finally, in
the NP-treatment, descendants maintained their larger rosette diameter compared to ancestors

(Fig. 3B).

Discussion

In order to study the evolution of competitive ability and of responses to changing nutrient
availability over the last decades, we conducted a resurrection study using ancestors collected
30 years ago and descendants collected in 2018 after growing two refresher generations. We
found evidence for evolution of higher competitive ability in descendants, as they showed better
growth than ancestors when grown under competition. Furthermore, combining competition
with nutrient treatments revealed that competitive ability also depended on the nutrient

conditions.

Evolution of competitive ability

The competitive ability of plant populations and their evolution may be strongly affected by the

highly diverse environmental changes over the last 25 years that include changes in climate
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(e.g., heatwaves and droughts), changes in nutrient availability, pollinator decline, and changes
in grazing regime (Simon & Schmidt, 2017). The competition treatment in our experiment had
a very strong effect on growth-related traits (e.g., vegetative and root biomass). We observed
that the competitor B. pinnatum was growing much taller than the rosettes of L. hispidus, which
were substantially shaded as a consequence. Hence, L. hispidus received less light and competed
for nutrients and space. Even though both ancestors and descendants were strongly affected by
the competition, descendants outperformed ancestors for most growth-related traits (higher
vegetative and root biomass, larger rosette diameter, taller flower stems) and maintained lower
SLA. Regarding competition for light and space, descendants had a larger rosette diameter, and
thus were able to capture more light. Notably, the larger rosette diameter of descendants did not

trade off with leaf thickness, as indicated by the lower SLA.

We expected that the evolution of higher belowground competitive ability would come
at the expense of aboveground competitive ability due to a decrease in soil nutrient availability
over the last decades. Accordingly, we found compelling evidence that this population of L.
hispidus has evolved higher competitive ability through faster growth belowground, but also
faster growth aboveground, making this species a stronger competitor for light and nutrients.
Consequently, selection for competitive ability could either be facilitated directly by increased
competition or indirectly by other selection agents that increase competitive ability as a side
effect (e.g., low water availability selecting for faster root growth also makes plants more
competitive belowground). It is possible that the environmental changes of the recent decades
did not lead to a shift to belowground competition, but applied selection pressures both below-
and aboveground equally. Faster growth is especially important to establish in the early life

stage or early in the season, when interspecific shading is still minimal.

Furthermore, L. hispidus is highly dependent on pollinators for reproduction since it is

a self-incompatible species (Kihn & Klotz, 2002). The pollinator decline during the recent
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decades might affect the selection pressure of plants aboveground as plants compete for
pollinators (Potts et al., 2010). We found evolution of taller flower stems, which can be
beneficial to better compete for pollinators by making the flowers more visible (Engel & Irwin,
2003) and even though we did not study pollinator decline as a direct agent of selection, the
evolution of taller flower stems makes senses in the context of pollinator decline during the
recent decades (Potts et al., 2010). Competition for pollinators can also result in evolution of
selfing (Eckert et al., 2010; Thomann et al., 2013), but the breakdown of self-incompatibility is
often a slow process (Cheptou & Avendafo, 2006; Lafuma & Maurice, 2007) and the self-
incompatibility is very likely constraining evolution towards selfing in L. hispidus. In line with
our findings, another resurrection study by Thomann and colleagues (2015) found evolution of
larger flowers and flower longevity after 18 years in a population of the annual Centaurea
cyanus, also a strongly self-incompatible species. Accordingly, it is possible that L. hispidus
also evolved other floral traits such as capitula size, floral display, flower longevity or flowering

duration, which should be considered in future studies.

Responses to nutrient enrichment

The soil analyses of the original population site revealed a N content of 0.49 %, which is
comparable to other grasslands (Piqueray et al., 2011) and probably decreased in the studied
site due to reduction of emissions since the 1990s (European Environment Agency, 2021; Klein
etal., 2019). The total P content on the other hand was 530 mg/kg in our studied site (Table S1)
and is much lower in comparison to other calcareous grasslands, which can reach over 1000
mg/kg of total P content (Altetal., 2011; P. J. Wilson & Wheeler, 2016). A possible explanation
for the lower P content in the original site of L. hispidus could be that the slope of the site is
increasing the runoff of nutrients and thus, P is being washed out from the soil quickly and

cannot accumulate in high quantities (Li et al., 2006).
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While descendants generally outperformed ancestors without nutrient addition, adding
nutrients generally reduced the differences between ancestors and descendants, which was most
evident in the N- and NP-treatment, but less in the P-treatment. Adding N removed all
significant differences between ancestors and descendants compared to the control. This
suggests that descendants have evolved an increased ability to compete for N, since
supplementing N no longer gives them an advantage due to decreased belowground competition
(Newman, 1973; Wilson & Tilman, 1993). Nitrogen depositions decreased over the last three
decades and descendants might thus have evolved adaptations to lower N availability. This is
further evidenced by the descendants in the treatments with low N availability (control, P-
treatment), where we observe higher belowground competitive ability (i.e., higher root biomass)
of descendants compared to ancestors. Chronic addition of nutrients (especially N) has been
shown to decrease N use efficiency (NUE) of plants and has strong links to plant evolutionary
history (Egan et al., 2019; Liao et al., 2021). Hence, it is likely that ancestors of L. hispidus also
had evolved a low NUE due to high N emissions, while the subsequent decrease in emissions
likely favoured plants with higher NUE. It remains challenging to pinpoint the main underlying
selective agent but nonetheless, our results indicate that competitive ability is very dependent
on the nutrient availability and it is very likely that nutrients play a significant part in the

evolution of competitive ability.

We found significant differences between ancestors and descendants in the P-treatment
in several traits, such as larger root biomass or taller flower stems in descendants. However,
these results did not differ from the control and therefore provide no evidence for evolution of
P uptake strategies in the studied population. This finding is in line with the assumption that the
availability of P did not significantly change in the recent decades and, as a consequence, did
not act as a potential selection agent. We only used one fixed concentration for each nutrient

treatment, whereas using multiple concentrations in an experiment would give more insight into
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underlying processes, since plant responses might vary greatly depending on concentrations.
We also applied the nutrient treatments only to plants growing under competition due to space
constraints meaning that we cannot disentangle the interaction of competition and nutrient
availability. Conducting a resurrection study using a full factorial design with competition and
nutrient treatments could give further insights into the relationships between competition and
nutrients as well as their evolution. Furthermore, we only studied a single population of
L. hispidus, making it difficult to generalize the results to the species level. Moreover, we had
little data available on the local changes of relevant environmental factors that the ancestors and

descendants experienced.

Conclusion

In this study, we found evidence for evolutionary changes in competitive ability and responses
to changes in nutrient availability. Furthermore, supplementing nutrients (especially N) reduced
differences in competitive ability between ancestors and descendants, suggesting that nutrients
are a limiting factor in interspecific competition. We also found evolution of taller flower stems,
which could be linked to pollinator decline as a means to increase the competitive ability for
pollinator visits. Overall, the results of our study demonstrate the complexity of underlying
processes of contemporary evolution and shed light on the importance of understudied potential
selection agents that can be investigated using resurrection studies. Especially studying the
effects of decreasing N emissions on plant populations after strong eutrophication will provide

valuable insights for evolutionary responses of plant populations in the future.

References

Alt, F., Oelmann, Y., Herold, N., Schrumpf, M., & Wilcke, W. (2011). Phosphorus
partitioning in grassland and forest soils of Germany as related to land-use type,
management intensity, and land use-related pH. Journal of Plant Nutrition and Soil
Science, 174(2), 195-209. https://doi.org/10.1002/jpIn.201000142

Amtmann, A., & Blatt, M. R. (2009). Regulation of macronutrient transport. New Phytologist,
181(1), 35-52. https://doi.org/10.1111/j.1469-8137.2008.02666.x



445
446
447

448
449

450
451
452
453
454

455
456
457

458
459

460
461
462
463

464
465
466
467

468
469
470
471
472

473
474
475
476

477
478
479

480
481
482

483
484
485

486
487

Bates, D., Méchler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting linear mixed-effects
models using Ime4. Journal of Statistical Software, 67(1).
https://doi.org/10.18637/jss.v067.101

BDB. (2005). Chemical Soil Fertility of Arable Land and Grassland in Belgium 2000—2003.
Bodemkundige Dienst Belgie, Leuven, Belgium.

Bobbink, R., Hicks, K., Galloway, J., Spranger, T., Alkemade, R., Ashmore, M., Bustamante,
M., Cinderby, S., Davidson, E., Dentener, F., Emmett, B., Erisman, J. W., Fenn, M.,
Gilliam, F., Nordin, A., Pardo, L., & De Vries, W. (2010). Global assessment of nitrogen
deposition effects on terrestrial plant diversity: A synthesis. Ecological Applications,
20(1), 30-59. https://doi.org/10.1890/08-1140.1

Bobbink, R., Hornung, M., & Roelofs, J. G. M. (1998). The effects of air-borne nitrogen
pollutants on species diversity in natural and semi-natural European vegetation. Journal
of Ecology, 86(5), 717-738. https://doi.org/10.1046/].1365-2745.1998.8650717.x

Bonser, S. P., & Ladd, B. (2011). The evolution of competitive strategies in annual plants.
Plant Ecology, 212(9), 1441-1449. http://www.jstor.org/stable/41508828

Ceulemans, T., Merckx, R., Hens, M., & Honnay, O. (2011). A trait-based analysis of the role
of phosphorus vs. nitrogen enrichment in plant species loss across North-west European
grasslands. Journal of Applied Ecology, 48(5), 1155-1163.
http://www.jstor.org/stable/41318861

Ceulemans, T., Merckx, R., Hens, M., & Honnay, O. (2013). Plant species loss from
European semi-natural grasslands following nutrient enrichment - is it nitrogen or is it
phosphorus? Global Ecology and Biogeography, 22(1), 73-82.
https://doi.org/10.1111/j.1466-8238.2012.00771.x

Ceulemans, T., Stevens, C. J., Duchateau, L., Jacquemyn, H., Gowing, D. J. G., Merckx, R.,
Wallace, H., van Rooijen, N., Goethem, T., Bobbink, R., Dorland, E., Gaudnik, C.,
Alard, D., Corcket, E., Muller, S., Dise, N. B., Dupré, C., Diekmann, M., & Honnay, O.
(2014). Soil phosphorus constrains biodiversity across European grasslands. Global
Change Biology, 20(12), 3814-3822. https://doi.org/10.1111/gcb.12650

Cheptou, P. O., & Avendafio V, L. G. (2006). Pollination processes and the Allee effect in
highly fragmented populations: Consequences for the mating system in urban
environments. New Phytologist, 172(4), 774-783. https://doi.org/10.1111/j.1469-
8137.2006.01880.x

Clark, C. M., & Tilman, D. (2008). Loss of plant species after chronic low-level nitrogen
deposition to prairie grasslands. Nature, 451(7179), 712-715.
https://doi.org/10.1038/nature06503

Cleland, E. E., & Harpole, W. S. (2010). Nitrogen enrichment and plant communities. Annals
of the New York Academy of Sciences, 1195(1), 46-61. https://doi.org/10.1111/j.1749-
6632.2010.05458.x

Conley, D. J., Paerl, H. W., Howarth, R. W., Boesch, D. F., Seitzinger, S. P., Havens, K. E.,
Lancelot, C., & Likens, G. E. (2009). Ecology - Controlling eutrophication: Nitrogen and
phosphorus. Science, 323(5917), 1014-1015. https://doi.org/10.1126/science.1167755

Craine, J. M., & Dybzinski, R. (2013). Mechanisms of plant competition for nutrients, water
and light. Functional Ecology, 27(4), 833-840. https://doi.org/10.1111/1365-2435.12081



488
489
490

491
492
493

494
495
496

497
498
499

500
501
502
503

504
505
506
507

508
509

510
511

512
513

514
515
516
517
518

519
520
521

522
523
524
525

526
527
528

529
530

Craine, J. M., Fargione, J., & Sugita, S. (2005). Supply pre-emption, not concentration
reduction, is the mechanism of competition for nutrients. New Phytologist, 166(3), 933—
940. https://doi.org/10.1111/j.1469-8137.2005.01386.x

Djodjic, F., Borling, K., & Bergstrom, L. (2004). Phosphorus Leaching in Relation to Soil
Type and Soil Phosphorus Content. Journal of Environmental Quality, 33(2), 678-684.
https://doi.org/10.2134/jeq2004.6780

Dore, M. H. I. (2005). Climate change and changes in global precipitation patterns: What do
we know? Environment International, 31(8), 1167-1181.
https://doi.org/10.1016/j.envint.2005.03.004

Easlon, H. M., & Bloom, A. J. (2014). Easy Leaf Area: Automated digital image analysis for
rapid and accurate measurement of leaf area. Applications in Plant Sciences, 2(7),
1400033. https://doi.org/10.3732/apps.1400033

Eckert, C. G., Kalisz, S., Geber, M. A., Sargent, R., Elle, E., Cheptou, P. O., Goodwillie, C.,
Johnston, M. O., Kelly, J. K., Moeller, D. A., Porcher, E., Ree, R. H., Vallejo-Marin, M.,
& Winn, A. A. (2010). Plant mating systems in a changing world. Trends in Ecology and
Evolution, 25(1), 35-43. https://doi.org/10.1016/j.tree.2009.06.013

Egan, G., McKenzie, P., Crawley, M., & Fornara, D. A. (2019). Effects of grassland
management on plant nitrogen use efficiency (NUE): Evidence from a long-term
experiment. Basic and Applied Ecology, 41, 33-43.
https://doi.org/10.1016/j.baae.2019.10.001

Engel, E. C., & Irwin, R. E. (2003). Linking pollinator visitation rate and pollen receipt.
American Journal of Botany, 90(11), 1612-1618. https://doi.org/10.3732/ajb.90.11.1612

European Environment Agency. (2021). EEA emission inventory report (Issue 6).
https://www.eea.europa.eu/publications/european-union-emission-inventory-report-1

Falster, D. S., & Westoby, M. (2003). Plant height and evolutionary games. Trends in Ecology
and Evolution, 18(7), 337-343. https://doi.org/10.1016/S0169-5347(03)00061-2

Frachon, L., Libourel, C., Villoutreix, R., Carrere, S., Glorieux, C., Huard-Chauveau, C.,
Navascués, M., Gay, L., Vitalis, R., Baron, E., Amsellem, L., Bouchez, O., Vidal, M., Le
Corre, V., Roby, D., Bergelson, J., & Roux, F. (2017). Intermediate degrees of
synergistic pleiotropy drive adaptive evolution in ecological time. Nature Ecology and
Evolution, 1(10), 1551-1561. https://doi.org/10.1038/s41559-017-0297-1

Franks, S. J., Hamann, E., & Weis, A. E. (2018). Using the resurrection approach to
understand contemporary evolution in changing environments. Evolutionary
Applications, 11(1), 17-28. https://doi.org/10.1111/eva.12528

Franks, S. J., Sim, S., & Weis, A. E. (2007). Rapid evolution of flowering time by an annual
plant in response to a climate fluctuation. Proceedings of the National Academy of
Sciences of the United States of America, 104(4), 1278-1282.
https://doi.org/10.1073/pnas.0608379104

Galloway, J. N., Townsend, A. R., Erisman, J. W., Bekunda, M., Cai, Z., Freney, J. R.,
Martinelli, L. A., Seitzinger, S. P., & Sutton, M. A. (2008). Transformation of the
Nitrogen Cycle : Science, 320(May), 889-892.

Gao, Y., Liang, Y., Fu, Y., Si, Z., & Hamani, A. K. M. (2022). Interactive Effects of
Intraspecific Competition and Drought on Stomatal Conductance and Hormone



531
532

533
534

535
536
537

538
539
540
541

542
543
544

545
546
547

548
549
550

551
552
553

554
555
556

557
558

559
560
561

562
563

564
565
566

567
568
569

570
571

572

Concentrations in Different Tomato Genotypes. Horticulturae, 8(1).
https://doi.org/10.3390/horticulturae8010045

Grime, J. P. (1973). Competitive Exclusion in Herbaceous Vegetation. Nature, 242, 344-347.
https://doi.org/10.5860/choice.45-3516

Habel, J. C., Dengler, J., JaniSova, M., Torok, P., Wellstein, C., & Wiezik, M. (2013).
European grassland ecosystems: threatened hotspots of biodiversity. Biodiversity and
Conservation, 22(10), 2131-2138. https://doi.org/10.1007/s10531-013-0537-x

Hamann, E., Pauli, C. S., Joly-Lopez, Z., Groen, S. C., Rest, J. S., Kane, N. C., Purugganan,
M. D., & Franks, S. J. (2021). Rapid evolutionary changes in gene expression in
response to climate fluctuations. Molecular Ecology, 30(1), 193-206.
https://doi.org/10.1111/mec.15583

Hamann, E., Weis, A. E., & Franks, S. J. (2018). Two decades of evolutionary changes in
Brassica rapa in response to fluctuations in precipitation and severe drought. Evolution,
2682-2696. https://doi.org/10.1111/ev0.13631

Hautier, Y., Niklaus, P. A., & Hector, A. (2009). Competition for light causes plant
biodiversity loss after eutrophication. Science, 324(5927), 636—638.
https://doi.org/10.1126/science.1169640

Hoste, 1., Van Landuyt, W., & Verloove, F. (2006). Atlas van de Flora van Vlaanderen en het
Brussels Gewest. Hoofdstuk 4. Landschap en flora in beweging, 19de en 20ste eeuw (pp.
44-67).

IPCC. (2018). Summary for Policymakers. In: Global warming of 1.5°C. An IPCC Special
Report on the impacts of global warming of 1.5°C above pre-industrial levels and related
global greenhouse gas emission pathways, in the context of strengthening the global.

Janssens, F., Peeters, A., Tallowin, J. R. B., Bakker, J. P., Bekker, R. M., Fillat, F., & Oomes,
M. J. M. (1998). Relationship between soil chemical factors and grassland diversity.
Plant and Soil, 202(1), 69-78. https://doi.org/10.1023/A:1004389614865

Johnson, N. C. (1993). Can Fertilization of Soil Select Less Mutualistic Mycorrhizae? 3(4),
749-757. https://doi.org/10.2307/1942106

Ketterings, Q. M., Kahabka, J. E., & Reid, W. S. (2005). Trends in phosphorus fertility of
New York agricultural land. Journal of Soil and Water Conservation, 60(1), 10 LP — 20.
http://www.jswconline.org/content/60/1/10.abstract

Klein, H., Gauss, M., Nyiri, A., & Tsyro, S. (2019). Transboundary air pollution by main
pollutants (S, N, O3) and PM in 2017.

Kuhn, I., & Klotz, S. (2002). BIOLFLOR - a database on biological and ecological traits of
vascular plants in Germany. In Verhandlungen der Gesellschaft fir Okologie (Vol. 32, p.
42).

Lafuma, L., & Maurice, S. (2007). Increase in Mate Availability without Loss of Self-
Incompatibility in the Invasive Species Senecio Inaequidens (Asteraceae). Oikos, 116(2),
201-208. https://doi.org/: 10.1 1 1 1/i.2006.0030-1299. 15

Lenth, R. V. (2021). emmeans: Estimated Marginal Means, aka Least-Squares Means (R
package version 1.5.4). https://cran.r-project.org/package=emmeans

Li, Y., Wang, C., & Tang, H. (2006). Research advances in nutrient runoff on sloping land in



573
574

575
576
577

578

579
580

581
582
583
584

585
586

587
588

589
590
591

592
593
594

595
596
597

598
599
600
601
602

603
604
605
606

607
608
609

610
611

612
613
614

watersheds. Aquatic Ecosystem Health and Management, 9(1), 27-32.
https://doi.org/10.1080/14634980600559379

Liao, J., Li, Z., Wang, J., Tian, D., Tian, D., & Niu, S. (2021). Nitrogen use efficiency of
terrestrial plants in China: geographic patterns, evolution, and determinants. Ecological
Processes, 10(1). https://doi.org/10.1186/s13717-021-00338-w

Marschner, H. (1995). Mineral Nutrition in Higher Plants. Academic Press, London.

Mosquin, T. (1971). Competition for Pollinators as a Stimulus for the Evolution of Flowering
Time. Oikos, 22(3), 398-402. https://doi.org/10.2307/3543864

Nevo, E., Fu, Y. B., Pavlicek, T., Khalifa, S., Tavasi, M., & Beiles, A. (2012). Evolution of
wild cereals during 28 years of global warming in Israel. Proceedings of the National
Academy of Sciences of the United States of America, 109(9), 3412—-3415.
https://doi.org/10.1073/pnas.1121411109

Newman, E. I. (1973). Competition and Diversity in Herbaceous Vegetation. Nature, 244,
310-311. https://doi.org/10.1038/244310a0

Newman, E. I. (1995). Phosphorus Inputs to Terrestrial Ecosystems. British Ecological
Society, 83(4), 713-726. https://doi.org/10.2307/2261638

Olsson, P. A., & Tyler, G. (2004). Occurrence of non-mycorrhizal plant species in south
Swedish rocky habitats is related to exchangeable soil phosphate. Journal of Ecology,
92(5), 808-815. https://doi.org/10.1111/j.0022-0477.2004.00912.x

Parkhurst, T., Standish, R. J., & Prober, S. M. (2022). P is for persistence: Soil phosphorus
remains elevated for more than a decade after old field restoration. Ecological
Applications, 32(3), 1-13. https://doi.org/10.1002/eap.2547

Pefiuelas, J., Sardans, J., Rivas-ubach, A., & Janssens, I. A. (2012). The human-induced
imbalance between C, N and P in Earth’s life system. In Global Change Biology (Vol.
18, Issue 1, pp. 3-6). https://doi.org/10.1111/].1365-2486.2011.02568.x

Phoenix, G. K., Hicks, W. K., Cinderby, S., Kuylenstierna, J. C. 1., Stock, W. D., Dentener, F.
J., Giller, K. E., Austin, A. T., Lefroy, R. D. B., Gimeno, B. S., Ashmore, M. R., &
Ineson, P. (2006). Atmospheric nitrogen deposition in world biodiversity hotspots: The
need for a greater global perspective in assessing N deposition impacts. Global Change
Biology, 12(3), 470-476. https://doi.org/10.1111/j.1365-2486.2006.01104.x

Piqueray, J., Bottin, G., Delescaille, L.-M., Bisteau, E., Colinet, G., & Mahy, G. (2011).
Rapid restoration of a species-rich ecosystem assessed from soil and vegetation
indicators: The case of calcareous grasslands restored from forest stands. Ecological
Indicators, 11(2), 724—733. https://doi.org/https://doi.org/10.1016/j.ecolind.2010.06.007

Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O., & Kunin, W. E.
(2010). Global pollinator declines: Trends, impacts and drivers. Trends in Ecology and
Evolution, 25(6), 345-353. https://doi.org/10.1016/j.tree.2010.01.007

R Core Team. (2020). R: A Language and Environment for Statistical Computing.
https://www.r-project.org/

Rajaniemi, T. K. (2002). Why does fertilization reduce plant species diversity? Testing three
competition-based hypotheses. Journal of Ecology, 90(2), 316-324.
https://doi.org/10.1046/j.1365-2745.2001.00662.x



615
616
617
618

619
620
621
622
623

624
625
626
627

628
629
630
631

632
633
634
635

636
637
638
639
640

641
642
643
644

645
646
647

648
649

650
651
652

653
654
655

656
657
658
659

Rauschkolb, R., Durka, W., Godefroid, S., Dixon, L., Bossdorf, O., Ensslin, A., & Scheepens,
J. F. (2023). Recent evolution of flowering time across multiple European plant species
correlates with changes in aridity. Oecologia. https://doi.org/10.1007/s00442-023-05414-
w

Rauschkolb, R., Henres, L., Lou, C., Godefroid, S., Dixon, L., Durka, W., Bossdorf, O.,
Ensslin, A., & Scheepens, J. F. (2022). Historical comparisons show evolutionary
changes in drought responses in European plant species after two decades of climate
change. Basic and Applied Ecology, 58, 26-38.
https://doi.org/10.1016/j.baae.2021.11.003

Rauschkolb, R., Li, Z., Godefroid, S., Dixon, L., Durka, W., Majekov4, M., Bossdorf, O.,
Ensslin, A., & Scheepens, J. F. (2022). Evolution of plant drought strategies and
herbivore tolerance after two decades of climate change. New Phytologist, 235(2), 773—
785. https://doi.org/10.1111/nph.18125

Reijneveld, J. A., Ehlert, P. A. I., Termorshuizen, A. J., & Oenema, O. (2010). Changes in the
soil phosphorus status of agricultural land in the Netherlands during the 20th century.
Soil Use and Management, 26(4), 399-411. https://doi.org/10.1111/j.1475-
2743.2010.00290.x

Ruosteenoja, K., Markkanen, T., Venaldinen, A., Réisénen, P., & Peltola, H. (2018). Seasonal
soil moisture and drought occurrence in Europe in CMIP5 projections for the 21st
century. Climate Dynamics, 50(3—-4), 1177-1192. https://doi.org/10.1007/s00382-017-
3671-4

Sala, O. E., Chapin, F. S., Armesto, J. J., Berlow, E., Bloomfield, J., Dirzo, R., Huber-
Sanwald, E., Huenneke, L. F., Jackson, R. B., Kinzig, A., Leemans, R., Lodge, D. M.,
Mooney, H. A., Oesterheld, M., Poff, N. L. R., Sykes, M. T., Walker, B. H., Walker, M.,
& Wall, D. H. (2000). Global biodiversity scenarios for the year 2100. Science,
287(5459), 1770-1774. https://doi.org/10.1126/science.287.5459.1770

Samaniego, L., Thober, S., Kumar, R., Wanders, N., Rakovec, O., Pan, M., Zink, M.,
Sheffield, J., Wood, E. F., & Marx, A. (2018). Anthropogenic warming exacerbates
European soil moisture droughts. Nature Climate Change, 8(5), 421-426.
https://doi.org/10.1038/s41558-018-0138-5

Sekor, M. R., & Franks, S. J. (2018). An experimentally introduced population of brassica
rapa (Brassicaceae). 2. rapid evolution of phenotypic traits. Plant Ecology and Evolution,
151(3), 293-302. https://doi.org/10.5091/plecevo.2018.1401

Silva, E. C., Jurema, R., & Custddio, M. (2010). Drought Stress and Plant Nutrition Drought
Stress and Plant Nutrition. 2(May 2014).

Smith, V. H., Tilman, G. D., & Nekola, J. C. (1999). Eutrophication: impacts of excess
nutrient inputs on freshwater, marine, and terrestrial ecosystems. Environmental
Pollution, 100, 179-196. https://doi.org/10.1016/S0269-7491(99)00091-3

Stevens, C. J.,, Dise, N. B., Mountford, J. O., & Gowing, D. J. G. (2004). Impact of Nitrogen
Deposition Grasslands. Science, 303(March), 1876-1879.
https://doi.org/10.1126/science.1094678

Stevens, C. J., Dupr, C., Dorland, E., Gaudnik, C., Gowing, D. J. G., Bleeker, A., Diekmann,
M., Alard, D., Bobbink, R., Fowler, D., Corcket, E., Mountford, J. O., Vandvik, V.,
Aarrestad, P. A., Muller, S., & Dise, N. B. (2010). Nitrogen deposition threatens species
richness of grasslands across Europe. Environmental Pollution, 158(9), 2940-2945.



660

661
662
663
664

665
666
667
668

669

670
671
672

673
674
675

676
677
678

679
680
681
682

683
684
685
686

687
688
689

690
691
692

693
694
695

696
697
698
699

700
701
702

https://doi.org/10.1016/j.envpol.2010.06.006

Stevens, C. J., Thompson, K., Grime, J. P., Long, C. J., & Gowing, D. J. G. (2010).
Contribution of acidification and eutrophication in species richness of calcifuge
grasslands along a gradient of atmospheric nitrogen deposition. Functional Ecology, 24,
478-484. https://doi.org/10.1111/j.1365-2435.2009.01663.x

Sultan, S. E., Horgan-Kobelski, T., Nichols, L. M., Riggs, C. E., & Waples, R. K. (2013). A
resurrection study reveals rapid adaptive evolution within populations of an invasive
plant. Evolutionary Applications, 6(2), 266-278. https://doi.org/10.1111/].1752-
4571.2012.00287.x

Taiz, L., & Zeiger, E. (2006). Plant Physiology (4th Edn). Sinauer Associates, Massachusetts.

Thomann, M., Imbert, E., & Cheptou, P. O. (2015). Is rapid evolution of reproductive traits in
Adonis annua consistent with pollinator decline? Acta Oecologica, 69, 161-166.
https://doi.org/10.1016/j.actao.2015.10.007

Thomann, M., Imbert, E., Devaux, C., & Cheptou, P. O. (2013). Flowering plants under
global pollinator decline. Trends in Plant Science, 18(7), 353-359.
https://doi.org/10.1016/j.tplants.2013.04.002

Thomann, M., Imbert, E., Engstrand, R. C., & Cheptou, P. O. (2015). Contemporary evolution
of plant reproductive strategies under global change is revealed by stored seeds. Journal
of Evolutionary Biology, 28(4), 766—778. https://doi.org/10.1111/jeb.12603

Thompson, J., Charpentier, A., Bouguet, G., Charmasson, F., Roset, S., Buatois, B., Vernet,
P., & Gouyon, P. H. (2013). Evolution of a genetic polymorphism with climate change in
a Mediterranean landscape. Proceedings of the National Academy of Sciences of the
United States of America, 110(8), 2893-2897. https://doi.org/10.1073/pnas.1215833110

Tilman, D., Fargione, J., Wolff, B., D’ Antonio, C., Dobson, A., Howarth, R., Schindler, D.,
Schlesinger, W. H., Simberloff, D., & Swackhamer, D. (2001). Forecasting agriculturally
driven global environmental change. Science, 292(5515), 281-284.
https://doi.org/10.1126/science.1057544

van Dobben, H. F., Wamelink, G. W. W, Slim, P. A., Kaminski, J., & Piérkowski, H. (2017).
Species-rich grassland can persist under nitrogen-rich but phosphorus-limited conditions.
Plant and Soil, 411(1-2), 451-466. https://doi.org/10.1007/s11104-016-3021-z

Wilson, P. J., & Wheeler, B. R. (2016). A survey and assessment of soil pH and nutrient
status on sites of high botanical value, 2014. May 2016, 1-83.
https://doi.org/10.13140/RG.2.2.14076.97921

Wilson, S. D., & Tilman, D. (1993). Plant Competition and Resource Availability in Response
to Disturbance and Fertilization. Ecology, 74(2), 599-611.
https://doi.org/https://doi.org/10.2307/1939319

Wooliver, R., Tittes, S. B., & Sheth, S. N. (2020). A resurrection study reveals limited
evolution of thermal performance in response to recent climate change across the
geographic range of the scarlet monkeyflower. Evolution, 74(8), 1699-1710.
https://doi.org/10.1111/ev0.14041

Ziska, L. H. (2017). Could recent increases in atmospheric CO2 have acted as a selection
factor in Avena fatua populations? A case study of cultivated and wild oat competition.
Weed Research, 57(6), 399-405. https://doi.org/10.1111/wre.12271



703



704  Tables and Figures

Without ;%)% Leontodon hispidus

competition © Brachypodium pinnatum

With
competition

Control +N +P + NP
Fertilizer Fertilizer Fertilizer

705

706 Figure 1. Experimental design of the study. Ancestors and descendants of Leontodon hispidus were cultivated in
707 pots and divided into 5 treatment groups. One group was cultivated without competition and no additional nutrient
708  supply. The other four groups were all grown with competition in combination with a weekly nutrient treatment
709 (control, N fertilizer, P fertilizer, NP fertilizer). For the competition treatments, we used Brachypodium pinnatum
710 which naturally occurs in the habitat of L. hispidus and is one of its strongest competitors. Each competition
711 treatment involved the transplantation of four individuals of ¢. 10 cm tall B. pinnatum plants around L. hispidus in
712 the centre with an equidistance of 5 cm once the L. hispidus plants developed their first true leaves.
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Figure 2. Vegetative biomass (A), rosette diameter (B), root biomass (C), specific leaf area (D), reproductive
biomass (E), reproductive investment (F), flower stem height (G) and onset of flowering (H) of ancestors (blue)
and descendants (red) of Leontodon hispidus grown either without competition or with competition. Shown are
reaction norms connecting the means of the competition treatments with their standard errors. Significant
differences between ancestors and descendants in each treatment are indicated with asterisks (p > 0.05 ns; p = 0.05
—0.01 *; p = 0.01 — 0.001 **). Significant differences (p < 0.05) between competition treatments are shown by
different letters in their respective colour for each temporal origin (blue letters for ancestors and red letters for
descendants).
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Figure 3. Vegetative biomass (A), rosette diameter (B), root biomass (C), specific leaf area (D), reproductive
biomass (E), reproductive investment (F), flower stem height (G) and onset of flowering (H) of ancestors (blue)
and descendants (red) of Leontodon hispidus grown under different nutrient treatments (control, N, P, NP). Shown
are boxplots with the raw data as scatter points. Significant differences between ancestors and descendants in each
treatment are indicated with asterisks (p >0.05 ns; p=0.05-0.01 *; p=0.01 - 0.001 **; p < 0.001 ***). Significant
differences (p < 0.05) between nutrient treatments are shown by different letters in their respective colour for each
temporal origin separately (blue letters for ancestors and red letters for descendants).



730  Table 1. Results of the statistical models testing the effects of temporal origin (ancestors, descendants),
731 competition (with, without) and their interaction on the response variables (y) vegetative biomass, rosette diameter,
732 root biomass, specific leaf area (SLA), reproductive biomass, reproductive investment, flower stem height and
733 onset of flowering of Leontodon hispidus. We used linear mixed-effects models followed by Anova (Type 1).
734 Response variables were transformed if needed to fulfil model assumptions. Shown are degrees of freedom (df), F
735 values and p values with significant p values (< 0.05) in bold.

Response variable Transformation Explanatory variable df F value p value
Origin 1 7.12 0.050
Vegetative biomass sqrt(y) Competition 1 281.70 <0.001
Origin x Competition 1 3.93 0.038
Origin 1 12.73 <0.001
Rosette diameter (y)? Competition 1 17.15 <0.001
Origin x Competition 1 0.06 0.800
Origin 1 4.06 0.061
Root biomass log(y) Competition 1 325.85 <0.001
Origin x Competition 1 11.83 <0.001
Origin 1 10.07 0.007
SLA log(y) Competition 1 26.97 <0.001
Origin x Competition 1 2.49 0.118
) Origin 1 0.83 0.377
Reg.r oductive y Competition 1 18808  <0.001
iomass o .
Origin x Competition 1 0.002 0.965
) Origin 1 0.03 0.863
Rﬁﬁ/g:;c;:]\{e log(y) . _Competition_ _ 1 24.88 <0.001
Origin x Competition 1 0.03 0.862
Origin 1 10.91 0.004
Flower stem height y Competition 1 5.54 0.021
Origin x Competition 1 0.01 0.934
Origin 1 0.97 0.339
Onset of flowering y Competition 1 3.79 0.054
Origin x Competition 1 1.05 0.309

736
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Table 2. Results of the statistical models testing the effects of temporal origin (ancestors, descendants), nutrient
treatment (control, N, P, NP) and their interaction on the response variables (y) vegetative biomass, rosette
diameter, root biomass, specific leaf area (SLA), reproductive biomass, reproductive investment, flower stem
height and onset of flowering of Leontodon hispidus. We used linear mixed effects models followed by Anova
(Type 1). Response variables were transformed if needed to fulfil model assumptions. Shown are degrees of
freedom (df), F values and p values with significant p values (< 0.05) in bold.

Response variable Transformation Explanatory variable df F value p value
Origin 1 3.54 0.081

Vegetative biomass log(y) Nutrients 3 0.73 0.533
Origin x Nutrients 3 131 0.274

Origin 1 6.58 0.024
Rosette diameter y Nutrients 3 6.18 <0.001
Origin x Nutrients 3 0.44 0.722

Origin 1 11.53 0.004

Root biomass sqrt(y) Nutrients 3 1.91 0.129
Origin x Nutrients 3 3.03 0.031

Origin 1 5.25 0.038

SLA log(y) Nutrients 3 0.96 0.415
Origin x Nutrients 3 0.84 0.476

) Origin 1 0.83 0.374

Reg.r oductive log(y) Nutrients 3 231 0.079

iomass . )

Origin x Nutrients 3 1.21 0.307

) Origin 1 0.00 0.965
Rﬁ"f/g;‘:ﬁfg:]‘t’e log(y)  Nutrients 3 1.24 0.299
Origin x Nutrients 3 0.82 0.484

Origin 1 8.83 0.009

Flower stem height y Nutrients 3 1.80 0.149
Origin x Nutrients 3 1.01 0.392

Origin 1 1.66 0.219

Onset of flowering y Nutrients 3 3.55 0.016
Origin x Nutrients 3 0.06 0.982
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Supplement material

Table S1. Chemical composition of soil samples taken at the collection sites of our study species Leontodon
hispidus. We took four samples of 25 cm? soil each at 10 cm depth at random positions and mixed them together.
The samples were analyzed to determine the amount of fundamental minerals (total element content of P, K, S,
Ca, total C, N and S), as well as pH level and salinity.

Salinity N C TIC Corg /N S Ca K Mg P
[uS/em]  [%] [%]  [%] [%] [%] [mg/kg] [mg/kg]l [mg/kg] [mg/ke]

6.46 88 049 6.90 0.00 6.90 14.14 0.01 3966 8608 1090 530
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Figure S1. Number of flowers of ancestors (blue) and descendants (red) of Leontodon hispidus grown either
without competition or with competition (A) and under different nutrient treatments (B). Shown are means and
standard errors for (A) and boxplots with raw data as scatter points for (B).



