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1 | INTRODUCTION

Intraspecific and interspecific plant-plant interactions af-
fect the assembly of plant communities in complex and diverse
ways (Chase, 2003a; Fukami, 2015; Gotzenberger et al., 2012;
HilleRisLambers et al., 2012; Larson & Funk, 2016; Rolhauser &
Pucheta, 2017). Among other factors, the timing and order of spe-
cies arrival appears to play a significant role in the outcome of
community assembly processes and previous studies investigated
these so-called ‘priority effects’ in a wide range of terrestrial and
aquatic ecosystems (Chase, 2003b; Dunck et al., 2021; Fukami
et al., 2010; Klingbeil & Willig, 2016; Toju et al., 2018). However,
despite a strongly increasing interest in priority effects, they con-
tinue to be an underrepresented topic in community assembly re-
search (Fukami, 2015). In this study, we follow a broad definition
of priority effects as the impact of an early-arriving species on a
late-arriving species, occasionally referred to as historical contin-
gency (Fukami, 2015; Zou & Rudolf, 2023). However, we are aware
of other, narrower definitions according to Modern Coexistence
Theory, which reserves the term for cases in which the outcome
of species interactions depends on the order of arrival (Grainger
et al., 2019; Ke & Letten, 2018).

The net effect of the early-arriving plant on the late-arriving
plant can be positive, neutral or negative and is based on a variety
of mechanisms. First, early-arriving species can change the biotic
and abiotic environmental conditions (Connell & Slatyer, 1977,
Debray et al., 2022), for example, through the microclimate they
create or through plant-soil feedbacks, where one plant species
alters the soil conditions in a way that induces feedback on the
performance of the species itself and/or on other species (Delory
et al., 2021; Grman & Suding, 2010; Heinen et al., 2020). Second,
the previous reduction of shared resources by the early-arriving
species (space, nutrients, light, water, etc.) can lead to asymmet-
ric competition, both above-ground and below-ground (Kérner
et al.,, 2008; Weidlich et al.,, 2017) and hamper the establish-
ment, survival, productivity and reproduction of the late-arriving
species.

As evolutionary relationships have been generally shown to
play an important role in the outcome of species interactions, they
might be a helpful predictor of the strength of priority effects. The
competition relatedness hypothesis (Cahill et al., 2008) states that
closely related species compete more intensely with each other
than with distantly related competitors and goes back to Darwin's
observation that ‘the struggle will generally be more severe be-
tween species of the same genus, when they come into compe-
tition with each other than between species of distinct genera’

(Darwin, 1859). This assumption has been supported by many
studies (reviewed by Dayan & Simberloff, 2005). One mechanism
behind this phenomenon may be that closely related species are
ecologically more similar and therefore have more similar niches,
resulting in stronger priority effects among species with higher re-
source use overlap (Vannette & Fukami, 2014). Considering Chase
and Leibold's (2003, p. 15) definition of a niche, the strength of
competition for resources should increase with niche similar-
ity, ultimately decreasing the probability of closely related spe-
cies to coexist, as predicted by the limiting similarity hypothesis
(MacArthur & Levins, 1967). As ecologically relevant traits have
been shown to often be phylogenetically conserved (Prinzing
et al., 2001; Wiens et al., 2018), phylogenetic distances (PDs) be-
tween higher plants can indicate their ecological differences and
allow predictions about their interactions. However, although
many studies found a clear association between PD and the out-
come of species interactions (Cadotte, 2013; Germain et al., 2016;
Sheppard et al., 2018; Verdu et al., 2012; Violle et al., 2011), oth-
ers did not (Cahill et al., 2008; Fitzpatrick et al., 2017; Fritschie
et al,, 2014; Godoy et al., 2014; Narwani et al., 2013). These con-
tradictory results might be caused by a number of biological and
methodological factors such as inappropriate phylogenies, skewed
distributions of PDs, absence of sufficient niche spaces or ignoring
models of trait evolution (reviewed in Cadotte et al., 2017).

Studies testing the importance of phylogenetic relationships
in priority effects are rare, and so far show no clear trend either.
Although studies involving other organisms, such as yeast species
in the floral nectar of shrubs (Peay et al., 2011) or bacteria (Tan
et al., 2012), have often found that priority effects are stronger be-
tween closer relatives, the results of studies in plants are less clear.
Castro et al. (2014), for example, carried out a set of manipulative
experiments in which they controlled the PD of a colonising spe-
cies (Lactuca sativa) with five assemblages of plants (the recipient
communities) and found that neither the mean PD between Lactuca
and the members of each assemblage nor the mean PD to the near-
est neighbour affected the performance of the late-arriving plants
(germination, growth, flowering, survival and Lactuca recruitment).
Sheppard et al. (2018) found that the success of the establishment
of recently introduced species in permanent grasslands throughout
France was positively affected by the phylogenetic relatedness to
native species and previous invaders.

One reason why phylogenies do not always predict ecologi-
cal differences among species is that sympatric species may have
evolved trait differences fostering coexistence, which can over-
ride phylogenetic effects (Cadotte et al., 2017). Thus, the effect
of PD on priority effects might depend on the biogeographic
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history (BH) of early- and late-arriving species. While allopatric
species did not have the opportunity to interact with each other
because of geographic or habitat barriers, co-occurring sympatric
species may have competed for the same resources in the past.
Such interspecific competition can influence evolutionary tra-
jectories through selection for greater niche divergence (Brown
& Wilson, 1956; Schluter, 2000; Silvertown, 2004; Symonds
& Elgar, 2004; Tobias et al., 2014; Weber et al., 2016) and, as a
consequence, even closely related species can differ substan-
tially and show larger niche difference than expected based on
their phylogeny (Davies et al., 2007; Nuismer & Harmon, 2015;
Schluter, 1994; Staples et al., 2016). How a history of sympatry can
lead to evolutionary changes in species traits that increase niche
differentiation has been previously discussed on an intraspecific
level (e.g. Aarssen & Turkington, 1985; Hart et al., 2019; Sakarchi
& Germain, 2023) as well as on an interspecific level (e.g. Germain
et al., 2016; Thorpe et al,, 2011).

Furthermore, the role of PD for the strength of priority effects
could also differ for different life cycle components of the late-
arriving plants (for simplicity, referred to as life stage hereafter).
Unfortunately, the seedling stage is often ignored in trait-based
analyses (Larson & Funk, 2016), and evidence for phylogenetic
signal in seedling traits is not unequivocal (Husakova et al., 2018).
However, seedlings may have environmental requirements and thus
niches distinct from those of conspecific adults due to ontogenetic
niche shifts (Lyons & Barnes, 1998; Miriti, 2006; Miiller et al., 2018;
Parish & Bazzaz, 1985). Therefore, the importance of phylogeny for
the priority effect should increase as late-arriving species mature
from the seedling stage to the adult stage, whereby closely related
species become ecologically more similar to the adult early-arriving
species.

However, we are not aware of any studies investigating the in-
fluence of BH and the life stage (LS) of late-arriving species on the
impact of PD on priority effects. To address this critical knowledge
gap, we conducted a greenhouse study that investigated the role
of PD for the priority effect of an early-arriving species on the es-
tablishment and performance of a late-arriving species. To analyse
the influence of BH, we used interactions with 10 allopatric pairs
(i.e. early-arriving species exotic and late-arriving species native to
Germany) and 10 sympatric pairs (i.e. early- and late-arriving spe-
cies native to Germany) of biennial and perennial European grass-
land species of different families and functional groups, spanning
a gradient of PD. We tested the following hypotheses: (1) The
priority effect of an early-arriving plant on a late-arriving plant
of another species increases with decreasing PD between them
due to higher ecological similarity. (2) The importance of PD for
priority effects is more pronounced in allopatric than in sympatric
species pairs as co-occurring closely related species have evolved
niche differences which reduce competition. (3) The significance
of PD for priority effects increases, as closely related late-arriving
plants age, and become more ecologically similar to early-arriving

adult plants.
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Exotic early-arriving species
(e.g. Foeniculum vulgare)

Journal of Ecology

Native early-arriving species
(e.g. Scabiosa ochroleuca)

Native late-arriving species
(e.g. Knautia arvensis)

FIGURE 1 Scheme of a triplet of species (here exemplary triplet
TO1) consisting of two native and one exotic species, representing a
pair of sympatric species and a pair of allopatric species.

2 | METHODS
2.1 | Species selection

We conducted a multispecies greenhouse experiment investi-
gating the net priority effect of native and exotic early-arriving
species on native late-arriving species across different LSs of the
latter. Sympatric pairs of early- and late-arriving species were
represented by two species native to central German grassland
communities, and allopatric pairs by the same late-arriving spe-
cies and an exotic early-arriving species, resulting in a species tri-
plet (Figure 1). However, it is crucial to emphasise that within the
experiment, only species pairs engaged in direct interactions, not
triplets. All the species selected for the experiment were forbs,
legumes and grasses that occur in central German grasslands.
Most of our exotic species were introduced to Germany around
the 19th century (see Table S1 for a complete list of the native
and exotic species used, their taxonomic affiliation, life span and
minimum residence time).

To explicitly test for the interactive effects of PD and BH, we
adopted the approach of Germain et al. (2016). We created 10
triplets, each representing a gradient in PD between early- and
late-arriving species, encompassing up to 270 Myr of evolutionary
history since their last common ancestor (see Table S2 for PD and
shared community types among paired species). To ensure com-
parability among sympatric and allopatric species pairs within a
triplet, we strived to select similar distances for the exotic-native
and the native-native species pairs within each triplet. Moreover,
to prevent systematic bias and ensure phylogenetic independence
among triplets, we made efforts to minimise overlapping branches
(Germain et al., 2016). In the few cases where this was not com-
pletely feasible, we minimised the lengths of the overlapping
branches (Figure 2). PDs were extracted from the Daphne data
set (Durka & Michalski, 2012). Species missing in the phylogeny
(Dianthus giganteus) were substituted by the most closely related
congener. We purchased seeds for most species from local seed
suppliers and collected seeds for Dianthus giganteus and Pimpinella
peregrina ourselves in summer 2016 in central Germany (see

Supporting Information).
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I: 01 Knautia arvensis

01 Scabiosa ochroleuca

-IF 02 Pimpinella saxifraga

02 Daucus carota
] 03 Achillea millefolium

03 Picris hieracioides
04 Centaurea jacea

04 Campanula rapunculoides

_|: 05 Plantago media

05 Prunella vulgaris

06 Filipendula vulgaris

06 Vicia cracca

I: 07 Trifolium pratense
08 Trifolium medium

I: 08 Medicago falcata

07 Ranunculus acris
09 Dactylis glomerata

09 Festuca pratensis
10 Arrhenatherum elatius
10 Brachypodium pinnatum

—— 20 Myr

FIGURE 2 Phylogenetic tree of all experimental species with
their triplet number (01-10) and origin (green=native early-arriving
species; yellow =exotic early-arriving species; black=native late-
arriving species). Phylogenetic distances were extracted from the
Daphne data set (Durka & Michalski, 2012).

2.2 | Setup and design

In early December 2017, we seeded 100 seeds of each of the 20
early-arriving species in 10L boxes (L: 27, W: 17, H: 22cm). The
boxes were provided with drainage holes at the bottom to prevent
waterlogging. To facilitate realistic interactions between plants and
soil, including soil biota, we used unsterilised chernozem soil in-
stead of potting soil, which is often sterilised and less representa-
tive in terms of their chemical, physical and soil biotic properties.
Chernozem soil is the predominant soil type in Central German dry
regions and thus representative of the grasslands in that region.
We used the top layer of sieved soil from a site of the UFZ experi-
mental station in Bad Lauchstadt, where none of our experimental
species had previously established (for more detailed information
regarding soil conditions, see Altermann et al., 2005). To ensure
a uniform distribution of soil among all boxes, the soil was thor-
oughly mixed before the experiment. Lupinus polyphyllus was cov-
ered with 1-2 cm of soil, whereas the other species were seeded on
the soil surface. To accelerate germination, we covered the boxes
with transparent foil until germination reached 25% (5-28 days, de-
pending on the species). For each of the 10 native and 10 exotic

early-arriving species, we prepared four replicate boxes, which re-
sulted in 80 boxes. Furthermore, we prepared four control boxes
without early-arriving plants for each late-arriving species, using
the same soil and keeping them free of any spontaneously occur-
ring seedlings, resulting in an additional 40 boxes. Thus, we had
a total of 120 boxes. In January 2018, the early-arriving species
plants were reduced to 12 individuals per box and, when necessary,
replanted from seedling trays during the first 2weeks. The boxes
were distributed in four greenhouse cabins, each cabin represent-
ing a block containing one replicate of each early-arriving species
or of an empty control box, respectively. Within each cabin, boxes
were randomly assigned to two greenhouse benches. Throughout
the experimental period, plants were irradiated with additional
light from 7 AM to 7 PM to standardise light conditions within the
cabins. The temperatures ranged from 15°C at night to 20°C during
the day. Each box was watered from the top approximately every
1-4days, depending on its individual requirements. The require-
ments varied among plant species due to their different biomasses
and were assessed by estimating soil moisture by touching the
substrate. The exceptionally high biomass production of the spe-
cies pair Trifolium medium growing in Medicago x varia, along with
the associated evapotranspiration, caused such intense soil drying
that a gap formed between the box wall and the substrate. As a
result, water flowed through the drainage holes, leading to extreme
drought and preventing soil rehydration. Consequently, this pair of
species was excluded from the analysis. In all other pairs of species,
the soil remained moist enough to absorb the supplied water, so
there was no drought stress there.

After 2months of growth, the plants were cut 4cm above the
soil surface using a scissor to simulate mowing, which is typical
for central European grasslands. To maximise the duration for the
early-arriving plants to grow and to develop plant-soil feedbacks, an
additional 2 months were allocated for their growth. This extended
period allowed the formation of a dense stand of adult plants,
including some flowering individuals, before the plants were cut
again. Two days after that, the late-arriving species were seeded in
the 4-month-old monocultures of the early-arriving species, as well
as in the empty control boxes (100 seeds/box). Every week, emerg-
ing and dying seedlings were counted and used for the calculation
of total seedling emergence and seedling survival. Averaged be-
tween all species, the median germination time (t50) was reached
after an average of 22 days, at which 50% of all germinated seeds
had germinated (t50min=14.0, mean=21.8, max=28.0). As we
are interested in the priority effect of early-arriving plants on
late-arriving plants, we have tried to minimise intraspecific compe-
tition between late-arriving plants and reduced them to six seed-
lings per box. Some individuals of early- and late-arriving species
were attacked by mildew, insects and mites. Therefore, we treated
all plants with an insecticide (0.5mL/L Karate Zeon, Syngenta
Agro GmbH, Maintal, Germany) and, where necessary, also with
an acaricide (2% Spruzit Schadlingsfrei, W. Neudorff GmbH KG,
Emmerthal, Germany). Three months after sowing, the late-arriving
plants reached the adult stage and were partially flowering. To
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prevent nutrient deficiencies as well as senescence of flowering
plants, late-arriving plants were counted, and above-ground bio-
mass harvested and dried (72 h at 70°C) for the calculation of the
mean above-ground biomass per capita for each box.

2.3 | Statistical analyses

For each box of each sympatric or allopatric species pair, we cal-
culated the mean seedling emergence, seedling survival and mean
above-ground biomass per survivor of the late-arriving species. To
quantify the magnitude and direction of priority effects, we related
seedling emergence, seedling survival and above-ground biomass of
adult late-arriving plants grown in boxes with early-arriving plants
to the respective data in control boxes using log response ratios
(LRR) based on mean values across the four replicate boxes (Hedges
et al., 1999). The application of LRRs facilitated the comparison of
plant performance in various ontogenetic stages, encompassing both
binary metrics such as seedling emergence and survival and continu-
ous variables such as biomass. Positive LRR values indicate a facili-
tative priority effect of early-arriving plants on late-arriving plants
(better performance of late-arriving plants in the respective interspe-
cific treatment), while negative values indicate an inhibitory priority
effect (better performance of late-arriving plants in control boxes).
To test whether the effects of PD depended on the BH and
differed among the LSs of the late-arriving species, we initially fit-
ted a model that contained PD (centred and scaled), BH (allopatric
vs. sympatric pairs), LS (seedling emergence, seedling survival and
above-ground biomass) and all possible interactions as explanatory
variables and LRRs of the late-arriving species as response vari-
able (using the package ImerTest in R, version 4.2.0, Kuznetsova
et al., 2017; R Core Team, 2017). The random effects comprised
identity of the early-arriving species nested in identity of the late-
arriving species (since late-arriving species had been sown into both
a native and an exotic early-arriving species). The random effect of
the late-arriving species included a random intercept and a random
slope to account for the nonindependence in LRR differences be-
tween the LSs of each late-arriving species. The random effect of
the early-arriving species included only a random intercept. The sig-

nificance of fixed effects was tested using the Wald type Ill test.

TABLE 1 Results of the mixed-
effects model analysis for the effects
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Furthermore, we calculated two additional models to investi-
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gate the priority effects on the three LSs in more detail. First, we
investigated whether the priority effect generally differed between
the different LSs. For this purpose, we fitted a model with BH, LS
and their interaction as explanatory variables and LRRs of the late-
arriving species as response variable using the same random effects
as significance tests as in the initial model. LS effects were sub-
jected to Tukey's post hoc tests to identify significant differences
among them. Furthermore, we used the emmeans command from
the emmeans package (Lenth et al., 2018) with the above model to
assess whether the mean values per LS significantly deviated from
zero.

Second, we calculated separate models for seedling emergence,
seedling survival and above-ground biomass and analysed the
effects of PD, BH and the interaction of PDxBH on LRRs of the
late-arriving species. To account for the identity of the respective
late-arriving species (that were sown into both native and exotic
early-arriving species), we included the late-arriving species as ran-
dom intercept term. All models were tested for normal distribution
of residuals through visual inspection of model diagnostic plots.

Itis important to note that variation in priority effects among our
species pairs is partly due to species-specific properties. However,
this does not imply that species-specific competitive ability is con-
founded with PD and BH, creating a spurious correlation with prior-
ity effects. Due to our procedure of randomly selecting early-arriving
species and establishing species pairs, variation in competitive ability
among species adds to other sources of random experimental error.
This increases unexplained residual variance in our models. While an
outlier, such as a super competitor or a particularly weak competitor,
could potentially influence the relationships between PD or BH and
priority effects, careful inspection of our data points did not reveal

any influential observations.

3 | RESULTS

The mixed-effects models evaluating the effects of PD, BH and LSs
demonstrated a significant influence of LS and the interaction of PD
and LS on the LRR of late-arriving plants, serving as a measure of the

priority effects (Table 1).

LRR

of phylogenetic distance, biogeographic Ve df p-Value

history, life stage and their interactions

on the log response ratios (LRR) of late- Intercept 0.6 1 0.442

arriving plants. Bold p-values indicate Phylogenetic distance 0.1 1 0.816

significant main effects or interactions Biogeographic history 0.0 1 0.987

0.05).

(p<0.05) Life stage 179.2 2 <0.001
Phylogenetic distance x biogeographic history 0.0 1 0.891
Phylogenetic distance x life stage 12.0 2 0.002
Biogeographic history x life stage 0.0 2 0.989
Phylogenetic distance x biogeographic history x life stage 0.2 2 0.897
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FIGURE 3 Logresponse ratios (LRR) for late-arriving species,
depicting the priority effect across various life stages (;(2: 130.1;
df=2; p<0.001, n=19). Negative LRR values signify an inhibitory
priority effect, while positive values indicate a facilitative effect of
early-arriving plants on late-arriving ones. Significant differences
are denoted by small letters on top of the symbols, determined
through Tukey post hoc analysis. The LRRs for seedling emergence
(t=0.957; df=8.71; p=0.716) and survival (t=-0.865; df=8.71;
p=0.770) did not significantly differ from zero. However, the LRR
for above-ground biomass was significantly negative (t=-12.096;
df=8.99; p<0.001).

Subsequent analysis of the mixed-effects model that included
only BH and LSs disclosed significant variations between LSs
(Figure 3). The priority effect on the early stages of seedling emer-
gence and survival did not exhibit statistically significant differences
from zero. However, the LRR for the above-ground biomass of the
late-arriving species was significantly negative, indicating an inhib-
itory priority effect. This suggests that late-arriving adult plants
produced less above-ground biomass when sown in boxes with pre-
viously established early-arriving plants compared to those sown in
control boxes.

Examinations through separate mixed-effects models for distinct
LSs revealed that the early phases of late-arriving plants, namely
seedling emergence and survival, remained unaffected by the PD
to their respective early-arriving species (Figure S1). However, there
was an inhibitory effect of early-arriving plants on the above-ground
biomass of late-arriving plants that decreased with PD between
them, represented by a significant positive correlation between the
PD and the LRR of the above-ground biomass of the late-arriving
species (Figure 4). On the contrary, the BH did not have a significant
effect in any of the mixed-effects models we analysed, either indi-

vidually or in interaction (Table 1).

4 | DISCUSSION

This study investigates the role of PD in priority effects at multi-
ple LSs of late-arriving plants and how this relationship is affected
by the BH of the early- and late-arriving species. In line with our
hypotheses, the results indicate that the above-ground biomass of
late-arriving adult plants was more strongly inhibited when they
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FIGURE 4 Relationship between the phylogenetic distance
among early- and late-arriving species and the log response ratios
(LRR) for above-ground biomass in late-arriving adult plants
(#2=3.9; df=1; p=0.0497), as a measure of the priority effect.
Negative LRR values signify an inhibitory priority effect, while
positive values indicate a facilitative effect of early-arriving plants
on late-arriving ones. Each data point for the species pairs is
labelled with the triplet number (1-10). Sympatric species pairs
are represented by green triangles and allopatric species pairs by
yellow circles.

were growing with closely related early-arriving species compared
to distantly related ones. However, this effect could not be dem-
onstrated for the earlier stages of seedling emergence and survival,
indicating that the impact of PD on priority effects depends on the
LS of the late-arriving plants. Regardless of the PD and contrary to
our hypothesis, the pairs of allopatric and sympatric species did not
differ in their interaction.

4.1 | |Inhibitory priority effects are stronger
between closely related species

In accordance with our hypothesis, the inhibitory effect of early-
arriving plants on the above-ground biomass of late-arriving plants
decreased with the PD. This is in line with the widespread assump-
tion that closely related species are ecologically more similar, have
similar niches and, consequently, compete more intensely with each
other (Dayan & Simberloff, 2005). This finding suggests that the PD
may serve as a valuable proxy for trait dissimilarity where the labour-
intensive measurement of an extensive set of traits is not feasible.
Furthermore, the metric potentially captures ecological processes
beyond the scope of trait measurements.

Our results are in part contradictory to some other studies which
found no effect of PD on plant-plant interactions (see, e.g. Cabhill
et al., 2008; Fitzpatrick et al., 2017; Fritschie et al., 2014; Godoy
et al., 2014; Narwani et al., 2013). An explanation for the contrast-
ing findings could be the timing of arrival of the interacting species.
Compared to simultaneously arriving species, early-arriving plants
in our experiment had a longer time to modify environmental con-
ditions and inhibit late-arriving plants, possibly through mechanisms
like the accumulation of pathogens, a reduction of shared nutrients
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or a spatial occupation above- and belowground. These mechanisms
could have compelled late-arriving plants, for instance, to extend
their roots deeper into the soil (see, e.g. Mueller et al., 2013).

We suggest that the predictive power of the PD depends sig-
nificantly on whether the ecologically relevant traits for a particular
question are phylogenetically conserved. It is important to con-
sider that niches are multidimensional and that different aspects
can be conserved or diversified within a clade (Wiens et al., 2018).
Therefore, claims regarding conserved or labile niches are study-
specific and outcomes are likely to vary under different environ-
mental conditions. We assume, for example, that competition for
nutrients is notably stronger in our greenhouse experiment than it
might be in the field, as plants were growing in pots at high densities
and without additional fertilisation. Recent advances in our under-
standing of coexistence (Adler et al., 2007; Chesson, 2000) state
that competitive exclusion can occur when niche differences are
small relative to differences in competitive ability. Both differences
are expressions of trait value differences among species, which may
or may not exhibit a phylogenetic signal, resulting in contrasting ef-
fects on relatedness patterns. As a result, competition can lead to
the elimination of more distantly related plants when niche differ-
ences are small (Mayfield & Levine, 2010). Overall, we conclude that
more work is needed to understand in which systems, and under
which conditions the PD could be used as an alternative or additional

predictor for priority effects.

4.2 | No effect of BH on priority effects and the
importance of PD

Contrary to our expectations, there were no differences in prior-
ity effects between pairs of allopatric and sympatric species, nor
could we find an interaction effect of BH and PD. There are several
plausible explanations for these findings. For instance, despite the
relatively short residence time (most exotic species were introduced
in the 19th century), native and exotic species might have rapidly
coadapted to each other, much like native pairs.

Another explanation could be the lack of any evolutionary pro-
cess that have led to niche divergence between closely related native
species used in our experiment. Functional traits and thus certain
niche dimensions can be highly conserved and thus may experience
only weak selection (Peterson et al., 1999; Thorpe et al., 2011). A
high level of phenotypic plasticity could have made evolutionary ad-
aptation redundant. Furthermore, there could have been a lack of
intense and close interactions between our sympatric species pairs
in the past or interactions with extremely strong competitors that
might have led to extinction of the less competitive sympatric popu-
lation rather than adaptation (Case & Taper, 2000). In addition, there
are indications that the duration of evolutionary history might be
crucial. Zee and Fukami (2018) emphasise that sympatric evolution
can also cause populations to become similar in competitive ability.
They highlight that in contrast to niche divergence, such trait con-
vergence has been demonstrated to evolve when species interact
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over longer time periods (see, e.g. Miller & Powell, 2010; Tobias
et al., 2014).

Furthermore, it is possible that niche divergence occurred be-

Journal of Ecology

tween our pairs of sympatric native species, but it was not observ-
able within the constraints of our experimental setting. Greenhouse
experiments allow us to control and analyse the role of biotic and
abiotic conditions in plant-plant interactions on small scales, but
at the same time, it is impossible to simulate exactly the condi-
tions under which plants are growing in their natural communities.
As evolutionary consequences of plant-plant interactions can be
highly context-specific, it is conceivable that the consequences of
adaptive niche divergence cannot be observed in an experimental
setting with different environmental conditions (see, e.g. Chanway
et al,, 1988; Lau, 2006).

4.3 | Theimportance of PD and the
strength of priority effects differ across LSs of
late-arriving species

In accordance with our hypothesis, the effect of PD on priority ef-
fects differed among the investigated LSs of the late-arriving spe-
cies. Regardless of PD, there was no priority effect on seedling
emergence and survival of late-arriving plants. This is in line with
the assumption that seedlings are less influenced by competition for
nutrients (Primack & Kang, 1989) and are primarily affected by mi-
croclimatic environmental conditions (Donohue et al., 2001), which
are independent of PD. Furthermore, early-arriving plants deplete
nutrients not only before the arrival of late-arriving plants but also
throughout their development, leading to increased competition
for resources among adult individuals. However, the lack of effect
on seedling emergence and the lack of influence of PD should be
interpreted with caution, as the simulated mowing of early-arriving
plants 2days before sowing may have affected the germination of
late-arriving plants, possibly through reduced shading and the as-
sociated microclimatic changes. On the contrary, we assume that
the survival rate was minimally, if at all, influenced by the simulated
mowing, as the early-arriving plants regrew very rapidly and most
of the seedlings emerged only after 3weeks. It is also conceivable
that the effects of PD were overshadowed by a strong asymmet-
ric competition between early-arriving adult plants and seedlings of
the late-arriving plants. Given that previous studies have shown the
significant role of facilitation in early LSs (Miriti, 2006), it is also pos-
sible that any inhibitory competition effects were offset by facili-
tative processes, ultimately leading to a neutral net priority effect.
For example, Dudenhéffer et al. (2018) found that the effect of soil
biota changed from positive in the juvenile LSs of plants to neutral
or negative in the adult LSs of plants. In addition, we cannot com-
pletely exclude the possibility that the PD had an impact on the net
priority effect on seedling emergence and survival due to potential
offset mechanisms that have cancelled each other out. Furthermore,
itis possible that seedlings from late-arriving plants are less inhibited
by soil pathogens accumulated in the rhizosphere of early-arriving
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plants compared to adult individuals from late-arriving plants due
to their shallower root systems and the resulting spatial separation
of roots.

The priority effect on the above-ground biomass of the late-
arriving plants was negative in all cases, indicating that late-arriving
plants consistently produced less above-ground biomass when grow-
ing with their respective early-arriving plants compared to empty
control boxes. This supports the hypothesis that early-arriving adult
plants exert a stronger inhibitory effect on late-arriving plants in the
same LS because of their higher ecological similarity, as predicted
by the limiting similarity hypothesis (Macarthur & Levins, 1967).
Furthermore, the inhibitory priority effect on the above-ground bio-
mass of late-arriving plants decreased with PD. These results sug-
gest that the competition-relatedness hypothesis (Cahill et al., 2008)
might be primarily relevant to interactions among mature plants.
While we could not examine all LSs in our experiment, future studies
could delve into the impact on reproductive phases and elucidate
how the priority effect evolves across the life cycle of perennial spe-

cies and successive generations of biennial species.

5 | CONCLUSIONS

While many studies have produced contradictory results regarding
the effect of PD on plant-plant interactions, we were able to dem-
onstrate that inhibitory priority effects on the above-ground pro-
ductivity of late-arriving plants can be mediated by the PD between
early- and late-arriving plants. However, priority effects did not
differ between pairs of allopatric and sympatric species. Our find-
ings could have significant implications for the fields of invasion and
restoration ecology. Restoration experiments, for example, could
benefit from increasing the PDs between neighbouring plants, as
recommended by Verdu et al. (2012). However, we do not know how
persistent the priority effects we observed are. For a better under-
standing of priority effects, future studies should therefore prioritise
investigating the persistence of priority effects as well as the impact
of varying time intervals between arrival events on the mechanisms
that mediate the influence of PD. Furthermore, we recommend in-
cluding the modification of arrival order, including simultaneous ar-
rival as a control, as done, for example, by Delory et al. (2019), and to
differentiate between ‘frequency-dependent’ and ‘trait-dependent’
priority effects, as recommended by Zou and Rudolf (2023), to com-

bine theory and empiricism in the study of priority effects.

AUTHOR CONTRIBUTIONS

Julia Dieskau, Harald Auge and Isabell Hensen conceived the ideas
and designed methodology; Julia Dieskau and Ingmar Gaberle col-
lected the data; Walter Durka provided the distance matrix and
the phylogenetic tree; Julia Dieskau, Nico Eisenhauer and Susanne
Lachmuth analysed the data; Julia Dieskau led the writing of the
manuscript. Harald Auge, Isabell Hensen, Walter Durka, Nico
Eisenhauer and Susanne Lachmuth contributed critically to the
drafts and all authors gave final approval for publication.

ACKNOWLEDGEMENTS

We acknowledge the use of data drawn from the Daphne data set.
We thank Ines Merbach and the entire team of Field Experimental
Station of the UFZ at Bad Lauchstadt, and Niclas Mehre, Carolin Plos
and Julia Rieger for practical support during the experiment. We are
grateful to Alfred Lochner, Tobias Pro and Tim Walther for helpful
support with laboratory analysis. Katrin Kittlaus and Birgit Miller
provided valuable assistance in the acquaintance of seed material
and support during the experiment. Nico Eisenhauer gratefully ac-
knowledges the support of iDiv funded by the German Research
Foundation (DFG-FZT 118, 202548816). Open Access funding ena-
bled and organized by Projekt DEAL.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

PEER REVIEW

The peer review history for this article is available at https://www.
webofscience.com/api/gateway/wos/peer-review/10.1111/1365-
2745.14373.

DATA AVAILABILITY STATEMENT

Raw data and metadata used to generate tables and figures are pub-
licly available at the iDiv data repository: https://doi.org/10.25829/
idiv.3548-bz7p93 (Dieskau et al., 2024).

ORCID
Julia Dieskau "= https://orcid.org/0000-0002-2410-415X
https://orcid.org/0000-0001-6470-9359
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0001-6377-4124
https://orcid.org/0000-0002-6611-2246
https://orcid.org/0000-0002-4027-7632

https://orcid.org/0000-0001-7432-8453

Isabell Hensen
Nico Eisenhauer
Ingmar Gaberle
Walter Durka
Susanne Lachmuth

Harald Auge

REFERENCES

Aarssen, L. W., & Turkington, R. (1985). Biotic specialization between
neighbouring genotypes in Lolium perenne and Trifolium repens from
a permanent pasture. Journal of Ecology, 73(2), 605-614. https://
doi.org/10.2307/2260497

Adler, P. B., HilleRisLambers, J., & Levine, J. M. (2007). A niche for neu-
trality. Ecology Letters, 10(2), 95-104. https://doi.org/10.1111/j.
1461-0248.2006.00996.x

Altermann, M., Rinklebe, J., Merbach, I., Kérschens, M., Langer, U., &
Hofmann, B. (2005). Chernozem—Soil of the year 2005. Journal of
Plant Nutrition and Soil Science, 168(6), 725-740. https://doi.org/10.
1002/jpIn.200521814

Brown, W. L., & Wilson, E. O. (1956). Character displacement. Systematic
Zoology, 5(2), 49-64. https://doi.org/10.2307/2411924

Cadotte, M. W. (2013). Experimental evidence that evolutionarily di-
verse assemblages result in higher productivity. Proceedings of the
National Academy of Sciences of the United States of America, 110(22),
8996-9000. https://doi.org/10.1073/pnas.1301685110

Cadotte, M. W,, Davies, T. J., & Peres-Neto, P. R. (2017). Why phylog-
enies do not always predict ecological differences. Ecological
Monographs, 87(4), 535-551. https://doi.org/10.1002/ecm.1267

85UB017 SUOLLLIOD BAIIERID 3ot (dde ay) Aq peupAob a2 ajoNe YO 8sn J0 Sa|Nn 10} Akeiq 1 8UIIUO A8]1M UO (SUONIPUOD-PUE-SWBIALIY™ A8 | 1M AReq 1 pUl|uo//SdNLY) SUONIPUOD PUe swie 1 ) 89S *[6202/T0/TE] Uo AriqiTauliuo A|IM ‘SeISBAIUN JBUINT U - Ad £/7T'SY/2-GET/TTTT 0T/I0p/od A8 | im Akeiq i puljuo's eunokaqy/sdiy Woly popeojumod ‘6 ‘7202 'Si22G9ET


https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14373
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14373
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14373
https://doi.org/10.25829/idiv.3548-bz7p93
https://doi.org/10.25829/idiv.3548-bz7p93
https://orcid.org/0000-0002-2410-415X
https://orcid.org/0000-0002-2410-415X
https://orcid.org/0000-0001-6470-9359
https://orcid.org/0000-0001-6470-9359
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0002-0371-6720
https://orcid.org/0000-0001-6377-4124
https://orcid.org/0000-0001-6377-4124
https://orcid.org/0000-0002-6611-2246
https://orcid.org/0000-0002-6611-2246
https://orcid.org/0000-0002-4027-7632
https://orcid.org/0000-0002-4027-7632
https://orcid.org/0000-0001-7432-8453
https://orcid.org/0000-0001-7432-8453
https://doi.org/10.2307/2260497
https://doi.org/10.2307/2260497
https://doi.org/10.1111/j.1461-0248.2006.00996.x
https://doi.org/10.1111/j.1461-0248.2006.00996.x
https://doi.org/10.1002/jpln.200521814
https://doi.org/10.1002/jpln.200521814
https://doi.org/10.2307/2411924
https://doi.org/10.1073/pnas.1301685110
https://doi.org/10.1002/ecm.1267

DIESKAU €T AL.

Cahill, J. F., Kembel, S. W., Lamb, E. G., & Keddy, P. A.(2008). Does phyloge-
netic relatedness influence the strength of competition among vas-
cular plants? Perspectives in Plant Ecology, Evolution and Systematics,
10(1), 41-50. https://doi.org/10.1016/j.ppees.2007.10.001

Case, T. J., & Taper, M. L. (2000). Interspecific competition, environmen-
tal gradients, gene flow, and the coevolution of species’ borders.
The American Naturalist, 155, 583-605. https://doi.org/10.1086/
303351

Castro, S. A., Escobedo, V. M., Aranda, J., & Carvallo, G. O. (2014).
Evaluating Darwin's naturalization hypothesis in experimental plant
assemblages: Phylogenetic relationships do not determine coloni-
zation success. PLoS One, 9(8), €105535. https://doi.org/10.1371/
journal.pone.0105535

Chanway, C. P, Holl, F. B., & Turkington, R. (1988). Genotypic coad-
aptation in plant growth promotion of forage species by Bacillus
polymyxa. Plant and Soil, 106(2), 281-284. https://doi.org/10.1007/
BF02371225

Chase, J. M. (2003a). Community assembly: When should history mat-
ter? Oecologia, 136(4), 489-498. https://doi.org/10.1007/s0044
2-003-1311-7

Chase, J. M. (2003b). Experimental evidence for alternative stable equi-
libria in a benthic pond food web. Ecology Letters, 6(8), 733-741.
https://doi.org/10.1046/j.1461-0248.2003.00482.x

Chase, J. M., & Leibold, M. A. (2003). Ecological niches: Linking classical
and contemporary approaches. University of Chicago Press. https://
doi.org/10.7208/chicago/9780226101811.001.0001

Chesson, P. (2000). Mechanisms of maintenance of species diversity.
Annual Review of Ecology and Systematics, 31, 343-366.

Connell, J. H., & Slatyer, R. O. (1977). Mechanisms of succession in nat-
ural communities and their role in community stability and organi-
zation. The American Naturalist, 111(982), 1119-1144. https://doi.
org/10.1086/283241

Darwin, C. (1859). On the origin of species by means of natural selection,
or preservation of favoured races in the struggle for life. John Murray.

Davies, J., Meiri, S., Barraclough, T. G., & Gittleman, J. L. (2007). Species
co-existence and character divergence across carnivores. Ecology
Letters, 10(2), 146-152. https://doi.org/10.1111/j.1461-0248.
2006.01005.x

Dayan, T., & Simberloff, D. (2005). Ecological and community-wide
character displacement: The next generation. Ecology Letters, 8(8),
875-894. https://doi.org/10.1111/j.1461-0248.2005.00791.x

Debray, R., Herbert, R. A., Jaffe, A. L., Crits-Christoph, A., Power, M. E., &
Koskella, B. (2022). Priority effects in microbiome assembly. Nature
Reviews Microbiology, 20(2), 109-121. https://doi.org/10.1038/
s41579-021-00604-w

Delory, B. M., Schempp, H., Spachmann, S. M., Storzer, L., van Dam, N.
M., Temperton, V. M., & Weinhold, A. (2021). Soil chemical legacies
trigger species-specific and context-dependent root responses in
later arriving plants. Plant, Cell & Environment, 44(4), 1215-1230.
https://doi.org/10.1111/pce.13999

Delory, B. M., Weidlich, E. W. A., Kunz, M., Neitzel, J., & Temperton, V.
M. (2019). The exotic species Senecio inaequidens pays the price
for arriving late in temperate European grassland communities.
Oecologia, 191(3), 657-671. https://doi.org/10.1007/s00442-019-
04521-x

Dieskau, J., Hensen, |., Eisenhauer, N., Gaberle, |., Durka, W., Lachmuth,
S., & Auge, H. (2024). ‘Phylogenetic relationships and plant life
stage but not biogeographical history mediate priority effects of
European grassland plants’ (version 1.0) [dataset]. German Centre for
Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig. https://
doi.org/10.25829/idiv.3548-bz7p93

Donohue, K., Hammond Pyle, E., Messiqua, D., Shane Heschel, M., &
Schmitt, J. (2001). Adaptive divergence in plasticity in natural
populations of Impatiens capensis and its consequences for perfor-
mance in novel habitats. Evolution, 55(4), 692-702. https://doi.org/
10.1111/j.0014-3820.2001.th00805.x

Journal of Ecology EEE-EEET%:M

Dudenhoffer, J.-H., Ebeling, A., Klein, A. M., & Wagg, C. (2018). Beyond
biomass: Soil feedbacks are transient over plant life stages and
alter fitness. Journal of Ecology, 106(1), 230-241. https://doi.org/10.
1111/1365-2745.12870

Dunck, B., Rodrigues, L., Lima-Fernandes, E., Cassio, F., Pascoal, C., &
Cottenie, K. (2021). Priority effects of stream eutrophication and
assembly history on beta diversity across aquatic consumers, de-
composers and producers. Science of the Total Environment, 797,
149106. https://doi.org/10.1016/j.scitotenv.2021.149106

Durka, W., & Michalski, S. G. (2012). Daphne: A dated phylogeny of a
large European flora for phylogenetically informed ecological anal-
yses. Ecology, 93(10), 2297. https://doi.org/10.1890/12-0743.1

Fitzpatrick, C. R., Gehant, L., Kotanen, P. M., & Johnson, M. T. J. (2017).
Phylogenetic relatedness, phenotypic similarity and plant-soil
feedbacks. Journal of Ecology, 105(3), 786-800. https://doi.org/10.
1111/1365-2745.12709

Fritschie, K. J., Cardinale, B. J., Alexandrou, M. A., & Oakley, T. H. (2014).
Evolutionary history and the strength of species interactions:
Testing the phylogenetic limiting similarity hypothesis. Ecology,
95(5), 1407-1417. https://doi.org/10.1890/13-0986.1

Fukami, T. (2015). Historical contingency in community assembly:
Integrating niches, species pools, and priority effects. Annual
Review of Ecology, Evolution, and Systematics, 46(1), 1-23. https://
doi.org/10.1146/annurev-ecolsys-110411-160340

Fukami, T., Dickie, I. A., Paula Wilkie, J., Paulus, B. C., Park, D., Roberts,
A., Buchanan, P. K., & Allen, R. B. (2010). Assembly history dictates
ecosystem functioning: Evidence from wood decomposer commu-
nities. Ecology Letters, 13(6), 675-684. https://doi.org/10.1111/j.
1461-0248.2010.01465.x

Germain, R. M., Weir, J. T., & Gilbert, B. (2016). Species coexistence:
Macroevolutionary relationships and the contingency of histor-
ical interactions. Proceedings of the Royal Society B, 283(1827),
20160047. https://doi.org/10.1098/rspbh.2016.0047

Godoy, O., Kraft, N. J. B., & Levine, J. M. (2014). Phylogenetic relatedness
and the determinants of competitive outcomes. Ecology Letters,
17(7), 836-844. https://doi.org/10.1111/ele.12289

Gotzenberger, L., de Bello, F., Brathen, K. A., Davison, J., Dubuis, A.,
Guisan, A,, Leps, J, Lindborg, R., Moora, M., Partel, M., Pellissier,
L., Pottier, J., Vittoz, P., Zobel, K., & Zobel, M. (2012). Ecological as-
sembly rules in plant communities—Approaches, patterns and pros-
pects. Biological Reviews, 87(1), 111-127. https://doi.org/10.1111/j.
1469-185X.2011.00187.x

Grainger, T. N., Letten, A. D., Gilbert, B., & Fukami, T. (2019). Applying
modern coexistence theory to priority effects. Proceedings of the
National Academy of Sciences of the United States of America, 116(13),
6205-6210. https://doi.org/10.1073/pnas.1803122116

Grman, E., & Suding, K. N. (2010). Within-year soil legacies contribute
to strong priority effects of exotics on native California grassland
communities. Restoration Ecology, 18(5), 664-670. https://doi.org/
10.1111/j.1526-100X.2008.00497.x

Hart, S. P, Turcotte, M. M., & Levine, J. M. (2019). Effects of rapid evolu-
tion on species coexistence. Proceedings of the National Academy of
Sciences of the United States of America, 116(6), 2112-2117. https://
doi.org/10.1073/pnas.1816298116

Hedges, L. V., Gurevitch, J., & Curtis, P. S. (1999). The meta-analysis of
response ratios in experimental ecology. Ecology, 80(4), 1150-1156.
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]
2.0.CO;2

Heinen, R., Hannula, S. E., de Long, J. R., Huberty, M., Jongen, R., Kielak,
A., Steinauer, K., Zhu, F., & Bezemer, T. M. (2020). Plant commu-
nity composition steers grassland vegetation via soil legacy ef-
fects. Ecology Letters, 23(6), 973-982. https://doi.org/10.1111/
ele. 13497

HilleRisLambers, J., Adler, P. B., Harpole, W. S., Levine, J. M., & Mayfield,
M. M. (2012). Rethinking community assembly through the lens
of coexistence theory. Annual Review of Ecology, Evolution, and

85UB017 SUOLLLIOD BAIIERID 3ot (dde ay) Aq peupAob a2 ajoNe YO 8sn J0 Sa|Nn 10} Akeiq 1 8UIIUO A8]1M UO (SUONIPUOD-PUE-SWBIALIY™ A8 | 1M AReq 1 pUl|uo//SdNLY) SUONIPUOD PUe swie 1 ) 89S *[6202/T0/TE] Uo AriqiTauliuo A|IM ‘SeISBAIUN JBUINT U - Ad £/7T'SY/2-GET/TTTT 0T/I0p/od A8 | im Akeiq i puljuo's eunokaqy/sdiy Woly popeojumod ‘6 ‘7202 'Si22G9ET


https://doi.org/10.1016/j.ppees.2007.10.001
https://doi.org/10.1086/303351
https://doi.org/10.1086/303351
https://doi.org/10.1371/journal.pone.0105535
https://doi.org/10.1371/journal.pone.0105535
https://doi.org/10.1007/BF02371225
https://doi.org/10.1007/BF02371225
https://doi.org/10.1007/s00442-003-1311-7
https://doi.org/10.1007/s00442-003-1311-7
https://doi.org/10.1046/j.1461-0248.2003.00482.x
https://doi.org/10.7208/chicago/9780226101811.001.0001
https://doi.org/10.7208/chicago/9780226101811.001.0001
https://doi.org/10.1086/283241
https://doi.org/10.1086/283241
https://doi.org/10.1111/j.1461-0248.2006.01005.x
https://doi.org/10.1111/j.1461-0248.2006.01005.x
https://doi.org/10.1111/j.1461-0248.2005.00791.x
https://doi.org/10.1038/s41579-021-00604-w
https://doi.org/10.1038/s41579-021-00604-w
https://doi.org/10.1111/pce.13999
https://doi.org/10.1007/s00442-019-04521-x
https://doi.org/10.1007/s00442-019-04521-x
https://doi.org/10.25829/idiv.3548-bz7p93
https://doi.org/10.25829/idiv.3548-bz7p93
https://doi.org/10.1111/j.0014-3820.2001.tb00805.x
https://doi.org/10.1111/j.0014-3820.2001.tb00805.x
https://doi.org/10.1111/1365-2745.12870
https://doi.org/10.1111/1365-2745.12870
https://doi.org/10.1016/j.scitotenv.2021.149106
https://doi.org/10.1890/12-0743.1
https://doi.org/10.1111/1365-2745.12709
https://doi.org/10.1111/1365-2745.12709
https://doi.org/10.1890/13-0986.1
https://doi.org/10.1146/annurev-ecolsys-110411-160340
https://doi.org/10.1146/annurev-ecolsys-110411-160340
https://doi.org/10.1111/j.1461-0248.2010.01465.x
https://doi.org/10.1111/j.1461-0248.2010.01465.x
https://doi.org/10.1098/rspb.2016.0047
https://doi.org/10.1111/ele.12289
https://doi.org/10.1111/j.1469-185X.2011.00187.x
https://doi.org/10.1111/j.1469-185X.2011.00187.x
https://doi.org/10.1073/pnas.1803122116
https://doi.org/10.1111/j.1526-100X.2008.00497.x
https://doi.org/10.1111/j.1526-100X.2008.00497.x
https://doi.org/10.1073/pnas.1816298116
https://doi.org/10.1073/pnas.1816298116
https://doi.org/10.1890/0012-9658(1999)080%5B1150:TMAORR%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080%5B1150:TMAORR%5D2.0.CO;2
https://doi.org/10.1111/ele.13497
https://doi.org/10.1111/ele.13497

DIESKAU ET AL.

Gl | of Ecology E e

SOCIETY
Systematics, 43(1), 227-248. https://doi.org/10.1146/annurev-
ecolsys-110411-160411

Husakova, I., Weiner, J., & Minzbergova, Z. (2018). Species traits and
shoot-root biomass allocation in 20 dry-grassland species. Journal
of Plant Ecology, 11(2), 273-285. https://doi.org/10.1093/jpe/
rtwi143

Ke, P.-J., & Letten, A. D. (2018). Coexistence theory and the frequency-
dependence of priority effects. Nature Ecology & Evolution, 2(11),
1691-1695. https://doi.org/10.1038/s41559-018-0679-z

Klingbeil, B. T., & Willig, M. R. (2016). Community assembly in temperate
forest birds: Habitat filtering, interspecific interactions and priority
effects. Evolutionary Ecology, 30(4), 703-722. https://doi.org/10.
1007/s10682-016-9834-7

Koérner, C., Stocklin, J., Reuther-Thiébaud, L., & Pelaez-Riedl, S. (2008).
Small differences in arrival time influence composition and pro-
ductivity of plant communities. New Phytologist, 177(3), 698-705.
https://doi.org/10.1111/j.1469-8137.2007.02287.x

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). ImerTest
package: Tests in linear mixed effects models. Journal of Statistical
Software, 82, 1-26. https://doi.org/10.18637/jss.v082.i13

Larson, J. E., & Funk, J. L. (2016). Regeneration: An overlooked aspect of
trait-based plant community assembly models. Journal of Ecology,
104(5), 1284-1298. https://doi.org/10.1111/1365-2745.12613

Lau, J. A. (2006). Evolutionary responses of native plants to novel com-
munity members. Evolution, 60(1), 56-63. https://doi.org/10.
1111/j.0014-3820.2006.tb01081.x

Lenth, R., Singmann, H., Love, J., Buerkner, P., & Herve, M. Emmeans:
Estimated marginal means, aka least-squares means. R package Version
1(2018). Preprint at (2021). https://CRAN.R-project.org/package=
emmeans

Lyons, T. M., & Barnes, J. D. (1998). Influence of plant age on ozone resis-
tance in Plantago major. The New Phytologist, 138(1), 83-89. https://
doi.org/10.1046/j.1469-8137.1998.00879.x

MacArthur, R., & Levins, R. (1967). The limiting similarity, convergence,
and divergence of coexisting species. The American Naturalist,
101(921), 377-385. https://doi.org/10.1086/282505

Mayfield, M. M., & Levine, J. M. (2010). Opposing effects of competitive
exclusion on the phylogenetic structure of communities. Ecology
Letters, 13(9), 1085-1093. https://doi.org/10.1111/j.1461-0248.
2010.01509.x

Miller, T. E., & Powell, E. (2010). (2010) ‘when can competition for re-
sources lead to ecological equivalence?’. Evolutionary Ecology
Research, 12(7), 843-854.

Miriti, M. N. (2006). Ontogenetic shift from facilitation to competition in
a desert shrub. Journal of Ecology, 94(5), 973-979. https://doi.org/
10.1111/j.1365-2745.2006.01138.x

Mueller, K. E., Tilman, D., Fornara, D. A., & Hobbie, S. E. (2013). Root
depth distribution and the diversity-productivity relationship in a
long-term grassland experiment. Ecology, 94(4), 787-793. https://
doi.org/10.1890/12-1399.1

Miiller, L.-L. B., Albach, D. C., & Zotz, G. (2018). Growth responses to ele-
vated temperatures and the importance of ontogenetic niche shifts
in Bromeliaceae. New Phytologist, 217(1), 127-139. https://doi.org/
10.1111/nph.14732

Narwani, A., Alexandrou, M. A., Oakley, T. H., Carroll, I. T., & Cardinale,
B. J. (2013). Experimental evidence that evolutionary relatedness
does not affect the ecological mechanisms of coexistence in fresh-
water green algae. Ecology Letters, 16(11), 1373-1381. https://doi.
org/10.1111/ele. 12182

Nuismer, S. L., & Harmon, L. J. (2015). Predicting rates of interspecific
interaction from phylogenetic trees. Ecology Letters, 18(1), 17-27.
https://doi.org/10.1111/ele.12384

Parish, J. a. D., & Bazzaz, F. A. (1985). Ontogenetic niche shifts in old-
field annuals. Ecology, 66(4), 1296-1302. https://doi.org/10.2307/
1939182

Peay, K. G., Belisle, M., & Fukami, T. (2011). Phylogenetic relatedness
predicts priority effects in nectar yeast communities. Proceedings
of the Royal Society of London B: Biological Sciences, 279, 749-758.
https://doi.org/10.1098/rspb.2011.1230

Peterson, A. T., Soberdn, J., & Sdnchez-Cordero, V. (1999). Conservatism
of ecological niches in evolutionary time. Science, 285(5431), 1265-
1267. https://doi.org/10.1126/science.285.5431.1265

Primack, R. B., & Kang, H. (1989). Measuring fitness and natural selection
in wild plant populations. Annual Review of Ecology and Systematics,
20(1), 367-396. https://doi.org/10.1146/annurev.es.20.110189.
002055

Prinzing, A., Durka, W., Klotz, S., & Brandl, R. (2001). The niche of higher
plants: Evidence for phylogenetic conservatism. Proceedings of
the Royal Society of London. Series B: Biological Sciences, 268(1483),
2383-2389. https://doi.org/10.1098/rspb.2001.1801

R Core Team (2017). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. http://www.r-project.
org

Rolhauser, A. G., & Pucheta, E. (2017). Directional, stabilizing, and dis-
ruptive trait selection as alternative mechanisms for plant commu-
nity assembly. Ecology, 98(3), 668-677. https://doi.org/10.1002/
ecy.1713

Sakarchi, J., & Germain, R. M. (2023). The evolution of competitive abil-
ity. The American Naturalist, 201(1), 1-15. https://doi.org/10.1086/
722234

Schluter, D. (1994). Experimental evidence that competition promotes
divergence in adaptive radiation. Science, 266(5186), 798-801.
https://doi.org/10.1126/science.266.5186.798

Schluter, D. (2000). Ecological character displacement in adaptive radi-
ation. The American Naturalist, 156(S4), S4-516. https://doi.org/10.
1086/303412

Sheppard, C. S., Carboni, M., Essl, F., Seebens, H., DivGrass Consortium,
& Thuiller, W. (2018). It takes one to know one: Similarity to resi-
dent alien species increases establishment success of new invad-
ers. Diversity and Distributions, 24(5), 680-691. https://doi.org/10.
1111/ddi.12708

Silvertown, J. (2004). Plant coexistence and the niche. Trends in Ecology
& Evolution, 19(11), 605-611. https://doi.org/10.1016/j.tree.2004.
09.003

Staples, T. L., Dwyer, J. M., Loy, X., & Mayfield, M. M. (2016). Potential
mechanisms of coexistence in closely related forbs. Oikos, 125(12),
1812-1823. https://doi.org/10.1111/0ik.03180

Symonds, M. R. E., & Elgar, M. A. (2004). Species overlap, speciation and
the evolution of aggregation pheromones in bark beetles. Ecology
Letters, 7(3), 202-212. https://doi.org/10.1111/j.1461-0248.2004.
00571.x

Tan, J., Pu, Z., Ryberg, W. A., & Jiang, L. (2012). Species phylogenetic
relatedness, priority effects, and ecosystem functioning. Ecology,
93(5), 1164-1172. https://doi.org/10.1890/11-1557.1

Thorpe, A. S., Aschehoug, E. T, Atwater, D. Z., & Callaway, R. M. (2011).
Interactions among plants and evolution. Journal of Ecology, 99(3),
729-740. https://doi.org/10.1111/j.1365-2745.2011.01802.x

Tobias, J. A., Cornwallis, C. K., Derryberry, E. P., Claramunt, S., Brumfield,
R. T., & Seddon, N. (2014). Species coexistence and the dynamics
of phenotypic evolution in adaptive radiation. Nature, 506(7488),
359-363. https://doi.org/10.1038/nature12874

Toju, H., Vannette, R. L., Gauthier, M. P. L., Dhami, M. K., & Fukami, T.
(2018). Priority effects can persist across floral generations in nec-
tar microbial metacommunities. Oikos, 127(3), 345-352. https://
doi.org/10.1111/0ik.04243

Vannette, R. L., & Fukami, T. (2014). Historical contingency in species in-
teractions: Towards niche-based predictions. Ecology Letters, 17(1),
115-124. https://doi.org/10.1111/ele.12204

Verdu, M., Gdmez-Aparicio, L., & Valiente-Banuet, A.(2012). Phylogenetic
relatedness as a tool in restoration ecology: A meta-analysis.

85UB017 SUOLLLIOD BAIIERID 3ot (dde ay) Aq peupAob a2 ajoNe YO 8sn J0 Sa|Nn 10} Akeiq 1 8UIIUO A8]1M UO (SUONIPUOD-PUE-SWBIALIY™ A8 | 1M AReq 1 pUl|uo//SdNLY) SUONIPUOD PUe swie 1 ) 89S *[6202/T0/TE] Uo AriqiTauliuo A|IM ‘SeISBAIUN JBUINT U - Ad £/7T'SY/2-GET/TTTT 0T/I0p/od A8 | im Akeiq i puljuo's eunokaqy/sdiy Woly popeojumod ‘6 ‘7202 'Si22G9ET


https://doi.org/10.1146/annurev-ecolsys-110411-160411
https://doi.org/10.1146/annurev-ecolsys-110411-160411
https://doi.org/10.1093/jpe/rtw143
https://doi.org/10.1093/jpe/rtw143
https://doi.org/10.1038/s41559-018-0679-z
https://doi.org/10.1007/s10682-016-9834-7
https://doi.org/10.1007/s10682-016-9834-7
https://doi.org/10.1111/j.1469-8137.2007.02287.x
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1111/1365-2745.12613
https://doi.org/10.1111/j.0014-3820.2006.tb01081.x
https://doi.org/10.1111/j.0014-3820.2006.tb01081.x
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans
https://doi.org/10.1046/j.1469-8137.1998.00879.x
https://doi.org/10.1046/j.1469-8137.1998.00879.x
https://doi.org/10.1086/282505
https://doi.org/10.1111/j.1461-0248.2010.01509.x
https://doi.org/10.1111/j.1461-0248.2010.01509.x
https://doi.org/10.1111/j.1365-2745.2006.01138.x
https://doi.org/10.1111/j.1365-2745.2006.01138.x
https://doi.org/10.1890/12-1399.1
https://doi.org/10.1890/12-1399.1
https://doi.org/10.1111/nph.14732
https://doi.org/10.1111/nph.14732
https://doi.org/10.1111/ele.12182
https://doi.org/10.1111/ele.12182
https://doi.org/10.1111/ele.12384
https://doi.org/10.2307/1939182
https://doi.org/10.2307/1939182
https://doi.org/10.1098/rspb.2011.1230
https://doi.org/10.1126/science.285.5431.1265
https://doi.org/10.1146/annurev.es.20.110189.002055
https://doi.org/10.1146/annurev.es.20.110189.002055
https://doi.org/10.1098/rspb.2001.1801
http://www.r-project.org
http://www.r-project.org
https://doi.org/10.1002/ecy.1713
https://doi.org/10.1002/ecy.1713
https://doi.org/10.1086/722234
https://doi.org/10.1086/722234
https://doi.org/10.1126/science.266.5186.798
https://doi.org/10.1086/303412
https://doi.org/10.1086/303412
https://doi.org/10.1111/ddi.12708
https://doi.org/10.1111/ddi.12708
https://doi.org/10.1016/j.tree.2004.09.003
https://doi.org/10.1016/j.tree.2004.09.003
https://doi.org/10.1111/oik.03180
https://doi.org/10.1111/j.1461-0248.2004.00571.x
https://doi.org/10.1111/j.1461-0248.2004.00571.x
https://doi.org/10.1890/11-1557.1
https://doi.org/10.1111/j.1365-2745.2011.01802.x
https://doi.org/10.1038/nature12874
https://doi.org/10.1111/oik.04243
https://doi.org/10.1111/oik.04243
https://doi.org/10.1111/ele.12204

DIESKAU €T AL.

Proceedings of the Royal Society B: Biological Sciences, 279(1734),
1761-1767. https://doi.org/10.1098/rspb.2011.2268

Violle, C., Nemergut, D. R., Pu, Z., & Jiang, L. (2011). Phylogenetic lim-
iting similarity and competitive exclusion. Ecology Letters, 14(8),
782-787. https://doi.org/10.1111/j.1461-0248.2011.01644.x

Weber, M. G., Mitko, L., Eltz, T., & Ramirez, S. R. (2016). Macroevolution
of perfume signalling in orchid bees. Ecology Letters, 19(11), 1314-
1323. https://doi.org/10.1111/ele.12667

Weidlich, E. W. A., Von Gillhaussen, P., Delory, B. M., Blossfeld, S.,
Poorter, H., & Temperton, V. M. (2017). The importance of being
first: Exploring priority and diversity effects in a grassland field ex-
periment. Frontiers in Plant Science, 7. https://doi.org/10.3389/fpls.
2016.02008

Wiens, J. J., Ackerly, D. D., Allen, A. P., Anacker, B. L., Buckley, L. B.,
Cornell, H. V., Damschen, E. I., Jonathan Davies, T., Grytnes, J.
A., Harrison, S. P., Hawkins, B. A., Holt, R. D., McCain, C. M., &
Stephens, P. R. (2018). Niche conservatism as an emerging princi-
ple in ecology and conservation biology. Ecology Letters, 13, 1310-
1324. https://doi.org/10.1111/j.1461-0248.2010.01515.x

Zee, P. C., & Fumaki, T. (2018). Priority effects are weakened by a short,
but not long, history of sympatric evolution. Proceedings of the Royal
Society B: Biological Sciences, 285(1871), 20171722. https://doi.org/
10.1098/rspb.2017.1722

Zou, H.-X., & Rudolf, V. H. W. (2023). Bridging theory and experiments
of priority effects. bioRxiv, 2022.12.05.519211. https://doi.org/10.
1101/2022.12.05.519211

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

BRITISH 2017
Journal of Ecology g%g‘;m

Figure S1. Non-significant association between the phylogenetic
distance among early- and late-arriving species and the log response
ratios for (a) seedling emergence and (b) seedling survival in late-
arriving adult plants, serving as an indicator of priority effect
magnitude.

Table S1. Species list with triplet number (TO1-T10), role in the
experiment (EE, exotic early-arriving species; NE, native early-
arriving species; NL, native late-arriving species), family, lifespan,
invasion status, minimum residence time for exotic species, seed
source (RH, Rieger-Hofmann GmbH, Blaufelden-Raboldshausen;
Sch, Samen Schwarzenberger, Véls; Stolle, Saalesaaten Stolle, Halle).
Table S2. Species pairs and the respective triplet according to
experimental design, phylogenetic distance within species pair,
and shared community types according to biolflor.de (Klotz et al.
2002).
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