2 New

o [hytologist

N

'.) Check for updates
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Maria Sporbert">?

Martin Freiberg4
Aletta Bonn®’®
Richard B. Primack*

, Desiree Ja.kubkal’2
, Katja Heubach’
, Barbara Knickmann!®, Tomas Koubek!!
, Christoph Rosche'~
Katja Tielborger'®, Sabrina Trager'

, Isabell Hensen"? (),
1,2,3

, Solveig Franziska Bucher">
, Andreas Konig’, Birgit Nordt® (), Carolin Plos
, Anja Linstadter'?
, Manzoor A. Shah'®
, Christian Wirth"*'”

, Ilona Blinova’ (),
, Tereza Maskova'l!?
, Albert-Dieter Stevens®,

. . .. 1,2
and Christine Romermann

bl

!German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Leipzig 04103, Germany; *Institute of Ecology and Evolution with Herbarium Haussknecht and Botanical

Garden, Friedrich Schiller University Jena, Jena 07743, Germany; 3nstitute of Biology/Geobotany and Botanical Garden, Martin Luther University Halle-Wittenberg, Halle (Saale) 06108,

Germany; “Institute of Biology, Leipzig University, Leipzig 04103, Germany; SI’almf:ngar(en and Botanical Garden Frankfurt, Frankfurt am Main 60323, Germany; SBotanic Garden Berlin,

Freie Universitat Berlin, Berlin 14195, Germany; 7Apatiry, Murmansk Region 184209, Russia; 8Depar(mf:nt of Ecosystem Services, Helmholtz-Centre for Environmental Research —

UFZ, Leipzig 04318, Germany; Institute of Biodiversity, Friedrich Schiller University Jena, Jena 07743, Germany; Core Facility Botanical Garden, University Vienna, Vienna 1030,

Austria; “Department of Botany, Faculty of Science, Charles University, Prague 12801, Czech Republic; Pnstitute of Biochemistry and Biology, Department of Biodiversity

Research/ Systematic Botany with Botanical Garden, University of Potsdam, Potsdam 14469, Germany; '*Ecology and Conservation Biology, Institute of Plant Sciences, University

of Regensburg, Regensburg 93053, Germany; 14Biology Department, Boston University, Boston, MA 02215, USA; lsDepartment of Botany, University of Kashmir, Srinagar,

Jammu & Kashmir 190006, India; %] nstitute of Evolution and Ecology, University of Tiibingen, Tiibingen 72076, Germany; 7Max-Planck-Institute for Biogeochemistry, Jena

07745, Germany

Author for Correspondence:
Maria Sporbert
Email: maria.sporbert@gmail.com

Received: 9 December 2021
Accepted: 23 May 2022

New Phytologist (2022) 235: 2199-2210
doi: 10.1111/nph.18345

Key words: botanical gardens, first flowering
day, growing season length, leaf traits,
PhenObs phenological network, phylogeny.

Introduction

Summary

¢ Phenology has emerged as key indicator of the biological impacts of climate change, yet
the role of functional traits constraining variation in herbaceous species’ phenology has
received little attention. Botanical gardens are ideal places in which to investigate large num-
bers of species growing under common climate conditions. We ask whether interspecific vari-
ation in plant phenology is influenced by differences in functional traits.

¢ We recorded onset, end, duration and intensity of initial growth, leafing out, leaf senes-
cence, flowering and fruiting for 212 species across five botanical gardens in Germany. We
measured functional traits, including plant height, absolute and specific leaf area, leaf dry
matter content, leaf carbon and nitrogen content and seed mass and accounted for species’
relatedness.

e Closely related species showed greater similarities in timing of phenological events than
expected by chance, but species’ traits had a high degree of explanatory power, pointing to
paramount importance of species’ life-history strategies. Taller plants showed later timing of
initial growth, and flowered, fruited and underwent leaf senescence later. Large-leaved
species had shorter flowering and fruiting durations.

e Taller, large-leaved species differ in their phenology and are more competitive than smaller,
small-leaved species. We assume climate warming will change plant communities’ competi-
tive hierarchies with consequences for biodiversity.

have demonstrated that plants are now leafing out earlier and
flowering earlier in response to a warming climate (Blinova

The timing of phenological events (such as leaf emergence, flow-
ering, fruiting and leaf senescence) is crucial for species resource
acquisition and reproductive success (e.g. plant—pollinator inter-
action, Nord & Lynch, 2009; Liu ez al., 2021). Phenology also
has important implications for biotic interactions (e.g. herbivory)
as well as for competitive hierarchies and ecosystem processes

(Heberling ez al.,2019; Kudo & Cooper, 2019). Many studies
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et al., 2003; Root ezt al,2003; Wolkovich ez al,2012; Bucher
et al.,2018; Menzel et al,2020; Rosbakh ez a/,2021). Plant
functional traits (i.e. the morphological and physiological proper-
ties of plant species), affect species growth, reproduction and sur-
vival (Violle ez al., 2007). There is some evidence that differences
in functional traits among species may also be associated with
interspecific variation in plant phenology (Sun & Frelich, 2011;
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Craine er al,2012; Wolkovich & Cleland, 2014; Bucher
et al.,2018; Konig et al.,2018; Bucher & Rémermann, 2020;
Segrestin et al., 2020; Liu et al., 2021).

Although > 85% of the species found in temperate ecosystems
are herbaceous (Ellenberg & Leuschner, 2010), phenological
research has disproportionately focused on trees and shrubs
(Estrella et al., 2007; Vitasse et al., 2011; Panchen ez al, 2014).
While flowering times of herbaceous species, especially the onset
of flowering or fruiting, are well studied (Fitter & Fitter, 2002;
Craine er al.,2012; Segrestin er al., 2020; Renner ez al., 2021),
there is relatively little data available on leaf out times and later
stages of phenology, such as leaf senescence and fruit maturation
(Gallinat ez al,2015; Bucher & Romermann, 2021). Previous
studies have found evidence which indicates that phenology is
phylogenetically conserved, such that more closely related species
tend to flower or leaf out at similar times (Bolmgren &
Cowan, 2008; Davies et al., 2013). Therefore, species cannot be
regarded as statistically independent, and one has to account for
phylogenetic relationships when investigating predictors of phe-
nological timing (Davis ez 4/, 2010, 2013).

To expand our knowledge of herbaceous plant phenology, stud-
ies are needed in environments which are easily accessible, which
can be replicated, and in which plants are easily identifiable and
can be monitored throughout a growing season. Botanical gardens
fulfil all of these requirements: they contain taxonomically and
ecologically diverse collections of species, and plants are often
maintained in specific locations, making them easier to find in a
relatively small area throughout the year (Primack & Miller-
Rushing, 2009; Huang ez al, 2018; Primack ez al, 2021).

The PhenObs initiative (www.idiv.de/en/phenobs.html) is an
open network of botanical gardens across the Northern Hemi-
sphere, where researchers and citizen scientists monitor the
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phenology of a large set of herbaceous species following standard-
ized protocols (Nordt ez al,2021). With this approach, the
PhenObs network broadens the geographic and climatic scope of
phenological research on herbaceous species that previously often
focused on local observations or small sets of species. As part of
this network, plant phenology is also being linked to the study of
plant functional traits to understand observed interspecific varia-
tions. Functional traits have been used to assign species to ecolog-
ical groups and as proxies for more complex species
characteristics such as species environmental tolerances, competi-
tive ability and dispersal ability (Table 1). Key functional traits
that are widely used include plant height, leaf area, specific leaf
area (SLA; i.e. the ratio between leaf dry weight and leaf area),
leaf nitrogen (N) content (Gaudet & Keddy, 1988; Bolmgren &
Cowan, 2008; Moles ez al., 2009; Sun & Frelich, 2011; Bucher
et al., 2018; Konig ez al., 2018; Liu et al., 2021), leaf dry matter
content (LDMC, i.e. the ratio between leaf dry and leaf fresh
weight), leaf carbon I content (Pérez-Harguindeguy ez al., 2013)
and seed mass (Primack, 1987; Moles & Westoby, 2003; Bolm-
gren & Cowan, 2008).

Previous studies have focused mainly on just one stage, or a
few stages, of plant phenology and functional traits. As a resul, it
is unclear to what extent plant functional traits are associated
with successive stages in plant phenology and which plant func-
tional traits are the most important when aiming to predict plant
phenology from traits. Studies on successive phenological stages
are crucial in advancing the field of plant phenology as they allow
researchers to focus on key functional traits associated with plant
phenology. Further, such studies will clarify the mediating role of
plant functional traits for responses in plant phenology to
changes in climate. We therefore carried out a large-scale study of
herbaceous plant phenology and functional traits at multiple

Table 1 Traits used in this study, their function in the plant community, and their reported link to phenology.

Trait Function, ecological meaning Reported link to phenology
Plant height Competitive ability, productivity (Gaudet & Smaller plants are associated with earlier flowering (Bolmgren &
Keddy, 1988; Moles et al., 2009) Cowan, 2008; Sun & Frelich, 2011; Segrestin et al., 2020; Liu
etal.,2021) and earlier fruiting (Vile et al., 2006; Liu
etal.,2021)
Leaf area Competitive ability Diaz et al. (2004), productivity, —Large-leafed species are associated with later leaf out (Sun

light interception, leaf energy and water balance

(Diaz etal., 2016)

Specific leaf area (SLA; ratio Productivity, competitive ability, growth
between leaf dry weight and
leaf area)

Leaf dry matter content (LDMC;
ratio between leaf dry and leaf
fresh weight)

Mass-based leaf carbon content

Harguindeguy etal., 2013)

Structural compounds, performance
(Larcher, 1994)

Mass-based leaf nitrogen

content etal., 2004; Bucher etal., 2018)

Seed mass

performance (Wright et al., 2004; Pérez-

Competitive ability, resistance to physical hazards,
productivity (Pérez-Harguindeguy et al., 2013)

Productivity, photosynthetic capacity (Wright

Regeneration (Leishman & Murray, 2001)

etal., 2006; ZhiGuo et al., 2011)

Species with higher SLA are associated with later flowering (Sun
& Frelich, 2011; Konig et al., 2018) and earlier leaf senescence
(Bucher & Romermann, 2021)

Species with higher LDMC are associated with later leaf
senescence (Bucher & Romermann, 2021)

Species with higher leaf carbon content are associated with earlier
flowering (Bucher et al., 2018) and later leaf senescence
(Bucher & Romermann, 2021)

Species with higher leaf nitrogen content are associated with
earlier flowering (Craine et al., 2012; Bucher et al., 2018) and
earlier leaf senescence (Bucher & Romermann, 2021)

Species with heavier seeds are associated with earlier flowering
(Primack, 1987; Vile et al., 2006; Bolmgren & Cowan, 2008)
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botanical gardens using the standard protocols of the PhenObs
initiative (Nordt et 2/., 2021). Here, we focus on seven functional
traits that capture the essence of plant form and function, and
that were identified in previous studies as relating to phenology
(Table 1). For example, we expect plant height, a trait related to
plant biomass production and competitive ability, to be posi-
tively associated with the onset of flowering, a relationship that
has been found in several studies (see Table 1). More specifically,
we investigate whether these functional traits are associated with
various vegetative and reproductive stages in phenology and
whether they might be used in the future as a substitute for time-
intensive phenological monitoring.

We monitored the phenology of 212 perennial herbaceous
plant species throughout the whole growing season across five
botanical gardens in Germany, capturing the onset, end, and
duration of vegetative (i.e. initial growth, leafing out and senes-
cence) and reproductive (i.e. flowering and fruiting) phenological
events. We combined information on species phenology with
functional trait measurements for the same populations.

We addressed three key questions:
® Can functional traits predict vegetative and reproductive phe-
nology of herbaceous species through the entire growing season?
Phenology is assumed to be phylogenetically conserved; there-
fore, we expect that closely related species show greater similari-
ties in the timing of phenological events than expected by chance.
Further, we ask: are specific traits more important than the
underlying phylogeny in predicting phenology?

e Which functional traits are most important at predicting
herbaceous species phenology at each stage of the growing
season?

® Are associations between phenology and functional traits con-
sistent across the growing conditions of the different botanical
gardens?

Materials and Methods

Phenological data

We investigated the phenology of 212 perennial plant species
from 57 families in five botanical gardens in Germany (Berlin,
Frankfurt (Main), Halle (Saale), Jena, Leipzig) in 2020, follow-
ing the PhenObs protocol described in Nordt er a/. (2021) (see
Supporting Information Fig. S1 for the geographic location of
the gardens, and Table S1 for the species included in this study).
To cover a larger variability of growth forms occurring in the
herbaceous layer, our set of study species also included seven
dwarf-shrub and 20 subshrub species (e.g. Lavandula angustifolia
Mill., Solanum dulcamara L., and Vaccinium oxycoccos L.). The
studied species are widely available in the five gardens. A total of
110 (51%) species were shared among at least three gardens, 69
(33%) species were found in four gardens and 22 (10%) species
were found in all five gardens. Phylogenetic information for all
species was received from the mega-tree provided in the package
V.PHYLOMAKER (Jin & Qian, 2019; see Fig. S2 for a phylogenetic
tree of the study species and the number of gardens in which a
species was monitored in 2020). We matched synonymous
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species names according to The Leipzig Catalogue of Vascular
Plants (LCVP) taxonomic reference list (Freiberg ez al., 2020;
available via doi: 10.25829/idiv.1806-40-3009). In the study
year 2020, the five locations differed primarily in terms of their
annual precipitation and their monthly precipitation in May to
September, whereas annual and monthly minimum and mean
temperature levels were similar among all gardens. Halle (Saale)
was the driest location in 2020, with 401 mm precipitation, while
Jena was the wettest of the five gardens, with 597 mm. Especially
from June to July 2020, Halle (Saale) received little precipitation
(51 mm), while 134 mm precipitation was measured at Jena (see
Table S2 for temperature and precipitation data in 2020; data
from DWD Climate Data Center; DWD, 2021). Also, long-
term observations (1979—2013) showed that climate conditions
across the locations mainly differed in terms of their mean annual
precipitation, ranging from 532 mm in Halle (Saale) to 607 mm
in Leipzig; see Table S3 for long-term bioclimatic data received
from the Climatologies at high resolution for the Earth’s land
surface (CHELSA) database (Karger er al,2017; Karger
et al.,2018). Since there is no strong latitudinal gradient, the
photoperiod between the locations did not differ much.

We monitored phenology weekly on a population level (i.e.
1 m? plot per species) following the PhenObs protocol (Nordt
et al., 2021). For vegetative phenology, we observed the onset of
the stages ‘initial growth’, ‘leaf unfolding’ and ‘senescence’.
According to the PhenObs protocol, initial growth was defined as
the first appearance of a new shoot aboveground. Leaf unfolding
was recorded when the first leaf of a species was fully visible in its
typical form, and senescence was documented when species’
leaves were changing colour, drying out or falling off. For repro-
ductive phenology, we observed the onset and end of flowering
and fruiting. The monitoring of flowering started when the first
flower was fully open and ended with the last open flower of a
population. Fruiting was monitored over the whole period when
ripe fruits were observed. We calculated the length of the species’
flowering and fruiting duration from the number of days between
the onset and the end of the respective stage. We also recorded
the intensity (i.e. the percentage) of open flowers and leaf senes-
cence. From this intensity we calculated the peak of flowering
(i.e. the stage at which 50% of all flowers in a population were
open), the onset of leaf senescence and the peak of leaf senescence
(i.e. 5% or 50% of the leaves were fallen off, dried or coloured).
Additionally, we captured the length of the species’ growing sea-
son, calculated as the number of days between the onset of leaf
unfolding and the date on which 5% leaf senescence was reached.
For an overview of all phenological stages included in this study,
see Tables 2 and S4. See Fig. S3 for histograms showing the varia-
tion in the number of species and gardens for each phenological
stage.

Functional trait measurements

For each species and in each garden, plant functional traits were
measured from the populations which were monitored for phe-
nology. As explained above, we were interested in traits that
were proposed to have a relationship with phenology (Table 1)
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Table 2 Phenological stages included in this study.
Phenological stage Abbrev.? Unit® Min Median Mean Max. N_spec®
Initial growth InitGr doy 2 52 52 162 196
Onset of leaf unfolding LeafUnf doy 2 78 74 197 197
Onset of flowering FIOn doy 2 135 134 280 196
End of flowering FIEnd doy 15 176 184 364 198
Flowering duration FIDur days 7 42 55 252 193
Peak of flowering FIPeak doy 35 155 151 288 200
Onset of fruiting FrOn doy 97 196 199 351 179
End of fruiting FrEnd doy 106 281 264 365 173
Fruiting duration FrDur days 7 49 60 245 186
Onset of senescence SenOn doy 43 197 200 358 205
Peak of senescence SenPeak doy 64 247 245 358 197
Growing season length GSL days 1 119 126 323 190
#Abbreviations of phenological stages names.
PUnits of measurement of observed stages: day, number of days; doy, day of year.
“Number of species out of the 212 study species.
Table 3 Plant functional traits used in this study.
Trait Abbrev.? Unit Min. Median Mean Max. N_specb N_rep©
Plant height PlantHeight cm 3.25 45.80 57.43 256.00 197 5
Leaf area LeafArea mm? 5.30 2452.20 11137.90 1345966.00 196 5
Specific leaf area SLA cm? g™’ 4.08 18.43 19.39 73.12 199 5
Leaf dry matter content LDMC mgg’ 56.71 215.32 220.97 514.08 198 5
Mass-based leaf carbon content Crnass % 33.76 42.54 42.66 52.56 179 1
Mass-based leaf nitrogen content Ninass % 0.34 2.39 2.46 5.96 179 1
Seed mass SeedMass mg 0.01 1.22 10.30 326.47 101 1

#Abbreviations of trait names.
PNumber of species out of the 212 study species.
“Number of replicates per species.

and are relatively easy to measure. All measurements were con-
ducted on five randomly selected shoots per species, from which
a mean value was calculated (see Table 3). For the leaf trait
measurements, two sun leaves per shoot were collected in a ran-
dom manner. Leaf area (mm?) was determined on scans of fresh
leaves at 300dpi using the R package LEAFTRAITS (M.
Bernhardt-Rémermann, unpublished). Using leaf area as well as
fresh and dry leaf mass, SLA and LDMC were calculated. For
the mass-based leaf carbon concentration (C,,) and mass-
based leaf nitrogen concentration (N,,,), all leaves from the
five individuals per species that were harvested for the previous
analyses were pooled, and milled dry leaf tissue was analysed
with a vario EL cube (Elementar, Hanau, Germany). Reproduc-
tive height (i.e. the distance between the upper boundary of the
inflorescence of a plant and the ground level) and vegetative
height (i.e. the distance between the upper boundary of the
main photosynthetic tissues of a plant and the ground level)
was measured at the peak of a population’s flowering. As repro-
ductive and vegetative height were highly correlated (r=0.89,
P<0.001), we chose the larger of the two values per species as
the maximum plant height (cm). Individual dry seed mass (mg)
was calculated from 20 to 50 ripe seeds from the measured indi-
viduals. For details on trait measurements per species and for
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each botanical garden, see Table S4. Histograms illustrating the
variation in the number of species and gardens for each func-
tional trait are shown in Fig. S4.

Data analysis

For a general overview of the data, we used Pearson correlations
to test whether and to what degree (1) the phenological stages
and (2) the functional traits were related to each other. As the
Shapiro—Wilk normality test revealed a right-skewed, nonnormal
distribution in trait values, all trait variables were In-transformed
before analysis. Two correlation matrices which displayed the
degree and direction of the correlations were calculated with the
function ‘rcorr’ from package HMIsC v.4.5-0 (Harrell, 2021).
Two separate principal component analyses (PCAs) of (1) the 12
phenological stages and (2) the seven functional traits were per-
formed using the package FACTOEXTRA v.1.0.7 (Kassambara &
Mundg, 2020), allowing the visualization of their contributions
(loadings) to the first and second principal components.

We tested for phylogenetic signal in the phenological stages
and the functional traits. We used the function ‘phylo.maker’
from the package v. PHYLOMAKER (Jin & Qian, 2019) to create a
phylogenetic tree of the studied species and linked the trait data
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to the species’ phylogeny. We used the function ‘phylosig’ from
the package PHYTOOLS v.0.7-80 to calculate Pagel’s Lambda
statistic (Pagel, 1999), which revealed a phylogenetic signal in the
majority of traits and phenological stages (see Table S5).

We used boosted regression trees (BRTs; Elith ez a/., 2008) to
assess whether and to what extent plant functional traits were
associated with phenological stages. Boosted regression trees are
advantageous for analysing datasets with numerous predictors as
they can model linear relationships between numeric and categor-
ical predictors and are relatively insensitive to collinearity. Fur-
thermore, BRTs automatically handle missing values in the
dataset (Elith ez al,2008; Bianchini & Morrissey, 2020). The
respective phenological stage was the dependent variable, and the
garden-specific mean trait values per species were the explanatory
variables. To investigate whether the associations between phe-
nology and functional traits are consistent across the gardens, we
also included ‘garden’ as another explanatory variable in the
models. We did not include climatic factors in our analysis since
our study sites had quite similar temperature conditions based on
monthly mean, annual mean and available long-term tempera-
ture observations (see Table S2). Since plant species in these five
botanical gardens are maintained by gardeners, including irriga-
tion, spacing and weeding, differences in management regimes
are probably more important in affecting plant phenology than
differences in climate among the gardens.

The phylogenetic analysis of functional traits and phenological
stages revealed a phylogenetic nonindependence that must be
controlled for in the analyses. However, there is currently no
option for directly including phylogeny into BRTs. We therefore
followed a procedure applied by Piston ez 4l (2019) and Bian-
chini & Morrissey (2020) to account for phylogeny that is based
on the phylogenetic eigenvector regression by Diniz-Filho
et al. (1998): We computed a pairwise distance matrix from our
phylogenetic tree and extracted eigenvectors from this distance
matrix (see Table S6) with a principal coordinates analysis
(PCoA) using the function ‘pcoa’ from the APE package v.5.6-1
(Paradis & Schliep, 2019). Phylogenetic eigenvectors represent
the phylogenetic relationships among species and control for
phylogenetic autocorrelation when a sufficiently high number of
eigenvectors is included in the analysis (Diniz-Filho et al, 1998;
Bianchini & Morrissey, 2020). We therefore included the first 44
of a total of 211 eigenvectors, which explained 90% of the phylo-
genetic structure in the distance matrix, as covariates in our BRT
models (see Tables S7, S8).

BRT models were fitted using the package GBM v.2.1.8 (Green-
well et al., 2020), with a Gaussian error distribution and a frac-
tion of training data (bag fraction) of 0.5, a tree complexity of 1,
a learning rate of 0.01, and a tolerance of 0.01. We used cross-
validation (cv) as a predictor of model performance. For each
model, we present partial dependency plots which display the
response between each predictor variable and the respective
response variable, independent of the other predictors. To assess
which functional traits are most important for predicting species
phenology, the relative importance (%) is given for all explana-
tory variables included in the model (see Figs S5-S16). All statis-
tical analyses were conducted in R 4.1.0 (R Core Team, 2021).
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Results

Relationships among phenological stages and among
functional traits

Pearson correlation revealed significant positive relationships
between pairs of most phenological stages, while there were
also some significant negative and nonsignificant relationships
(see Table4 for correlation coefficients). The early stages of
initial growth and leaf unfolding were not clearly related to
later stages of flowering, fruiting and senescence. Species that
started initial growth earlier also leafed out earlier (»=0.72,
P<0.001). Species that started flowering earlier reached the
peak of flowering earlier (r=0.92, P<0.001). Species that
started fruiting earlier ended fruiting (r=0.64,
P<0.001). Species that flowered longer also fruited longer
(r=0.61, P<0.001). The onset of flowering and fruiting were
not clearly related to the flowering and fruiting duration
(r=—0.02, P=0.58; r=—0.01, P=0.44). Species that started
and ended flowering and fruiting earlier also underwent onset

earlier

of senescence earlier. Principal component analyses results for
phenology variables showed that the first and second principal
components accounted for 66.8% of the total variation in phe-
nology. The first component corresponded mainly with onset,
end and peak of flowering, fruiting and senescence and
accounted for 48.6% of the total variation. The second com-
ponent corresponded mainly with leaf unfolding, initial growth
and growing season length, and accounted for 18.2% of the
total variation (Fig. S17a; see Table S9 for the contributions
(loadings) to all 12 PCs).

Pearson correlation revealed significantly positive and nega-
tive but also nonsignificant relationships between the func-
tional traits (see Table5 for correlation coefficients). Specific
leaf area was negatively correlated with LDMC (r=—0.45,
P<0.001) and leaf area (r=—0.34, P<0.001). Species with
higher LDMC had higher leaf carbon content (r=0.34,
P<0.001) and lower leaf nitrogen content (r=-—0.15,
P<0.001). Species with higher SLA had lower leaf carbon
content (r=—0.11, £<0.05) and higher leaf nitrogen content
(r=0.28, P<0.001). Taller species had larger leaves (r=10.55,
P<0.001), higher leaf nitrogen content (r=0.20, P<0.01),
lower leaf carbon content (r=-—0.04, P<0.01) and lower
LDMC (r=-0.09, P<0.01). Plant height was not clearly
related to SLA but was related to seed mass (r=0.41,
P<0.01). Species with heavier seeds had larger leaves
(r=0.42, P<0.001) and a higher leaf nitrogen content
(r=0.41, P<0.001), but there was no significant relationship
between seed mass and any of the other traits. The PCA of
functional trait variables showed that the first and second
principal components accounted for 51.5% of the total varia-
tion in trait values. The first component corresponded to leaf
area, seed mass and plant height and accounted for 29.2% of
the total variation in trait values. The second component, cor-
responding to SLA and LDMC, accounted for 22.3% of the
total variation in trait values (Fig. S17b; see Table S10 for the
trait contributions (loadings) to all seven PCs).
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Table 4 Correlation matrix, based on Pearson correlations, including the correlation coefficients (r) of all pairwise combinations of phenological stages.

LeafUnf FIOn FIEnd FIDur FIPeak FrOn FrEnd FrDur SenOn SenPeak GSL

InitGr 0.644 0.248 0.124 —0.048 0.249 0.240 0.181 0.023 0.258 0.139 —-0.239
b1 Ex * (O’I 50) feked b1 %k (0800) b L Ex

LeafUnf 0.178 -0.012 -0.178 0.167 0.178 0.018 —0.159 0.180 0.103 —0.556
®kk (0054) * bt %k (0546) * b1 *% Fekk

FIOn 0.717 -0.018 0.923 0.748 0.595 0.110 0.381 0.350 0.196

dekk (05" 9) dekk EX 2 £ 2 %k b feked *%

FIEnd 0.578 0.752 0.534 0.624 0.480 0.306 0.319 0.267
EX 3 dekk EX 2 b2 b2 b1 fkd Fekk

FIDur 0.136 0.008 0.290 0.608 0.056 0.070 0.173

*k (0443) fedek b1 *k feked *%

FIPeak 0.737 0.634 0.228 0.379 0.362 0.202
EX 2 EX 23 fedek b weked wekd

FrOn 0.635 0.134 0.419 0.340 0.228
E2 2 * X1 ek ek

FrEnd 0.596 0.405 0.413 0.330
E 1 Ex 1 weked Fekk

FrDur 0.204 0.222 0.285
ek ek dekk

SenOn 0.667 0.717
Fekk Fekk

SenPeak 0.491

dekek

Significant correlations are indicated by bold text (*, P <0.05; **, P<0.01; *** P<0.001), negative correlations are highlighted in red, and positive
correlations are highlighted in blue; the colour gradient indicates the strength of the correlation.

FIDur, flowering duration; FIEnd, end of flowering; FIOn, onset of flowering; FIPeak, peak of flowering; FrDur, fruiting duration; FrEnd, end of fruiting;
FrOn, onset of fruiting; GSL, growing season length; InitGr, initial growth; LeafUnf, onset of leaf unfolding; SenOn, onset of senescence; SenPeak, peak of

senescence.

Table 5 Correlation matrix, based on Pearson correlations, including the correlation coefficients (r) of all pairwise combinations of functional traits.

SLA LDMC LeafC LeafN PlantHeight SeedMass
LeafArea 0.065 —0.341 —0.199 0.244 0.545 0.421
(0"47) *hk *khk *h% *hk *h%
SLA —0.447 —0.114 0.279 0.117 —0.063
P * ek (0.866) (0.161)
LDMC 0.343 —0.145 —0.085 —0.251
*khdk *hk *% (0294)
LeafC -0.017 —0.039 —0.060
(0.761) i (0.962)
LeafN 0.196 0.406
*% *hk
PlantHeight 0.413

%k

Al trait variables were In-transformed before analysis. Significant correlations are indicated by bold text (*, P<0.05; **, P<0.01; ***, P <0.001), negative
correlations are highlighted in red, and positive correlations are highlighted in blue; the colour gradient indicates the strength of the correlation.
LDMC, leaf dry matter content; LeafArea, leaf area; LeafC, mass-based leaf carbon content; LeafN, mass-based leaf nitrogen content; PlantHeight, plant

height; SLA, specific leaf area.

Relationships between phenological stages and functional
traits, and the influence of phylogenetic relatedness

The most parsimonious BRT models of the effects of functional
traits on vegetative and reproductive stages revealed moderate to
good cross-validation (cv=0.30-0.71; Figs S6-S18). The BRT
models showed that the functional traits plant height and leaf
area were strongly associated with most of the vegetative and
reproductive stages, while leaf carbon and nitrogen content were

New Phytologist (2022) 235: 2199-2210
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less important (Fig. 1). The different growing conditions, as rep-
resented by the five gardens, were among the most important fac-
tors in explaining the onset and duration of vegetative and
reproductive stages. Initial growth and leaf unfolding started ear-
lier in species in Frankfurt (Main) and Halle (Saale), and started
later in Jena, Berlin and Leipzig (relative importance 24.9% and
37.4%, respectively; see Figs 1, S6-S17 for partial dependency
plots). Leaf senescence started earlier in species in the drier gar-
dens, Berlin and Halle, than in other gardens (11.9%). Species in

© 2022 The Authors
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the wetter gardens, Jena and Frankfurt, held their leaves longer
(i.e. longer growing season length), compared to the species in
Berlin (35.4%).

Taller species leafed out later (relative importance 8.9%), as
did large-leafed species (6.1%, Fig. 1a). Leaf unfolding also
started later in taller (7.8%), and large-leafed species (5.3%,
Fig. 1b). Shorter species (13.3%), such as Primula vulgaris or
Tussilago farfara (Fig.S19), and species with lower LDMC
(5.3%) started flowering earlier (Fig. 1c). Species with smaller
leaves (13.7%), such as Hypericum perforatum and Helianthemum
nummularium (Fig. S5b), species with lighter seeds (7.4%) and
taller species (7.3%) showed longer durations of flowering
(Fig. 1d). Shorter species started fruiting earlier (12.8%), as did
species with higher LDMC (6.1%), and large-leafed species
(5.1%, Fig. 2e). Species with lighter seeds (9.6%), small-leafed
species (8.1%), species with lower SLA (7.4%), and taller species
(5.8%, Fig. 1f) showed longer durations of fruiting. Taller species
(8.9%, Fig. 1g) underwent senescence later. Species with smaller
leaves (6.3%) and taller stature (6.2%, Fig. 1h) held their leaves
longer (i.e. longer growing season length). Our results reveal that
the timing of phenological events was strongly influenced by phy-
logenetic relatedness. The pie charts in Fig. 1 represent the overall
contributions of the variables grouped by ‘functional traits’,
‘garden’ and ‘phylogeny’ deduced from the BRT models.
‘Phylogeny’, that is, the sum of explained variation by the
included 44 eigenvectors (each explaining between 0.3% and
15% of the variation in the phylogenetic data, see Table S8),
explained between 45.5% (for ‘growing season length’) to 71.7%
(for ‘peak of senescence’) of the overall variation in the respective
BRT models. Still, when considering each of the predictors from
the three different groups (traits, garden, phylogenetic eigenval-
ues) separately, traits, especially plant height and leaf area, were
more important than phylogenetic information in the BRT mod-
els. We refrained from presenting all phylogenetic eigenvectors in
Fig. 1, but details regarding the explained variation of the single
eigenvectors can be obtained from Figs S6-S17 for each pheno-
logical stage.

Discussion

Our results confirm a close association between species’ trait
composition and phenology in herbaceous, dwarf—shrub and sub-
shrub species occurring in the herbaceous layer. Overall, we
found that those traits which are related to biomass production
and competitive ability, such as plant height and leaf area, had
substantial explanatory power for phenological stages in the mod-
els: they were closely associated with the onset, end, duration and
intensity (e.g. peak of flowering) of phenological stages. In partic-
ular, we identified plant height as being among the most impor-
tant traits for both vegetative and reproductive phenology.
Shorter species started all phenological stages earlier and had a
shorter duration of fruiting and flowering than taller species. Our
results confirm the findings of previous studies which found that
plant height, as a measure of species productivity and competi-
tiveness, was positively related to the onset of flowering
(Bolmgren & Cowan, 2008; Sun & Frelich, 2011; Segrestin

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.

ezt

et al., 2020). Further, we found that different environmental con-
ditions were important factors in explaining the timing of pheno-
logical stages.

In general, shorter species are more likely to leaf out earlier than
taller species, and, particularly in herbaceous species, shorter species
need less time to reach flowering height than taller species (Sun &
Frelich, 2011). Huang ez a/. (2018) even proposed that studies on
phenological stages should be based primarily on plant size, as this
trait seems to be the most important factor influencing species
interactions, survival, and reproduction. Our findings agree with
this notion. However, a closer look at the manifold trait data in
our study highlights that this conclusion needs to be carefully mod-
ified. For example, leaf area, a proxy for species’ competitive ability
for light and biomass production (Diaz et al,2016), was among
the set of traits with a high degree of explanatory power for species’
onset of senescence and growing season length, as well as flowering
and fruiting duration. Similar to Sun ez 4/ (2006) and ZhiGuo
et al. (2011) we found that large-leafed species were associated with
later leaf out, while senescence occurred earlier in species with
larger leaves than in species with smaller leaves. Leaf senescence can
be induced by drought in summer or decreasing temperature in
autumn, which might leave species with larger and often thinner
leaves more vulnerable to drought or changes in temperature than
species with smaller and thicker leaves that are more resistant to
drought stress (Grime, 1974) and less sensitive to temperature
decreases (Wright ez al., 2017). In our study, we also included SLA,
with low SLA species having typically smaller and denser leaves in
comparison to high SLA species. In our dataset, SLA was not sig-
nificantly related to leaf area and was of minor importance in all
models. The negative relationship between leaf area and flowering
duration as well as fruiting duration may mirror a trade-off
between growth and reproduction (Aragén ez al, 2009), that is, a
species invests in either vegetative (leaves) or reproductive (flowers,
seeds) compounds. We found seed mass to be an important trait
for the prediction of species flowering and fruiting duration:
species with heavier seeds flowered for a shorter period of time,
which can be explained by the longer development time required
for heavier seeds (Elzinga ez al., 2007; Bolmgren & Cowan, 2008).

Our results support previous findings from Bolmgren &
Cowan (2008) and Davies ¢z a/. (2013) that the timing of onset
of leaf unfolding and flowering is phylogenetically conserved.
This finding is extended here as the results suggest that flowering
and fruiting duration, the timing of leaf senescence and the
length of the growing season are phylogenetically conserved. The
importance of species phylogeny was shown in all models. How-
ever, plant height in particular, a trait showing no phylogenetic
signal in our analysis, was more important than species phyloge-
netic relatedness in explaining species’ onset of flowering and
fruiting, and flowering duration. Hence, our study offers new
insights into the relative importance of species relatedness and
life-history strategies for determining phenology, and points to
the paramount importance of functional characteristics in
explaining phenology.

We found a strong positive relationship between the early
stages of initial growth and leaf unfolding and the later stages of
onset and peak of leaf senescence, a finding that is in line with
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Fig. 1 Relative importance (%) of plant functional traits and the factor ‘garden’ on the onset or duration of phenological stages, deduced from boosted
regression trees (BRTs), in which 44 phylogenetic eigenvectors were also included. Pie charts represent the overall contributions of the variables grouped by
‘functional traits’ (purple), ‘garden’ (black) and ‘phylogeny’ (grey) deduced from the BRT models. Supporting information Figs S5-516 give an overview of
the relevance of the phylogenetic eigenvectors compared to functional traits and the factor ‘garden’. Boosted regression tree models were fitted for (a)
onset of initial growth (n =439, cross-validation correlation (cv) =0.30), (b) onset of leaf unfolding (n =463, cv=0.54), (c) onset of flowering (day of year;
n=474, cv=0.69), (d) flowering duration (days; n =466, cv =0.49), (e) onset of fruiting (day of year; n =421, cv=0.64) and (f) fruiting duration (days;
n=396, cv=0.39), (g) onset of senescence (day of year; n=538, cv=0.50), and (h) the duration (days) of growing season length (n =426, cv =0.46). Blue
colouring represents a positive influence of the predictor variable, red represents a negative influence of the predictor variable, and black represents the cat-
egorical variable ‘garden’. CMass, mass-based leaf carbon content (%); LDMC, leaf dry matter content (mg g~ "); NMass, mass-based leaf nitrogen content
(%); SLA, specific leaf area (cm? g™ ").

studies by Primack (1987) and Ettinger ¢t /. (2018), in which of senescence. Therefore, instead of focusing on single stages

strong linkages among successive stages of tree species were  alone, monitoring species’ phenology throughout the whole
reported. However, the early stages were not related to, or were ~ growing season is crucial to allow profound predictions and gen-
only weakly related to, later stages of flowering, fruiting or onset  eral conclusions on species growing season length or flowering
New Phytologist (2022) 235: 2199-2210 © 2022 The Authors
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duration from functional traits. As we found several phenological
stages to be strongly positively correlated for a large number of
herbaceous species (i.e. onset of flowering and fruiting, duration
of flowering and fruiting), we recommend monitoring the onsets
of leaf unfolding, flowering, fruiting and leaf senescence, as well
as the duration of flowering, to capture species’ whole growing
season phenology. Since intraspecific variation in phenological
responses occurs among years (Cleland ez 4l,2012; Liu
et al.,2016; Bucher ez al.,2018), we also emphasize the impor-
tance of long-term phenological monitoring to evaluate whether
phenological patterns are consistent among years that may vary
in climate (Ettinger ez al., 2018). For this purpose, botanical gar-
dens are well placed to offer the possibility of performing pheno-
logical research and measurements of traits on a large number of
species and for long time periods. The further international
expansion of the PhenObs network will allow these investigations
over a wider range of environmental conditions, including those
aspects of climate that are modulated by climate change.

The different environmental conditions as represented by the
five botanical gardens were important factors in explaining the
onset and duration of vegetative stages, in particular, and repro-
ductive stages to a certain degree. Drier conditions can lead to
earlier autumn leaf senescence, and this may decrease the growing
season length (Estiarte & Pefiuelas, 2015; Liu er 4/, 2016). The
differences in precipitation may explain our findings that senes-
cence was observed earlier in species in the drier gardens Halle
(Saale) and Berlin, whereas the growing season was longer in
species in the wetter Jena garden. Nevertheless, plant species in
botanical gardens are maintained by gardeners, who perform
tasks including irrigation; thus, differences in natural precipita-
tion should not play out as prominently as in natural settings.
Therefore, we see microclimatic and soil conditions as well as
garden-specific maintenance as potential causes of the strong
effect of the gardens on phenology. Hence, future studies should
include information on species’ specific environmental condi-
tions (e.g. light availability, fertilization and irrigation treatments,
and soil conditions such as texture) in addition to information on
temperature and precipitation.

Our study demonstrates that for herbaceous plants and dwarf—
shrub and subshrub species occurring in the herbaceous layer,
certain functional traits have a high degree of explanatory power
for predicting phenological events. Our results demonstrate that
plant phenology studies can focus on a few key phenology stages,
as many of the phenological stages are highly correlated. In addi-
tion, the easily measured characteristics of plant height and leaf
area were more important in predicting plant phenology than
other functional traits that require laboratory measurements. Fur-
ther, we highlight the importance of species’ shared evolutionary
history and recommend that phylogenetic relatedness is
accounted for when searching for drivers of phenology.

Our findings have important implications for plant communi-
ties as competitive hierarchies are likely to be destroyed with
changes in climate: with ongoing global warming, plant species
advance their phenology towards earlier days in the year. Given
that species respond in species-specific ways to variations in cli-
mate (Root er al.,2003; Konig et al.,2018) and that taller and
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larger-leaved species are more effective in changing their phenol-
ogy towards earlier days in the year (K6nig et al, 2018), we can
expect that these will outcompete the early flowering small grow-
ing species in the future. The effects of climate change acting on
these functional characteristics will change the competitive hier-
archies with consequences for global biodiversity. The one caveat
is that we also found that variation in growing conditions among
gardens played a large role in phenological variation. The most
likely explanation is different watering, shading, and fertilization
regimes. Including microsite conditions is a topic that researchers
should consider in subsequent studies.

Acknowledgements

We are grateful to Janin Naumann, Till Deilmann, Annalena
Lenk, Marco Patrzek, Stefan Arndt (Jena); Birgit Miiller, Katrin
Kittlaus, Konrad Adler, Laura Moro, Marie Schramm, Julian
Selke (Halle (Saale)); Karla Marie Barfuss, Angela Diederen (Ber-
lin), Ute Lohs (Leipzig); Elke Brude, Kirsten Klippert, Ulrike
Meierhofer, Kai Uwe Nierbauer, Nathalie Pauker, Wolfgang
Pomper, Nastasja Sack, Marlene Schreiner (Frankfurt (Main)),
and many student helpers for monitoring phenology and measur-
ing functional traits, and the botanical gardeners for maintaining
the PhenObs plants. We further thank all PhenObs members for
fruitful discussions during the monthly PhenObs seminars. We
thank the iDiv Data & Code Unit for assistance with curation
and archiving of the dataset. We acknowledge funding from the
German Science Foundation (DFG) via the German Centre for
Integrative Biodiversity research (iDiv) Halle-Jena-Leipzig (FZT
118) for the support of the FlexPool project (09159715) as well
as the strategic project PhenObs (Grant no. 09159723). Open
Access funding enabled and organized by Projekt DEAL.

Author contributions

C Romermann, MS, DJ, IH and SFB developed the research idea
for this paper. Data collection and laboratory work was super-
vised in the respective botanical gardens by BN (Berlin), AK and
KH (Frankfurt am Main), CP and MS (Halle (Saale)), DJ (Jena),
and MF (Leipzig). MS, DJ and CP harmonized the data. MS
cleaned the data. MS carried out statistical analyses with support
by C Rémermann and SFB. MS produced the graphs and led the
paper writing. AB, SFB, MF, IH, BN, RBP, C Romermann, A-
DS and CW (in alphabetical order) conceived the ideas for the
PhenObs project. MS, DJ, SFB, IH, MF, KH, AK, BN, CP, IB,
AB, BK, TK, AL, TM, RBP, C Rosche, MAS, A-DS, KT, ST,
CW and C Romermann critically discussed the research and con-
tributed critically to the drafts.

ORCID

Ilona Blinova (2 https://orcid.org/0000-0002-7193-3524
Aletta Bonn (2 https://orcid.org/0000-0002-8345-4600
Solveig Franziska Bucher (2} https://orcid.org/0000-0002-2303-
4583
Martin Freiberg (1) https://orcid.org/0000-0002-6036-5293
New Phytologist (2022) 235: 2199-2210
www.newphytologist.com


https://orcid.org/0000-0002-7193-3524
https://orcid.org/0000-0002-7193-3524
https://orcid.org/0000-0002-7193-3524
https://orcid.org/0000-0002-8345-4600
https://orcid.org/0000-0002-8345-4600
https://orcid.org/0000-0002-8345-4600
https://orcid.org/0000-0002-2303-4583
https://orcid.org/0000-0002-2303-4583
https://orcid.org/0000-0002-2303-4583
https://orcid.org/0000-0002-6036-5293
https://orcid.org/0000-0002-6036-5293
https://orcid.org/0000-0002-6036-5293

20 Vet

Isabell Hensen (27 https://orcid.org/0000-0001-6470-9359
Katja Heubach (2 https://orcid.org/0000-0002-4298-7750
Desiree Jakubka (12 https://orcid.org/0000-0002-9075-816X

Tomds Koubek (2 https://orcid.org/0000-0002-3021-7484
Anja Linstadter (2 https://orcid.org/0000-0003-0038-9557
Tereza Maskova () https://orcid.org/0000-0001-8386-5146
Birgit Nordt (2} https://orcid.org/0000-0002-2631-816X
Carolin Plos (2 https://orcid.org/0000-0002-5867-1144
Richard B. Primack (2} https://orcid.org/0000-0002-3748-9853
Christine Romermann (2 https://orcid.org/0000-0003-3471-

0951

Christoph Rosche () https://orcid.org/0000-0002-4257-3072
Manzoor A. Shah (1) https://orcid.org/0000-0003-2639-3167
Maria Sporbert () hteps://orcid.org/0000-0001-7994-8491
Sabrina Triger (/2 hteps://orcid.org/0000-0001-6389-2745
Christian Wirth () https://orcid.org/0000-0003-2604-8056

Data availability

The data that support the findings of this study are available in
the Supporting Information that accompanies this article and via
the iDiv data repository (doi: 10.25829/idiv.3509-¢2owul).

References

Aragon CF, Méndez M, Escudero A. 2009. Survival costs of reproduction in a
short-lived perennial plant: live hard, die young. American Journal of Botany 96:
904-911.

Bianchini K, Morrissey CA. 2020. Species traits predict the aryl hydrocarbon
receptor 1 (AHR1) subtypes responsible for dioxin sensitivity in birds. Scientific
Reports 10: 1-11.

Blinova IV, Willems JH, van Reenen J. 2003. Intraspecific variation in orchid
populations in two different climatic areas in Europe, Murmansk Region and
The Nethetlands. Journal of European Orchids 35: 79-99.

Bolmgren K, Cowan PD. 2008. Time — size tradeoffs: a phylogenetic
comparative study of flowering time, plant height and seed mass in a north-
temperate flora. Oikos 117: 424—429.

Bucher SF, Konig P, Menzel A, Migliavacca M, Ewald J, Romermann C. 2018.
Traits and climate are associated with first flowering day in herbaceous species
along elevational gradients. Ecology and Evolution 8: 1147-1158.

Bucher SF, Romermann C. 2020. Flowering patterns change along elevational
gradients and relate to life-history strategies in 29 herbaceous species. Alpine
Borany 130: 41-58.

Bucher SF, Romermann C. 2021. The timing of leaf senescence relates to
flowering phenology and functional traits in 17 herbaceous species along
elevational gradients. Journal of Ecology 109: 1537—1548.

Cleland EE, Allen JM, Crimmins TM, Dunne JA, Pau S, Travers SE, Zavaleta
ES, Wolkovich EM. 2012. Phenological tracking enables positive species
responses to climate change. Ecology 93: 1765-1771.

Craine JM, Wolkovich EM, Gene Towne E, Kembel SW. 2012. Flowering
phenology as a functional trait in a tallgrass prairie. New Phytologist 193: 673—
682.

Davies TJ, Wolkovich EM, Kraft NJ, Salamin N, Allen JM, Ault TR,
Betancourt JL, Bolmgren K, Cleland EE, Cook BI ez al. 2013.
Phylogenetic conservatism in plant phenology. Journal of Ecology 101:
1520-1530.

Davis CC, Willis CG, Primack RB, Miller-Rushing AJ. 2010. The importance
of phylogeny to the study of phenological response to global climate change.
Philosophical Transactions of the Royal Society of London. Series B: Biological
Sciences 365: 3201-3213.

Deutscher Wetterdienst (DWD). 2021. Climate Data Center (CDC) OpenData
[WWW document] URL https://opendata.dwd.de/climate_environment/

New Phytologist (2022) 235: 2199-2210
www.newphytologist.com

New
Phytologist

CDC/observations_germany/climate/monthly/kl/recent/ [accessed 9 December
2021].

Diaz S, Hodgson JG, Thompson K, Cabido M, Cornelissen JHC, Jalili A,
Montserrat-Marti G, Grime JP, Zarrinkamar F, Asri Y ez al. 2004. The plant
traits that drive ecosystems: evidence from three continents. Journal of
Vegetation Science 15: 295-304.

Diaz S, Kattge J, Cornelissen JHC, Wright IJ, Lavorel S, Dray S, Reu B, Kleyer
M, Wirth C, Prentice IC ez al. 2016. The global spectrum of plant form and
function. Nature529: 167-171.

Diniz-Filho JAF, de Sant’Ana CER, Bini LM. 1998. An eigenvector method for
estimating phylogenetic inertia. Evolution 52: 1247-1262.

Elith J, Leathwick JR, Hastie T. 2008. A working guide to boosted regression
trees. Journal of Animal Ecology 77: 802—813.

Ellenberg H, Leuschner C. 2010. Vegetation Mitteleuropas mit den Alpen: in
dokologischer, dynamischer und historischer Sicht. Stuttgart, Germany: Ulmer
Verlag.

Elzinga JA, Atlan A, Biere A, Gigord L, Weis AE, Bernasconi G. 2007. Time
after time: flowering phenology and biotic interactions. Trends in Ecology &
Evolution 22: 432-439.

Estiarte M, Penuelas J. 2015. Alteration of the phenology of leaf senescence and
fall in winter deciduous species by climate change: effects on nutrient
proficiency. Global Change Biology 21: 1005-1017.

Estrella N, Sparks TH, Menzel A. 2007. Trends and temperature response in the
phenology of crops in Germany. Global Change Biology 13: 1737-1747.

Ettinger AK, Gee S, Wolkovich EM. 2018. Phenological sequences: how early-
season events define those that follow. American Journal of Botany 105: 1771—
1780.

Fitter AH, Fitter RSR. 2002. Rapid changes in flowering time in British plants.
Science 296: 1689-1691.

Freiberg M, Winter M, Gentile A, Zizka A, Muellner-Riehl AN, Weigelt A,
Wirth C. 2020. LCVP, The Leipzig catalogue of vascular plants, a new
taxonomic reference list for all known vascular plants. Scientific Data7: 1-7.

Gallinat AS, Primack RB, Wagner DL. 2015. Autumn, the neglected season in
climate change research. Trends in Ecology & Evolution 30: 169—176.

Gaudet CL, Keddy PA. 1988. A comparative approach to predicting competitive
ability from plant traits. Nazure 334: 242-243.

Greenwell B, Boehmke B, Cunningham J. 2020. Gsn: generalized boosted
regression models. [WNWW document] URL https://github.com/gbm-developers
[accessed 9 December 2021].

Grime JP. 1974. Vegetation classification by reference to strategies. Nature 250:
26-31.

Harrell FE. 2021. amisc: Harrell miscellaneous. R package version 4.5-0. [WWW
document] URL https://CRAN.R-project.org/package=Hmisc [accessed 9
December 2021].

Heberling JM, MacKenzie CM, Fridley JD, Kalisz S, Primack RB. 2019.
Phenological mismatch with trees reduces wildflower carbon budgets. Ecology
Letters 22: 616-623.

Huang L, Koubek T, Weiser M, Herben T. 2018. Environmental drivers and
phylogenetic constraints of growth phenologies across a large set of herbaceous
species. Journal of Ecology 106: 1621-1633.

Jin Y, Qian H. 2019. v.PHYLOMAKER: an R package that can generate very large
phylogenies for vascular plants. Ecography 42: 1353—1359.

Karger DN, Conrad O, Béhner J, Kawohl T, Kreft H, Soria-Auza RW,
Zimmermann NE, Linder HP, Kessler M. 2017. Climatologies at high
resolution for the earth’s land surface areas. Scientific Data 4: 170-122.

Karger DN, Conrad O, Bohner J, Kawohl T, Kreft H, Soria-Auza RW,
Zimmermann NE, Linder HP, Kessler M. 2018. Data from: Climatologies at
high resolution for the earth’s land surface areas. Dryad Digital Repository. doi:
10.5061/dryad.kd1d4.

Kassambara A, Mundt F. 2020. FACTOEXTRA: extract and visualize the results of
multivariate data analyses. R package v.1.0.7. [WWW document] URL
https://CRAN.R-project.org/package=factoextra [accessed 9 December
2021].

Konig P, Tautenhahn S, Cornelissen JHC, Kattge J, Bonisch G, Romermann
C. 2018. Advances in flowering phenology across the Northern Hemisphere
are explained by functional traits. Global Ecology and Biogeography 27: 310—
321.

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.


https://orcid.org/0000-0001-6470-9359
https://orcid.org/0000-0001-6470-9359
https://orcid.org/0000-0001-6470-9359
https://orcid.org/0000-0002-4298-7750
https://orcid.org/0000-0002-4298-7750
https://orcid.org/0000-0002-4298-7750
https://orcid.org/0000-0002-9075-816X
https://orcid.org/0000-0002-9075-816X
https://orcid.org/0000-0002-9075-816X
https://orcid.org/0000-0002-3021-7484
https://orcid.org/0000-0002-3021-7484
https://orcid.org/0000-0002-3021-7484
https://orcid.org/0000-0003-0038-9557
https://orcid.org/0000-0003-0038-9557
https://orcid.org/0000-0003-0038-9557
https://orcid.org/0000-0001-8386-5146
https://orcid.org/0000-0001-8386-5146
https://orcid.org/0000-0001-8386-5146
https://orcid.org/0000-0002-2631-816X
https://orcid.org/0000-0002-2631-816X
https://orcid.org/0000-0002-2631-816X
https://orcid.org/0000-0002-5867-1144
https://orcid.org/0000-0002-5867-1144
https://orcid.org/0000-0002-5867-1144
https://orcid.org/0000-0002-3748-9853
https://orcid.org/0000-0002-3748-9853
https://orcid.org/0000-0002-3748-9853
https://orcid.org/0000-0003-3471-0951
https://orcid.org/0000-0003-3471-0951
https://orcid.org/0000-0003-3471-0951
https://orcid.org/0000-0002-4257-3072
https://orcid.org/0000-0002-4257-3072
https://orcid.org/0000-0002-4257-3072
https://orcid.org/0000-0003-2639-3167
https://orcid.org/0000-0003-2639-3167
https://orcid.org/0000-0003-2639-3167
https://orcid.org/0000-0001-7994-8491
https://orcid.org/0000-0001-7994-8491
https://orcid.org/0000-0001-7994-8491
https://orcid.org/0000-0001-6389-2745
https://orcid.org/0000-0001-6389-2745
https://orcid.org/0000-0001-6389-2745
https://orcid.org/0000-0003-2604-8056
https://orcid.org/0000-0003-2604-8056
https://orcid.org/0000-0003-2604-8056
https://doi.org/10.25829/idiv.3509-e2owu1
https://opendata.dwd.de/climate_environment/CDC/observations_germany/climate/monthly/kl/recent/
https://opendata.dwd.de/climate_environment/CDC/observations_germany/climate/monthly/kl/recent/
https://github.com/gbm-developers
https://cran.r-project.org/package=Hmisc
https://doi.org/10.5061/dryad.kd1d4
https://cran.r-project.org/package=factoextra

New
Phytologist

Kudo G, Cooper EJ. 2019. When spring ephemerals fail to meet pollinators:
mechanism of phenological mismatch and its impact on plant reproduction.
Proceedings of the Royal Society B: Biological Sciences 286: 20190573.

Larcher W. 1994. Okap/oysiologie der Pflanzen. Stuttgart, Germany: Verlag Eugen
Ulmer.

Leishman MR, Murray BR. 2001. The relationship between seed size and
abundance in plant communities: model predictions and observed patterns.
Oikos 94: 151-161.

Liu Q, Fu YH, Zhu Z, Liu Y, Liu Z, Huang M, Janssens IA, Piao S. 2016.
Delayed autumn phenology in the Northern Hemisphere is related to change
in both climate and spring phenology. Global Change Biology 22: 3702-3711.

LiuY, Li G, Wu X, Niklas KJ, Yang Z, Sun S. 2021. Linkage between species
traits and plant phenology in an alpine meadow. Oecologia 195: 409—419.

Menzel A, Yuan Y, Matiu M, Sparks T, Scheifinger H, Gehrig R, Estrella N.
2020. Climate change fingerprints in recent European plant phenology. Global
Change Biology 26: 2599-2612.

Moles AT, Warton DI, Warman L, Swenson NG, Laffan SW, Zanne AE,
Pitman A, Hemmings FA, Leishman MR. 2009. Global patterns in plant
height. Journal of Ecology 97: 923-932.

Moles AT, Westoby M. 2003. Latitude, seed predation and seed mass. Journal of
Biogeography 30: 105-128.

Nord EA, Lynch JP. 2009. Plant phenology: a critical controller of soil resource
acquisition. Journal of Experimental Botany 60: 1927-1937.

Nordt B, Hensen I, Bucher SF, Freiberg M, Primack RB, Stevens A-D, Bonn A,
Wirth C, Jakubka D, Plos C ez 4/ 2021. The PhenObs initiative: a
standardised protocol for monitoring phenological responses to climate change
using herbaceous plant species in botanical gardens. Functional Ecology 35:
821-834.

Pagel M. 1999. Inferring the historical patterns of biological evolution. Nature
401: 877-884.

Panchen ZA, Primack RB, Nordt B, Ellwood ER, Stevens A-D, Renner SS,
Willis CG, Fahey R, Whittemore A, Du 'Y et al. 2014. Leaf out times of
temperate woody plants are related to phylogeny, deciduousness, growth habit
and wood anatomy. New Phytologist203: 1208—1219.

Paradis E, Schliep K. 2019. rE 5.0: an environment for modern phylogenetics
and evolutionary analyses in R. Bioinformatics 35: 526-528.

Pérez-Harguindeguy N, Diaz S, Garnier E, Lavorel S, Poorter H, Jaureguiberry
P, Bret-Harte MS, Cornwell WK, Craine JM, Gurvich DE ez al. 2013. New
handbook for standardised measurement of plant functional traits worldwide.
Australian Journal of Botany 61: 167-234.

Piston N, de Bello F, Dias AT, Gotzenberger L, Rosado BH, de Mattos EA,
Salguero-Gomez R, Carmona CP. 2019. Multidimensional ecological analyses
demonstrate how interactions between functional traits shape fitness and life
history strategies. Journal of Ecology 107: 2317-2328.

Primack RB. 1987. Relationships among flowers, fruits, and seeds. Annual
Review of Ecology and Systematics 18: 409—430.

Primack RB, Ellwood ER, Gallinat AS, Miller-Rushing AJ. 2021. The growing
and vital role of botanical gardens in climate change research. New Phytologist
231:917-932.

Primack RB, Miller-Rushing AJ. 2009. The role of botanical gardens in climate
change research. New Phytologist 182: 303-313.

R Core Team. 2021. R: a language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing. [WWW document]
URL https://www.R-project.org/ [accessed 9 December 2021].

Renner SS, Wesche M, Zohner CM. 2021. Climate data and flowering times for
450 species from 1844 deepen the record of phenological change in southern
Germany. American Journal of Botany 108: 711-717.

Root TL, Price J T, Hall KR, Schneider SH, Rosenzweig C, Pounds JA. 2003.
Fingerprints of global warming on wild animals and plants. Nazure 421: 57-60.

Rosbakh S, Hartig F, Sandanov DV, Bukharova EV, Miller TK, Primack RB.
2021. Siberian plants shift their phenology in response to climate change.
Global Change Biology 27: 4435—4448.

Segrestin J, Navas ML, Garnier E. 2020. Reproductive phenology as a dimension
of the phenotypic space in 139 plant species from the Mediterranean. New
Phytologist 225: 740-753.

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.

ezt

Sun S, Frelich LE. 2011. Flowering phenology and height growth pattern are
associated with maximum plant height, relative growth rate and stem tissue
mass density in herbaceous grassland species. Journal of Ecology 99: 991—
1000.

Sun S, Jin D, Li R. 2006. Leaf emergence in relation to leaf traits in temperate
woody species in East-Chinese Quercus fabri forests. Acta Oecologica 30: 212—
222.

Vile D, Shipley B, Garnier E. 2006. A structural equation model to integrate
changes in functional strategies during old-field succession. Ecology 87: 504—
517.

Violle C, Navas M-L, Vile D, Kazakou E, Fortunel C, Hummel I, Garnier E.
2007. Let the concept of trait be functional! Oikos 116: 882-892.

Vitasse Y, Frangois C, Delpierre N, Dufréne E, Kremer A, Chuine I, Delzon S.
2011. Assessing the effects of climate change on the phenology of European
temperate trees. Agricultural and Forest Meteorology 151: 969-980.

Wolkovich EM, Cleland EE. 2014. Phenological niches and the future of
invaded ecosystems with climate change. AoB Plants 6: 1-16.

‘Wolkovich EM, Cook BI, Allen JM, Crimmins TM, Betancourt JL, Travers SE,
Pau S, Regetz J, Davies TJ, NJB K ez al. 2012. Advances in plant flowering
and leafing times in response to warming are underpredicted by experimental
warming studies. Nature 485: 494-497.

Weright IJ, Dong N, Maire V, Prentice IC, Westoby M, Diaz S, Gallagher RV,
Jacobs BF, Kooyman R, Law EA ez al. 2017. Global climatic drivers of leaf
size. Science 357: 917-921.

Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F,
Cavender-Bares J, Chapin T, Cornelissen JHC, Diemer M et al. 2004. The
worldwide leaf economics spectrum. Nazure 428: 821-827.

ZhiGuo L, Kai L, YongLi C, Yan F. 2011. Correlations between leafing
phenology and traits: woody species of evergreen broad-leaved forests in

subtropical China. Polish Journal of Ecology 59: 463—473.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Geographical location of the five botanical gardens in
Germany.

Fig. S2 Phylogenetic tree of the 212 study species.

Fig. §3 Variation in the number of species and gardens for each
phenological stage.

Fig. S4 Variation in the number of species and gardens for each
functional trait.

Fig. §5 Partial dependency plots of boosted regression trees for
the relationship between ‘initial growth’ and traits and phy-
logeny.

Fig. S6 Partial dependency plots of boosted regression trees for
the relationship between ‘leaf unfolding’ and traits and phy-
logeny.

Fig. S7 Partial dependency plots of boosted regression trees for
the relationship between ‘onset of flowering’ and traits and phy-
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Fig. S8 Partial dependency plots of boosted regression trees for
the relationship between ‘peak of flowering’ and traits and
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Fig. 89 Partial dependency plots of boosted regression trees for
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Fig. S19 Scatterplot showing relationship between (a) plant
height and first flowering day and (b) leaf area and flowering
duration.
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