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Spatial variability in herbaceous plant phenology is mostly explained
by variability in temperature but also by photoperiod and functional
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Abstract

Whereas temporal variability of plant phenology in response to climate change has already been well studied, the spatial
variability of phenology is not well understood. Given that phenological shifts may affect biotic interactions, there is a need
to investigate how the variability in environmental factors relates to the spatial variability in herbaceous species’ phenology
by at the same time considering their functional traits to predict their general and species-specific responses to future climate
change. In this project, we analysed phenology records of 148 herbaceous species, which were observed for a single year
by the PhenObs network in 15 botanical gardens. For each species, we characterised the spatial variability in six different
phenological stages across gardens. We used boosted regression trees to link these variabilities in phenology to the variability
in environmental parameters (temperature, latitude and local habitat conditions) as well as species traits (seed mass, vegeta-
tive height, specific leaf area and temporal niche) hypothesised to be related to phenology variability. We found that spatial
variability in the phenology of herbaceous species was mainly driven by the variability in temperature but also photoperiod
was an important driving factor for some phenological stages. In addition, we found that early-flowering and less competitive
species characterised by small specific leaf area and vegetative height were more variable in their phenology. Our findings
contribute to the field of phenology by showing that besides temperature, photoperiod and functional traits are important to
be included when spatial variability of herbaceous species is investigated.
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Introduction

During the past century, biomes around the world have expe-
rienced rapid changes in environmental conditions associ-
ated with increasing human activity (Jump and Pefuelas
2005; Steffen et al. 2015; Waters et al. 2016). Anthropo-
genic climate change has particularly intensified over the
last several decades, resulting in higher temperatures (IPCC
2021), changes in precipitation patterns (Semmler and Jacob
2004; Dore 2005) and increased variability in environmental
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conditions (Gherardi and Sala 2019; IPCC 2021). In
response to these changes, in particular to the rising tem-
peratures, plants and animals have shifted their phenology,
as well as patterns of abundance and distribution (Menzel
and Fabian 1999; Parmesan and Yohe 2003; Menzel et al.
2006; Biintgen et al. 1968). Besides temperature (Parmesan
and Yohe 2003; Menzel et al. 2006; Biintgen et al. 2022),
precipitation (Craine et al. 2012; Shen et al. 2015) and pho-
toperiod/sunshine hours (Basler and Korner 2012; Petterle
et al. 2013; Rice et al. 2021; Ren et al. 2022) are considered
important drivers of plant phenology. Regarding the increas-
ing variability in climatic conditions, up to now, research has
mainly focused on the impact of temporal variations on plant
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phenology. For example, remote sensing studies of decidu-
ous forests and crops found that an increase in temperature
variability is associated with an increase in the variability
in the start and length of the growing season (Melaas et al.
2013; Zhang et al. 2014; Liu and Zhang 2020). In subalpine
meadows in Colorado, interannual variability in flowering
of herbaceous species was mainly determined by interan-
nual variability in temperature and associated variability in
snowmelt (Wadgymar et al. 2018). In contrast, the influences
of spatial variability on phenology are less studied, but it is
usually assumed that the correlations between the temporal
variability in environmental parameters and variability in
phenology would be the same as those for spatial variability
(Peaucelle et al. 2019). However, phenological models are
often not able to reproduce observed spatial variation (Rich-
ardson et al. 2011; Migliavacca et al. 2012) when applied at
regional scales. For example, shifts in the flowering onset of
wildflowers as a response to changing temperatures in spring
are strongly dependent on spatial locations (Willems et al.
2021; Lee et al. 2022). As spatial variability in phenology
may affect the magnitude of biotic interaction between plants
(e.g. facilitation and competition, Yang and Rudolf 2010),
and between plants and animals (e.g. pollination and her-
bivory, Yang and Rudolf 2010; Forrest 2015; Inouye 2022),
it is important to develop a profound understanding of the
drivers (Stemkovski et al. 2023), especially since the main
interest in these areas has so far been on analysing means
and overlooking the importance of variability in space and
time (Wetzel et al. 2023).

In this current study, we focus on the spatial variabil-
ity of phenological events in perennial herbaceous species.
Although herbaceous species represent > 85% of species
found in temperate ecosystems (Ellenberg et al. 2010), they
are still underrepresented in phenological studies as com-
pared to trees, shrubs and crops (Clarivate Web of Science
search conducted on 16th February 2023 using the follow-
ing terms: Phenolog* AND herbaceous/herbs/herb/grass/
grasses = 2774 papers, Phenolog* AND tree*/shrub* =
9945 papers, Phenolog* AND crop* = 9412 papers). We
assume that the variability of the abiotic factors mentioned
above (temperature, precipitation and photoperiod) will
be key driving factors. In addition, species-specific and
growth form-specific phenological responses to climatic
conditions in herbaceous species can also be described by
using functional traits (Sun and Frelich 2011; Konig et al.
2018; Bucher et al. 2018; Bucher and Romermann 2021;
Sporbert et al. 2022; Horbach et al. 2023). Most of these
studies, however, focus on the onset of a phenological stage
and linear shifts in response to temperature rather than the
variability in phenological stages, e.g. differences in the tim-
ing of phenological events over several years or across sites,
but see Osada (2020) for an example on the variability in
phenological stages in trees and Stemkovski et al. (2023) for
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an example across woody species, grasses and herbaceous
species. In an effort to contribute to a profound understand-
ing of spatial variability in the phenology of herbaceous
species, we investigate the relative impact of the variability
in environmental conditions and plant functional traits on
the variability in vegetative and reproductive phenology in
herbaceous plant species.

More specifically, we quantified the spatial variability
in phenology using large-scale phenology data collected
mainly in 2022 from 148 perennial herbaceous species cul-
tivated in 15 botanical gardens included in the PhenObs
network (www.idiv.de/en/phenobs.html). PhenObs research-
ers follow standardised protocols to monitor the phenol-
ogy of perennial herbaceous species in botanical gardens
(Nordt et al. 2021). The resulting phenological records
capture the whole life-cycle of the studied species across
the year including the onset, end and duration of vegetative
(i.e. initial leaf growth and senescence) and reproductive
(i.e. flowering and fruiting) phenological stages; most other
studies focus on just one phenological phase (for example,
only flowering) or even just part of one phase (the start of
flowering).

We focused on four continuous traits—temporal pheno-
logical niche, seed mass, vegetative height and specific leaf
area (SLA)—which are described as core functional traits
of plants (Weiher et al. 1999) and the latter being part of the
LHS plant ecology strategy scheme proposed by Westoby
(1998). Regarding the phenological niche, previous stud-
ies have shown that early-flowering species generally show
a stronger response to increases in temperature than later-
flowering species (Fitter and Fitter 2002; Dunne et al. 2003;
Miller-Rushing et al. 2007; Konig et al. 2018; Renner and
Zohner 2018), and accordingly, we expect that the phenol-
ogy of early-flowering species is more variable than that
of late-flowering species in response to climate variability.
Small-seeded species tend to follow ruderal strategies, have
a wider overall geographic distribution, often grow under
more variable environmental conditions (Tautenhahn et al.
2008; Thomson et al. 2011) and are therefore predicted
to exhibit greater variability in phenology (Sultan 2001;
Richards et al. 2005; Sides et al. 2014; Fajardo and Siefert
2019). More competitive species indicated by larger height
and higher SLA are predicted to be less variable in their
phenology than smaller species with lower SLA (Gaudet and
Keddy 1988; Moles et al. 2009; Konig et al. 2018).

In this study, we aim to answer the following questions:

1. To what extent do herbaceous species observed in botan-
ical gardens differ in their spatial variability in vegeta-
tive and reproductive phenology?

2. Which environmental factors and functional traits are
the most important to predict spatial variability in the
phenology of herbaceous species?


http://www.idiv.de/en/phenobs.html
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Finally, we assess the ecological relevance of spatial vari-
ability of phenological events in herbaceous species in asso-
ciation with climate change.

Material and methods
Phenological data

We analysed phenological records of 148 perennial her-
baceous plant species from 54 plant families, which were
monitored in 15 botanical gardens in the framework of the
PhenObs network (Nordt et al. 2021, www.idiv.de/en/pheno
bs.html). Plants in 13 gardens were monitored in 2022. For
two gardens, we included data collected in 2020 (Edinburgh)
and 2021 (Rome), as these gardens did not monitor plants
in 2022 (see Table 1 for the geographic location of the 15
gardens and Table ESM 2.1 for a list of species included in
this study). At least, observations of three different gardens
were available for each of the selected species. The num-
ber of different botanical gardens for each species varied
between three and 13, since not all species were observed in
every garden. We standardised the names of species using
“The Leipzig catalogue of vascular plants’ (LCVP; Freiberg
et al. 2020).

PhenObs members monitored the phenology of marked
accessions of the listed plant species at their botanical gar-
dens following the standard protocol described in Nordt
et al. (2021). As typically, the number of individuals (one
to hundreds) or the area covered (single plants to several
m?) per accession varies strongly between species, we
collected the data in a standardised way and observed an

approximately 1 m? plot per species in each garden. Though
the exact number of individuals per accession is not known,
the density per species within the plot is comparable across
the gardens. The monitoring was done on a weekly basis.
This interval is often recommended in order to obtain the
most accurate resolution of the phenological events at the
accession level with a feasible amount of time (Miller-Rush-
ing et al. 2008; Cornelius et al. 2011; Nordt et al. 2021).
From these data, we extracted annual records for the day of
the year (DOY) of the two vegetative (leaf unfolding and
onset of leaf senescence at the end of the growing season)
and three reproductive (onset of flowering, peak flowering
and onset of fruiting) phenological stages. In addition, flow-
ering duration was defined as the period in days between the
first and last day of flowering, where flowering duration of
species that were observed with open flowers only on one
single weekly monitoring event was set to 1. In order not
to make the data analysis too complex, and since the onset
and end of flowering are strongly correlated (Nordt et al.
2021), we therefore assume similar patterns for both phe-
nological stages; we have not analysed the end of flowering
in this paper. All stages are described in detail in Table 2.
For analysing the species-specific differences in the spatial
variability in phenological stages, we calculated the standard
deviation (SDy,.,) across gardens for each species. Since
events such as start of leaf senescence that occurred at the
end of December in 1 year in one garden and the beginning
of January in another year in a different garden would lead
to disproportionately large standard deviations, we standard-
ised (std. DOY) the measures of the day of the year (DOY)
by considering their distance to the centre of a year (1% of
July respectively DOY 182).

Table 1 Overview of the

. . . City of the botanical garden Mean Latitude Longitude Variability in Number of
botanical gardens 1nc1ud11}g temperature °C photoperiod hh:mm included species
ISO country codes (see Fig.

ESM 1.5 for a map) with the Berlin (DE) 114 52454 13305 09:10 88
E’IZ?CS(I)‘;P;?;‘EEHSQTO Edinburgh (UK) 8.5 55965 —3209  10:40 19
December 2022, the geographic Frankfurt (Main) (DE) 11.8 50.123 8.656 08:21 68
coordinates, the variability in Halle (Saale) (DE) 10.8 51.488 11.960 08:49 109
photoperiod during growing Jena (DE) 9.9 50930  11.585  08:37 105
fgﬁ;‘;‘g‘tfng‘:hcgg:f‘(‘jfy ofthe  Leiprig (D) 1.1 51328 12392 08:45 64
number of species are included Petrozavodsk (RU) 42 61.768 34.401 14:24 18
in the analyses Potsdam (DE) 114 52.404 13.025 09:09 77
Prague (CZ) 10.8 50.071 14.420 08:21 56
Rome (IT) 174 41.891 12.463 06:06 29
Srinagar (IN) 12.0 34,127  74.832 04:34 20
Trondheim (NO) 55 63.446  10.452 16:08 54
Tuebingen (DE) 11.8 48.539  9.035 07:51 52
Vienna (AT) 11.9 48.192  16.380 07:44 76
Xix6n (ES) 15.8 43520 -5.614 06:29 22
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Table 2 Two vegetative and four generative phenological stages used in this study, following the PhenObs protocol (Nordt et al. 2021)

Phenological stage Description

Leaf unfolding Day of the first fully visible leaf

Onset senescence

Day when 5% of species’ leaves started to change their colour as a sign of losing chlorophyll, dried out or fell

off but excluding temporal responses to drought or herbivory

Onset of flowering Day of the first fully open flower
Peak flowering
Flowering duration

Onset of fruiting Day of the first ripe fruits

Day of the maximum number of open flowers (derived from flowering intensity)
Period between the first day of flowering and the day when the last flower with visible anthers can be observed

Environmental data

Table 3 gives an overview on all environmental parameters
included in this study. As there were no standardised measur-
ing devices for temperature set-up in the gardens, we used
gridded data from the Climate Research Unit (CRU, Cam-
arillo-Naranjo et al. 2019; Harris et al. 2020) and extracted
mean monthly temperatures of the 0.5° grid cell for each
botanical garden. We calculated the mean temperature for
the 4-month period before a phenological event occurred and
calculated the standard deviation of temperature (SDry,,) per
species across all gardens where the species was monitored.
We did not include precipitation in our analyses, as plants
were watered in most of the botanical gardens during periods
of dry weather. We included the latitude of the botanical gar-
dens in which a species was monitored to capture the spatial
variability in photoperiod and seasonality and calculated the
corresponding standard deviation thereof (SD; ) per species.

In general, we assume that plants grow under favourable
conditions in botanical gardens, especially with regard to
water (Primack and Miller-Rushing 2009). Nonetheless, the
influence of maintenance factors such as shading, irrigation
frequency and weeding schedule, as well as soil type and
microclimate conditions, can differ significantly among gar-
dens. Because it is difficult to quantify the possible variabil-
ity caused by these factors (Sporbert et al. 2022), we added
the number of gardens in which the phenology of a species
was observed as an additional explanatory variable under
the assumption that the inclusion of more gardens should
increase the variability in these factors.

Plant functional traits

We included four functional traits in this study—temporal
phenological niche, seed mass, vegetative height and SLA,
as prior research by ourselves and others had shown that
these nicely capture plant ecology strategies (leaf-height-
seed (LHS) plant ecology strategy scheme, Westoby 1998)
and have particular importance for phenology (see Table 3
for referenced reasoning and introduction). In addition, all
traits are widely available in databases (e.g. TRY Kattge
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et al. 2020) or easy to measure. In order to be able to better
depict the variability between species, we decided to use
traits measured on a continuous scale and not to use cat-
egorical traits (Funk et al. 2017).

We calculated the species-specific trait ‘temporal niche’
from the phenological data by calculating the mean of the
day of first flowering across all gardens and years. For veg-
etative height, seed mass and SLA, we extracted data from
the TRY database (Kattge et al. 2020) and calculated the
mean of all entries available for the respective species. We
filled the gaps within the data set (c. 10% of all cells in the
trait matrix i.e. 39 of 375 trait values) with measurements
conducted by PhenObs members as part of the PhenObs
protocol (Nordt et al. 2021; see Sporbert et al. 2022 for a
detailed description of the methods used). We assume that
differences among the studied species for these traits are
far greater than any differences that would result between
the two types of data source, and therefore bias associated
with sources of data is not expected. Linking seed mass with
the distributional range size of a subset of the studied spe-
cies for which data was available in the Global Inventory of
Floras and Traits—GIFT (Weigelt et al. 2020) confirmed
our assumption that small-seeded species have a wider
global distribution as we found a significant negative asso-
ciation (Pearson’s r = —0.32, ng . jes = 100, p < 0.01). See
Table ESM 2.2 for a species-specific overview of the func-
tional traits and the corresponding distributional range size
extracted from GIFT.

Data analysis
Differences in the spatial variability in phenology

To test whether the spatial variability in vegetative and
reproductive phenology of herbaceous species observed
in botanical gardens differ, we performed Levene’s tests
using the R-package rstatix (Kassambara 2023). Here,
observed DOYs of the different phenological stages were
included as dependent; the botanical gardens were included
as explanatory variables. Levene’s test is usually used to
analyse whether data sets have a comparable variance and is
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therefore a suitable statistical method to test for differences
in the spatial variability as represented by the observations
in different botanical gardens.

Relative importance of traits and environmental factors
for the variability in phenology

First, for reasons of data exploration and support for the
discussion, we performed a principal component analysis
(PCA) using the prcomp function from base R on the species
X traits matrix to investigate the overall patterns and poten-
tial associations within the four selected traits’ phenologi-
cal niche, seed mass, plant height and SLA. As the species
traits matrix was not complete, and as PCA cannot cope with
missing data, only 118 out of 148 species were included in
this pre-analysis.

To analyse the relative importance of SDr,,,, SDy, the
number of gardens and functional traits (see Table 3) for
explaining the species-specific differences in the spatial vari-
ability in phenological stages, we used boosted regression
trees (BRTs, Elith et al. 2008). This approach has the great
advantage of allowing large data sets with numerous differ-
ent predictor variables to be evaluated (see also Sporbert
et al. 2022). Furthermore, this method is relatively insensi-
tive to collinearity, missing values in the predictor variables
are handled with minimal loss of information by using sur-
rogates, and it accounts for non-linear effects (Elith et al.
2008; Bianchini and Morrissey 2020; Cai et al. 2023).

Phenological patterns often show phylogenetic non-
independence, and such effects may be even greater in
botanical gardens where plants are growing under favour-
able conditions (Primack and Miller-Rushing 2009; Yang
et al. 2021). Therefore, we included phylogenetic eigen-
vector regressions in our analyses (Diniz-Filho et al. 1998;
Bianchini and Morrissey 2020; Sporbert et al. 2022). These
eigenvectors can control for phylogenetic autocorrelation
in BRTs, when a sufficiently high number of eigenvectors,
representing approximately 90% of the phylogenetic struc-
ture, are included. We created a phylogenetic tree of the
species using the function phylo.maker from the R-package
V. Phylomaker 0.1.0 (Jin and Qian 2019). From this tree,
we calculated a pairwise distance matrix and extracted the
eigenvectors using a principal coordinate analysis (PCoA)
provided by the pcoa function from the ape package version
5.6.-1 (Paradis and Schliep 2019). To represent 90% of the
phylogenetic structure of the distance matrix, we included
the first 39 of the total 147 eigenvectors in our BRT models
(Table ESM 2.3).

In order to achieve a normal distribution of the data, we
In-transformed the variabilities in the phenological stage and
the corresponding temperature, as well as the SLA, vegeta-
tive height and seed mass in prior to the analyses. We fitted
the different BRT models using the ghm.step function from
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the ghm package version 2.1.8 (Greenwell et al. 2022), with
a Gaussian error distribution and a fraction of training data
of 0.5, a learning rate of 0.01, a tree complexity of 1 and a
tolerance of 0.01. After running the model once, we sim-
plified them by dropping predictors using the gbm.simplify
function from the R-package dismo (Hijmans et al. 2022).
Finally, we used cross-validation correlations to assess the
performance of our final models. All statistical analyses
were done in R 4.1.0. (R Core Team 2022).

Results

Across species and botanical gardens, average leaf unfolding
occurred on DOY 70 +/— 28 (11th of March), followed by
the onset of flowering on DOY 134 +/— 39 (14" of May),
the peak flowering on DOY 152 +/— 42 (1* of June), the
onset of leaf senescence on DOY 185 +/— 35 (4" of July)
and the onset of fruiting on DOY 190 +/— 38 (9'" of July)
(Fig. 1a, b and see Table ESM 2.4 for species-specific val-
ues). Across all species, we found a mean flowering duration
of 53 +/— 37 days (Fig. 1c). There were also single records
across species and gardens that either showed these events
particularly early or late in the year (Fig. 1). Similarly, flow-
ering duration of species showed particularly short or long
periods for certain species and gardens (Fig. 1c, range of
flowering duration between 1 day in 37 annual records of 54
species and 357 days in one record of one species).

We found significant differences between the studied spe-
cies in the spatial variability for all six phenological stages
(Fig. 2; p-values of the Levene’s tests for all phenological
stages < 0.001). Figure 2 shows that the variability for the
onset of flowering and the peak flowering was the least dif-
ferent among the species, whereas for the variability in the
onset of senescence and flowering duration differences were
largest.

The PCA did not reveal any grouping of the functional
traits. However, some species at the edges of the main cloud
of data points were determined by notably high values for
particular traits, such as vegetative height (e.g. Humulus
lupulus with 300 cm, which is a climbing plant with an espe-
cially large vegetative height) and seed mass (e.g. Paeonia
officinalis with 106 mg) (Fig. 3). PC1 was mainly associ-
ated with temporal niche (mean day of flowering onset) and
vegetative height, while PC2 was mainly associated with
seed mass. SLA was most important for PC3 (not shown in
Fig. 3; see Table ESM 2.5). Furthermore, the results sug-
gest that in this multivariate approach, vegetative height was
positively correlated with the temporal niche indicating that
taller growing species flower later.

Overall, the most parsimonious BRT models of the
effects of environmental factors and species’ functional
traits on the spatial variability in phenological stages
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Fig. 1 Overview of the six phenological stages including the num-
ber records with a certain day of the year (DOY) and a number of
days for flowering duration, respectively. Only data points of spe-
cies observed in three or more botanical gardens are considered; a
shows the day of the year (DOY) of the vegetative stages onset of leaf
unfolding (Mgecorgs = 812, Ngpecies = 148) and senescence (Mgecoras =

showed moderate to high levels of cross-validation cor-
relation (R? = 0.42-0.56), indicating good accuracies. We
found strong positive associations between the variability
in temperature (SDr,,) and the variability of all stud-
ied phenological stages. For all cases, SDr,, contrib-
uted more than 25% to explain the spatial variability in
phenology. In contrast, the variability in latitude (SD; ,,)
was only important for explaining the variability in leaf
unfolding, flowering onset and flowering peak. The vari-
ability in local conditions as represented by the numbers
of gardens where the species were monitored was negligi-
ble for all phenological stages. In all cases, the variability
of these environmental factors had a positive impact on

783, Ngpecies = 148), b shows the day of the year (DOY) of the repro-
ductive stages onset of flowering (frecoras = 784, Ngpecies = 147), peak
flowering (fpecorss = 737, Ngpecies = 147), onset of fruiting (fgecoras
= 638, ngpecies = 145), ¢ shows the duration of flowering (in days)
(MRecords = 725, Ngpecies = 147). The dashed lines indicate the associ-
ated mean value across species, gardens and years

the variability in phenology (Fig. 4; see Fig. ESM 1.6 for
partial dependency plots).

With regard to the functional traits, the results of the BRTs
showed that competitive species (high SLA and/or taller
growth) were less variable in leaf unfolding and flowering onset
(Fig. 4a, c; Fig. ESM 1.6 for partial dependency plot), and spe-
cies with smaller seeds were less variable in leaf unfolding and
flowering duration (Fig. 4a, e; Fig. ESM 1.6 for partial depend-
ency plots). Early-flowering species showed a more variable
timing for the display of first flowers, the peak flowering and
the flowering duration (Fig. 4c, d, e; Fig. ESM 1.6 for partial
dependency plots). In contrast, functional traits had only a mar-
ginal impact on the variability of the onset of senescence.
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Fig.2 Proportion of the differently calculated standard deviations per
species for the six phenological stages including Levene’s test statis-
tics comparing the different species (F-value, degrees of freedom and

The phylogenetic signal, indicated by the sum of the
included eigenvectors (see pie-charts in Fig. 4), was
explained between 27% (SD peak flowering) and 49% (SD
flowering duration) of overall variation, but each single
eigenvector did not explain more than 9% (Fig. ESM 1.6).

Discussion

Our results showed clearly that herbaceous species in
botanical gardens differ in their spatial variability in veg-
etative and reproductive phenological stages. We found
that the spatial variability in temperature resulting from
the distribution of botanical gardens is the most important
factor driving the spatial variability in herbaceous species’
phenology. In addition, spatial variability in photoperiod

@ Springer

150 200

significance (***p < 0.001); a shows the two vegetative stages and b
the four reproductive stages

also has an important influence on the variability in phe-
nology, but this depended on the investigated phenologi-
cal stage. The observation that increased spatial variabil-
ity in temperature led to an increase in the variability in
phenological stages is consistent with our predictions and
previous studies (Melaas et al. 2013; Zhang et al. 2014;
Wadgymar et al. 2018; Liu and Zhang 2020). The largest
proportion of observed species was native to the regions
of the botanical gardens or at least can survive frosts in
winter without major protective efforts as they originate
from comparable climatic zones (e.g. Helleborus orien-
talis (Turkey), Podophyllum peltatum (North America)
and Trillium sessile (North America)). Therefore, we
assume that the strong impact of temperature was not due
to the observations of species that were not growing under
their optimal temperature conditions and related stronger
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Fig.3 PCA biplot ran with a subset of all species (n = 118, each dot
is one species), based on the four functional traits temporal niche
(expressed by the mean DOY for the onset of flowering), seed mass,

responses to variability in temperature as proposed by
Defila and Clot (2001) and Larcher (2010).

So far, numerous studies have shown that photoperiod
strongly influences tree phenology (Hunter and Lechowicz
1992; Basler and Korner 2012; Petterle et al. 2013; Peaucelle
et al. 2019). In contrast, this influence on herbaceous species
has been assumed but hardly tested by data (Ahmad et al.
2021; Rice et al. 2021; Ren et al. 2022). Here we could
show that greater variability in photoperiod positively relates
to greater variability in leaf unfolding, flowering onset and
flowering peak. Regarding leaf unfolding, future physiologi-
cal studies are needed to understand the mechanisms behind,
as many perennial herbaceous species usually overwinter
below the leaf litter or deeper in the soil where light may
be blocked (Raunkiaer 1934; Facelli and Pickett 1991). It
is known that provenance, indicated by adaptations to local
conditions, is crucial for phenological patterns in herbaceous
species (Gugger et al. 2015; Rauschkolb et al. 2023). Precise
information about the genetic origin of the accessions are
typically not available for the species grown in botanical
gardens. Therefore, we cannot separate the effects of genetic
diversity of the monitored accessions in different gardens
from the variability of environmental factors to explain the
spatial variability in phenology. However, if we assume
that genetic variation increases with the number of gardens

vegetative height and specific-leaf-area (SLA). Examples for species
with notably high values are, for seed mass, 'Paeonia officinalis and
for vegetative height, 2Humulus lupulus

where a species was observed, our results would indicate a
small impact of genetic variation (Fig. 4). Due to missing
information (e.g. origin, number of cultivated generations,
age of the monitored individuals), it is also not possible to
determine whether the observed phenological patterns are
locally adapted or represent plastic responses. To address
such questions, common garden experiments with identi-
cal genetic origins have to be established (e.g. see Renner
and Chmielewski 2022 for an example of trees in botanical
gardens).

For some phenological stages, we could confirm our
assumptions that early-flowering and/or less competitive
species that were smaller are more variable. The observa-
tion that early-flowering species are more variable in their
phenology (higher variability in the onset and peak flower-
ing, as well as in flowering duration) coincides with many
other studies (Fitter and Fitter 2002; Dunne et al. 2003;
Miller-Rushing et al. 2007; Renner and Zohner 2018; Stem-
kovski et al. 2023) and may be explained by their generally
enhanced response to changes in the environments.

The detected negative association between vegetative
height and SLA with the variability in leaf unfolding and
in the onset of flowering (Fig. 4a, d) was expected, as
less competitive species (indicated by smaller height and
SLA) avoid competition by showing stronger phenological
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Fig.4 Relative importance (%) of the variability in environmental
factors and species’ functional traits on the variability of six phe-
nological stages, deduced from boosted regression trees (BRTs), in
which 49 phylogenetic (Table ESM 2.2) eigenvectors were included.
Pie charts represent the summed-up contributions of the variables
grouped by ‘Environmental factors’, ‘Functional traits’ and ‘Phylog-
eny’. Boosted regression tree models were fitted for a variability in
leaf unfolding (n = 148, cross-validation correlation R =042), b

plasticity (Konig et al. 2018). The same applies to the neg-
ative association found between seed mass and the vari-
ability in leaf unfolding and flowering duration. In sum-
mary, particularly for spatial variability in early stages like
leaf unfolding and flowering onset, we showed that espe-
cially the traits from the LHS strategy scheme explained
a relatively large proportion of the observed phenological
patterns. This is remarkable as specifically these earlier
stages were shown to be less variable when comparing
species, suggesting that trait differences between species
matter less. Here, we may speculate that later phenologi-
cal stages, such as fruit ripening or senescence, are more
strongly influenced by other factors than traits in the botan-
ical gardens (e.g. pruning, irrigation regimes, collection
of flowers and fruits by gardeners and visitors). However,
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variability in leaf senescence (n = 148, R’= 0.43), ¢ variability in the
onset of flowering (day of year; n = 147, R*> = 0.44, d variability in
the peak flowering (day of year; n = 146.7 R* = 0.49), e variability
in the flowering duration (day of year; n = 145, R* = 0.56) and f vari-
ability in the onset of fruiting (day of year; n = 145, R?> = 0.48). For
relative contribution of > 5%, the direction of the association is indi-

s

cated by the sign next to the bar (‘+” = positive association, ‘=’ =
negative association)

assuming that the number of gardens per species proxies
the variability in these factors, this hypothesis cannot be
confirmed by our analyses, and further studies may need
to investigate the impact of these management treatments
being specific to botanical gardens.

Our results suggest that the spatial variability in phenology,
like temporal variability (Zhang et al. 2014; Liu and Zhang
2020), is mainly driven by the spatial variability in tempera-
ture. However, when the phenology of herbaceous species
is modelled on spatial scales, further factors, depending on
the investigated phenological stage, should be considered.
This includes photoperiod and species-specific responses to
environmental conditions. Here, we found that these species-
specific responses can be efficiently and precisely represented
by continuously measurable functional traits.
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The observation that the spatial variability in phenology
of herbaceous species is not only driven by the variabil-
ity in temperature may explain why phenological events do
not keep pace with climate change as suggested previously
(Huang et al. 2017; Peaucelle et al. 2019). The ability to phe-
nologically adapt to changes in climate is considered to be
crucial to reduce the risk of local extinction (Dawson et al.
2011). Furthermore, as for onset of flowering and flower-
ing peak, we found a significant high impact of photoperiod
and functional traits on the spatial variability in phenology.
We conclude that plant-pollinator interactions (Yang and
Rudolf 2010; Inouye 2022) may, in particular, be influenced
by herbaceous plant species losing pace with climate change,
leading to biotic mismatches.

Although the observations for this study were made in
botanical gardens, which may differ in local conditions (e.g.
maintenance, soil texture, irrigation), the variability in these
factors (measured by the number of gardens where a spe-
cies was observed) had only a negligible impact on the vari-
ability in phenological stages. Therefore, we conclude that
the botanical gardens participating in the PhenObs network
indeed provide a sufficiently controlled platform for pheno-
logical research (Primack and Miller-Rushing 2009; Spor-
bert et al. 2022). Regarding possible, even stronger associa-
tions between functional traits and phenological patterns,
as observed in other studies in botanical gardens (Sporbert
et al. 2022; Horbach et al. 2023), we consider two reasons
which may have obscured our analyses. First, the observed
populations have different genetic origins at each garden and
therefore may show different responses to environmental
factors. As a result of this genetic variation, they can also
differ greatly in their phenotypic plasticity, which may lead
to divergent patterns of variability in phenology (Matesanz
and Ramires-Valiente 2019). Secondly, as data on functional
traits measured directly in the botanical gardens were not yet
fully available, we were not able to use such species- and
garden-specific trait data for our analyses, even though these
may also impact the analyses as changes in phenology may
go along with changes in functional traits measured on the
same population (see e.g. Bucher et al. 2018). Adding addi-
tional traits from the trait spectrum, such as belowground
traits, may complement the analyses. However, these traits
are not available for most of the species. In addition, we have
selected SLA, vegetative height and seed mass as these were
shown to represent a broad spectrum of ecological strategies
in plants (Westoby 1998).

To gain an even more profound understanding of the
spatial variability in the phenology of herbaceous spe-
cies, we suggest for future studies to include aspects of
intraspecific trait variability and environmental param-
eters measured in each garden (e.g. light availability,
microclimate, soil type, watering regimes, weeding fre-
quency, etc.). This would provide a better connection

among phenological traits measured at botanical gardens
and current environmental conditions in the natural envi-
ronment and thus reveal how future plants growing at
botanical gardens and in the wild will be affected by and
cope with climate change.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00484-024-02621-9.
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